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Widespread use of antimicrobiak in hospitak has resdted in increasing resistance 

in many bacterial speaes. This study focused on the epidemiology of resimant 

nosocornid gram-negative organisms among 89 patients admitted to the ICU of 

the Calgary General Hospital between December, 1994 and June, 1995. The 

prdence of resistant gram-negative organisms in this popdation was about ten 

percent. Colonized patients were more W y  to have received hst or second 

generation cephalosporins or metronidazole. Signifiant risk factors for 

colonization were use of chest tubes and pnor surgery. Genotypic typing showed 

differences between isolates of the same speaes (endogenous acquisition) except 

for Acinetob~lcter speaes which were ail similar (exogenous acquisition). Effective 

ways to control resistant organisms in the present situation should focus on 

appropriate antibiotic stewardship, induding cydic antirniaobial use, synergistic 

combination therapy, and optimized phamacokinetic dosing. In addition, 

focused microbiological surveillance and infection control would be of enormous 

benefit. 
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CHAPTER ONE 

1.1 Introduction 

Since the turn of the century medicai advances (such as the development of 

vaccines) and dective public health programs (such as improved sanitation, 

hygiene and nutrition, and standard of living) have played a major role in the 

decrease of many infectious diseases. The discovery of antibiotics has been called 

the single most important therapeutic discovery in the history of medicine and it 

is generally conceded that the deveiopment and use of antimiaobial agents was 

one of the most si@cant measmes employed in the control of bacterial diseases 

in the 20th century. The ability of antimiaobials to effect rapid cures for 

previously fatal infections Ied to th& being referred to as "miracle dmgs" (Lay, 

1992). Antimicrobial agents have had a major impact on public health and 

monality due to uifenious diseases has declined dramatically in populations 

where antimiaobials are used (Cohen, 1992; Gaynes, 1995). 

Today there are countless numbers of antibiotics: more than 50 peniciliins, 70 

cephalosporins, 12 tetracyciines, 8 aminoglycosides, 1 monobactam, 3 

carbapenems, 9 macrolides, 2 streptogramins, and 3 dihydrofolate reduaase 

inhibitors (Neu, 1992). In developed counvies the concept of untreatable 

infectious diseases is almost unthinkable and many bacteria remain M y  

susceptible to commonly used antimiaobial agents. Antibiotics are still the 

major therapeutic source for curing and preventing infectious diseases but this 

situation is not secure and is continually changing. In many parts of the world 

cost effective inexpensive antibiotics are no longer successful because of the 

development of bacterial resistance to t h e -  (Levy, 1992). The seemingly endless 



miracles attributed to these dmgs have led to misuse and overuse and widespread 

application of antibiotics has r d t e d  in bacteria hding ways to become resistant 

and in spite of ail the antibiotics available to&y a person could s t i l l  die in a 

modem hospital as a result of a resistant bacteriai infection. 

There have been indications in recent years that the frequency and specuum of 

antirniaobial-resistant infections have increased both in the hospital and the 

comrnunity largely because the bacterial agents that cause them have developed 

resistance to antibiotia (Pechére, 1994). The emergence of resistant bacteria has 

resulted in widespread demand for antibiotics with the resdt that parenteral and 

oral antibiotics have become the second mon commoniy used dass of dmgs in the 

United States surpassed only by cardiovasdar drue (Pallares, Di& Wenzel et 

al., 1993). Despite the successes of antimicrobials in the Iast fifsr years, the 

development of any new antimiaobial has b o a  always been followed by the 

development of resistance. The recent emergence of multiple d m g  resistance in 

certain bacterial speaes poses a serious public health threat and in many instances 

has made currently avaiiable antimiaobials ineffective. This raises the specter of 

untreatable infections as they were encountered in the pre-antirniaobial era. It 

is in fact beiieved by many that the post-antimiaobial era is on our doorstep. 

Factors associated with the development of antirniaobial resistance indude 

antibiotic ovenise and abuse, bacterial selection and transmission of resistance 

phenotypes and resistance genes, environmental conditions promoting persistence 

or dissemination of resistance determinants, and the presence of bacterial 

reservoirs. 

In many countries the major impact of antirniaobial resistance is seen in the 



hospital environment where infections caused by multi-resistant nosocomial 

organisms are encountered (Murray, 1992). About 5 to 10% of all hospitalized 

patients develop a nosocomial infection and Intensive Care Units (ICUs) probably 

represent the singie larges identifiable source for these infections in the hospital 

(Emmerson, 1 990; Bergogne-Berezin, Deae, and Joly-Guillou, 1993). Patients 

in IOUs may be temporaxily Unmunocompromised and are thus at high risk fiom 

acquiring infection caused by mdti-resistant organisms. Most ICU patients are 

subjected to several invasive procedures and devices which tend to breach natural 

Lines of defense such as skin, bronchid and methrd barriers thus facilitating ease 

of entxy of pathogenic organisms. These are usudy gram-negative bacilli many 

of which are highly resistant to antibiotics (Emmerson, 1990). 

The primary objective of this study therefore, was to desaibe the epidemiology 

of resistant nosocornial gram-negative organisms among patients admitted to the 

ICU using conventional phenotypic methods as well as newer molecular 

epidemiological tools. The foiiowing specific objectives were determined: 

1. The prevalence and inadence of colonization andor infection with resistant 

gram-negative organisms in IW patients. 

2. The characterization of resistant orgMsms by phenotypic and genotypic typuig 

methods. 

3. The association between the development of resistance and underlying 

disease, exposure to antimicrobials, invasive devices, and invasive procedures. 



HISTORICAL OVERVIEW OF ANTIMlCROBIAL DEVELOPMENT 

AND RESISTANCE 

2.1 The PreAntibiotic Era 

In ancient times it was beliwed that everything had a spirit and that people got 

si& because they had somehow offended the spirit(s). Healing was sought 

through a heaier who wouid make saaitices or offerings to the gods to appease 

their wrath, thereby returning the patient to a harmonious relationhip. This non- 

medicinal approach was based on the power of suggestion that could mobilize 

processes in the human body to hdp relieve symptoms (Levy, 1992). Nowadays 

this is sometimes called "the placebo effect." 

As time passed new discoveries led to changes in therapeutic approach. There is 

evidence in ancient Egyptian papyri and Babylonian cuneiform tablets (about 

2000 BC or earlier) that many natufal products were mixed into a potion to mat  

messes. These potions were used to drive out evil spirits that had ùivaded the 

body. Details of pathology and disease with complete descriptions of treaunents 

haw been discovered in Egyptian papyri as early as the 17th century BC. These 

medications included whole parts of plants and anîmals. A special chant usually 

accompanied the application of the medication with a verbal appeal being an 

important component of the therapy (m, 1992). 

Early Greek physicians defined illness as the imbalance of four body humors - 
blood, phlegm, yellow bile, and black bile. They also recognized four cardinal 



features of infection: dolor (pain), calor (heat), rubor (redness), and tumor 

(swelling). In the 4th century BC Hippoaates and later Arktotle articdated 

these concepts in th& teachings. In order for health to be restored something 

had to be replaced or removed. This led to experïmentation with countless 

numbers of natural substances sudi as plant leaves, roots etc. which are now 

known to contain active chernical ingredients including antibiotics. These 

substances were responsible for the relief of symptoms and cure of disease. In the 

2nd century AD a Greek physician named Galen (130 AD - 200 AD) used other 

substances that were known as "galenicals." His teachings geatiy inûuenced 

medicine and this continued for almost fourteen centuries. Basidy, he chose 

medicinals that were the opposites of the disease symptoms for treatment and 

gave it to the patient based on its ability to restore what he considered absent or 

off balance. Foilowing Galen, Paracelsus introduced methods for extracthg the 

active components of medicinais. He simplified and gave uniformity to Galen's 

prescriptions insisting that the diseased organ and not the syrnptom should be 

treated (Lay,  1992). In contrast to Galen who beïeved in "opposites," Paracelsus 

beiieved in "similars" so the flower or leaf of a plant that most dosdy resembled 

the diseased organ was often selected to heal the organ. This was in fact how 

digitaüs, one of the mom important drugs used to treat heart disease today. was 

discovered. The extract of the hem-shaped foxglove leaf was used to treat 

symptoms then that is now known to haw been related to the heart. The practice 

of medicine in the Middle Ages and during the Renaissance continued to be a 

mixture of superstition from ancient times and experimentation by physicians of 

the day. Belief that diseases were caused by evii spirits s t i l l  remained entrenched 

in peoples' min& weU into the 18th century. 

In the 19th century a sigNficant development in the understanding of disease 
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appeared which led to yet another change in the direction of the discovery of 

drugs. Although the concept of a diseased state of man rather than a causative 

agent was sti l l  the m e n t  belief, Louis Pasteur, a French chetnia in Paris, 

produced convincing evidence that miaoorganisms were the causative agents of 

human disease. This observation was a major step into the era of modem 

mediene (Levy, 1992). The "germ the09 of disease set the scene for tremendous 

advancement in medical saence and enabled scientists to begin seardiing for 

drugs as defined therapeutic entities to fight bacteria. 

2.2 The Antibiotic Era 

The acceptance of the "germ theoqtt of disease was the £kt step in a change in the 

goals of treatment. and the search for drue that couid kül "genns" resulted in the 

discovery of antibiotics. Pyocyanase was the first naturally occurring antibiotic 

produa discovered in 1888 by de Freudemekh in Gennany. He found that the 

blue pigment released by Bacinas pgocanm in broth culture (now called 

PseudOmOnas aeqinosu) haited the growth of other bactena in the tube. Extensive 

trials Çollowed and it was found that pyocyanase was capable of killing a wide 

variety of pathogenic organisms. Unfortunately, pyocyanase was found to be 

unstable and highly toxic for patients (Levy, 1992). 

In 1910, Ehrlich dweloped a chernical dye linked to arsenic which he cded 

Salvarsan. It was shown to help patients afflicted with syphilis, but the toxicity 

of the arsenic derivative caused severe and painful debilitating side effects. The 

fbt decades of the 20th century however, passed without much advancement in 

the search for antibacterial substances and the failure of earlier compounds 

probably had a discouraging &ea on the se- for more effective antibacterials. 



In 1928 Alexander Fleming obsemed that colonies of S ~ i l o m ~  awm were 

lyseci when they grew in the proxbity of PollciaMn n o m  mold. This led to the 

discovery of the f b t  tme antibiotic, penicillin, but its use as a therapeutic agent 

for treatment of human UiEection did not occur until 1942. Fleming atuibuted 

this delay to a la& of biochemical and miaobiological expertise at the time (Levy, 

1992). 

In 1932 Gerhard Domagk, a researcher from Germany, found that Rontosil, a 

newly patented dye w e d  diseases caused by streptococci when injected into 

diseased mice. It was however ineffective against bacteria growing in a test tube. 

It was later discovered that the sulphonamide part of the molecule was released 

during metaboiism of the dye in the body and this is what kilied bacteria. The 

successes of sulphonamides prompted new interest in discovering other 

antibacterial agents and soil became the focus of these new seardies. In 1939 

René Dubos isolated for the first time Budw brePis, an antibiotic-produûng soi1 

organism. This discovery led to the first clinically u s a  antibiotic which was 

d e d  Gramiadin. Its major drawback was that it was severely toxic when given 

intravenously. When Fleming discovered penicillin in 1928 he continued to work 

on it but was unable to purify enough to test it in animals or humans. In 1942 

Howard Florey and Emest Chain leamed how to extract the substance, keep it 

stable, and then mass produce it for use in animals. Their results were spectacular 

and penidlin w e n t d y  became available to the general public by 1944. This 

discovery was hailed as a miracle and people began to assume that it could cure 

any disease - it became whatever people wanted it to be. 

The fh usefd antibiotic h m  soil was discovered by Selman Waksman in 1943. 

it was produced by Streptoni~ces gris= and subseqyently cded streptomycin. This 



antibiotic was active agaùist a wide variety of bactexia and was the first dmg to 

offer hope to victims of tuberculosis. As with earlier antibiotics however, it was 

nephrotoxic and its use a h  led to temporary and men persistent deafhess (Levy, 

1992). A M e r  problem was that bacteria hequently became resistant to 

streptomycin during therapy at an alamiing rate. 

In 1947 Paul Burkholder discovered a drug that was active against both gram- 

positive and gram-negative bacteria. This dmg was produced by Streptomyces 

venearela, a soi1 bacteria, and named chloramphenicol. It was the fim of the dass 

of so-called broad spectm antibiotics and had spectadar resuits against typhus, 

Rodcy Mountain Spotted Fever, and typhoid fever. Its success however, was 

marred by its toxic effect on bone marrow cells. Soon after the discovery of 

chloramphenicol, Benjamin Duggar in 1948 found that Streptomyces a ~ r e u f ~ e n s  

produced a substance with antibiotic propertïes which was later cded 

dilortetracycline. This antibiotic had low toxiaty and broad spectmm acùvity 

against many bacteria. Many more antibiotia were discovered, tested, and 

introduced for human use foilowing the discovexy of these fint generation 

antibiotics. In the 1970s and 1980s, synthetic antimicrobials such as 

uimethoprirn, nalidivic acid and the fluoroquinolones were introduced for use. 

The duonology of events in the antibiotic era is shown in table 2.1. 

2 -3 The Evolution of Antirniaobial Resistance 

The potential for bacterial resistance to antibiotics has probably ds ted  since the 

beginning of time and bacterial populations isolated before the antibiotic era mon 

likely contained antibiotic-resistant organisms. Penicülinase for example, was 

first described in 1940 when no penicillin was yet available for ueating patients 



Table 2.1 Major Antimicrobial Discoveries of the Antibiotic Era 

Antimicrobial Name Derived From Year Discovered Year Introduced Country 

Pyocyanase 

Salvarsan 

Peniciilin 

Prontosil 

Gramicidin 

Streptomycin 
B aci tracin 

Chlortetracycline 

Cephalosporins (1 st gen.' ) 

Chloramphenicol 

Neomycin 

Oxytetracydine 

Erythromycin 

Tetracydine 

Vancomycin 

I<anamvcin 

P.ae~uginosa 

Chemical dye 

Penicillium Iiotatur!i 

Chemical dye 

Bacillus brevis 
Streptomyces griseus 
Bacillus lichcn.fonriis 

Sheptomyces aureofaciens 
Cephalosporiunr acremorziuw 
Streptomyces ve~t ezuelae 

Streptomyces species 

Streptomyces ri~nosus 

Streptomyces eythreus 

Synthetic 

Streptomyces o~~eiitalis 

Germany 

Germany 

England 
Germany 

USA 
USA 
USA 

USA 

Itaiy 

USA 

USA 
USA 
USA 

USA 
USA 

Strevtotrt vces ka rtarrivcetims 1957 1957 USMauan 



Table 2.1 (continued) 

Antimicrobial Name Derived From Year Discovered Year Introduced Country 

Methicillin 

Spectinomycin 

Ampicillin 

Nalidixic acid 

Gentamicin 

Doxycycline 

Clindamycin 

Tobramycin 

Cephalosporins (2nd gen.) 

Cephalosporins (3rd gen.) 

Fluoroquinolones 

Synthetic 

Streptomyces spectn b ilis 

Synthetic 

Synthetic 

Micromonospora species 

Synthetic 

Synthetic 

Strep ton yces tenebra ri us 

Streptomyces species 

Synthetic 

Synthetic 

USA/UK 

USA 

USA 

USA 

USA 

USA 

USA 

USA 

USA 

USA 

USA/lapan 
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(Pechére, 1994). Since the introduction of antibiotics in medical practice and 

agriculture, antirniaobial resistance has undergone an explosive dwelopment. Ail 

antibiotics that have been developed thus far possess the potential to produce 

adverse side effects in the hoa, and the emergence of organisms resistant to its 

antibiotic effects has plagued every new antibiotic dweloped (Murray and 

Modering, 1978). 

Sulphonarnides were the first commercially marketed antibiotics and were 

introduced in 1935. In the early 1940s they were atensively used in Japan 

against bacillary dysentery, but by 1950 over 80% of Japanese isolates of Shigeila 

were resistant to sulphonamides (Munay and Moellering, 1978). Other 

antibiotics such as chloramphenicol, streptomycin, and tetracyclines were 

deveioped and used extensively in Japan but before long Shigella mains resistant 

to these dmgs also began to appear (Murray and Moellering, 1978). By the late 

1 950s, there were increasing reports from Japan of multiply-resist ant s higellae. 

When pen idh  was introduced for clinical use in 1942, almoa ail strains of 

Stdphy- meus were susceptible. When it fist became available orally it was 

a major success but as Fleming warned at the time, it was also an open invitation 

for misuse. Until the mid-1950s peniclillin was available without a doctor's 

prescription and couid be obtained "over the counter." This fkee access 

undoubtedly led to the emergence of resistance. By 1944 Staphylowcc~ci~ aurm was 

capable of destroying penicillin by means of a penicillinase, now called a beta- 

lactamase. By 1951 about 73% of S-aurm isolates in the USA were resistant, 

mostly because of penicillinase production. For a period of time community 

acquired isolates of S.bureus were more susceptible to penicillin than nosocomially 

acquired isolates, but by the late 1960s over 80% of both community- and 

nosocomiaily-acquired strains were resistant to peniciliin and resistance remained 



at least this high for the next 20  y- (Murray, 1989). Today in excess of 95% 

of S.amus isolates worldwide are resistant to peniallin, ampiallin, and the anti- 

Pseudomonas peniallins (Neu, 1 992). 

In 1 9 5 9 the transfer of quadruple resistance (tetracydine, strep tomyan , 

chloramphenicol, and sulphonamides) between Shigda and E-wli was reported 

(Falkow, 1975). It was subsequently established that transfet required c d  to c d  

contact, was not mediated by free DNA, and was independent of chromosomal 

transmissibility. The concept of transfkrable, extrachromosomal elements that 

contained resistance genes was thus bom, and the terni "R-factor" was adopted to 

describe this type of plasmid (Heünski, 1976). Soon afierwards reports of 

transferable plasrnids having multiple drug resistance came from England, 

Germany, the USA, and dsekherë (Le*, L 992). The origin of R-factors is not 

known but the deluge of antibiotics that began after 1940 probably did much to 

select and disseminate R-factors and hasten their evolution. 

By 1966, 65 to 75% of Shigella strains in Japan were resistant to tetracydine, 

chioramphenicol, s trep tomycin, and sulp honamides. M d  tiply-resis tant S higeila 

strains also appeared in Israel in 1956. In 1965 transmissible resistance to 

ampicillin was reported in a strain of Salmonella lyphimwhm. This resistance was 

shown to be mediated by a beta-lactamase. Also in 1965, a combination of 

a m p i a h ,  neomycin, kanamyan, tetracycline, streptomydn, chloramphenicol, 

and stdphonamide resistance was reported in some organisms causing an outbreak 

of salmoneliosis in France (Murray and Modering, 1978). Sirnilar cases of 
I m 

resistance were reported from the USA and Puerto Rico at this time. Salrnonellae 

have shown a h a t i c  ability to dwelop resistance and in the USA attention has 

focused on resistance in non-typhoidal saimondae which probably have their 



major reservoir in animais. Resistance in these organisms Iikely reflects the 

resistanœ that ests in animal husbandry areas where heavy use of antibiotics and 

enormous potentiai for fecal-oral spread &sts (Murray, 1989). S-tgphi has also 

developed resistance to major antibiotics used to treat typhoid fever such as 

diloramphenicol, ampicillin, and trllnehoprim-SU1phamethoxazole. 

Nosocornially-acquired gram-negative badlli have dso demonstrated ability to 

develop antimiuobid resistance- Plasmid andor transposonmediated resistance 

in E-wli for example, has caused major problems fkst with the emergence of 

resistance to suiphonamides, streptomych, tetracycline, and chloramphenicol, and 

then later to ampicillin, f k t  generation cephdosporins, carboxy- and 

ureidopeniciliins, aminoglycosides, and trimethoprim. The mom recent resistance 

that has developed among nosocomial gram-negative baQUi is resistance to third 

generation cephalosporins. When these antibiotics were fUst introduced (about 

1978 in Europe and 198 1 in the USA) the vast majority of the Enterobacteriaceae 

and a number of other gram-negative bacteria were susceptible. Howewr it was 

not long before organisms such as Entmblccter, Smatia, Citmbacter and Pseuhmonas 

aeruginosa showed resistance, which was mostly reiated to the presence of a 

chromosomal cephalosporinase. 

Plasrnid-mediated resistance to the third generation cephdospo~s was fust 

reported in 1983 in Germany and since 1987, there has been a tremendous 

proliferation in the number of strains and species with this type of resistance, 

inciuding KkbsieZZa pneumonie Emli, and Salmonelia speaes. initiai reports were 

from France and Germany but now indude Japan, the USA, and South Arnerica 

(Murray, 1989). 



THE IMPACT OF ANTIhrIICR0BIA.L RESISTANCE 

3.1 The Magnitude of the Problem 

Antibiotic resistance has undergone an explosive development following the 

introduction of antibiotics in medical practice and agriculture. Today most 

bacteria that were previously urüversally susceptible to antibiotics are cesistant to 

at least some antibiotics, and in some cases to many different ones. This 

disturbing situation has to be faced now ody 100 years since the recognition that 

bacteria cause disease, and ody 50 years since the discovery of antibiotics. One 

of the greatest concems today is that new organisms are being encountered that 

are so resistant that no antirniaobial of estabLished efficacy is available to combat 

them (Murray, 1992). 

