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xvii

A biofilm is considered to be a complex community of micro-organisms attached 
to each other, or associated with a surface or interface, and encased in extracellular 
polymeric substance (EPS). The composition of the EPS is complex and may contain 
polysaccharides, proteins, nucleic acid, lipids and metals. The EPS provides the ‘house’ 
of the biofilm, giving the residing micro-organisms a safe haven from the effects of 
host immunity or administered antimicrobials.

Micro-organisms within the biofilm can be responsible for causing and prolonging 
infection and/or disease. Biofilm infections are, in general, healthcare-related, includ-
ing those associated with use of medical devices such as urinary and central venous 
catheters, endotracheal (ET) tubes and orthopaedic prostheses. Other biofilm-related 
infections are prostatitis and those of chronic wounds. Many of the infections are of 
growing significance, because they are related to the ever-increasing ageing population. 
It is important to note that the Centers for Disease Control and Prevention (CDC) 
reports that more than 65% of all healthcare-associated infections (HCAI) originate 
from biofilms.

Of great concern is that the micro-organisms within the biofilm are significantly 
more tolerant to antimicrobials compared to their planktonic counterparts. This anti-
microbial tolerance by biofilms can be 1000-fold higher than the susceptibility of 
free-floating or planktonic micro-organisms. Consequently, biofilms pose a significant 
challenge to patients in both hospital and community healthcare settings. Addressing 
the prevention and control of biofilms will dramatically help in decreasing infection 
rates, patient morbidity and mortality. This in turn will reduce the escalating costs of 
biofilm-related infections faced by the healthcare profession.

Biofilms in Infection Prevention and Control: A Healthcare Handbook is the first of its 
kind that deals specifically with the fundamentals of infection control and biofilms in 
healthcare. The book is divided into two parts and 18 chapters; it begins by describ-
ing the rudiments of infection control in Chapter 1. This chapter introduces the reader 
to infection control and prevention and discusses the basic principles of safe practice. 
Chapters 2 through 5 then address the challenges facing healthcare providers—infection 
prevention, hand hygiene, decontamination, and the significance of changing practices 
in healthcare. The rest of the chapters in Part 1 introduce readers to infections associated 
with invasive devices and wounds.

Part 2 of the book focusses explicitly on the area of biofilms and the problems 
they pose to healthcare professionals. Chapter  9 introduces the reader to the area  
of ‘biofilmology’—that is, ‘the study of biofilms’ and the fundamentals of biofilm  
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development. Subsequent chapters offer extensive reviews on biofilms and HCAI, bio-
films and ventilator-associated pneumonia (VAP), antimicrobials, microbial resistance 
and superbugs and biofilms and their association with urethral and central venous 
catheters. Chapter 17 discusses the importance of the supply of water to hospitals and 
healthcare facilities and the role that systems for it play in the spread and dissemination 
of clinically significant micro-organisms to patients. The final chapter covers biofilms 
and their role in wound infections.

Biofilms in Infection Prevention and Control provides biologists, medical personnel, 
healthcare workers, infection control professionals, microbiologists, as well as students 
and academics, with a practical text to support clinical practice. It will help health-
care workers understand the evidence-base and rationale for infection prevention in 
an easy-to-follow format, including exhibits that contain lists of common skills and 
procedures. This handbook is multi-formatted, with some chapters providing guide-
lines for healthcare practice to combat biofilms and others presenting information on 
specific biofilm-related infections.

Overall, this contemporary handbook will provide its readers with a comprehen-
sive, concise and informative text that highlights the significance of biofilms in infec-
tion control and the urgent need to prevent their formation. This is an area that is 
frequently overlooked and neglected in modern medical and healthcare education.

Professor Steven L. Percival
Professor David W. Williams
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INTRODUCTION

Globally millions of people receive some form of healthcare every year in every 
country of the world. This ranges from basic non-invasive care to highly complex and 
technically advanced interventions and treatments. One unintended consequence of 
healthcare interventions can be the development of healthcare-associated infections 
(HCAI).