The impact of antixnïaobial resistance is an increase in morbidiv, rnortali~, and 

costs assoaated with disease (Cohen, 1992). Morbidity and mortality inaease 

because effective therapy for specinc infections is delayed, espeaaily where 

resistance emerges to the dnig of choice for a specitic situation, or to the 

appropriate empiric therapy for a given infection (Cohen, 1992). Inaeases in 

morbidity and mortality usually occur early in the emergence of antimicrobial 

resistance and have been lessened by the use of newer antimicrobial agents to 

&ch the organisms are susceptible. Fxcess morbidity and mortality continue to 

occur however, when organisms dwelop resistance to most or all effective 

antimiao bial agents. 



Another important consequence of antimiuobial resistance is that resistance can 

lead to an inaease in the incidence of the disease. This is especidy tme for 

diseases in which antimimbial treatrnent of iU persors or caniers is an important 

strategy in the prevention of additional ases of disease. A more mbtle impact on 

the incidence of disease occurs when a person receives an antimiaobial agent to 

which a potentially infecthg or colonizing organism is already resistant. By 

küling competing organisms the antimiaobial agent provides a selective advantage 

that enables the resistant organism to cause disease, persia in the hom for longer 

periods, or be spread more widely (Cohen, 1992). 

A most critical consequence of antimiaobial resistance is the compromised 

therapy of human disease. However, another mounting and disturbing 

consequence of resistance revolves around the price tag for treatment. Millions 

of dollars are invested in the discovesr, development, and animal and human 

testing of new antibiotics. In 1980 the total world market for ail pharmaceutical 

products was estimated to have been $75 billion dollars and is expected to grow 

to $270 billion dollars by the year 2000 (Holmberg, Solomon, and Blake, 1987; 

Kunin, Johansen, Woming et al., 1990). In the USA alone, the total societal 

costs of antibiotic resistance have been estimated to range fiom $150 million 

(without deaths) to $3 billion dollars (with deaths) each year (Levy, 1992). 

The situation in dewloping counuies however is quite different. Additional costs 

for the newer and more expensive antibiotics can not be met when faced with 

antirniaobial resistance. The number of people in the USA suffering fiom the 

consequences of antibiotic resistance are relativdy small when compared with the 

much larger numbers of people in developing corntries. In the last 20 years many 

thousands of lives have been loa in developing counuies as a result of 



antirniaobial resistance. Countries in aU continents are becoming inaeasingly 

aware that antibiotic resistance is not a problern unique to their country or even 

continent, but that it is tmly a global dilemma (Levy? 1992). 

3.2 Antibiotic Resistance in the Hospital Setting 

Multiple antirniaobiai resistance in nosocomiai pathogens has become a major 

problem in nosocomial infections in many developed countries such as the USA 

as well as in Europe (Snydman, 199 1 ; Verbist, 199 1; Shah, Asanger, and Kahan, 

1991). The major impact of antuniaobial resistance is felt in the hospital setting 

with infections caused by these muitiresistant hospital-acquired organisms and 

since the l96Os, reports of antibiotic-resistant organisms have appeared with 

uicreasing fiequency(Murray, 1 992; Goldmann, Weinstein, Wenzel et al., 1 996; 

Weinstein, 1992). Prior to 1965 no hospital outbreaks involving multiply 

resistant gram-negative baciIli were investigated by the Centers for Disease 

Control (CDC). D u h g  1965 to 1975 howewr, 1 1 of 15 nosocomiai epidemics 

of Enterobacteriaceae involved multiply resistant strains (Weinstein, 1992). Over 

the last two decades there has been a noticeable change in the pattern of hospital- 

acquired infection, partiy due to the selection pressure exerted by new broad- 

speanim antibiotics. In the 1980s, large f d e s  of p-lactamases that mediate 

resistance to newer cephalosporin antibiotics emerged in the Enterobacteriaceae. 

It is well known that approximately 5 to 10% of all hospitalized patients develop 

a nosocomial infection which can increase morbidiq and mortality and add 

significantly to the economic burden of managing underlying diseases by 

prolonged hospital stay (Haley, Culver, White et al., 1985). Other factors such 

as the unavoidable presence of hospital miaobial flora in environmental reservoirs 

and increasingly invasive procedures may have also contributed to changes in 



patterns of bacterial species invokved in nosocornial infections (Bergogne-Berezin, 

Decre, and Joh/GuiUou, 1993). Bacterial resistance has become a fact of hospital 

life and is so common that it ofien goes unnoticed until it is either m e m e  or 

epidemic (Pittet, Herwaldt and Massanari, 1992). 

3.3 Antibiotic Resistant Nosocornial Organisms in ICUs 

The organisms responsible for nosocomial infections are continuaily evolving and 

although the predominant sites of nosocomial infections have not changed, the 

etiological agents have altered as new antimicrobials have been inuoduced and 

host factors modified. Furthemore, new pathogens have emerged and old ones 

reviwd with new virulence and resistance mechanisms (Bergogne-Berezin, Deae, 

and Joly-Guillou, 1993). Widespread use of broad-spectrum antibiotics in 

hospitals provides suong selective pressure for the emergence and persistence of 

bacterial antirniaobial resistance, a phenornenon seen in Europe as well as the 

USA (Snydman, 199 1 ; Verbist, 199 1 ; Shah, Asanger, and Kahan, 199 1 ; Johnson 

and Woodford, 1993). Examples of resistance traits that have emerged in recent 

years indude p-lactarn and aminoglycoside resistance in enterococa, resistance 

to third-generation cephalosporins and arninogiycosides in the enterobacteriaceae, 

and glycopeptide resistance in enterococci and coagulase-negative staphylococci 

(CNS). The continuing tendency of nosocomial pathogens to develop or acquire 

new antibiotic-resistant traits poses sipifkant problems regarding the treatment 

and control of hospital infections (Johnson and Woodford, 1993). 

Gram-negative bacteria such as Enterobll~fer, Serratia, Cirobactm, Pseudomonas, 

Stenotr~phomom (;rumthmMnas), and An'nmbacizr species are important causes of 

nosocomial idections such as bacteremias, pneumonias, urinary tract infections, 



and surgicd wound infections. They are among the mom common ïnf'ecting 

bacteria in patients hospitalized in the intensive are  setting and account for 

about 4096 of all infections in ICUs in the USA (Hynn, Weinstein, Nathan et al., 

198 7; Snydman, 199 1). Studies pdormed in Europe and the USA on the 

incidence of multi-resistance in gram-negative bacterial isolates h m  ICUs 

indicate that resistance rates Vary from about 10 to 30 % (Snydman, 1991; 

Verbist, 199 1 ; Shah, Asanger, and Kahan, 199 1 ). 

The National Nosocornial uifeaions Surveillance (NNIS) system (USA) recently 

conducted a s w e y  to determine trends in the miaobial etiology of nosocomial 

infections in the 1980s- Since 1980 there has been an overall deuease in 

infections caused by E-wli (23% in 1980 to 16% in 1986-1 989) and KZebsieZla (7% 

to 5%). However, antirniaobial-resistant strains of Pseudomonas and Enterobacter 

speaes were seen more frequenty (Schaberg, Culver, and Gaynes, 1991). In 

contrast to the 1970s, major shifts in the etiology of nosocomial idections have 

occurred in the 1980s away from more easily treated pathogens toward more 

resistant pathogens with fewer options for therapy. Furthemore, changes within 

a given genus have also occurred, particularïy in antirniaobial resistance 

phenotypes. For m p l e ,  91% of P.amginosa isolates in 1982 were susceptible 

to cefotaxime in contrast to o d y  65% in 1989, and 93% of Entembacter cloacae in 

1982 versus 76% in 1989 (Sdiaberg, Culver, and Gaynes, 199 1). Similady, 97% 

of P.amginosa were sensitive to gentamicin in 1982 versus 88% in 1989. 

Infection problems in the 1990s and some of the diseases caused by these gram- 

negative organisrns are shown in table 3.1. Entmobacter clorne has become a 

problem particularly in areas where there is extensive use of some of the newer 

cephalosporins (Flynn, Weinstein, and Kabins, 1988). In parts of the world 

KlebsieRa pneumoniae species possess extended specuum p-lactamases (ESBIs) 



which are capable of hydrolyzing cefotaxime, cefniaxone, and aztreonam. Qinical 

isolates fkom France showed that 30% of MebseIla pneunoniae isolates in surgical 

ICUs and 18.3% in medical ICUs had ESBLs (Neu, 1993). In 1994 the 

percentage of nosocornial E . d i  in ICUs reported to be resistant to ampicillin was 

40.7% compared to 35% in isolates Erom non-ICUs (unpublished NNIS data). 

NNIS data also indicate that the percentage of Enterobacteriaceae that are 

resistant to cefiazidime has increased in isolates from ICUs (Gaynes, 1995). An 

analysis of NNIS data for imipenem resistance among Pseudomnm mginosa  

isolates showed that resistance was more common in ICUs, teaching hospitals, 

and in isolates from the respiratory tract (Gaynes, 1995). 

The most recent resistance that has dweloped among nosocomiaI gram-negative 

organisms is resistance to third generation cephalosporins. When these 

antimiaobials were first introduced (1978 in Europe and 198 I in the USA), the 

vast majority of Enterobactenaceae and a number of other gram-negative 

organisrns were susceptible. However, it soon became apparent that certain 

organisms sudi as Enterobam, S e ,  Citrobacter, and Pseudomoonar aenrginosa 

could rather easily dweiop resistance (Murray, 1989). Cephalosporin resistance 

can also occur with Protew and Smatia species. Serrutia marcescm has becorne 

increasingly common as a cause of nosocornial wound, urinary tract, pulrnonary, 

and even bacterernic irifections (Neu, 1993). Enterobclcter speaes have replaced 

Klebsiella pneumoniae as the third leading cause of gram-negative nosocomiai 

infections in the USA behind E d i  and PseudOmonas aen@nosa (de Champs, 

Henquell, Guelon et al., 1993; Neu, 1992). Pseudomonus muginasa resistance is 

usually a combination of poor enuy of antimiaobials as well as the presence of 

enzymes that inactivate or mod* the antirniaobial. Resistance of Pseudomonas 

aouginosa to imipenem and fluoroquinolones has also inaeased, and in 1984 
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Table 3.1 Infection Problem in the 1990s 

Gram-Negative Organism Diseases(exarrip1es) Resistant to 

Klebsiella Pneumonia Cephaiosporins 

Enterubuetet Bacterexnia Penicillins 

Other Enterobacteriaceae UTIL, surgical wounds Aminoglycosides 

Psardamnas aenrginosa Bacteremia, pneumonia, UTI AU anumicrobials 

Stenotrophomonm Pneumonia AU antimicrobials 

(~nthomonm)rnaZtophiZiu 

'UTI= Urinary tract infection 

(Modified aftet Neu, 1993) 



Mrtually all Psardomonar amginosa isolates in the USA, Europe, and Japan were 

inhibited by c l&nl of ciprofloxadn. Today 25% of P s ~ m n m  mginossa 

isolates are resistant to all the fluoroquinolones in some institutions (Neu, 1992). 

Stmtrophomonas (Xànthomonas) malfophilia is resistant to Wtually all 

antimicrobials, induding the newer fluoroquinolones and arninoglycosides. 

Acinetobacter b-ii has become an important cause of nosocomial infection in 

the hospital setting and is resistant to p-lactams, aminoglycosides and 

tetracydines. Most Acinetobmtm speaes have been susceptible to imipenem but 

wiil probably become resistant to aU carbapenems as have many other organisms 

(Neu, 1992). 

3.4 Risk Factors for Colonization and Infection in Patients in ICUs 

One of the prirnary components of modem mediane is the care of aitically iil 

patients in special high technology units. However, life support systems which 

involve invasive diagnostic and therapeutic procedures dismpt normal host 

defense mechanisrns with the result that more than one thUd of patients admitted 

to ICUs experience unexpected complications of medical care (Pittet, Herwaldt 

and Massanari, 1992). The incidence of nosocomial Mections in lCUs is usually 

much higher than in other hospital units and although ICUs make up only 5% of 

hospital beds and care for less than 10% of hospitalized patients, infections 

acquired in these units account for more than 20% of nosocomial infections 

(Daschner, 1985; Pittet, Henvaldt and Massanari, 1992). 

Natural host defense mechanisms may be irnpaired by underlying diseases or as 

a resdt of medical and surgicai intexventions. AU patients admitted to an ICU 



will have at least one, and often multiple vasdar cannulas that break the normal 

skin barriers and establish direct access between the environment and the 

circuiatory system. Administration of H, blodrers or antaads reduce aadity and 

aiIow overgrowth of enteric flora leading to colonization of the stomach with 

nosocomial pathogens. This in turn inaeases the fiequency of retrograde 

colonization of the oropharymc and trachea with gram-negative bacteria (Rttet, 

Herwaldt and Massanari, 1992). Insertion of endotracheal tubes, nasogastric 

tubes, and urinary catheters ciraunvent normal physiological mechanisms for 

evacuating and deansing holIow organs thus facilitating ease of entry of 

potentially pathogenic nosocomial organisms. Normal food intake is often 

suspended in ICU patients because of the severity of their condition which may 

result in nutritional deprivation. The prevalence of malnuuition in ICWs is an 

almost universal problem and has been estimated to be as high as 10 to 50% in 

some US hospitals (Pittet, Herwaidt and Massanari, 1992). Furthemore, ICU 

patients tend to be the youngest and oldest in hospital, are given more antibiotic 

therapy during their hospitalization than any other group of patients, and often 

require prolonged hospital stays (Daschner, 1 985; Donowitz, Wenzel, and Hoyt, 

1982; Emmerson, 1990; Pittet, Herwaldt and Massanari, 1992). AU these 

multiple factors contribute significantly to the inaeased risk these patients have 

of developing a resistant nosocomial inteaion. Whereas a generai medical or 

surgical patient has a 6% risk of becoming Uifected with a nosocomial resistant 

pathogen during their hospital Say, the ICU patient has an 18% risk (Donowitz, 

Wenzei, and Hoyt, 1982). 



CHAPTER FOUR 

THE EPIDEMIOLOGY OF AN'ïiMICROBIAL RESISTANCE 

4.1 Introduction 

The human host and its uidigenous miaoflora is a complex ecosystem held in 

equilibrium by a number of factors. The d a c e s  of the human body harbor a 

cornplex of indigenous aerobic and anaerobic bacteria which enjoy a commensal 

existence with the host. The upper respiratory tract, including the oral cavity, the 

nasal passages, the nasopharynx and the oropharynx present various aspects of 

rniaobial colonization (Tancrede, 19%). The gastrointestinal tract is the main 

resemoir of bacteria and the presence of anaerobes in particuIar are responsible for 

limiting the concentration of potentially pathogenic organisms. The equilibrium 

of gastrointestinal microflora can be upset by antirniaobial agents ultimately 

leading to colonization andior infections as a result of proliferation of 

antirniaobial-resistant pathogens (Bingen, Denamur, and Elion, 1994; Emmerson, 

1990). This chapter describes the ecosystem of the bowel, bacterial colonization 

of the oropharynx, lower respiratory tract, and gastrointestinal tract, and the 

effew of antimicrobial agents on the intestinal flora. It also looks at the 

mechanisms of antirniaobial resistance and the role of moledar typing methods 

in characterizing resistant microorganisms. 

4.2 Ecosystern of the Human Bowel 

Marked variations in the concentrations and bacteriological patterns of the 

grnointestinal flora are observed at different lwels of the tract. The normal flora 



of the bowel 

CO ncentration 

(Vollaard and 

contains more than 400 obligate anaerobic species in a total 

of 10'' to ld2 colony formïng units (CFUs) per gram of feces 

Clasenex, 1994; Tancrede, 1992). The dominant populations of 

human intestinal flora are mernbers of the genera E u b ~ l ~ f ~ u m .  C I o ~ d i m ,  

BactonAcs, and Peptostreptow~. The concentration of aerobic Bora is one 

thousand times lower, and is represented by a small number of species of gram- 

negative bacilli (Esderichia culi being the most predominant), and gram-positive 

cocu, notably enterococci (Pechére, 1 994). 

With respect to population control of rnicroorganisms, the number of ingested 

bacteria is dramatically reduced by gastnc acidity. A low concentration of 

organisms is maintained in the small bowel where the major mechanism of 

population control is intestinai motility The highest concentration of bactena are 

found in the colon (Tanaede, 1992). It is weil known that the indigenous 

microflora of the gasuointestuial tract are one of the major defense mechanisrns 

that protect the human body agauist colonization by invading bacteria (Tanaede, 

1992). This phenornenon has been described as colonization resistance which 

may be defined as the limiting action of indigenous anaerobic flora on 

colonization of the bowel by exogenous as well as potentiaily pathogenic (mostly 

aerobîc) fIora in the digestive tract (Vollaard and Clasener, 1994; 

Apper1mRenkema and van der Waaij , 199 L ) . Colonization resistance may also 

be mediated by anatomical and physical factors such as intact mucosa, salivation, 

stvailowing, seaetion of immunoglobulin A, production of gasuic acid, 

desquamation of ceils of the mucous membranes, and normal gastrointestinal 

motiüty (Vollaard and Ciasener, 1994). Even though many bacterial members of 

the gastrointestinai ecosystem are potentially pathogenic, the human host and its 

microflora coexist concordantly. This equilibrium is sometimes unbalanced by 



modifications of the host and/or its microflora (Tanmede, 1992). 

The normal miaoflora prevent colonization by non-commensal organisms by 

several different mechanisms: 

i) Competition for nutrients: Endogenous bacteria in the gastrointestinal 

tract utilize available nutrients with the r e d t  that exogenous speaes can 

not establish themselves. 

ii)Competition for attachment sites: Mucosal surfaces of the gastro- 

intestinal tract are sites of attachment for infection-producing organisms. 

By occupation of attachment sites, commensal organisms are able to 

prevent colonization by pathogenic organisms. Administration of 

antimicrobials suppress indigenous flora dowing potential pathogens 

to adhere to the mucosa of the gastrointestinal tract. 

iii) Production of voIatile fatty acids: Anaerobic bacteria produce 

volatile shortchah fatty aads such as acetic, butyric, and propionic aads 

that are toxic for invading enterobacteria and inhibit the3 growth. These 

fatty acids are changed during therapy with antimicrobials that affect 

anaerobes. 

iv) Bacteriocins: These are high-moledar-weight protein antirniaobial 

substances produced by commensal enterobacteria, streptococci, and 

anaerobic bacteria. They limit the overgrowth of commensal bacteria in 

the gastrointestinal tract (Nord, Kager, and Heimdahl, 1984). 



4.3 Bacterial Colonization, Translocation, and Infection 

Bacterial colonization may be defhed as the isolation of the same speaes of 

bacteria fiom two or more consecutive cultures h m  the same site without clinical 

signs of infection (van Uffelen, Rommes, and van Saene, 198 7; Stoutenbeek, van 

Saene, and Zandstra, 1987). Bacterial translocation is defined as the passage of 

viable indigenous bacteria fcom the gasuointestinal tract to extraintestinal sites 

(Carrico, Meakins, Marshall et al., 1986; Berg, 1995; Livermore, 1987a; 

Tancrede, 1992). The factors that promote bacterial translocation are Wulence 

and pathogenicity of the bacterial main, intestinal bacterial overgrowth, 

permeability of the intestinal mucosa, and a lowered immune status of the host 

(Livermore, l98?a; Tancrede, 1992). 

The most common and often the mon signifîcant cause of disturbances in the 

normal oropharyngeal and gastrointestinal flora is the administration of 

antimicrobials (Hentges, Stein, Casey et ai., 1985; Barza, Giuliano, Jacobus et al., 

1987). This aspect will be covered in section 4.4. 

An important factor in the development of KU-acquired infections is impairment 

of local host defenses by surgery and the presence of invasive monitoring devices, 

use of broad spe- antibiotics with dimption of endogenous flora, and 

prolonged parenteral nutrition (Marshail, Quistou, and Meakins, 1993). 

Moreover, they arise in the setting of transient but profound abnormalities of 

intrinsic host defenses, and th& prevalence is highest in patients with the moa 

marked degrees of organ dyshinction. Most ICU infections are caused by the 

patient's own flora after pathologic colonization of endogenous reservoirs 

(Nysuom, Frederici, and von Euler, 1988; Marshall, Christou, and Meakins, 



1993; Lambert-Zechovsky, Bingen, Denamur et al., 1992). Factors that have 

been signincantly assoaated with colonization in previous studies indude 

respiratov tract disease, coma, hypotension, tracheal intubation, acidosis, 

azotemia. and either leucocytosis or leucopenia (Peacodc, Sorrell, Sottile et al., 

1988). Colonization of the respiratory tract with gram-negative bacilli apparently 

plays a major role in the pathogenesis of nosocomid respiratory infections 

(Johansen, Pierce, Sanford et al., 1972; Bryant, Trinkle, Mobin-Uddin et ai., 

1972; Goldmann, LeCiair, and Macone, 1978). A patient's own flora, baaena in 

the hospital environment, contaminated commercial products and other infected 

patients are the major resmoirs of nosocomial pathogens (Isrnaeel, 19%). Use 

of invasive deMces greatly ampünes transmission, colonization and susceptibility 

to infection. Because gram-negative bacilli are part of the nomal bowel flora, the 

catheterized urinary tract, surgical wounds or the oropharynx readily become 

cross-colonized (Noone, Pitt, Bedder et al., 1983; Maki, 1978). 

4.3.1 Oropharynged Colonization 

Earlier reports from studies performed in the 1970s focused on the role of 

oropharyngeal colonization in the pathogenesis of nosocomial infection 

(Johanson, Pierce, and Sanford, 1969). The oropharyngeal cavïty in a healthy 

individual does not normdly harbor gram-negative bacteria. There are several 

defense factors associated with the mucosa that resia colonization by gram- 

negative bacteria. Serious underlying disease and advanced age are two major 

determinants that interfere with this mucosa-associat& defense system which 

facilitates oropharyngeal colonization by gram-negative bactena in ICU patients 

(Maki, 1978; van Uffelen, Romrnes, and van Saene, 1987). Practically ail other 

conditions impairing dearance of gram-negative bacteria are iatrogenic: operative 



trauma, operations lasting longer than two hours, intubation which interferes with 

chewing and swallowing (van Uffelen, Rommes, and van Saene, 1987). Many of 

these agents are espeOaUy prevalent in patients who are ventilated for more than 

one week In these severdy ili, longterm ventilated patients, high colonization 

rates of the oropharyngeal cavity by gram-negative bacteria are recorded (van 

Uffelen, Rommes, and van Saene, 1987). It  has also been observed that even 

hospitalized patients with no underlying disease and no exposure to antibiotics 

become colonized with gram-negative bacteria in the oropharynx. The fact that 

oropharyngeal flora are almost always of the same genera as those in the fecal flora 

point to the latter as the origin of newly appearing oropharyngeal mains 

(Rosenthal and Tager, 1975; LeFrodc, Ellis, and Weïnstein, 1979). 

4.3.2 Lower Respiratory Tract Colonization 

Because it bypasses the upper airway hoa defense system, an endouacheal tube 

allows direct entry of bacteria into the Lower respiratory tract. Also, the presence 

of an endouacheal tube can interfere with multiple defense fllnctions of the lung 

through its impairment of the cough reflex, îts interference with the fiinction of 

the mucdary  escalator and its stimulation of excessive tracheobrondud mucus 

seaetion that leads to the pooling and stagnation of seaetions. This induction 

of mucus cm promote colonization by PseudOmnas aemginosa because this 

organism has the capacity to bind directly to mucus (Morrison, Jr. and Wenzel, 

1984; Lewie and Niedeman, 1991). 

The respiratory tract of hospitaIized patients can become colonized with gram- 

negative bacteria through endogenous contamination from the gastrointestinal 

tract or Êxogenous contamination from respiratory therapy and mechanical 



ventilation. Such colonization appears to immediately precede a lower respiratory 

tract infection in up to 23% of ICU patients (Johanson, Pierce, and Sanford, 

1969; V i i o ,  Stevens, Schable et ai., 1992). Host susceptibïiity appears to be 

a more important factor than degree of contact in the acqilisition of gram-negative 

respiratory tract flora (Rahal, Meade, Bump et ai., 1970; Johanson, Pierce, and 

Sanford, 1969). Aithough it is apparent that the reservoir and mode of spread of 

gram-negative nosocornial ûifection varies h m  one outbreak to another, two 

basic epiderniological patterns are discemable. In many reported "epidemic" 

situations the reservoir of the pathogen is in a relatively restricted area of the 

environment such as inhalation equipment or contaminated solutions. Usually 

the outbreak can be readily conuolled by identification and appropriate 

management of the resenroir (Grundmann, Kropec, Hartung et al., 1993). 

However, with "endernid' nosocornial infections, the reservoir is more diffuse and 

in most cases indudes the endogenous flora of the patient population 

(Chetchotisakd, Phelps , and Hartstein, 1 994). A greater variety of strains are 

usually observed and conventional control measures are less effective. The 

potential for emergence of highly h g  resistant gram-negative bacteria by selective 

pressure of antimiaobial therapy is enhanced if the reservoir indudes the patient's 

endogenous flora (Selden, Lee, Wang et al., 1971). Colonization of the 

respiratov tract is common in intubated patients requiring intensive care and in 

most instances precedes development of infection. Certain patho-physiologie 

conditions have been shown to be associated with bacterial colonization of the 

respiratory tract inducihg acidosis, coma, and prior respiratory tract disease 

(Schwartz, Do&& Benkovic et al., 1978). In intubated patients who no longer 

have the protective benefit of glottic closure and cough, the cuff of the 

endotfacheal tube represents the final mechanical barrier guarding the trachea 

(Schwartz, Dowhg, Benkovic et ai., 1978). 



More recently it has been observed that the stornach and small bowel also become 

colonized with the organisms responsible for a signiscant number of nosocorniai 

infections in aitically ill patients and it has been suggested that the pathologid 

colonization of the gasuointestinai tract may be a mtical prelude to the 

development of multiple organ failure (MOF) syndrome (Marshall, Christou, 

Hom et al., 1988; Marshall, Christou and Meakins, 1993). Overgrowth of 

bacteria in the stomach provides a resenroir for colonization of the esophagus, 

mouth, and nasopharynx, probabiy faciütated by de-aadification of the stomach, 

the inability of some patients to swaliow and by the presence of a nasogasuic 

tube. Prevention or dimination of this dangerous reservoir wiil depend on the 

maintenance of gastric acidity and restoration of gut motility (Atherton and 

White, 1978). The gasuic contents of fasting healthy people are largely free bom 

bacteria, and the major factor responsible for this is a gastnc pH of less than four, 

which is a potent antagonia of bacterial growth. Studies have shown that 

hypochiorhydria or therapeutic allcalinization in IcU patients tends to promote 

bacterial overgrowth in gasvic contents within four days, whereas fiingal 

colonization of nasogasuic aspirates may occur within eight days of marting 

antacid therapy (Garvey, McCambley, and Twen, 1989). When the pH of the 

stomach is greater than four then rapid colonization with high counts of gram- 

negative bacilli occurs (HiIlman, Riordan, O'Farrell et al., 1982). In a study 

conducted in Boston, Massachusetts, USA, the number of gram-negative bacilli 

in gasuic aspirates correlated positiveiy with the pH of the gasuic aspirates, and 

that treatment of seriously ill patients with antauds or cimetidine encouraged 

upper airway colonization and predisposition of patients to pneumonia caused by 



gram-negative bacilli (Du Moulon, Paterson, Hedley-White et al., 1982). The 

most commonly accepted explmation of upper airway colonization is fecal-oral 

contamination by the patient's endogenous gut organisms. transmitted by the 

patient or nursing staff. However. the stomach may be just as important a 

reservoir (Du Moulon, Paterson. Hedley-White et al., 1982). 

Bacterial adherence is a c d  to cell interaction that may be a mechanism through 

which senously ill patients have an enhanced susceptibility to colonization. At 

multiple epithelial sites throughout the body, epithelial cells have receptors for 

bacteria that ailow organisms to adhere to the mucosa and establish a foothold 

from &ch colonization can develop. Bacteria bind to these receptors via surface 

appendages called adhesins. Studies have shown that patients with an inaeased 

in vitro adherence are the same persons who have an increased incidence of in 

vivo gram-negative bacilli colonization (Laiine and Niederman, 199 1 ) . 

4.4 The Effea of Antimicrobid Agents on Intestinal Microtlora 

The parenteral administration of broad-spectrum antibiotics may have important 

effeas on the composition of nomal fecal flora (Nord, Heimdahl, Kager et al., 

1984; Giuliano, Barza, Jacobus et ai., 1987). A number of adverse reactions to 

antibiotics have been related to changes in the fecal flora including diarrhea, 

overgrowth of Clastridinan dz$& and fun@, the selection of antibiotic-resistant 

suains, and a diminution in colonization resistance (Giuliano, Barza, Jacobus et 

al., 1987). Several factors influence the extent to which a given antibiotic wül 

decimate the normal bowel flora. Predominant among these is the incomplete 

absorption of orally administered drugs (Sutter and Finegold, 1974). Poorly 

absorbed agents may reach the colon ùi an active form where they desuoy 



susceptible organisms and alter the ecologicai balance. Parenterally administered 

antibiotics that are seaeted by the saüvary glands, in the bile, or fiom the 

intestinal mucosa also tend to destroy the nomial microbial population (Nord, 

Kager, and HeimdahI, 1984). Colonization and infection by nosocomial gram- 

negative b a d i  are then likely to follow (Myerowitz, Medeiros, and O'Brien, 

1971). 

The influence of antibiotics on the concentrations of potentially pathogenic 

organisms in the bowei is detemiined by th& inauence on the flora that provides 

colonization resistance as weli as by their direct influence on potentiay 

pathogenic organisrns (van der Waaij, de Vries-Hospers, and Welling, 1 986; 

Vollaard and Clasener, 1994). There are four scenarios that may &se: firstly, no 

inhibition of potentially pathogenic organisms nor the flora providing 

colonization resistance occurs; secondly, potentially pathogenic organisms are 

inhibited whereas flora providing colonization resistance are not. This means that 

potentially pathogenic organisms are eliminated whüst resistant flora will not grow 

out since colonization resistance is not dîsturbed. This is called "selective 

decontamination" and c m  be achieved by the administration of 20mg of 

pefloxacin daily (Clasener,Voliaard and van Saene, 1987; van der Waaij and 

Berghuis.de Vries, 1974; Vollaard, Clasener, and Janssen, 1990). Thirdly, the 

flora that provide colonization resistance are inhibited whereas potentiaily 

pathogenic organisms are not which allows their overgrowth. Examples of 

antibiotics that can do t h i s  are amoxinllin, cefotlwme, and clindamycin 

(Vollaard, Clasener, and Janssen, 1990). Fourthiy, both potentially pathogenic 

organisms as well as colonization resistance flora are inhibited. This may be 

called "unselective decontamination" in which susceptible potentially pathogenic 

organisms are inhibited but the concentration of resistant organisms inaeases 



(Vollaard and Cfasener, 1994). Table 4.1 illusuates the impact of various 

antimiaobial agents on the human gasuointestinal flora. 

The potential of an antibiotic to change! the colonization is related to its dose and 

phannacokinetic properties. Oral antimiaobial agents that are poorly absorbed 

from the gastrointestinal tract, or absorbed but also excreted in active form in the 

bile or saliva, generdy have a sigruficant effect on miaobial colonization. 

Parenteraily administered antirniaobiais excreted in high concentrations in the 

gasuointestinal aact also cause siguficant changes in the rnicroflora (Nord, Kager, 

and Heimdahl, 1984). Oral antimiaobials that are weii absorbed in the upper 

part of the small intestine have little impact on the microflora in the large 

intestine whereas poorly absorbed agents cause considerable changes. Ampicillin 

is one of the most wideiy used antimiaobials because of its broad specuum 

activity, but its major disadvantages are that it is incompletely absorbed and there 

is a high incidence of diarrhea during therapy (Nord, Kager, and Heimdahl, 

1984). Pipericillin, a fourth generation penicillin, is excreted in high 

concentrations in the bile and has therefore a pronounced impact on large 

intestinal microflora (Kager, Malmborg, Nord, et al, L 983). Third generation 

cephalosporins have good activity against gram-negative aerobes but they also 

have high biüary excretion r d t i n g  in signifiant dianges in the normal intestinal 

microflora. The consequences are superinfection, diarrhea and colitis (Arvidsson, 

Alvan, Angelin, et al, 1983; Alestig, Carlberg, Nord, et al, 1983). Cefoxîtin has 

wide activity against aerobic gram-positive and gram-negative bactena but the 

colon microflora are affected because it is present in the large bowel in 

concentrations far above the minimum inhibitory concentrations of many aerobic 

and anaerobic bacteria (Nord, Heimdahl, Kager, et al, 1984). Colonization with 

cefoxitin-resistant enterococci, dostridia, Psardomonas and Entembacter suains can 



Table 4.1 Impact of Different Antimicrobial Agents on Gastrointestinal Flora 

~ntibiotic Saiivary Intestinal Overgrowth of resistant sixains: 

concentration concentration Oropharyngeal Gastrointestinal 

Ampicillin llow Moderate Low High 

Penicillin 
Pipericillin 

Cefuroxime 
Cefazolin 

Cefotaxime 
Cefoxitin 

Ceftriaxone 
Cefoperazone 

Aztreonam 

Imipenem 
Erythromycin 

Doxycydine 

Metronidazole 
Clindamycin 

Cipro floxacin 

Low 
Low 

Low 
Low 

LQw 
Low 
Low 

Low 
Low 

LQw 
Modera te 

High 

High 
Moderate 

Low 

Law 
High 

High 
High 

High 
Mode rate 

High 

High 

High 

Low 
High 

Moderate 
Low 
High 

Low 

Low 
Low 

Low 
Low 

Low 
Low 
Low 
Low 
Low 

Low 
High 

Moderate 

Low 
High 

Low 

Low 
High 

High 
High 

High 
Moderate 

High 

High 

High 

Low 
High 

Moderate 

Low 
High 

Low 

-- 

(Modified after Péchere, 1994, and Nord, 1984) 



therefote take place in the gut. Imipenem has a rather broad anti-bacterial 

spectrum with only minor changes in intestinal microflora (Nord, Kager, 

Philipsson, et al, 1984). When erytiuornycin is used for extended periods of time 

it has undesirable effects due to high f d  concentrations. It tends to decrease the 

numbets of aerobic gram-negative bacilli and anaerobic microflora are also 

considerably disturbed with new colonization by erythromycin-resistant mains 

occurring in the oropharynx or colon. Clindamycin therapy results in high 

concentrations in the large intestine when administered perorally or parenterally, 

which leads to pronounced changes in aerobic and anaerobic colonic miaoflora. 

The end result is that clindamycin-reàstant enterococci and enterobactena 

proliferate (Nord, Heirndahi, Kager, et al, 1984). Extensive use of teuacyclines 

results in side effects such as diarrhea and superinfection (Nord, Kager, and 

Heimdahl, 1984). 

4.5 Reservoirs and Antirniaobial Resistance 

With respect to nosocornial gram-negative infections, an important factor in 

determining the frequency of antimicrobial resistance is the presence of a 

reservoir. A reservoir is an ecological niche in whidi an infectious agent persists 

by a cyde of transmission or reproduction, or both. Reservoirs provide an 

opportunity for the development of resistance either by the exchange of genetic 

material wîth other antibiotic-resistant organisms or simply by the persistence of 

an organism and exposure to the selective pressures that lead to development of 

resistance (Cohen, 19%). Reservoirs can also provide the opportunity for 

resistant organisms to persist and be uansmitted thus afEecting the overall 

frequency of antibiotic resistance(Brun-Buisson and Legrand, 1994). Greater 

transmission leads to a higher Erequency or prevalence of resistance (Cohen, 
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1992). There are multiple resmoirs of resistant bacteria in the hospital 

environment and the dynamics of bacterial spread need to be examllied in order 

to determine whether resistant organisms originate endogenously (ie.from the 

patient's own fIora) or exogenously (ie. transfer between patients, hospital areas, 

heaith care workers, and the environment) (Kropec, Huebner, Riffel et al., 1993). 

If the reservoir(s) can be identïfied then this may impact on infection control 

practices as well as antimicrobial presaibing habits. 

4.6 Mechanisms of Antimicmbial Resistance 

Since the advent of antirniaobial agents, bacteria have proved to be particularly 

adept at becoming resistant to each new antibiotic agent discovered (Jacoby and 

Archer, 199 1; Neu, 1984). Resistance has many consequences and a patient 

infected with a hg-resistant organism is more likely to require extended 

hospitalization and an increased risk of death. Furthemore, resistance compels 

the use of more toxic or more expensive alternative drugs (Jacoby and Archer, 

199 1). The emergence of resistance in bacterial infections is thus a common 

occurrence. It connibutes to ùinical failure in a signifiant proportion of patients 

and the organisms that are becoming more highly and aably resistant indude 

rnany of the commonly encountered enteric gram-negative bacilli and Pseudomonm 

aerugimsa. 

The gram-negative bacterial ce11 wall through which antibiotifs must pass to reach 

th& sites of action is fdly complex (Figure 4.1 ) . An outer membrane consisting 

primarily of Lipopolysaccharïde (WS) and other proteins is a complex structure 

that prevents the penetration of many different substances including antibiotics. 

In addition, many gram-negative species synthesize capsular material which 





attaches loosely to the outer surface of the outer membrane. The outer membrane 

contains porins through which bacteria take in nuUients from the environment 

and excrete waste products. Most antibiotics that are corrunonly used for gram- 

negative infections are small enough to pzss through these porin diannels at a rate 

dependent on the polarity and charge of the molecules (Barriere, 1992). Once an 

antibiotic passes through the outer membrane of the bacterial c d  wall it enters 

the periplasmic space between the outer membrane and the cytoplasmic 

membrane. It is in this space that p-lactamases produced by various gram- 

negative bacteria are concentrated. Once in the presence of these inactivating 

enzymes, an antibiotic must be resistant to hydrolysis in order to pass further to 

the inner membrane and the location of the penicillin-binding proteins (PBPs). 

Whilst gram-positive organisms have a c d  wall composed mainly of 

peptidoglycan and teichoic acids, gram-negative organisms have a more complev 

structure in that the peptidoglycan layer is not in contact with the environment 

but is bounded on its outer surface by the outer membrane. This peptidoglycan 

structure aKords a barrier to the permeation of many antibiotics, and modification 

of its composition can increase resistance. In addition, many gram-negative 

organisms synthesize p-lactamases which are largely retained in the periplasmic 

space between the cytoplasmic and outer membranes (Livermore, 198 7b). 

Resistance to antibiotics is a worldwide problem and in no case is the problem of 

resistance dearer than with regard to p-lactam antibiotics (peniollins, 

cephalosporins, monobactams, and carbapenems) . The widespread prevalence of 

certain mechanisms of resistance have rendered older dnigs in this dass obsolete. 

Resistance may arise by a mutation that reduces target açfinity or allows the over- 

production of a d r u g - m o w g  enzyme. More often, resistance genes are &ed 



on extrachromosomal plasmids that may be transferable from organism to 

organism by conjugation, transduction, or transformation (Jacoby and Archer, 

1991). The genes may even be packageci in mits of DNA called transposons that 

allow theni to jump from one DNA site to another, thus further facilitating the 

spread of resistance. Despite th& versatility however, bacteria have a iimited 

number of medianisms of acquired resistance. These indude: 

a) Alteration of the cimg's target site components 

b) Deaeased outer membrane permeabiliv 

c) Production of inactivating enzymes (Murray, 199 1 ; Sanders, 1992; 

Murray and Modering, 1978; Collatz, Gutmann, Wiamson et al., 1984; 

Jacoby and Archer, 199 1 ; Sandea, 1987). 

Alterations in the target site indude both reduction of receptor affinity and the 

substitution of an alternative pathway whereas deaeased penneability may occur 

through an active e f h  system. Of these three medianisms, production of 

inactivating enzymes such as p-lactamases are the most frequently encountered 

in clinical isolates. 

Altered Target Site: 

p-lactam antibiotics inhibit the penicih-binding proteins which are trans- and 

carboxy- peptidases that catalyze the cross-linking of the ceil wall polymer, 

peptidogiycan. Peptidoglycan plays a vital role in maintaining the suength of the 

ceIl wall. p-lactam antibiotics prevent formation of peptide bridges, causing a 

weakened c d  wall to be produced. Resistance arises if the PBPs cease to bind P- 
lactarns, or are protected by perrneabiliv barriers, or P-Lactamases (Livermore, 



1991). The synthesis of new PBPs with low affinity for penicillin is the cause of 

peniàUin resistance in pneumococa, of methirillin resistance in staphylococa, 

and can cause resistance in some H.inzuétlzcze, meningococa, and gonococa. 

There are no well established examples of aitered PBPs in the Enterobacte~îaceae, 

but some strains of Pseudomonas aerugimsu may owe part of their resistance to 

altered PBPs (Livermore, 199 1; Murray, 1989; Neu, 1984). 

Deaeased Permeability: 

The cell wall structure of gram-negative organisms can shield PBPs from certain 

antibiotics. Variations in c d  walI permeabilïty can modulate resistance to an 

extent which varies from antibiotic to antibiotic and fiom strain to main 

(Livermore, 1987b). In order for an antibiotic to exert its effea it must be able 

to pass through the outer membrane of bactena and reach its target site. Gram- 

negative bacilli have an outer membrane which serves as an effective permeability 

barrier. Scattered about and transversing the outer membrane are water fiiled 

channeis made of porin proteins that facilitate ently of some compounds but not 

hydrophobic ones. The diameter and number of porin channels Vary among 

different gram-negative speaes. The presence of the outer membrane also 

enhances the resistance of organisms that produce P-lactamases by limiting the 

rate at which the p-lactarn is delivered to the enzyme in the periplasmic space. 