For many years the term hospital-acquired infection (HAI) was used, denoting that 
an infection was acquired during a hospital admission. In recent years it has been rec-
ognised that relatively complex care is increasingly being delivered in the community, 
including the patient’s own home, as well as in acute care hospital settings. The defini-
tion of HCAI takes this fully into account and includes all infections that develop as a 
result of healthcare, no matter where the care is delivered.

Rates of infection are measured in many countries using a variety of methods. This 
measurement is described as infection surveillance. Infection rates are usually reported 
as either prevalence rates or incidence rates. Prevalence rates are identified from surveys 
which collect information on the number of infections present at a given point in time 
and include those newly identified as well as those that are resolving and being treated. 
Incidence rates are identified from surveys that collect information over a period of 
time and include all new cases of infection as they occur. Prevalence rates are therefore 
higher than incidence rates.

Understanding of the importance of infection prevention and HCAI has developed 
over the past few decades, and there has been a corresponding increase in the amount 
of political and media attention given to HCAI in the United Kingdom and glob-
ally. It is clear that not all HCAI are avoidable, but much work has been done clearly  
demonstrating that most countries can reduce avoidable HCAI significantly if clinical 
practice is improved.

In 2006 the World Health Organisation (WHO) launched a Global Patient Safety 
Challenge in which it identified five major challenges for all countries. Included in this 
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was the reduction of avoidable infection, including HCAI, by the promotion of hand 
hygiene. In the United Kingdom focussed action has been led by the government, the 
Scottish Executive and the Welsh Assembly. In England and Wales, the National Patient 
Safety Agency launched the ‘cleanyourhands’ campaign in 2004, and in Scotland the 
‘Germs. Wash Your Hands of Them’ campaign was launched in 2007. These campaigns 
demonstrate that the prevention of HCAI is recognised as a critical factor for safe 
healthcare. The media across the United Kingdom and the United States continue to 
publish stories of patient infection and avoidable morbidity and mortality, and the pub-
lic increasingly expects that all healthcare workers will act to reduce infection risk.

To reduce the risk of infection and to minimise adverse effects from infection 
when it does occur, healthcare workers need to:
● Implement good practice.
● Utilise evidence-based practice.
● Detect infection promptly through diagnostic tests and patient observation.
● Initiate effective treatment, including correct prescribing of systemic and topical anti-

microbial agents.
● Document actions and interventions correctly and clearly.
● Communicate effectively with colleagues, patients, relatives and caregivers.
● Review infections that occur and learn from them so that we can improve care for 

other patients.

THE IMPACT OF INFECTION

When we consider the international perspective in more detail, it is evident that 
infection risks change radically across the globe. In many developing countries com-
municable disease and blood-borne viruses, such as HIV, spread readily. This is the 
result of financial and resource constraints that cause a lack of vaccination programmes 
and an inability to implement basic control measures during healthcare interventions. 
In countries with the resources to implement effective control measures, vaccination 
programmes and more complex healthcare procedures, it is rare that these infections 
spread. Instead, other micro-organisms present risks to those who receive healthcare 
and necessitate the need to implement effective control measures.

Healthcare-associated infections not only contribute to an increase in morbidity 
and mortality rates in hospitalised patients, but they also are associated with a substan-
tial increase in healthcare costs.1 Research has been conducted to identify the burden 
and economic cost of HCAI. Studies have estimated that in 1996, in England alone, 
the cost of HCAI was approximately ₤1 billion annually.2,3

In England and Wales there have been four national prevalence surveys of infec-
tions in hospitals. The most recent, in 2011, identified an infection prevalence rate 
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in England of 6.4%.4 The most common infection types were respiratory tract, uri-
nary tract, and surgical site. Prior to this latest national point prevalence survey, the 
National Audit Office estimated that 5000 patients died every year in England because 
of HCAI3; specifically, meticillin-resistant Staphylococcus aureus (MRSA) was responsible 
for many cases.5–7 The Scottish National HAI Prevalence Survey8 found similar trends.