Changes in the porins can cause resistance to various f3-lactams7 induding 

imipenem, and seem fairly common in Pseudomonas aeruginosa and Entwobacter 

cloacae. Permeability mutants also cause resistance to aminoglycosides, 

chloramphenicol, tetracyclines, and fluoroquinolones (Murray, 1 989). 

Plasmid-mediated resistance to tetracyclines in gram-negative bacilli is commonly 



due to the acquisition of an active d u x  system through the inner cytoplasmic 

membrane. Deaeased permeability accounts for some of the resistance of 

Pseudornonas amginosa to aminogtycosides. This permeability change may be 

acquired through exposure in vivo and is not assoaated with m e s  or 

transferability. Most of the low level resistance of P s a c h n m  umrginsa is due 

to deaeased permeability. High level resistance is generally assoaated with 

resistant ribosomes or the presence of inactivatuig enzymes (Murray and 

Moellering, 1978; Murray, 1989). Ladc of an effective permeability barrier for 

certain agents may presumably explain why some gram-negative bacilli which 

produce P-lactamase are capable of hydrolyzing a parricular dmg in vitro 

nevertheless remain susceptible to that dmg. 

Enzyme Inactivation: 

Of the three mechanisms by which gram-negative bacteria resist antibiotics, 

production of P-lactamases is by far the most frequently encountered in dinical 

isolates. p-lactamases are periplasmic enzymes which are capable of binding and 

destroying @ydrolyzing) large concentrations of antibiotics. The net effea of the 

interaction of a p-lactam dmg with a p-lactamase is cleaved inactivated antibiotic 

(Sanders, 1992; Wiedemm, Kliebe, and Kresken, 1989). fMactamases 

hydrolyze the p-lactam nudeus of p-lactam antibiotics and although widely 

distributed in nature, they are usually referred to on the basis of the principal 

compounds they destroy, hence penicihases and cephalosporinases (Neu, 1984). 

p-lactamases are produced by many gram-negative bacteria and differ in 

subsuate profiie, moledar weight, isoelectric point, genetic determination, and 

susceptibility to inhibition by several inhibitors. For gram-negative bacteria, a 



number of dassification systems have been proposed but none have been totaily 

satisfactory (Table 4.2). A molecular classification based on amino acid 

sequences around the active site has been proposed by Bush in an attempt to 

combine elements of all previous schemes (Bush, 1989a; Bush, 1989b; Bush, 

1989~ ) .  Using the Bush classification, group I comprises all davulanate- 

insensitive chromosomal cephalosporinases. These enzymes indude the classical 

inducible cephalosporinases of Enterabacter cbacue and PsMdononas amginosa. 

Group 2 enzymes are sensitive to inhibition by davulanic aad as well as other 

inactivators such as sulbactam and tazobactam. This group indudes the most 

prevalent plasmid-mediated p-lactamases among ficherichia coli (TEM- 1 ) and 

Klebsïella pneumoniae (SHV- 1). Group 3 p-lactamases comprise the 

metalloenzymes whidi all reqpire zinc as a cofactor. Group 3 enzymes are usually 

duomosomally-mediated and hydrolyze imipenem as weIl as other p-lactam dmgs. 

Group 4 enzymes are rarely encountered penirillinases that are insensitive to 

clavulanate (Sanders, 1992; Bush, 1989a; Bush, L 989b; Bush, 1989~)  .P- 
lactamases are either chromosomally- or plasmid-mediated. The duomosomal P- 
lactamases of gram-negative bacteria are species-speafic and the moa important 

are the group 1 enzymes which occur in Pseudomonas amginusa and most of the 

Enterobacteriaceae (Livermore, 199 1 ) . The mode of expression of these group 1 

P-lactamases varies between speaes and determine their potential to cause 

resistance. Certain speaes such as E-wli and Pmteu~ rnirabilis produce p-lactamase 

constitutively (ie. in srna11 basal amounts) whether or not antibiotics are present. 

These are usually insuffiaent to protect the bacteria wen against dmgs such as 

ampicih and cephdothin whidi are hydrolyzed rapidly by the enzymes. Other 

speaes such as PseudOManas aemgïnosa, Entembacter, Citrubacter, Smatia, Providenn'ci, 

Pmteics, and MopmeIla morganii have inducible expression sudi that the amount 

of p-lactamase synthesized relates to the amount of antibiotic present (Livennore, 



Table 4.2 Cornparison of Various Classification Schemes for P-Lactamases of Gram-Negative Bacteria 

Bush Class Richard and Sykes and Arnbler Molecular Enzyme Type Examples 
(1988) Sykes (1973) Matthews ( 1  976) ( 1  980) CIass 

la, Ib, Id 
................ 
111 
III, IV 
v 
1 c 

**.*eV*****.**.* 
................ 
................ 

Cephalosporinase 
Penicillinase 
Broad Spectnun 
Extended Spectrum 
Carbenicillinase 
Cloxacillinase 
Cephalosporinase 
Metalloenzyme 
Penicillinase 

Ecl ' , Psa2, Sma3 
Gram-Positives 
TEM- I ,Z,SHV- 1 
TEM-3,5,SHV-2 
PSE- 1,3,4, 
OXA- 1 ,l'SE-2 
Pvu4, SfrS 
Sma16, Ahy7 
Pces 

' E.cloacae 
Rueruginosa 
S. marcescens 
P. vulgaris 
Bfiagilis 
S.maltophilia 
Ahydrophila 

8 P. cepmin 



199 1 ; Sanders and Sanders, 1988; Livermore, 1987a). Enzyme synthesis is 

minimal in the absence of antibiotic but inaeases when a p-lactam dmg is added. 

Induction is the transient switching on or elevation of p-lactamase synthesis in 

response to the addition of an inducer such as a p-Iactam dmg (Livermore, 199 1 ; 

Barriere, 1 992; Livermore, I987a). 

In gram-negative organisms with inducible p-lactamases, enhanced expression of 

enzyme can occur by one of two mechanisms. In the fim mechanism, there must 

be exposure of the wild-type organism to an enzyme inducer, usually a stable P- 
lactarn drug such as cefoxïtin or imipenem. P-lactamase synthesis commences l 

to 20 minutes after exposure of the bacteria to the antibiotic and usually peaks 

within 2 hours and levels dedine once all the antibiotic has been hydrolyzed or 

physically removed (Dwoaack, PugsIey, Sanders et al., 1987; Sanders, 1987). 

The abiiity of various p-la- antibiotics to induce these enzymes varies greatly 

depending on the organism, the antibiotic and its concentration, and the length 

of the induction period. Certain p-lactam antibiotics are potent inducers and 

include benzyl penicillin, ampicillin, and most fist generation cephalosporins 

( Liverrnore, 1 98 7a). Second and third generation cephalosporins, 

ureidopeniciilins (pipericillin, meziocillui, and azlocillin) and monobactams are 

labile to group 1 enzymes but are weak inducers. They remain active against P- 
lactamase inducible +es because they fail to induce p-lactamase synthesis and 

not because they are stable to the enzyme (INemiore, 1991). Amongst the newer 

p-lactams, imipenem and cefoxitin are strong inducers of group I p-lactamases at 

low concentrations (Livermore, l987a). 

The second mechanism responsible for elevated levels of group I p-lactamases 

involves the spontaneous mutation of the wild-type organism to a stably 



derepressed state. Stable derepression is the permanent hyper production of the 

enzyme independently of the presence of an antibiotic (Sanders and Sanders, 

1988; Neu, Duma, Jones et al.. 1992; Sanders, 1987; Livermore, 1987a). P- 
lactamase inducible speaes segregate high fieyency spontaneous mutants that 

manufacture group 1 enzymes continuously at a high levd. These mutants are 

variously tenned "constitutive", "stably derepressed", or "enzyme hyper-producer" 

and are present naturally in inducible populations usually at frequencies of 10-' 

but occasionally up to 10 ". Because they express p-lactamase independently of 

induction, the stably-derepressed organisms are more resistant to labile weak 

inducers (third generation cephalosporins and ureidopenigllins) than are enzyme- 

induable mains (Livemore, 199 1 ; Sanders and Sanders, 1988; Bamere, 1992; 

Sanders, 1987; Livermore, 1 %Ta). When a population of inducible bactena 

containing a few derepressed mutants is challenged with a newer cephalosporin, 

ureidopeniciilin, or monobactam, the inducible c d s  fail to produce enzyme and 

are killed, whereas the derepressed mutants suMve and may overgrow the 

bacterial population. This process is called selection in which enzyme-inducible 

organisrns fail to produce protectnre quantities of enzyme and are killed, whereas 

the pre-euisllng stably derepressed variants are protected by th& enzyme and so 

overrun the population. The typicai sequence of events is that a labile weak 

inducer is administered to a patient who is infected with a p-lactamase induable 

organism. Subsequently, stably derepressed mutants are isolated and ultimately 

these constitute the entire bacterial population in the infected site (Barriere, 

1992; LiMrmore, 1987a). This appears to be a particular problem with 

Pseudomonas aeqïnosa and Enterob~l~ter cloaeue and more rarely with Citrobacter 

freundii, Serrutia marcescens, and Morganella mmganïi (Foilath, Costa, Thommen et 

al., 1987). Derepressed mutants of Pseudomonas aeniginosa and Enterobactm cloacae 

manufacture five to ten times more enzyme than most other Enterobactenaceae 



explaining their greater resistance and so their greater ciinid importance. The 

dinical signincance of constitutive mutants is that they are selected during 

therapy of individual patients. They c m  cause clinical failure, and once selected, 

may become the predominant organisrn in an ICU setting (Murray, 1992; 

Buman, Haeggman, KuistiUa et al., 1992)). 

Attempts have been made to reduce the fiequency of emergence of resistance as 

w d  as unsatisfactory dinical results by adding to therapeutic regimens a second 

antibiotic with activity agaùist organisms that characteristidy possess inducible 

P-lactamases. This has been motivated by the possibility that the second 

antibiotic agent wiU inhibit the d subpopuiatio~i of stably derepressed mutants 

that might otherwise be selected by the first antibiotic. The so-called double P- 
combination (two B-lactam agents) or the addition of an aminoglycoside to a 

cephalosporin or cephamycin have been most fiequently employed (Sanders and 

Sanders, 1988). The least likelihood of emergence of stably derepressed mutants 

is achieved by using an antibiotic with the greatest potential in vivo activity versus 

the infecting organism; that is, an agent that has the lowest MIC relative to the 

achievable concentration at the site of the infection (Barriere, 1992). 

With respect to plasmid-mediated p-lactamases, over 50 types have thus far been 

isolated. However few are cornmon and one type, TEM- 1, predominates. P- 
lactamases encoded by ~ansmissible plasmids were k s t  obsenred in 

Enterobacteriaceae in 1965 and have subsequently inaeased in frequency and 

spread to other groups of gram-negative aerobes (Livermore, 1991; Livermore, 

1 %Tb). Initially they remained confined to the Enterobacteria, but by 1969 had 

spread to Pseudomonus nemginosu, and by 1975 to Hmophilus influertuze and 

Neisseriu gonorrhaeae. They now occur in 2575% of isolates of many 



enterobacteria, although another enzyme, SHV-1 predorninates in MehieZia 

species. In most ampicillin-resistant gramnegative enteric organisms, TEM-1 P- 
lactamase is the most common plasmid-mediated enzyme (Philippon, Labia, and 

Jacoby, 1989). Both TEM-1 and SHV-1 belong to the group of relativeiy 

unspeciaiized enzymes hydroiyzing ampicih at a greater rate than carbenillin, 

oxaciih, or cephalothin, and with negligible activity against cefotaxime, 

ceftazidime or aztreonam (Phiiippon, Labia, and Jacoby, 1989). PSE- 1 and PSE-4 

enzymes predomuiate in PseudOmonm amginosa. ïEM-1, TEM-2, and SHV-1 

enzymes are apressed constitutively but the amount of enzyme produced varies 

between mains, reflecting gene copy number and promoter efficiency. These 

enzymes hydrolyze and give resistance to ampiciilin, carbenidin, and ticarcillin. 

They have weaker activity against 1st generation cephalosporins, cefoperazone 

and the ureidopenirillins (Livermore, 199 1 ) . Unfortunately mutants of TEM- 1, 

TEM-2 and SHV-1 are emerging which have from one to four aminoaad changes 

compared to the parent enzymes, but have a greatly extended substrate range. 

Unüke TEM-1 the new enzymes give resistance to many 2nd and 3rd generation 

cephalosporins although not to cephamycins or carbapenems. Like TEM-1 they 

c m  be inactivated with inhibitors such as davulanate. Over 20 TEM and SHV 

variants haw been desaibed. Some, the "W-types" ( such as TEM-5), are more 

active against ceftazidime but les  so against cefotaxime (Liwrmore, 199 1). These 

new TEM and SHV variants are now frequent in France and have also been 

reported worldwide (Femandez-Rodriguez, Canton, Perez-Diaz et al., 1992; 

Jarlier, Nicolas, Fournier et al., 1988). Studies performed in certain French 

hospitals indicate a rising proportion of MebseZZa pnmoniae isolates with these 

enzymes, from 0.75% in 1985 to 8.5% in 1987 and 1 1% in 1988 (Livermore, 

1991; Philippon, Labia, and Jacoby, 1989). These enzymes have mostly 

originated in I(lebsie2la species and initiai spread was by the transfer of mains from 



patient to patient. Subseqyntly the mcoding plasmids have spread to fichenchia 

mli, Entoobclcter cloacae, SaImoneIla species, and Smatia species (Philippon, Labia, 

and Jacoby, 1989; Livermore, 198%). 

Discovery of these enzymes followed introduction of broad-spectnun 

cephalosporins into clinid use and has been correlated in partidar with the 

extensive use of cefotaxime. Since TEM-1 and SHV-1 are ubiquitous in gram- 

negative bacteria, mutations leadhg to extended specuum activity are likely to 

occur whenever the use of broad-spectrum cephaloçporins and other p-lactams 

favor such changes (Philippon, Labia, and Jacoby, 1989). 

4.7 The Role of Molecular Epidemiological Typing Methods 

Until recently hospital infection epidemiology has essentially been based on the 

study of the phenotypic traits of organisms. Phenotypic techniques detea 

characteristics expressed by the organisms themselves and bacterial pathogens 

have been typed using antisera, biochemical profiles, bacteriophage sensitivity, 

outer membrane protein profîles, monoclonal antibody reactivity, hbriation, 

production of bacteriocins, t o h ,  or enzymes, and antimiaobid resistance 

patterns (Stuil, LiRuna, and Edlind, 1988; Tompkins, 19%; Gemer-Smidt, 

Tjernberg, and Ursing, 199 1 ; Allardet-Sement, Bouziges, Carles-Nurit et al., 

1989). However, problems with typeabiüty, reproducibility, and discriminatory 

power associated with these techniqyes have been numerous. The disadvantages 

of these typing systems are such that they rely on phenotypes that may not be 

stably expressed, the necessary reagents may not be commeraally available, the 

sensitivity may not be suffiaent to distinguish each suain of a species, and the 

system may be applicable to oniy one bacterial speaes (Stull, LiRuna, and Edlind, 
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Bouziges, Carles-Nurit et al., 19 8 9). 

with typeabiiity, reproducibility or 

discriminatory power assoaated with many phenotypic techniques, nurnerous 

systems using DNA-based methods have been developed (Kostman, Edlind, 

LiPuma et al., 1992; Dijkshoom, Audcen, Gerner-Smidt et al., 1993; Masloiv, 

Mulligan, and Arbeit, 1993; Haertl and Bandlow, 1993 b; Tenover, 1 99 1 ; Owen, 

1 9 89). These genotypic DNA tediniques are o h  referred to collectively as 

molecular epidemiology and involve direct Dm-based analyses of chromosomal 

or extra-cluomosomal (Jarvis, 1994; John, Jr., 1989; Seifert, Schulze, Baginslu et 

al., 1994). Typeability refers to obtaining an unambiguous positive result for 

each isolate analyzed; reprodutibility refers to the ability of a technique to yield 

the same result when the s q e  suain is-repeatedly tested; disaiminatory power 

refers to the.ability to ciifkentiate among unreiated strains (Maslow, Mulligan, 

and Arbeit, 1993). The characteristics of the various bacterial typing systems 

are shown in table 4.3. 

A brief description of some of the molecular typing methob that have been 

frequently used follows: 

4.7.1 Plasmid Profile Analysis ("Plasmid Fingerprinting") 

The techniques of molecular typing were first applied to the epidemiological 

study of bacterial infections to trace the spread of gram-negative baalli causing 

nosocornial outbreaks of sep'sis aiid uriiiary tract infections (Tomplins, 1992). 

Plasmids are exuaduomosomal dements composed of double-stranded DNA 

oFten found in the cytoplasm of many bacteria (Mayer, 1988). They may contain 



Table 4.3 Characteristics of Bacterial Typing Systems 

Typing Systern Proportion of Reproduability Discriminatory 

Strauis Typeable Power 

All 

AU 

Most 

Most 

Poor 

Poor 

Fair 

Poor 

Biotyping Fair 

Fair 

Good 

Fair 

Serosrping 

Bacteriophage 

w i n g  
Immuno blo tting Exceilent 

Excellent 

Good 

Good Mdtilocus enzyme 

electrophoresis 

B. GENOTYEX 

Plasmid profile 

anaiy sis 

Most Fair Fair 

Restriction endo- All Good Fair 

nudease analysis 

Ribotyping 

Pdsed-Fieid Gel 

Electrophoresis 

All 

Ali 

Fair 

Excellent 

Excellent 

Excellent 

Polymerase Chain 

Reaction (PCR) 

Ar-PCR 
Nucleo tide 

Sequence Analysis 

All Excellent Good 

Good 
Excellent 

Good 
Excellent 

(After Maslow et al, 1993) 



antibiotic-resistance genes and vinilence-factor genes such as enterotoxins and 

adhesins. Plasmid profile analysis involves the extraction of plasmid DNA 

followed by the separation of plasmid molecules by agarose-gel electrophoresis. 

The disadvantages of plasmid pronle anaiysis is that it is not uniwrsally applicable 

since it is Iimited only to strains that contain plasmids. Furthennore, similar 

plasmids may be found in dinerent strains of the same bacterial speaes or wen 

in strains of different species (Bingen, 1994; S t d ,  LiPuma, and Edlind, 1988; 

Kropec, Hubner, and Daschner, 1993). 

4.7.2 Restriction Endonudease Analysis of Chromosomal DNA ('Genornic 

Fingerprintingt ' ) 

This method primarily examines the genes incorporated into the chromosome and 

is performed by deaving ("digesting") the duomosomal DNA at a particular 

("resuicted") nudeotide recognition sequence. Restriction endonudeases 

recognize specific sites distributed throughout the chromosome, and the pattern 

of this distribution is unique for each main (McGeer, Low, Pemer et al., 1990; 

Maslow, Mulligan, and Arbeit, 1993; Bingen, 1994; Tompkins, 1992). The 

procedure involves extracting the total duomosomal DNA and digesting it into 

spedic fragments with several restriction endonudeases ("enqmes")(Sader, 

Pignatari, Lerne et al., 1993). The linear fragments can then be analyzed by gel 

electrophoresis. The major limitation of this technique is the difficulty in 

interpreting the complex profiles which consist of hundreds of bands which may 

be unresolved and overlapping (Maslow, Mulligan, and Arbeit, 1993). 

4.7.3 Southern Blot Analysis of Chromosomal DNA ("Southern 
Hybridization Fingerprintingt') 

M e r  agarose gel electrophoresis, the separated restriction fragments can be 

transferred ont0 a nitrocellulose or nylon membrane. This is called a "Southem 



Blot''. Using a W e d  fiagrnent of DNA as a probe, one can detect the restriction 

fragment(s) containing sequences ('loci") homologous to the probe. Variation in 

the number and size of these fragments are referred to as "restriction fiagrnent 

length poiymo~hisms" (RFLPs) and reflect variations in both the number of loa 

that are homologous to the probe and the location of restriction sites within or 

flanking these loci (Maslow, Mulligan, and Arbeit. 1993). The process of 

hybrïdization uivolves denaturation of the double-stranded D M  foilowed by 

reanneaiing of each strand with a complimentary labded suand called "the 

probe". The use of a labelled probe to identify a complimentary DNA molecule 

amid other DNA fragments in a gel is called "Southern Hybridization". 

Limiting the number of bands to be analyzed can also be achieved using labelled 

DNA probes targeted to rïbosomai DNA loa ("Ribosrping") (Blanc, Siegrim, Sahli 

et al., 1993). Eschenchia wli ribosomal RNA has acquired a wide acceptance 

because the high degree of conservation of the ubiquitous and polymorphic 

ribosomal DNA loci in the eubacterial kingdom makes it a universal probe 

(Bingen, 1994; S t d ,  LiPurna, and Edlind, 1988). Mer membrane transfer by 

Southem blotting, the DNA fragments separated by agarose gel electrophoresis 

after digestion by restriction endonudeases are hybridized with an rDNA probe. 