The World Health Organisation conducted a worldwide study and concluded that 
more than 1.4 million people are affected by HCAI. This study was carried out in 
55 hospitals across 14 countries and indicated that the rates of HCAI have increased. 
Globally it is estimated that 5 to 10% of hospitalised patients suffer from HCAI9 and 
that HCAI is responsible for one of the five top causes of death in the United States.10

Although the England and Wales survey11 and the 2011 point prevalence sur-
vey4 provide a useful picture of infections in hospitals, they take no account of HCAI 
occurring either after discharge or as a result of healthcare interventions delivered out-
side the acute care setting. It is therefore important to remember that the real rate of 
infection is likely to be higher than the rate identified in these national surveys.

In addition, the Centers for Disease Control and Prevention (CDC) has proposed 
that 65% of all hospital-associated infections are a result of the presence of micro-
organisms growing in a biofilm. This is discussed in more detail in Part 2 of this book.

ICUS AND HEALTHCARE-ASSOCIATED INFECTIONS

Patients in intensive care units (ICUs) and high-dependency units, paediatric 
intensive care units (PICUs) and neonatal intensive care units (NICUs) are at greater 
risk of HCAI. The incidence of HCAI in ICUs has been reported to be 5 to 30%.12,4 
The reasons for this include the following facts about intensive care patients:
● They are critically ill and at the same time may be exposed to the most resistant 

and pathogenic microbes.13–20

Key Points
● On any day in an ‘average’ ward of 30 patients, 3 patients are suffering from an healthcare-associated 

infection.
● These 3 patients will be suffering avoidable pain and anxiety; they require extra medication, extra 

interventions (e.g., wound dressings and extra care) from a range of healthcare workers as well as lon-
ger hospital stays.

● When these patients return home, they are likely to require extra care from community healthcare 
workers and experience a delay in returning to normal activities.

● Biofilms cause 65% of HCAI.
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● They are at an increased risk of infection because of their serious underlying 
diseases and the high number of invasive interventions they receive.21

● Typically they receive antibiotic therapy and so are at added risk of infection due to 
antibiotic-resistant micro-organisms.22

● They require high rates of direct contact with healthcare workers and so are at high 
risk of cross-infection via healthcare workers’ hands.23–25

● They are cared for by healthcare workers who may carry antibiotic resistant micro-
organisms on their hands.26 Karabey and colleagues27 found that approximately 
30% of healthcare workers’ hands were contaminated with MRSA.

● They are recipients of new technologies and invasive procedures which provide an 
access point for bacteria to spread into a patient’s tissues as they bypass the body’s 
normal defence mechanisms.28

● They are cared for in units that have the highest levels of environmental contami-
nation with resistant micro-organisms such as MRSA.26 Weist and coworkers29 
found a significant increase in cross-transmission rates of HCAI (approximately 
37.5%) associated with ICU settings. Similarly Randle and Flemming30 found 
that healthcare workers in PICUs can easily contaminate their hands with micro-
organisms from inanimate objects.30

● They are cared for in units which are under great pressure in terms of bed occu-
pancy, which can result in staff ‘cutting corners’ because of workload pressure.30

Worldwide, the most common HCAI in ICU settings are respiratory tract infec-
tions,31–33,4 urinary tract infections,34,35 gastrointestinal infections36 and surgical site 
infections.37

THE LAW AND HEALTHCARE-ASSOCIATED INFECTION

In the European Union, the United States and the United Kingdom many 
existing laws and regulations incorporate aspects of infection prevention and con-
trol. Healthcare organisations and healthcare workers therefore have a range of legal 
duties, with compliance on a daily basis usually through policies and procedures to be 

Key Points
● Units caring for critically ill patients have a greater risk of healthcare-associated infection, with inci-

dences ranging from 5 to 30%.
● Contributing factors include increased need for invasive interventions with these patients, greater 

need for direct contact with healthcare workers and increased susceptibility and risk of exposure to 
resistant organisms.

● The most common HCAIs are respiratory tract, urinary tract, gastrointestinal and surgical site.
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followed. Compliance by all members of staff and temporary healthcare workers helps 
to ensure that the organisation fulfils its legal duties and protects patients from infec-
tion risk.