Labelhg Exoli rDNA with a nonradioactive system has several advantages over 

radioactive probes relating to safety, disposal, and stability (Bingen, 1994; Bingen, 

Denamur, and Elion, 1994). Ribotyping has been applied to the epidemiology of 

many gam-negative organisms such as Ste~trophomonas maltophilia. Pseudomonas 

aerqiinosa. E.coli, E.cloacae, Aanetobuctw baunumnii, and Srnata marcescm(Bingen, 

Mariani-Kurkdjian, Lambert-Zechovsky et al., 1992; Garaizar, Kaufmann, and 

Pitt, 1991; Grattard, Pozzetto, Berthelot et al., 1994; Bingen, Denamur, and 

Elion, 1994; Seifm and Gemer-Smidt, 1995; Gruner, Kropec, Huebner et al., 

1993; Poh, Yeo, and Tay, 1992; Gemer-Smidt, 1992; Anderson, Kuhns, Vasil et 

al., 199 I ; Bingen, Denamur, Lambert-Zechovsky et al.. 1992; Bingen, Denamur, 

Lambert-Zechovsky et al., 199 1 ) . 
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4.7.4 Rilsed-Field Gd Electrophoresis (PFGE) 

Recently, restriction enzymes called low-frequencydeavage restriction 

endonudeases ("rare cutter") have been identified that cut duomosomal DNA 

rarely producing fewer fragments (ie. less than 20 restriction sites)(Maslow, 

Mulligan, and Arbeit, 1993; Bingen, 1994; Goering, 1993; Allardet-Servent, 

Bouziges, Cades-Nurit et al., 1989). PFGE provides a highly reproducible 

restriction profile that typically shows distinct well-resolved fragments 

representing the entire bacterial genome in a single gel (Maslow, Slutsky Gr Arbeit, 

1993). This technique involves embedding organisms in agarose, lysing the 

organisms in situ, and digesthg the duomosomal DNA with restriction 

endonudeases that deave infiequently. Slices of agarose containing duomosomal 

DNA fragments are inserted into the weils of an agarose gel and the restriction 

fragments are resolved into a pattern of disaete bands in the gel by a contour 

damped homogenous electric field (CHEF). This means that fragments are 

resolved by cyclidy altering the orientation of the elecuic field during 

elecuophoresis. By vaxying both the direction and duration of the electric field, 

PFGE ailows the separation of DNA molecules well over 1000 kb in length 

(Bingen, 1994). PFGE has proved to be highly discriminatory and supenor to 

other available molecular techniques (Haertl and Bandlow, 1993a; Stmelens, 

Carlier, Maes et al., 1993; Acar, O'Brien, Goldstein et al., 1393; Gouby, 

Carles-Nurit, Bouziges et al., 1992). 

4.7.5 Polymerase Chain Reaction (PCR) 

The essential feature of PCR is the abiiity to replicate ("ampw) rapidly and 

exponentially a particular DNA sequence (the "template", typically 0.5 to 2.0 

kilobases(kb) in length). The reaction requires a DNA polymerase, a minute 

amount OP template and two mail oligonudeotides (primers", typ idy  18 - 20 

base pairs (bp) in length) corresponding to sequences at opposite ends of the 



template (Muk,  IWO). There are many diEferent variations of PCR Arbiuarily 

primed PCK for example, employs a singie short primer (sipically 10 bp in length) 

whose nudeotide sequence is not directed at a known genetic locus. Such 

arbitrary primers will r d t  in amplification of one or more unpredictable loci and 

the P(=R will generate a set of hgments, the number and size of which is the bais 

for typing an isolate (Maslow, Mulligan, and Arbeit, 1993; Bingen, 1994). 

In condusion, molecular typing meuiods are highiy disaiminatory for strains that 

can not be separated by phenotypic methods, and they have improved the 

understanding of the mechanism of nosocornial acquisition of organisms by 

allowing distinction between endogenous and exogenous infections. Among 

exogenous infections it has distinguished between individual and epidemic strains, 

thus differentiating cross-~ection from independent acquisition (Bingen, 1994). 

Moledar typing techniques are extremely powerful tools when combined with 

epiderniological finduigs of casecontrol or cohort studies. The use of these tools 

has also enhanced the study of reservoirs of infection and modes of transmission 

of nosocornial pathogens (Tompkins, 1 992). 



CHAPTERFIVE 

PATLENTS AND METHODS 

5.1 Study Design 

This study was conducted prospectively on a cohort of patients admitted to the 

ICU of the Calgary General Hospital. The study population consisted of all 

patients (male and female) over the age of 16 years admitted between December 

1, 1994 and June 30, 1995, to the ICU of the Calgary General Hospital for longer 

than 72 hours. Patients admitted for less than 72 hours were excluded from the 

study as insufficient time would have elapsed for them to have developed 

antirniaobial resistance. Furthermore, dmg overdose and high risk surgery 

patients were also d u d e d  fkom the study because they were admitted to the ICU 

for ody a short period of time, usually less than 48 hours. 

The prevalence of resistant gram-negative badlli isolated from the gut of patients 

in the ICU has been estimated to be about 30% based on hdings of other studies 

conducted in ICUs in Europe and the USA (Snydman, 199 1; Verbist, 199 1; 

Shah, Asanger, and Kahan, 1991; Garcia-Rodnguez, Sanchez, Bellido et al., 

1992). The caldation of sample size in this study was based on this estimate. 

In this study a 95% confidence interval with a maximum 10% margin of error was 

allowed. Using the statistical formula for a single population, the following 

sample size was caldated (Colton, 1974; Rosner, 1986): 



x r 1.96 Jp(1-01 = error term 

Jn 

where p = prevaience, and n = number of patients 

Therefore: 

1.96 J 0.3 11 -090.31 O. 10 

Jn 

J0.21 = - 0.10 

Jn 1.96 
- - 0-0510 

0.21 = - O-O0260 1 

n 

n = 80.7 or 8 1 patients 

Solving for n: 

In calcuiating the required sample size for a given study, it may be necessary to 

spegfy the desired values for probabilities of Type 1 (alpha) and Type II (Beta) 

errors, the proportion of the baseline population that has the disease under study, 

and the magnitude of the expected effect. The estimation of the baseline 

proportions are usuaily based on previousiy published reports. The qec ted  

magnitude of effect rnay also be estimated fiom these sources or, if unavailable, 

may be taken to represent the minimum effea that the investigators would 

consider meaningfd (Hennekens 6r Buring, 1987). 

Informed consent is usually a mandatory practice in any dinical study requiring 

the collection of human specimens for research purposes. The nature, a ims,  risks, 



and benefits of any study should n o d y  be explained to a participant. Because 

most KU patients are gravely iN on admission to the unit, and almost ail are 

intubated and catheterïzed and some are comatose, it is oken rather difficult to 

obtain informed consent from such patients. This in no way minimizes the 

necessity for obtaining consent, but in sudi cases it is customary to obtain 

infomed consent from family mernbers or relatives. In this study. informed 

consent from emoued patients was not obtained for the following reasons: 

The collection of rectal swabs was a routine procedure performed on 

ail ICU patients (except dmg overdose and high-risk surgical 

patients) for the SuIveillance of multi-resistant organisms. This was 

in accordance with the infection control policy passed by the 

infection conuol committee of the Calgary General Hospital. 

Access to patient records was part of the ongoing hospital active 

Swveillance policy for the tracking of nosocornial pathogens and the 

development of resistance. 

AU dinid and laboratory data of individual patients enroued in this study were 

kept strictly confidentid and securely locked. AU resuits arising fiom this study 

that may be published will be in collective form and anonymous, so as to retain 

confidentiality of all patients. 

For the purposes of this study, the following operational definitions were used: 



Colonization: Isolation of the sarne species of bacteria fkom two or more 

consecutive d tu res  fkom the same body site without dinical signs of infection. 

ie. organisms are present and/or replicating in the tissues of the host and c m  be 

identified by culture in the laboratoty. 

Infection: Presence and replication of organisms in the tissues of the host 

which is usuaily accompanied by a raised white cell count, fever, and/or 

Marimation. 

ICU Diagnosis: Diagnosis based on signs, syrnptoms and laboratory hdings 

on admission to the ICU. 

Resistance: Resistant bacteria are those which are able to suMve the effeas of 

antirniaobial action and even multiply in the host. This occurs when penicillin- 

binding proteins cease to bind p-lactams or are protected by permeability bamers 

or p-lactamases. 

Underlying Disease: Deviation fiom the normal function of any organ or 

system of the body that is manifested by a characteristic set of signs and 

syrnptoms and whose etiology, pathology, and prognosis may or may not be 

known. 

Immunosuppression: Diminution of the immune response by the 

administration of immunosuppressive drugs, by irradiation, by malnutrition, and 

by some disease processes (eg. cancer). 

Multiple Organ Systems: Involvement of two or more organ systems either 

in underlying disease or on admission to the ICU. 

Relatedness: Relatedness refers to the goal of main typing, which is to 

provide laboratory evidence that mains are both epidemiologicalIy related (ie. 

derived fiom a common source) as well as genetically related (ie. indistinguishable 

from each other by a molecular typing method such as PFGE). 



5.5 Data Collection Methods 

Several risk factors for colonization andor infection with resistant strains of 

bacteria, such as age, underlying iIlness, duration of hospital stay, ptior antibiotics 

etc., have previously been identified (Holmberg, Solomon, and Blake, 1987; 

Poole, Griswold, and Muakkassa, 1993). The purpose of coilecting dinical data 

was to indude parameters which may indicate dysfunctional organ systems. 

Using a structured data capture form, data were collected by means of chart 

reviews. The followùig data were coilected on all patients admitted to this study: 

age, sex, admission and ICW diagnosis, length of hospitalization, presence of 

underlying disease, (eg. diabetes), dinical history, presence of intravasdar h e s ,  

catheters (eg. Foley), tubes such as endouacheal, nasotrached, nasogasuic or 

chest tubes, use of invasive procedures(eg. tracheostomy) for patient management, 

surgeries prior to ?CU admission and during ICU hospitalization, antimiaobial 

history and treatment, dinical infections, indices of rend, hepatic and endocrine 

dysfunction, biochemical and hematological indices, and cIinidy signifiant 

information such as temperature, hem rate, respiratoxy rate and blood pressure. 

5.6 Bacteriologid Methods 

A recta swab was taken fiom each patient admitted to this study, immersed in 

Carey and Blair transport medium, and transported to the laboratory ideaiiy 

within twelve hours of admission to the KU. Due to the pnorities of patient 

a r e ,  up to 72 hours were allowed for rectal swab collection. On I(3U day 10 (or 

on the day of discharge fiom the ICU), a second rectal swab was coilected and 



subjected to the same procedure as described below. 

5.6.2 Bacterial Strains 

On reception in the laboratory, the specimen was immersed in 05 ml of trypticase 

soy broth (Oxoid Canada Inc), vigomusly ~r texed  to disperse the fecal material, 

and then 10 aliquots were inoculated ont0 five MacConkey agar (Oxoid, 

Canada Inc.) plates. Two plates contained 2 &ni and 16 @nl of cefotaxime 

respectivdy, and two plates contained 2 &nl and 16 &ml of gentamicin 

respectMy. A nfùi MacConkey agar plate served as a control. The MacConkey 

agar plates containing the drugs were prepared as follows: Stock solutions of 

cefotaxime and gentamich were prepared at concentrations of 1-28 m@. The 

tme concentration of each dmg was determined by dividing the desued stock 

concentration by the potency of the antibiotic. 

For example: Stock concentration desired = 1.28 mghl 

Potency of cefotaxime = 0.9518 mglmg 

Therefore 1 mg powder = 0.9518 mg dmg 

Thus 1.28 mg powder = 1.28 X 0,9518 

= 1.218 mg/mldmg 

This is the m e  concentration of the stock cefotaxime. To obtain a 

concentration of 2 g@nl in 250 ml of agar the formula V1 CI = V2 C2 was 

used where: 

V1 = volume required 

V2 = concentration of known solution 



C 1 = final volume required 

C2 = final concentration required 

Therefore: VIX1218 = 250x2 

VI = 0.41 ml 

This is the amount of antibiotic solution to be added to 250 ml of agar. This 

same procedure was also followed for gentamich. 

After inoculation aiI plates were incubated at 37°C aerobicaily ovemight. 

Antibiotia (cefotaxime and gentamicin) were added to the agar to prevent 

overgrowth of nomial bowel Bora. The number of resistant organisms growing on 

the plates containing antibiotics were scored (range 1 - 4) in relation to the four 

quadrants of each plate. From the primary plates representative colonies were 

streaked out on blood agar in order to obtain pure cultures. Thereafter, isolates 

were identified using the API 20E bacterial identification system (API Analytab 

Products, Plainview, NY) according to the manufacturer's instructions. Punfied 

colonies of each resistant organism were fiozen at -70°C in brain heart infusion 

broth (Oxoid, Canada Inc.) containing 20% glycerol for subsequent MIC 

determinations and molecular typing. 

5.6.3 Determination of Minimum Inhibitory Concentration (MIC) 

The m i ~ m u m  inhibitory concentration is the lowest concentration of an 

antimiaobial agent needed at the site of infection to inhibit bacterial growth of 

the infecting organism. It is usually expressed in @nl. The following 

antimiaobial agents were used in MIC determinations: 



Penicillins : ampidiin (Bristol, Myers, Squibb) 

piperidin (Lederle) 

Cephalosporins: cephalothin (My)  

cefoxitin (Merck) 

cefotaxime (Hoechst Roussel) 

ceftazidime (Lilly) 

Aminoglycosides: gentamich (Schering) 

tobramycin ( U y )  

amikacin (Sigma) 

Anthniaobial reference powders were obtained directly from the dmg 

manufacturers. The amount of antibiotic powder weighed out was determined by 

the following formula: 

Weight (mg) = Volume (mil X Concentration GLg/d) 

Assay potency 

Antibiotic stock solutions were prepared at concentrations of at Ieast ten times the 

highest concentration to be tested. The range of dilutions that are normally 

tested are from 0.25 &mi up to 5 12 &ml. This would require making a stock 

solution of 10240 &ml of the antibiotic to be tested. In this study the range 

was from 0.25 pgml to 256 pg/ml. The stock solution of each antibiotic was thus 

determined to be 5 120 &ml. 

Example caldation: (ampicillin) 

Potency (on label) = 91 i pg/rnl 

= 0.9Hmp/mp 



Final volume required = 10 ml 

Concentration = 5120pdml 

= 5.120 mg/ml 

= 0.00512g/mi 

Therefore: Weight of antibiotic = Volume X Concentration 

Assay potency 

- - IO X 0.00512 

0.91 1 

= 0.0562g 

This procedure was followed for all antibiotics tested. Powders were weighed 

directly into IOml volumetric flasks. AU antibiotics were dissolved in sterile 

distilled water except ampiallin and the cephalosporins, where phosphate buffer, 

pH 8.0,O.lM and pH 6.0,O.lM were used respectively. These represented the 

stock solutions containing 5120 @nl of the antibiotic. A total of twelve 30 ml 

sterile universal bottles were used for preparing dilutions. The fim bottle 

contained 10 ml of the stock antibiotic solution (5120 ~g/rnl) whilst the 

rernaining eleven bottles contained 10 ml of steriie distiIled water each. The stock 

antibiotic (101111) was added aseptically to the first bottle, miwd well, and then 

lOml uansferred to the next bottle. This procedure was followed until the last 

bottle where lOml was discarded after mixîng. This process is called "double 

dilutingl. The eieven universal botttes thus contained dilutions of the antibiotic 

to be tested ranging from 2560 ~dml down to 2.5 pghl. M e r  addition of 90ml 

of Muder-Hinton agar the final dilutions were 256 pg/rnl through 0.25 pdml. 



Agar Dilution Procedure 

The agar dilution method for detemiining antibiotic susceptibility is a weil- 

established technique and is regarded as the "gold standard". The antimiaobial 

agent is incorporated into the agar medium with each plate containhg a different 

concentration of the agent. The bea medium for routine susceptibility testing is 

considered to be Mueiler-Hinton agar (Oxoid, Canada Inc.) This medium was 

prepared according to the manufacturer's instructions. Appropriate dilutions of 

the antimiaobial solution ( 10 ml) were then added to 90 ml of molten Mueller- 

Hinton agar that was aiiowed to equilibrate in a waterbath to 50°C. The agar and 

antimiaobial solution were mixed thoroughiy, poured into a sterile peui dish to 

a depth of 4 mm and allowed to solidify at room temperature. After solidification 

plates were stored at 4°C for fiiture use. M g  free plates were prepared fkom the 

base medium and used as growth controls (two for each dmg tested). 

Three to fne wd-isolated colonies of the same morphological Srpe were selected 

fiom an agar plate d t u r e  of the organism to be tested. The top of each colony 

was touched with a sterile wice loop and inoculated into a tube containhg 5 mi 

Brain Heart Infusion broth (Oxoid, Canada Inc.). The broth culture was 

incubated in a shaking incubator (Labline orbital shakers, Illinois, USA) for two 

hours at 37°C. The turbidity of the broth culture was then adjusted with sterile 

Mueller-Hinton broth (Oxoid, Canada Inc.) to obtain a turbidity optically 

comparable to that of a 0.5 McFarland standard. A photomeuic device (Vitek 

Instruments) was used for this procedure. Cultures adjusted this way contained 

approximately 1 X 108 colony-fonning units per ml (CFUdml). The desired 

inoculum is 1 X 107CFUdml so the 0.5 McFarland adjusted cultures were diluted 

1:10 with sterile Mueller-Hinton broth (ie. LOO gl of suspension + 900 pi 



Mueller-Hinton broth). The inoculum replicator (Ram head inoculator, Oxoid, 

Canada, Inc.) deposits approxirnately I ont0 the agar surface giving a final 

inoculum on the agar of approximately I X IO4 CFUsJml in a spot of about 5 mm 

in diameter. An aliquot of each wd-mixed suspension was placed in the 

correspondingwell in the repiicator inoculum block Each agar plate was marked 

for orientation of the inodum spots. A 1 pl aiiquot of the inodum was then 

applied to the agar surface by use of the inodum-replicating device. A growth 

control plate containing no antibiotics was lim inoculated, followed by the plates 

containhg the different antibiotic concentrations (starring with the lowest 

concentration). A second growth control plate was inoculated last to ensure that 

there was no contamination or significant antibiotic carryover during the 

inoculation procedure. Al1 inoculated plates were allowed to stand at room 

temperature to allow for complete absorption of the inodum spots into the agar, 

after which they were inverted and incubated at 37°C for about 20 hours. MICs 

were recorded as the lowest concentration of antibiotic agent completely 

inhibiting growth. 

The molecular technique used in this study was pulsed field gel electrophoresis 

(PFGE) which is a variation of agarose gel electrophoresis. PFGE permits the 

analysis of bacterial DNA kagxnents over an order of magnitude larger than that 

of conventional restriction endonudease analysis. Chromosoma1 DNA is digested 

with restriction enzymes that have few restriction sites yielding 5 - 20 fragments 

ranging hom - 10 kb to 800 kb in length. Enzymes used in PFGE recognize 

specific &base sequences or selected &base sequences depending on the mole 

percent guanine and cytosine (G+C) content of the species under investigation. 
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of the most common approaches is contour darnped hornogenous elecrric 

(CHEF) which was used in this study. 

Resistant gram-negative bacteria that were stored at -70°C were grown overnight 

in tubes containhg 5 ml brai. heart W o n  broth (Oxoid, Canada Inc.) at 37°C 

in a shaking incubator (Labhe orbital shaker, Illinois, USA). Cells were pdeted 

by cenuihigation for 20 minutes at 4000 rpm and then resuspended in 2 ml of 

SE buffer (IO mM Tris-Ha, pH 7.6; 1M NaCl). At this point a plug mold was 

assembled and diüled at 4°C for one hour prior to use. A 700 pl aliquot of PIV 

ceil suspension was then mixed with 700 pl of molten agamse (1 -6% low-melt 

agarose, Imbed LM agarose, FMC Bioproducts, USA), the mixture dispensed into 

the plug mold wells (two wells per culture suspension), and then allowed to 

soliciify on a level surface in the refiigerator for 15 minutes. The agarose blocks 

("gel plugs") were then transferred into 10 ml of EC lysis solution (6 mM Tris- 

HU, 1 M NaCl, 1OOmM EDTA, 0.5% Bnj-58,0.2% Sodium deoxydiolate, 0.5% 

Sodium lauryl sarcosine, 10 mg lysozyme, 20 pg/ml RNAse) and incubated 

ovemight at 37°C in a shaking incubator. Foilowing this the EC lysis solution 

was poured off carefully and the tube refiUed with 10 ml ESP solution (0.5 M 

EDTA, pH 9 - 9.5, 1% sodium lauryl sarcosuie, 50 &nl proteinase K) and 

incubated ovemight at 50°C with gentle shaking. The ESP solution was then 

gently decanted, each tube filled with about 15 ml of TE buffer, and placed in a 

rotating rack at 37°C. The buffer was chan~d every 30 minutes until at l em two 

liters had been used. The gel plugs were M y  equilibrated with 10 ml TE buffer 

and kept at 4°C overnight for restriction endonuciease digestion later. The 

following day, the TE buffer was gentiy decanted from the tube and the gel plug 

placed ont0 a sterile glas slide. A sterile coverslip was used to cut a 5 mm wedge 

gel slice which was then transferred to a rniaohge tube. The gel slice was then 
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immersed in 100 pl of enzyme buffer for two hours at 4°C. Thereafter the buffer 

was carefirlly aspirated from the tube leaving the gel slice behind. The foilowing 

constituents were then added to the gel slice in the miaofuge tube: 

Distilled water 200 pl 

10X reaction bdfer 20 pl 

Restriction endonudease 2 pl 

(SmaI or XbaI, New England Biolabs Inc., Canada)) 

The tube was mixed gently by "flicking" and kept at room temperature ovemight 

for complete enzyiie digestion (when B a 1  was used tubes were kept at 37°C). 

The foilowing day the reaction solution was carefitlly aspirated from the miaofuge 

tube and the latter placed in a waterbath at 65°C for 20 minutes to melt the gel 

plugs. A gel casting uay was assembled using "Fastlane" agarose (1%) (FMC 

Bioproducts, USA) made up with 0.5X TBE bder.  Each DNA sample was then 

loaded into the w d s  and sealed with molten 1% agarose. Electmphoresis was 

pedormed in a CHEF-DR II apparatus with a hexagonal electrode array (Bio-Rad, 

USA). PFGE was carried out at 9°C for 27 hours at 200 volts. After PFGE was 

completed, the agarose gel was placed in ethidium bromide solution (25 m@) 

for 15 minutes for DNA staining, and then destained with several changes of 

distilled water for about 90 minutes. Thereafter the agarose gel was placed on a 

uansilluIILinator and red t s  recorded using a polaroid gel documentation system 

(Fisher Saentific, Canada). 

5.8 Statisticai Methods and Calculations 

The prevalence and inadence rates of gram-negative resistance in the ICU 



population were caidated as follows: The prwalence rate on admission was 

defined as the number of existing cases of a disease divided by the total 

population at a point in time. In this study the numerator was ail patients with 

some antirniaobial resistance on admission to the KU. Resistance in this contact 

was defined as those gram-negative bacteria with MIO of 2 64 pg/d for 

cefotaxime and 2 8 &ml for gentamicin. The denominator was the total number 

of patients admitted to the ICU. 

Prevalence = Number of cases of resistance on admission 

Total number of cases admitted to study 

(measured at a point in m e )  

The inadence rate was defined as the nurnber of new cases of a disease divided 

by the population at risk measured over a period of time. However, the time 

during which the outcome (development of resistance) was observed was not 

uniform for each patient, thus the inadence density was the appropriate measure 

of incidence in this study. The numerator was therefore all patients who 

developed resistance by day ten of thw ICW stay (or on discharge if this was 

before day ten) less those patients with resistance on admistion(ie. new cases). 

The denorninator on the other hand was the total person-days of observation. 

Incidence Density = Number of new cases of antimicrobial resistance 

Total person-days of observation 

In this prospective cohort study, the association between potentiai risk factors and 

the development of antibiotic resistance was evaluated by detennination of the 

relative risk (RR). Relative risk compares the probability of an outcome arnong 



individuals who have a speafic characteristic or who have been exposed to a giwn 

risk factor, to the probability of that outcome among individuais who la& the 

characteristic or who have not been apw~ed. Thus relative risk is the ratio of the 

incidence of the outcome among exposai individuais to the incidence among non- 

exposed individualS. The analysis of clifferences between those patients who 

dweloped antirniaobial resistance and those who did not was performed using 

the student's t-test. The chi-square test was used to detemüne a statisticdy 

signiscant association between two variables. For small fiequency values, Fisher's 

exact test was used. 



RESULTS AND DISCUSSION 

6.1 Summary Data 

6.1.1 Demographics 

A total of 89 patients admitted to the ICU of the Calgary General Hospital were 

enoued in this study which was conducted over a seven-month penod kom 

December 1, 1994 to June 30, 1995. There were 38 (42.7%) females and 5 1 

(57.3%) males. The mean age for d e s  was 47.2 years and 57.9 years for females 

(p =0.02). The fiequency distribution by age category is shown in figure 6.1 

whidi indicates that the greater number of patients occuned in the age group 66 

years and older (36.0%), foliowed by those in the 19 to 35 year old age group 

(23.6%). The youngest patient was 16 years old and the oldest 86 years old- The 

rnajority of patients were Caucasian (83.1 %) . Approximately half of the patients 

(47/89=52.8%) were admitted to the ICW fiom the Emergenv Room, whilst 42 

(47.2%) were admitted from nursing units in the hospital. 

Clinical diagnoses were dassified on the basis of ten separate organ systems: 

respiratory, cardiovasdar, gasuointestind, musculoskeletal, neuropsychiatric, 

metabolic, hematological, rend, hepatic, and imrnunological (Carrico, Meakins, 

Marshaii et al., 1986; Marshall, Christou, and Meakins, 1993). Table 6.1 shows 

the number of patients with each type of dinical diagnoses. The three leading 

diagnoses were respiratory iUness (38/89=42.7%), musculoskeletal related 

conditions (24+89=27.0%), and neuropsychiatric diagnoses ( 1 O/89= 1 1.2%). 



Figure 6.1 Frequency distribution by age category 
of 89 patients admitted to the ICU 

19-35 36-50 51 -65 
Age category 



Table 6.1 Classification of ICU Cl in id  Diagnoses by Organ System 

Organ System Number of patients % 

Respiratory 

Musculoskeletd 

Neuropsychiauic 

Gastrointestinal 

Cardiovascular 

Rend 

Hepatic 

Metabolic 

Hematological 

Immunological 

38 

24 

10 

8 

7 

I 

I 

O 

O 

O 

Total = 89 
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With respect to length of stay, 30 of 89 (33.7%) patients were in the ICU for up 

to six days, 18 of 89 (20.2%) for up to 9 days, and 41 of 89 (46.1%) patients 

were in the ICU for at least 10 days or longer. The mean length of stay was 7.9 

days (minimum m y  4 &ys, xmximum stay r 10 days). The mortaliqr rate in this 

study was 23.6% (2 1 of 89 patients). 

Underlying diseases were also dassified by ten separate organ systems. Nearly 

two thlrds of the patients (55/89=61.8%) had multiple organ system involvement 

on admission (Table 6.2). The most common underlying illnesses were smoking 

(32.6%) , alcohol abuse (24.7%), and hypertension (22.5%) (Table 6.3). 

6.1 -3 Invasive Devices 

Invasive devices were considered to be intravasdar catheters such as arterial, 

triple lumen, and Swan/Cordis hes, Foley catheters, and tubes such as 

endouacheal, nasouacheal, nasogastnc, and chest tubes. Of 89 patients, 82 

(92.1%) had one or more arterial lines during theh ICU Say, 44 (49.4%) had 

triple lumens, and 50 (56.2%) had Swan/Cordis lines. AU 89 patients had a 

Foley catheter in place whilst 86 (96.6%) were intubated. Eighty-five (96%) 

patients had nasogastric tubes and 29 (33%) had chest tubes (Table 6.4). 

6.1.4 Invasive Procedures 

Invasive procedures were regarded as the foflowing: tracheostomy, bronchoscopy, 

thoracentesis, paracentesis, spinal tap, bone marrow, and dialysis. Additional 
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Table 6.2 Organ System Inv01vement of 89 Admitted Patients 

Number of organ systems Number of patients % 



Table 6.3 Underlying Diseases of 89 Patients Admitted to the 1CU 

Organ System Underlying illness Numberofpatients % 

1 .Respiratory Smoking 29 32.6 

Emphysema 

6. Rend 

7. Hepatic 

8. Metabolic 

9. Hematological 
10. ùnmunolo@cal 

Osteoporosis 
Depression 
CVA3 

Hypertension 
CHF4 
CA6 
Nephrolithiasis 
Alcohol abuse 
Dmg abuse 
Liver &hosis 
Diabetes 
Obesity 
Hypothyroidism 

' COPD-chronic obstructive pulmonary disease, TB=tuberculosis, 
3 CVA=cerebrovascular acadent , CHF=congesUve heart failure, 
5 CAD=coronq artery disease, HIV=human immunodefiaency vins 



Table 6.4 Invasive Devices such as N Catheters, FoIey Catheters, 

and Tubes 
- - - - - - - - - - - - - . - - 

Invasive Device No. of patients Mean no.of days-~SD 

s 4 davs 5-9 davs r IO davs 

1. IV Catheters 

1 st arterial 22 56 4 

2nd arterid 19 7 1 

3rd arterial I O O 

Isttriplelumen 18 25 I 

2nd triple lumen 5 3 I 

3rd triple lumen 1 O O 

I st swan/cordis 18 31 1 

2nd swadcordis 3 4 1 

3rd swan/cordis O O O 

2. Foley Catheters 12 40 37 

3. Tubes 



procedures such as angiograms, pyelogmns, cptoscopy, endoscopy. enterostomy, 

esophagoscopy, plasmapheresis, peritoneal lavage, and sigmoidoscopy were also 

performed (Table 6.5). Several patients underwent more than one invasive 

procedure: bronchoscopy (5)  , dialysis (2), thoracentesis ( 1 ) , and biopsy ( 1 ) . 

Concerning surgeries, 26 of 89 (29.2%) patients had surgery prior to ICU 

admission, whila 23 (25.8%) had surgery during their stay in the ICU. 

6.1.6 Bacterial Isolates 

Numerous bacteria were isolated from various body sites of 89 patients (other 

than fkom the rectum on admission and discharge). There were 66 gram-positive 

isolates, with S t n p b h m  mrreus (19/66=28.8%) being the moa common isolate, 

followed by Srreptococcus pnmoniae ( 1 7/66=25.8%), and Enterowcm 

( l3/66= 19.7%). There were 59 gram-negative isolates with non-typeable 

Haemophilus inzuenzae (1 7/59=28.8%) being the most frequent isolate, foilowed 

by Eschendiia coli ( l5/59=25.4%), and other members of the Enterobacteriaceae. 

There were 35 isolats of Cdi&  albium. The distribution of the various isolates 

and their sites of isolation are shown in table 6.6. 

Prior to hospitalization (up to four weeks), only 6 (6.7%) patients received 

antirniaobial therapy. Four received p-lactam antibiotics, one tetracydine and 

one couid not recail the specific antibiotic taken. Prior to (CU admission, 29 



Table 6.5 Invasive Procedures Performed on 89 ICU Patients 

Bronchoscopy 

Tracheostomy 

Spinal Tap 

Thoracentesis 

Dialy sis 

Biopsy 

Bone marrow 

Other procedures' 

No procedures 

Procedure Number of patients % 

16 18 

Total = 

' Angiograms, pyelograms, cystoscopy, endoscopy, enterostomy, esophagoscopy, 

plasmapheresis, peritoneal lavage, sigmoidoscopy 
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Table 6.6 Distribution of Species of Bacteria (n) Isolated from 

89 K U  Patients 

Isolate Site of isolation 

Respiratory B l d  GUL Bodv fluids Wounds Othei' 
1 Aerobic GNR3 

E-cloacae 
E-coli 
P. amginosa 
Koxytocn 
S. maltophilia 
A.lwofii 
A biiumannii 
S. marcescens 
P. mirabilis 
P.pennd 
IC pneumoniae 
E. aerogenes 
H- in f rume  

2 Aerobic GPC4 
S. aureus 
S. pneumoniae 
Other Streps 
En terocaccus 
Staphspecies 

3 .Yeasts 
C. albicans 

'GU= genitourinary, ' Other= catheter tips, tissue, biopsy specimens, GNR= 
gram-negative rods, 4GPC = Gram-positive cocci 



Table 6.7 Antimiczobials Administered to Patients on the Hoor (pre-ICU) 

Antibiotic Qass No-of patients Dose Dose interval Route Mean doses 

(mg1 or $1 fiours) per patient 
- - - 

1. PENICILLINS 
Ampiallin 5 
PipericÜiin 2 
PipLkzo 2 

2. CEPHALOSPORrNS 
Cefoxitin 2 
Cefazolin 14 
Cefiiroxime 9 
Cefotaxirne 2 
Cefuiaxone 2 

3. AMINOGLYCOSIDES 
Gentamicin 5 
To bramycin 2 
Amikacin 1 

4. MACROLIDES 
Erythromydn 8 

S. nuOROQmOLONES 
Cipro floxacin 1 

6. TErrZCYCLINES 
Doxycyciine 1 

7. L,INCOhlfY'S 
Qindamycin 2 

8. IMIDAZOLES 
Metronidazole 12 
Ketoconazole i 

9. TMl?/SMX 
Septra 2 



Table 6.8 Antimiaobials Administered to Patients in the ICU 

Antibiotic class No-of patients Dose Dose interval Route Mean doses 

(mg' or g) @ours) per patient 

1 - PENICIIUNS 

Ampiauin 18 1-2g 4-8 IV3 13.1 

Pipericillin 7 2-5g 4-12 IV 17.6 

PeniQllin G 4 2-5mU 4-6 N 26.5 

C'lo~acillin 4 50Omg-2g 4-6 IV 13.5 

Ticarcillin 1 3.lg 4 N 32.0 

Arno)~yclillin 1 500mg stat po4 1 .O 

Piplïazo bactam 7 3.375-4.Sg 6-8 N 12.9 

2. CEPHALOSPORINS 

Cefazolin 32 1-2g 6-12 IV 13.1 

Cefixoxime 25 75Omg- 1.5g 8- 12 N 9-9 

Cefotaxime 17 1-2g 8-24 N 11.7 

Ceftriaxone 7 L2g 12-24 N 4.0 

Cefpirome 4 2g 12 N 9.8 

Ceftazidime 1 % 24 N 2.0 

3. AMINOGLYCOSIDES 

Gentamich 32 80-70Omg 12-24 N 4.0 

Tobramycin 3 250-30hg 24 N 2.0 

Amikacin 1 5ûûmg 12 N 20.0 

4. MACR.0WDES 
Erythromycin 10 500mg-lg 6-8 N 21.5 

S. FLUOROQWOLONES 

Cipro floxacin 18 250-75Omg 12-24 IV/PO/NG~ 5.7 

6. TETRACYCLINES 
Doxycyciine 3 lOOmg 12 N 9.2 



Table 6.8 (continued) 

Antibiotic dass No.of patients Dose Dose intemai Route Mean doses 

(mg or g) (ho=) perpatient 

Ketoconazole 

9. TMJ?!/sMX 

Sep- 

10. OTHER 

Chlorarnphenicol 

Imipenem 

Rifampin 

Tazocin 

Arnphotericin B 

'TV = inuavenous 

'PO = per os 

'NG = nasogasuic 



(32.6%) patients received antimiaobiais on the fioor whilst 84 (94.4%) received 

antimiaobids in the ICU (Tables 6.7 and 6.8). 

6.1 -8 Laboratory Parameters 

With respect to protein and albumin tests, no patient ever had a value above 

normal during their entire ICU Say. Of 89 patients, 23 (25.8%) had albumin 

and protein tests performed on admission and 17 (73.9%) had protein values 

below 60 @ (nomial range 60-84 g/l) whilst 19 (82 -6%) had albumin values below 

35 g/l (nomai range 35-50 g/l). Concerning liver enzyme tests, 20 of 89 

(22.5%) patients had an allcaline phosphatase (ALP) test performed on admission, 

and 23 (25.8%) an alanine transaminase (ALT) and an aspartate transaminase 

(MT). For ALP, 7 of 20 (35.0%) patients had values above 125 U/L (normal 

range 3 1  125 UA); for ALT, 12 of 23 (52.2%) patients had values above 50 UA 

(no- range 5-50 U/L)and for AST, 16 of 23 (69.6%) patients had values above 

50 U/L (normal range 5-50 U/L). Total bilinibin values were elevated in 12 of 

2 1 (57.1%) patients on admission (normal range 2-22 pmoi/L). 

6.1.8.2 Renal Function Tests 

With respect to blood urea, 86 of 89 (96.6%) patients had a test performed on 

admission, and 32 of 86 (37.2%) had elevated values (normal range 2.1-7.5 

mmoVL). For creatinine, 28 of 86 (32.6%) patients had values above 130 pmol/L 

(normal range 60- 130pmoVL). 



6.1.8.3 Metabolic Tests 

On admission 87 of 89 (97.8%) patients had glucose tests performed, and of 87, 

80 (90.0%) had devated levels ( n o d  range 3 -6-6.1 mmol/L). 

6.  1.8.4 Hematologicai Parameters 

Hemogiobin tests were pedonned on 86 of 89 (96.6%) patients on admission and 

55 of 86 (64.0%) had values bdow the lower limit of normal (normal range 120- 

160@). Of 89 patients, 85 (95.5%) had white c d  counts performed on 

admission and 60 of 85 (70.6%) had raised values (nomial range 4-1 0 X lo9/L). 

range 50.3, mean 15.4 X 109/L). The white c d  differential test was performed 

on 72 of 89 (80.9%) patients on admission and 54 of 72 (75.0%) had a left shift 

of the neutrophils. 

6.1.8.5 Coagulation Parameters 

Of 89 patients, 72 (80.9%) had an INR and ETI' on admission and ail had INR 

dues  within normal limits (nomal range (2.0) whilst 23 of 72 (3 1.9%)had an 

elevated partial thrombopiastin tirne (PlT)(normal range 24-36 seconds). 

Conceming plateiet levels, 84 of 89 (94.4%) patients had a platelet test performed 

on admission and 26 of 84 (3 1.096) had values bdow normal (normal range 150- 

400 X 1 012/L). Fibrinogen levels were detemllned in only 1 1 of 89 ( 12.4%) 

patients and 2 of 1 1 ( 18.2%) had raised values (normal range 2.05-4.74@). 

6.1.8.6 Respiratory Parameters 



Arterial blood gases were obtained fiom 87 of 89 (97.8%) patients admitted to 

the ICU and 42 of 87 (48.3%)had pH values below the lower limit of normal 

(normal range 7.35-7.45). The p 4  levds of 34 of 87 (39.1%) patients were 

lower than n o d  (normal range 75-90mm Hg), and the pCO, levels of 38 of 87 

(43 -7%) patients were deaeased (normal range 35-45). 

6.1.8.7 Vital Functions 

Of 89 patients, 87 (97.8%) had their temperature recorded on admission, and 13 

of 87 (14.9%)we.e febrile (temperatme 238.S°C). The mean overall temperature 

was37.8"C(range5.2, minimum35.5, maxi.m~m40.7~C). The heart ratewas 

elevated in 77 of 87 (88.5%) patients on admission (normal range 70-80 bpm), 

and 79 of 87 (90.8%) patients had an increased respiration rate (normal range 

10- 14 ipm). The blood pressure of only 4 of 89 (4.5%) patients was elevated 

(> 160/110) on admission, whereas 57 of 89 (64.0%) had a low pressure 

(c 100/50). N o d  pressure (120/80) was recorded in 28 of 89 (3 1.5%) 

patients (minimum I 10, maximm 140). 

6.2 Characterization of Resistant Organisms 

6.2.1 Rectal Swabs 

A total of 178 rectal swabs were colleaed fiom patients (89 on admission and 89 

on discharge or after ten days of admission) and processed in the laboratory as 

descnbed in the methods section (see page 59). It was desirable that a rectal 

swab be collected within twelve hours of admission of an enrolled patient but this 

was not a l m y i  possible primariiy due to the priority of giving Me support to 
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critidy ill patients. Of 89 patients, 37(42%) had rectal swabs colleaed withui 

d v e  hours of admission, 27 (30%) within 12 to 24 hours, 8 (9%) within 24 to 

36 hours, 2 (2%) within 36 to 48 hours, 10 (11%) within 48 to 60 hours, and 5 

(6%) withui 60 to 72 hours. Rectal swabs were collected by available nursing 

staff. 

6.2 -2 Phenotypic Typing 

From the ptimary inoculation plates (2&d and 16pg/rnl of cefotaxime and 

gentamich respectively in MacConkey agar), representative colonies were 

streaked out ont0 blood agar for purity. Biotyping of these isolates was 

perfomed. A total of 102 different gram-negative isolates were obtauied from 

the rectal swabs of 58 of 89 (65.2%)(Table 6.9). 

6.2 -3 Minimm Inhibitory Concentration ( Agar Dilution Technique) 

P d e d  coIonies of gram-negative isolates recovered fiom the primary isolation 

plates which were inodated into brain hem infusion broth with 20% glycerol 

and frozen at -70°C were tested against the following antimiaobials to determine 

minimum inhibitory concentrations: ampicillin, pipericillin, cephalothin, 

cefoxitin, cefotaxime, ceftazidime, gentamich, tobramycin, and amikacin. A total 

of 102 organisms were tested, 78 isolated fÏom the 2 &nl plates and 24 fiom the 

16 p&/ml plates. 

The MIC,, and MIC, (ie. the MICs at which 50% and 90% of isolates are 

inhibited) and the breakpoints recommended by the National Committee for 

Clinical Laboratov Standards (NCUS, 1995) are shown in tables 6.10 and 6.1 1. 



Table 6.9 Gram-Negative Bacteria Recovered from the Primary 

Isolation Media 

Number of Isolates 

Isolate 2 pdml CLX1 2 &ml GEN2 16 CTX 16 @nl GEN 

D4 A D A D A D 

P. amginosa 8 I 4 4 2 L O O 

E.coli O I 22 13 O O 1 O 

E. cloacae I 3 O O 2 9 O 1 

A. baumannii O 5 O 3 O O O 4 

S. maltophilia O 2 O O O O O O 

P. m irabik O O 1 O O O I O 

P.vulgatfs O O O I O O O O 

C-freundii 2 I 1 O 1 1 O O 

C.arnaIonatims O O O 1 O O O O 

IC pneumoniae I O 1 I O O O O 

ICuymca O L O O O O 1 O 

Total = 12 14 29 23 5 11 3 5 

Grand Total = 102 

Lm = Cefotaxime 

*GEN = Gentamicin 

3~ = Admission 

4D = Discharge 
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Wherever two identical organisms of the same biotype were recovered from the 

same concentration of either cefotaxime or gentamicin, then ody  one of these 

was tested for minimum inhibitory concentration. 

Table 6.10 shows the in vitro susceptibilities of 78 gram-negative isolates 

(recovered fiom the 2 p@ml saeen plates) to &lamm and aminoglycoside agents. 

Susceptibility percentages for all agents tested against E-wli were 89% or higher, 

except ampicillin whïch \vas 78%. The most active agents against P.aenrgitzosa 

were pipericillin, ceftazidime, gentamicin, tobramycin, and amikacin 

(susceptibility 94% or higher). Isolates tested against ampicillin, cephalothin, and 

cefoxitin were 94% resistant. A-baumannii was M y  susceptible to piperidlin, 

cefotaxime, ceftazidime and amikacin but poorly susceptible to ampicillin, 

cephalothin, cefoletin, gentamicin, and tobramycin. C e f o t d e ,  gentamicin, 

tobramycin, and amikacin (aU 100%) were the most active agents against E.cloacae, 

whereas ampicillin, cephalothin, and cefoxïtin had no activity. C-freundii isolates 

were fdiy susceptible to gentamicin, tobramycin, and amikacin, whereas 

resistance to the other agents ranged from 25 to 75%. For other gram-negative 

isolates, nisceptibilities ranged from 11 to 89% whereas resistance ranged fiom 

11 to 78%. 

Table 6.1 1 shows the in vitro susceptibilities of gram-negative isolates (recovered 

from the 16 &n.l saeen plates) to p-lactam and aminoglycoside agents. AU 

E.cbdcae isolates were fuy. susceptible to cefotaxime, gentamicin, tobramycin, and 

amikacin, and fully resistant to ampicillin, cephalothin, and cefoxitin. Resistance 

percentages for piperidin and ceftazidime were 16 and 92% respectively. 

Pipericiliin, ceftazidime, and tobramycin (100%) were the most effective agents 

against A-bnumannii, whereas resistance to the other agents ranged from 25 to 



50%. P.amginosa isolates were M y  susceptible to arninoglycoside agents and 

fdly resistant to ampicillin, cephalothin, and cefoxitin. Pipericillin and 

ceftazidime (67%) showed the least activity. For other gram-negative isolates, 

susceptibiüties ranged from 20 to 100%. 

For organisms recovered fiom the 2 &ml saeen plates, it is dear that ampialün, 

cephalothin, and cefoxitin had very Little advity against them (MIG d56), 

whereas pipericillin, cefotaxïme, cebzidime gentamicin, tobramycin and amikacin 

were the most active agents (MICs 50.25-2). For organisms recovered from the 

16 pg/rnl saeen plates, ampiciilin, cephalothin, and cefoxitin once again were the 

least active agents, whilm piperiallin, cefotaxirne, and cefiazidirne were less 

active, and gentamich, tobramycin, and amikacin were the most active. 

The acceptable quality conuol ranges recommended by the NCCLS for reference 

strains that were used in the detennination of MICs in this study are sho- in 

table 6.12. 

For isolates recowed fiom the 2 ~dml saeen plates, MICs should have been 22. 

For the gentamicin plates however, 14 isolates had MICs of ~0.25, 4 had MICs 

of 0.5, and 18 had MICs of 1. For the cefotaxhne plates, only 2 isolates had 

MICs of s0.25,1 had an MIC of 0.5 and 2 had MICs of 1. C'iearly the majority 

of isolates that had MICs of Iess than the potency of the antirniaobial in the 

MacConkey screen plates were recovered from plates containing gentamicin. 

There are three possible reasons for this phenornenon: 

i) The potency of the gentamicin used in the saeen plates may have been 

less than that stipulated by the manufacturer possibly due to aging. 



Table 6.12 Quality Control Ranges for MICs @@nl)for ATCC1 Reference 

Strains Compared with RG- Study Resdts 

Reference S t r h  Antirniaobial 

AMP PTP CEN CFX CIX CAZ GEN TOB AMK 

P.aemgïnosa - 1-4  - - 416 1-4 0.5-2 0.25-1 1 - 4  

(ATCC 27853) 

RGNB study - 2  - - 8 1 1 0.5 2 

E.~oli 2-8 1-4 416 1-4 0.06- 0.06- 0.25-1 0.25-1 0.5-4 

(ATCC 25972) 0.25 0.5 

RGNB study 4 2 8 8' ~ 0 . 2 5  s0.25 50.25 0.5 2 

ATCC, American Type Culture Collection 

' RGNB, Resistant Gram-Negative B a d  

Cefoxitin was the only antirniaobial that gave an MIC outside the range 

recomrnended by the NCCLS, and by o d y  one dilution. This was probably due 

to a dilution factor, 
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("antibiotic effect"). The MlCs were performed using a different gentarnicin 

batch and may account for this discrepancy. 

ii) The effect and potency of gentamicin in MacConkey agar is not knom and 

it is possible that one of the ingredients in the agar could have affected it 

("media effect") 

iii) Most of the isolates were within one or two dilutions of 2 p@ml which may 

occur in the doubling dilution technique espeüally when concentrations 

are low ("dilution effecttt) . 

For isolates recovered fiom the 16 &nl screen plates MICs should have been 

z 16. For cefotaxitne, 12 of 24 isolates tested had MICs of s 16 and for gentamicin 

5 of 24 had MICs of s16. In the section describing the mode of action of P- 
lactamases (see page 44), it was aated that certain gram-negative bacilli (eg. 

P.ueniginosa, E.clocrcae, etc) have inducible expression of B-lactamase such that the 

arnount synthesized relates to the amount of anti-miaobial present. Induction 

is the transient switching on of p-lactamase synthesis in response to the addition 

of an inducer sudi as a p-Iactam drug. Of the 22 patients from whom 24 isolates 

were recovered, 20 were on P-lactam dmgs prior to ICU admission, and during 

ICU stay. At the time the admission rectal swab was collected, high levels of P- 
lactamase were being produced by some gram-negative gut Bora which resulted in 

their growth on the 16 @nl saeen plates. These isolates were subcuitwed on 

to blood agar plates for purification and then kept at -70°C for several months 

before M C  testhg was performed. When the isolates were subcultured again on 

to blood agar just prior to MIC testing, this was in the absence of any inducer. 

No p-lactamase was therefore produced and this would explain the low MICs 

recorded. In order to ver* that this is indeed what happened, an induction 

assay using cefotaxime was performed. 



Briefly, 3 P.aa@inoa, I I  E-cloacae, and 2 C.freundii isolates from the first MIC 

assay that had shown low MICs were seiected for the induction assay. Two sets 

of MICs were pedormed fistly by growing the isolates at 37°C for 18 hours in 

BHI broth contauiing 0.5 &ni of cefotaxime (sub-inhibitory concentration), and 

secondly by simultaneously growing the same isolates at 37°C for 18 hours in 

BHI broth without cefotaxime. A small akiquot from each of the latter broths was 

then transferred to a fresh BHI broth containing 0.5 @ni of cefotaxime and 

incubated at 37°C for 4 hours ody .  MIC assays were then performed on both 

sets of isolates. The redts  are shown in table 6-13, 

These r ed t s  clearly show that in the majority of gram-negative isolates, there 

was a transient "switching on" of p-lactamase in the presence of an inducer (even 

in the presence of a weak inducer such as cefotaxime). This is especially m e  of 

E.cIÛacae as ail the isolates tested show remarkable increases in the MIC values of 

the 2nd and 3rd assays when compared with the la assay. 

6.2 -4 Genotypic Typing 

6.2.4.1 Pulsed-Field Gel Electrophoresis 

Purified colonies of gram-negative isolates were typed by pulsed-field gel 

elecuophoresis according to the method described on page 65. Isolates that were 

obtained fkom other body sites as part of routine submission of specimens to the 

microbiology laboratory were induded in the analysis. These isolates were 

cultured fiom specimens obtained fiom bronchoalveolar lavage, intra-abdominal 

fluid, sputum, blood, wounds, and central lines. Results are shown in figures 6.2 

to 6.7 
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MICs Mer an Induaion Assay Using Cefotaiame as an 

Inducet of P-Lactamase 

Table 6.13 

--- - 

Patient 
No- 

- - -  

Isolate MIC 1st assayl 1 MIC 2nd assaf 1 MIC 3rd assa? 

E. cloacae 1 4 1 256 

E- cloacae 1 2 1 64 1 128 

E. cbacae - I 

E. cloacae 1 2 1 256 1 128 

E. cloacae 1 4 1 64 1 32 

E. cloacae 

MIC 1st assay, initiai assay pedonned on aii isolates 
2 MIC 2nd assay, assay performed on isolates grown overnight in BHI broth 

containing 0.5 &nl cefotaxime 

MIC 3rd assay, assay performed on isolates grown overnight in BHI broth 

without cefotaxime, then for 4 hours in broth with cefotaxime. 



Figure 6.2 PFGE patterns of chromosomal DNA restriction fragments 

for Enmubacta- cl0m.e digested with XbaI. Lane 1, MW marker; lane 2 and 3, 

rectal isolate and BAL isolate respectively (both the same patient); lane 4 , rectal 

isolate (different patient); lane 6, E.coli control, lanes 5 (rectal isolate) and 7 to 

10 (IAF isolates) all Erom same patient. MW=moledar weight, 

BAL=bronchoalveolar lavage, [AF=inua-abdominal fluid. 



Figure 6.3 PFGE patterns of duomosomal DNA restriction fkagments for 

Enterobactm cbncue digested with -1. Lane 1, MW marker; ianes 2 to 10, 

rectal isolates (ail different patients). 
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Figure 6.4 PFGE patterns of chromosomal DNA restriction fragments for 

Pseudomonas amgiinoa digested with SpeI. Lane 1, MW marker; lane 2, rectal 

isolate; lane 3, penis (wound); lane 4, sputum; lane 5, blood; lane 6,  central line 

(lanes 2-6 represent isolates fiom one patient); lanes 7 and 8, rectal isolates kom 

one patient; lanes 9 and 10, rectal isolate and sputum respectively, from the 

same patient. 



Figure 6.5 PFGE patterns of diromosomal DNA restriction fragments for 

An'netubmer baumannii digested with SpeI. Lanes 1 and 2, empty (not loaded); 

lane 3, rectal isolate from one patient, lanes 4 and 5, rectal and wound isolate 

respectivdy, from the same patient; lanes 6 and 7, rectal isolates from different 

patients; lane 8, MW marker; lanes 9 and 10, empty (not loaded). 



Figure 6.6 PFGE patterns of chromosomal DNA restriction fragments for 

Annetûbdcter baumannii digested with SmaI. Lane 1, MW rnarker; lane 2, rectal 

isolate from one patient; lanes 3 and 4, rectal and wound isolates respectively, 

from the same patient; lanes 5 and 6, rectal isolates hom different patients; lanes 

7 to 10, empty (not loaded). 



Figure 6.7 PFGE patterns of chromosoma1 DNA restriction fragments 

for Escherichia wli, Proteus mirabilis, and Citrobacterfiacndii digested with XbaI. 

Lane 1,  empty (not loaded); lane 2, MW marker; lane 3 and 4, E.coli rectal 

isolates from the same patient; lanes 5 and 6, Aote~~ mirabilis rectal isolates from 

the same patient; lane 7 ,  Proteus mirabilis wound isolate fiom the same patient 

as lanes 5-6; lanes 8 and 9, Citrobuctimfreundii rectal isolates from different 

patients; lane 10, empqr (not loaded). 



6.2 A.2 Interpretation of PFGE Patterns 

Figure 6.2 shows the PFGE patterns of chromosornai DNA fragments for 

Entmbactm cloacae digested with B u I .  Lane 2 shows a rectal isolate and lane 3 

a bronchoalveolar lavage isolate fiom the same patient. They are genetically 

indistinguishable as their restriction patterns have the sarne number of bands 

and the correspondhg bands are the same size. The two isolates are thus 

considered to represent the same strain (Tenover, Arbeit, Goering et al., 1995). 

Lane 4 shows a rectal isolate fÏom a different patient with at Ieast seven band 

differences from the isolates in lanes two and three. If lane 4 had shown an 

identical banding pattern to lanes two and three then patient to patient or some 

other form of horizontal transmission may have occurred. Lane 5 (rectal 

isolate) and lanes 7 to 10 (intra-abdominal fluid) represent one patient, but 

whilst the intra-abdominal isolates are geneticaily indistinguishable, they differ 

somewhat frorn the rectal isolate. This indicates that the patient was 

infected/colonized with two genetically distinct strains of Enterobnnm c2oucae. 

The inua-abdominal isolates were collected fiom the patient on dilferent 

successive days . 

Figure 6.3 shows a continuation of the PFGE pattems of chromosomal DNA 

fragments for Enterabacter cloacue digested with XbaI. Lanes 2 to 10 (rectal 

isolates) show PFGE pattems that are unrelated. Lanes three and four do not 

show any bands at all, with a lot of DNA smeared in low molecular weight areas. 

This could have been due to extensive shearing of DNA pnor to cutting, or star 

activity which is cleavage by a restriction enzyme at a nucleic aad sequence 

different from its recognition sequence as a result of altered incubation 

conditions such as excess NaCl present in the reaction. 



Figure 6.4 shows the PFGE patterns of duornosornai DNA fragments for 

Pseudomonas aerugi~tosu digested with SpeI. Lanes 2 to 6 represent one patient 

with lane 2 being a rectal isolate, lane 3 a wound, lane 4 sputum, lane 5 blood, 

and lane 6 an isolate fiom a central line. AU of these isolates show essentially 

the same banding patterns with one exception: lanes 3 to 6 appear to have l o s  

2 bands when one compares them with lane 2. Such a difference may be 

explained by possible plasmid DNA, a point mutation, or insertion or deletion 

of DNA (Tenover, Arbeit, Goering et al., 1995). Lanes 7 and 8 (rectal isolates) 

represent the same patient with lane 7 showing only very faint bands possibly 

due to ïnsuffiaent D M  Lanes 9 and 10 represent one patient, with lane 10 

showing no evidence of any DNA fkagments. The isolates in lanes 7,8, and 9 

are genetically different fiom the isolates in lanes 2 to 6. 

Figures 6.5 and 6.6 show the PFGE pattems of chromosomal DNA ftagments 

for Annetabacter baumannïï digested fïrst with SpeI and then with SmaI. These 

isolates came from different patients and are geneticaily indistinguishable from 

each other. The patients represented by lanes 4 to 8 were ail admitted to the 

ICU within 3 weeks of each other. The reason for digestion with a second 

restriction endonudease (SmaI) was to confirm that these isolates were indeed 

indistinguishable. If digestion with the second enzyme had shown different 

banding pattems amongst the isolates then they would have been dassified as 

unrelated. Their relatedness, however, makes this a strong case for exogenous 

acquisition or horizontal transmission either fiom patient to patient or from care 

giver to patient, or from the environment to the patient (Hartstein, Rashad, 

Liebler et al., 1988). It is weU hown that Annetabun. species have the 

propensity to colonize normal skin more frequently than any other gram- 

negative organisms. The carriage rate is much higher in hospitalized patients 



and colonization plays an important role in subsequent contamination of the 

han& of hospital staff during patient contact, thereby contributing to the spread 

of the organism (Dijkshoom, van Dalen, van Ooyen et al., 1993; Buxton, 

Anderson, Wetdegar et al., 1978; Bagogne-Berezin and Towner, 1996). 

In an outbreak of Acinetobacter baumannii that occurred in the KU afier the 

present study was completed, it was found that the isolates fiom the outbreak 

were genetically identicai to the isolates from the study. Subsequent 

investigation fond that these organisrns were being transmitted to patients via 

a suction container holder that was not being properly deaned and disinfected. 

In this present study this latter mechanism was the most iikely mode of spread 

from patient to patient. The goal of molecular typing is to provide evidence that 

epidemiologically related isolates are also genetidy related and thus represent 

the same strain (Tenover, Arbeit, Goering et al., 1995). This would appear to 

be the case with the Acinetobdcter isolates in this study. In saying this however, 

it should be noted that by chance alone some epiderniolo@cally welated 

isolates may have simüar or indistinguishable genosrpes, pafticuIarly if there is 

limited genetic diversity within a species (Tenover, Arbeit, Goering et al., 1995). 

This could have been the case with these isolates and it is therefore not possible 

to state with absolute certainty whether they were acquired exogenously or 

endogenously . 

Figure 6.7 shows the PFGE patterns of chromosomal DNA fragments for 

ficherichia d i ,  PmteKF mirabiis, and Cinobacter f eundii digested with Bai. Lanes 

3 and 4 are rectal isolates of E.wli fiom the same patient, whilst lanes 5 and 6 

(rectal isolates) and lane 7 (wound) represent P.mirabilis from the same patient. 

Lanes 8 and 9 are rectal isolates of C.framdii from different patients. The 



LOS 

banding patterns for the E d i  and P.mïrabiZlis isolates are identical which indicate 

endogenous acquisition by these patients. 

6.3 Potential Risk Factors for Gram-Negative CoIonization/Resistance 

6.3.1 Patients CoIonized on Admission 

Of 89 patients admitted to this study, 3 (3.4%) were colonized with resistant 

gram-negative bacilli on admission to the ICU. These isolates were Cfreundii, 

Koxytocn, and E.cloacae respectively. Some characteristics of these patients are 

shown in table 6.14. It is not possible to establish with any degree of certainty 

the reasons why these patients were colonized with resistant gram-negative 

baolli on admission to the ICU. What may be said however, is that there are 

some plausible reasons why this occurred bearing in mind that plausibility is 

neither necessary nor suffiaent evidence to establish a cause-and-effect 

relationship. 

I t  is well known that patients who are elderly, have underlying disease 

conditions, who are immunocompromised and who have been exposed to 

antimiaobials are at risk for colonization by mdti-resistant organisms as well as 

other serious nosocornial infections (HoIrnberg, Solomon, and Blake, 198 7). AU 

three patients were elderly and immunocompromised and two of the three 

received antimicrobials prior to ICU admission. It is plausible therefore that 

these factors played a role in the colonization by resistant gram-negative b a d i  

of these patients. 
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Table 6-14 Characteristics of Patients Colonized with Gram-Negative 

BaciUi on Admission to the ICU 

Underlying 

iliness 

Preadmission 

antibiotics 

Pre-ICU 

antibiotics 

Patient 1 

( C-freundii ) 

previous TBL 

COPW 

smoker 

cefotaxime 

metronidazole 

erythromycin 

Patient 3 

(E.clmae) 

diabetic 

COPD 

smo ker 

' TB =tuberculosis 

' COPD =duonic obstnictive pulmonary disease 



6.3.2 Patients Colonized on Admission and Discharge 

There were 5 (5.6%) patients that were colonized with resistant gram-negative 

baglli on admission as well as discharge fiom the ICW. These isolates were 

E d i ,  E.cloucae, P.amginosa, and P.mirubilis respectively (see table 6.15). The 

same organism was recovered fiom four patients on admission and 

discharge,whereas one patient had a different organism on admission and a 

different organism on discharge (P.amginosa and E.cloacae). As with the 

patients who were colonized on admission only, those colonized on admission 

as well as discharge were ail dderly, and had serious underlying illnesses which 

may have played a role in the acquisition of resistant organisms. 

6.3.3 Patients Colonized on Discharge 

Fieen (16.9%) patients were colonized on discharge, and 66 (74.1%) were not 

colonized. The ICU population thus fd into two distinct groups: those who 

were colonized with resistant gram-negative ba& and those who were not 

colonized. To compare colonized and non-colonized patient characteristics and 

potential risk factors for colonization/resistance, relative risks and student's t- 

tests with probabüity values for categorical and continuou variables were 

d d a t e d .  Patients wfio were colonized on admission only and those colonized 

on admission and discharge were not inciuded in this analysis. 

The potentiai nsk factors for gram-negative colonization/resistance for 

categorical variables are shown in table 6.16. Patients colonized with gram- 

negative barn  were more W y  than non-colonized patients to have had surgery 

prior to ICU admission (p=0.06). No other signifiant statistical differences 







existed between colonized and non-colonized patients with respect to gender, 

route of admission, whether diabetic, a smoker, an alcohol abuser, hypertensive, 

smoking related iIlnesses, tracheostomy, bronchoscopy or any other invasive 

procedure. This is perhaps not a surprising finding given the fact that the 

sample size in this study was not large and the number of colonized patients 

was d. The effect of the sample size is seen in the width of the confidence 

intervals. If the study sample had been large this wouid have been refleaed in 

narrower confidence intervals. However the wide intends suggem that the data 

are compatible with a tme increased risk for colonization but the sample size 

was simply not large enough to have had statistical power to exdude chance as 

a likely explmation for the findings (Hennekens & Buring, 1987). 

The potential risk factors for gram-negative colonization/resistance for 

continuous variables are shown in table 6-17. Patients colonized with gram- 

negative bacilli were more iikely than non-colonized patients to have had a chest 

tube in place during their ICU stay (p=0.008). No other significant statistid 

differences txisted between colonized and non-colonized patients with respect 

to age, length of stay and other invasive devices such as N and Foley catheters, 

and endotradieal and nasogasuic tubes. Here again the same reason cited for 

categorid variables applies. 

The potential risk factors for gram-negative colonization/resistance by 

antirniaobial use are shown in table 6.18. Antirniaobiai agents were 

administered to dl patients in this study and the partidar use of p-lactam dnigs 

was signiscantly associated with gram-negative colonization. Patients colonized 

with gram-negative baciiii were more likely than non-colonized patients to have 

received a higher mean number of antibiotic doses (p=0.02), to 







have received meuonidazole as empinc therapy as well as during their ICU Ray 

(p=0.005 and 0.009 respectively), to have received a higher mean number of doses 

of 1st or 2nd generation cephalosporins (p=0.02), and to have received a 

combination of any cephaiosporin and meuonidazole (p=0.02). No matistical 

ciifferences were noted benveen colonized and non-colonized patients with respect 

to antimiaobiak received prior to admission, mean number of antirniaobiais per 

patient, and receipt of cephalosporins in general. 

6.4 Measures of Disease Frequmcy 

The prevalence rate (ie. colonization with resistant organisms on admission to the 

1CU)was defined as the number of existing patients with gram-negative 

colonization~resistance Mded by the total rider of patients admitted measured 

at a point in time (see page 67). There were eight patients in this study who were 

colonized with gram-negative bacilli on admission to the IW. Therefore the 

prevalence rate of gram-negative colonizatîon~resistance in this study population 

was 8/89 = 9.0%. This is comparable to rates reported h m  Europe and the 

USA although the latter were multi-center studies with large sample sizes 

(Snydman, 199 1 ; Verbist, 199 1 ; Shah, Asanger, and Kahan, 199 1). 

6 A.2 Incidence 

The incidence rate (ie. colonization with resistant organisms at least 3 days d e r  

admission ) was defined as the number of new cases of colonization/resistance 

divided by the population at risk measured over a period of time. However, as 



has been pointed out in section 5.8, the lengh of time in days during which the 

outcome (=colonization/resistance) was observed was not the same for all 

patients, and the appropriate measure of incidence is therefore the incidence 

density. The incidence density is the number of new cases of 

colonization/resistance less the population colonized on admission, divided by 

the total personda. of observation (ie. to caldate inadence density one would 

only utiüze the new cases of colonization on discharge less those cases colonized 

on admission, and the denominator would be the total number of patient days for 

a.U 89 patients). New cases of colonization refer to cases not prevously colonized 

on admission but colonized on discharge. 

Caldation of Incidence Density: 

Nurnber of patients colonized on admission only - - 3 

Number of patients colonized on admission+discharge = 5 

Number of new cases of colonizatiodresistance - - 15 

Number of patients not colonized - - 66 

Population at risk (ie. all patients admitted to study) - - 89 

Total person-days contributed by entire cohort - - 70 1 

Incidence Density= No. of new cases of colonization/resistance - admission cases 

total person-tirne of observation 

= - 16-7*  

70 1 (days) 

= 13 cases/1000 person days of observation 



* Of 5 patients colonized on admission and discharge, 4 had the same organism 

on discharge, one had a different organism on discharge, hence there were 16 

patients in total who were new cases on discharge. The number of admission 

cases wodd then be 3+4=7. 

The risk of acquiring a resistant gram-negative organism for patients not 

previously colonized is detennined by the number of patients colonized on 

discharge (9), dMded by the number of patients not colonized on discharge (80). 

Thus: 

RR - - 9 - 
80 

= 11.3% 

Similarly, the risk of acquiring a resistant gram-negative organism for those 

patients who were previously colonized is determined by the number of patients 

colonized on admission ( l ) ,  divided by the number of patients colonized on 

discharge (8). 

Thus: 

RR - - 1 - 
8 

= 12.5% 

The risk of acquiring a resistant gram-negative organism in the ICU is determined 

by the risk of acquisition for those previously colonized (12.5%) divided by the 

risk of acquisition for those not previously colonized ( 1 1.3%). Thus: 



RR - - 12.5 - 
11.3 

- - 1.1 1 

The risk of acquiring a resistant gram-negative organism in the ICU is therefore 

1.1 1. Because of smail numbers and the fact that there is nothing with which to 

compare this figure, it is not known whether it has any signiscance or not. 



CHAPTER SEVEN 

CONCLUSIONS AND RECOMMENDATIONS 

7.1 Introduction 

Since the early 1940s when sulphonarnides and penicriilin first became available 

to treat infections. many different antibiotics have been discovered in nature or 

synthesized. There was a drastic dedine in the number of infectious diseases 

largely because of antimiaobials but these same diseases are unfortunately 

reemerguig mainly because the agents that cause them have developed resistance 

to antimiaobials (Gaynes, 1995). The development of resistance has become an 

acute problem facing hospitals worldwide because of the rapid ernergence and 

dissemination of nosocomiaily acquired resistant organisms within the hospital 

environment. 

This study was undertaken to determine the prevalence and incidence of resist ant 

nosocornial gram-negative ba& in an ICU population. to characterize these 

resistant organim by phenotypic and genotypic typing rnethods, and to ascertain 

whether there was an association between the development of resistance and 

underlying disease, acposure to antimiaobials, invasive devices and invasive 

procedures. 



7.2 Main Findings 

7.2.1 Measures of Disease Frequency 

In this study the prevalence rate of colonization with resistant gram-negative 

bacilli was nearly 10%. This is in keeping with hdings reported from Europe 

and the USA (Snydman, 199 1; Verbia, 199 1 ; Shah, Asanger, and Kahan, 199 1 ; 

Ismaeel, 1993) and although the sample size in this study was small, it 

nevertheiess highlights the fact that antimiaobial resistance is a worldwide 

phenornenon and in the community extensive use of antimiaobial agents may 

have r d t e d  in the selection of organisms whîch are resistant to many comrnonly 

used antimicro bials . 

The incidence density was calculated to be 13 cases pet 1000 person days of 

observation. As no other reports in the literature were found, there is nothing 

with which to compare this figure and it is therefore not known whether it is low 

or high. 

7.2.2 Induable Resistance 

In this study population patients who w m  colonized with resistant gram-negative 

bacilli were more likely to have received cephalosporins as part of their 

antimiaobial therapy. This is especially m e  of first and second generation 

cephalosporins, but wen cefotaxime (third generation weak inducer) was able to 

induce gram-negative isolates (mainly P.amginosa and E.cloaae) to synthesize 

excessive amounts of p-lactamases. One of the problems that arises from the 

administration of labile weak inducers (third generation cephaiosporins) is that 



stably-derepressed mutants may ewntually constitute the entire bacterial 

population in an infected site. A M e r  problem is posed by the accumulation 

of stably-derepressed organisms in the hospitai microflora. The dinical use of 

labile weak inducers codd lead to a rise in their frequency and therefore 

monotherapy muid be inactvisable for serious infections caused by speaes where 

there is a suong chance of stablyderepressed selectïon ( ie. those organisms where 

enzyme expression is normally inducible). Antuniaobial therapy should 

therefore be carefully monitored in order to rapidly detect the appearance of a 

derepressed population of organisms and the regirnen changed appropriately 

(Livermore, 1 98 7). 

7.2.3 Acquisition of Resistant Organisms 

Pulsed4eld gel electrophoresis patterns of duomosomal DNA fragments of gram- 

negative isolates showed that patients enroued in this study acquired resiaant 

organisms lrom an endogenous source (hv i th  the exception of Acinetobacter 

baumannii) . When organisms are endogenous to the patient, barrier ~ection 

control measures have been less successful in containing the problem (Olson, 

Weinstein, Nathan et al., 1984). In the case ofAcinetobcter bmmiannii isolates, 

it seems probable that these organisms were acquired fiom an exogenous source, 

most likely a suction container holder that was not being properly deaned and 

disinfected. From an infection conuol point of view, b d e r  isolation precautions 

have been fairly successfd in reducing spread where hospitaüzed patients have 

acquired resistant organisms fiom an exogenous source (Tenover and McGowan, 

1996). 



7.2 .4 Risk Factors for Colonization/Resistance 

Concemhg invasive procedures and devices, only chest tubes were a IikeIy risk 

factor (p=0.008) for colonization with gram-negative bacilli and their use may 

provide a portal of entry for resistant nosocornial organisms. Surgery prior to 

ICU admission was nearly signïfïcant (p=0.06). It is well known that patients 

who are admitted to the ICU after surgery have their gastric pHs controlled to 

prevent upper GI bleeding and this practice has been associated with up to a 

fourfold greater risk of stomach colonization with gram-negative baciili (Flynn, 

Weinstein, Kabins, 1988). No other signifîcant statistical differences berneen 

colonized and non-colonized patients were noted. The main reasons for this are 

probably the small sample size, and limitation to a single institution. In order 

to overrome these problems it is likely that a multicenter study wouid have to be 

performed to provide enough observations to aUow adequate conclusions to be 

made. 

7.2.5 Antimicrobial Usage 

A si@cant finding in this study was the association of P-lactam antimiaobials 

with gram-negative colonization/retistance. It is likdy that excessive anti- 

rnicrobial presaibing contributes heavily to this problem, for as antirniaobial 

resistance becomes more prevalent there is increasing reliance on the newest and 

most potent broad-spect~m agents for prophylaxis and treaunent of infections 

in hi@-risic, critically ill patients. The excessive use of metronidazole in this KU 

population for anaerobic coverage was siguticantly assoaated with an inaeased 

risk of gram-negative colonizatiodresistance and is a practice that may have to be 

reviewed. It is likely that the administration of metronidazole decimates the 



population of anaerobic microflora which provide important colonization 

resistance in the gastrointestinal tract. Similarly, the use of cephalosporins was 

also assdated with an inaeased risk of gram-negative colonization/resistance due 

to th& propensity to induce gram-negative orgMsms to synthesize p-lactamases. 

Excessive cephdosporin usage may therefore be a predisposing factor for the 

selection of certain gram-negative b a d i  such as E.cloacae and P.cimginosa. 

7.3 Control of Antirniaobial-Resistant Organisms in Hospitals 

Since the introduction of sulphonamides in the 1930s, the rapidity with which 

microorganisms have dweloped resistance to antirniaobial agents has been 

phenomenal. The laws of evolution dictate that microorganisms will eventually 

develop resistance to nearly every antirniaobiai known to man (ASM, 1995). It 

is therefore pauifully obvious that the m e n t  resistance problems are not just 

going to go away and if present practice prevails the trends in antibiotic resistance 

seen partïcularly in the last decade will continue into the 2 1 s  century. Unless 

currentiy effective antimiaobials can be successfully preserved and the 

~ansrnission of resistant organisms curtailed, then the post-antimiaobial era may 

be rapidly approadung in which infectious disease wards housing untreatable 

conditions will again be seen (Cohen, 1 992; Jacoby and Archer, 199 1 ). 

Are there any solutions to the current resistance problems? The answer is "yes, 

no, maybe" (Neu, 1993). Several proposais have been suggested: 

7.3.1 Novel Antirniaobial Development 

Faced with the gradual erosion in the efficacy of even the newest antimiaobials, 



there has been increasing reliance on the ability of the pharmaceutid indusuy 

to develop novel agents (Goldmann. Weinstein, W a e l  et al., 1996). However, 

since the introduction of quinolones in the 1980s no new dass of antimiaobials 

has been introduced The costs of discovering, developing, testing and approving 

antimiaobials are enormous and with the rapid emergence of resistance, the 

incentive to dwelop new agents dimùiishes as their projected iifespan declines. 

This is not to Say that no new antimicrobials will be introduced but it should be 

realued that the problem of antibiotic resistance in hospitals will not be solved 

solely by the repetitive introduction of new antimiaobials (Gaynes, 19%). 

Those who are looking for the "magic bdet" will be disappointed. 

7.3 .2 Efficaaous Vaccine Production 

Health efforts need to be focwed on preventing transmission and Section as 

antimiaobial resistance increases, rather than on treating illness once it has 

occurred. The development of vaccines to prevent diseases that are diffidt to 

treat would be a very effective medianism for dealing with the emergence of 

antimiaobial resistance (Cohen, 1992). As with new antimicrobial development 

however, the enormous cost of developing vaccines does not make this a viable 

option for dealing with m e n t  resistance problems at this present tirne. 

7.3.3 Appropriate Antibiotic Stewards hip 

Despite numerous published guidelines for appropnate antimiaobial use and 

antimicrobial restriction policies in many hospitals, excessive and inappropriate 

antimicrobial prescription continues. As antimiaobial resistance is largely the 

result of selective pressure, improving anthniaobiai use shouid be the comemone 



in deaüng with multiresistant organisms (Neu, Duma, Jones et al., 1992; 

Weinstein, 199 1; Chow, Fine, Shlaes et al., 199 1 ; Sanders and Sanders, 1985; 

McGowan, Jr. and Gerding, 1996). Appropriate antibiotic aewardship indudes 

not ody the limitation of use of inappropriate a p t s ,  but also cydic antirniaobial 

use, optimized phannacokinetic dosing, and synerpistic combination therapy. 

7.3.3.1 CycIic Antirnicrobial Use 

Also called rotational antimicrobial use, this has been suggemed as a way of 

relieving the seleaive pressure that the continued use of certain antimiaobials 

have in selecting out a population of resistant organisms. An example of this 

approach for the treatment of P.aeru(gr*nusa would be the use of Say ceftazidime and 

tobramycin for a Limited period of time, then change the regimen to pipericillin 

and gentamich etc (Bdow and Schentag, 1992). In this way antibiotics would 

not be given an opportunity to select out resistant populations of bacteria. 

Unfortunately there are few data to determine the impact of such an approach. 

Furrhennore, the antimiaobial agents to be cycled, the duration of the +s, and 

the prefened order in whîch agents are cycled are unknown and a large 

multicenter study would have to be undertaken to detennine these factors 

( McGowan, Jr. and Gerding, 19%). 

7.3.3 -2 Optimued Pharmacokinetic Dosing 

Optimized phannacokinetic dosing essentially refers to the amuioglycosides and 

it utilizes innovative dosing reghens which replace traditional dosing methods 

if they are shown to provide improved clinid response with less toxïcity. Dose- 



related toxiaties of the aminoglycosides indude nephrotoxiaty and ototoxïcity 

(Myagawa, 1993). Aminoglycosides exhibit concentration-dependent killing and 

therefore as the peak concentration of aminoglycoside to MIC concentration is 

inaeased, the rate and extent of killing are also inaeased. Furthennore, the post- 

antibiotic effea of aminoglycosides translates into dosing regimens with 

prolonged dosing intervals (ie. w q  24 hours verm wery 8 hours). Optimized 

pharmacokinetic dosing therefore serves to balance the use of high levels of 

antibiotic while limiting toxiaty at the same tirne. The end result may be a 

decrease in the emergence of antirniaobial-resistant subpopulations, the 

appearance of which is a distinct possibilïty when only subtherapeutic levels are 

achieved. 

7.3.3 -3 Synergistic Combination Therapy 

Combination therapy (eg. an aminoglycoside plus a third generation 

cephalospo~ for gram-negative infections) is ofien used to broaden the 

antibacterial spectrum, to enhance antirniaobial therapy, and to reduce the 

emergence of resistant organisms. This is of particular importance in the ICU 

where treatment of infections is often KUtiated before any pathogens are identified 

(Craig, 1988; Salacata and Chow, 1993). Antimicrobial combinations rnay act 

synergistically to enhance the làlling of multiresistant organisms by taking 

advantage of different mechanisms of action thus faolitating penetration of the 

drugs (Kosmidis and Koratzanis, 1986). The effect is therefore more than the 

sum of two agents alone. Synergism may also ailow the use of lower, less toxic 

doses of antimicrobials. 



7.3.4 Focused Microbiologid Sumeillance 

Areas of high antimicrobial use such as ICVs are at inaeased risk of deveioping 

different forms of resistance in response to the selective pressure of P-lactam 

antirniaobiais (Bryce and Smith, 1995). The customary way of detecting trends 

in antimiaobial susceptibiüty patterns is by hospital antibiograms derived fkom 

cumulative information from dl clinid units. Howewr, this may lead to an 

underestimate of resistance in high use areas such as ICUs. Because the true 

epidemiological picture in the ICU may be obscured by the ''dilution" of this 

smaller group in a much Iarger hospital population, early detection and control of 

resistant organisms may be achieved by focused surveillance (Biyce and Smith, 

1995). Focused microbiological suveillance data c m  be used to restrict 

antirniaobial therapy in the ICU as well as encourage sound antimicrobial 

stewardship. Monitoring of high antimiaobial use areas such as ICUs may lead 

to eady identification of changes in resiaance patterns containment measures, 

and restricted antimiaobial poliaes. 

7.3.5 Inkction Control Cornpliance 

It has been stated that a major factor in the rapid emergence of resistance is the 

intense seleme pressure of antimicrobial use and abuse. An equally important 

factor is the inconsistent application of basic infection control techniques by 

hospital personnel, which largely accounts for the dissemination of resistant 

strains in the hospital environment (Goldmann, Weinstein, Wenzel et al., 1996; 

Solornkin, 1996). To address this dissemination problem, barrier isolation 

techniques have been used to try and interrupt transmission of resistant organisms 

and the main emphasis in such efforts has been on proper handwashing and the 
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use of speciaily tailored isolation precautions (McGowan, Ir., 1983). This is 

espeàaily m e  where the nsk of transmission of resistant organisms is greatest, 

namely in overaowded, understaffed units where the sickest and moa vulnerable 

patients are concentrated and wfiere the normal respiratory and gastrointestinal 

flora of these patients are rapidly replaced by the nosocornial pathogens 

cirdating in the unit (McGowan. Jr., 1983). A m e r  problem in preventing 

transmission is that patients with resistant pathoge~ may be diffidt  to spot 

because very few of those colonized actually develop clinical infection. 

7.4 Strengths and Weaknesses of Study 

7.4.1 Strengths 

The main strength of this study was the fact that it was conducted prospectively 

on a cohort of patients admitted to the ICU. Prospective cohort studies are 

generdly thought to provide the most definitive infornation about disease 

etiology and the most direct measurement of the risk of disease development 

(Hennekens and Buring, 1987). Furthemore, this study was an objective one 

and has provided good and us& information in an area where there is mu& 

myth, speculation and little data. Finally, a suength of this study is also the fact 

that it is Canadian, providing Canadian data where little or none exist. 

7.4.2 Weaknesses 

Some of the limitations of this study indude the fact that it was performed at 

only one institution and the small sample size. Few signifiant statistical 

differences between colonized and non-colonized were found and a multicenter 



study with a larger sample size may provide enough observations to make more 

dehite conclusions. Conceming the coilection of rectal swabs, it was desirable 

that these be collected hom patients within tweive hours of admission, but due 

to the priorities of lik support in the ICU this was not always possible. This was 

a practical reality *ch had to be faced but in retrospect, it would be prudent in 

hiture studies to employ someone to specifidy perfonn this task Finally, this 

study can never be repeated at the present location because of its pending dosure, 

and this is also a limitation. 

What then should be done as the 21st centwy rapidly approaches? At the very 

least there should be strict adherence to essential infection control practices 

(Daschner, 1985; Crombach, Dijkshoom, van Noort-Klaassen et al., 1989; 

Weinstein, 199 1 ). In addition, the use of simple barrier precautions to prevent 

colonization and infection warrants M e r  study. For example, more effective 

approaches to disinfecting hands as well as the effects of cutaneous antiseptics are 

needed. Many health care workers are blissfùlly unaware of even the most basic 

infection conuol practices, such as handwashing, which continues to be done 

inconsistently. Wective ways to educate hospital personnel conceming section 

control practices, espeaaüy handwashing, aseptic use of devices, and antimiaobial 

therapy, and to apply these measures would have inmediate beneficial effects 

(Maki, 1989). 

In conclusion it is dear that there are no easy solutions to the inaeasing problem 

of antimiaobial resistance. The implications of a post-antirniaobial era are too 

frightening to even contemplate and it is therefore imperative that the entire 

healthcare delivery system see the antimiaobial resistance problem as a criucal 

one and colIectively address it as such. When this happens a multifaceted 

solution may go a long way to solve a mulllfaceted problem. 



Diseases desperute g r m  

By desperate appliances are relimed 

Or nat at all 

W i a m  Shakespeare 

Hamlkt 
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