Professional Responsibility and Public Expectation
Public awareness of HCAI and subsequent media attention have grown over the 
past decade. The public increasingly and rightfully expect that they will receive safe, 
clean healthcare wherever it is delivered and that they will not be exposed to the 
risk of avoidable infection. Infection with meticillin-resistant Staphylococcus aureus and 
Clostridium difficile has grabbed the attention of the public, resulting in frequent media 
headlines criticising ‘dirty hospitals’. National infection reduction targets in England 
were introduced in 2005 in response to public concern. Complaints about standards 
of cleanliness and poor hand hygiene have increased globally, as has litigation against 
healthcare providers and healthcare workers alleging avoidable infection.

The media have been a very powerful influence on people’s perceptions, especially 
on patients who have never been admitted to hospital or who have limited knowl-
edge of HCAI.38,39 This has influenced where patients wish to be treated, and findings 
from the London Patient Choice Project of 2000 showed that two-thirds of patients 
reported they would opt to be treated in a hospital with lower MRSA and healthcare-
associated infection levels than in one that had been reported to have a higher inci-
dence rate.40

It also seems that patients feel they should be involved in helping reduce HCAI41; 
this marks a shift in the role patients play in healthcare. A pilot study carried out by 
Madeo et al.42 found that patients have a high level of awareness of the risk of HCAI 
but have little knowledge about how infections spread or about their prevention.

All healthcare workers have a responsibility to protect the health and welfare of 
their patients, and for registered healthcare workers these duties are enshrined in codes 
of conduct for each of the professions. Duties under these codes do not refer specifi-
cally to infection prevention, but clearly contracting a healthcare-associated infection 
causes additional pain and suffering for the patient. If a healthcare-associated infec-
tion occurs because of a failure to follow policy and good practice, or as a result of a 
deliberate decision not to follow policy and good practice, then the healthcare worker 
will be in breach of her or his code of conduct. In a landmark ruling, failure to fol-
low infection prevention policy by not washing hands was cited by the Nursing and 
Midwifery Council as one of the reasons for removal of a registered nurse from the 
professional register in 2007.

There are a multitude of national and international documents—Winning Ways,43 
A Matron’s Charter,44 Saving Lives,45 Guidelines on Hand Hygiene in Healthcare46 
and the Health and Social Care Act 2008: Code of Practice on the Prevention and 
Control of Infections (hereafter Code of Practice),47 among others—that provide 



Tracey Cooper and Steven L. Percival8

guidance on how healthcare workers can practice safely and reduce the patients’ risk 
of infection (see Table 1.1). In 2009 the Council of the European Union adopted a 
recommendation on patient safety which includes a request that member states adopt 
and implement a strategy to prevent and control HCAI. The majority of countries in 
the Union have responded by reinforcing the responsibility of professionals to reduce 
HCAI through national strategy.48

It is clear that every person involved in the delivery of care can make a difference 
in the infection risk that patients are exposed to. Understanding the individual respon-
sibility we each have and always protecting patients from infection are at the core of 
delivering good care.

Table 1.1 Examples of UK Legislation
Legislation Relevance

Health and Safety at Work Act (1974) Requirement to take measures that are reasonably 
practicable to protect patients, healthcare workers 
and the public from infection risk.

Control of Substances Hazardous to 
Health Regulations (2002)

Pathogenic micro-organisms are substances hazardous 
to health. Some of the chemical agents used to 
control them may be hazardous to health as well.

Environmental Protection Act (1990) 
and Hazardous Waste Regulations 
(2006)

Duties to protect the environment from waste 
that may pose a risk of infection to the public; 
includes clinical wastes and liquid wastes discharged 
to sewers.

Food Safety Act (1990) and associated 
regulations

Duty to ensure that food and drink are safe to 
consume. Applies to food and beverages that are 
served to patients, which also includes ice and 
sip feeds.

Health and Social Care Act 2008: 
Code of Practice on the Prevention 
and Control of Infections and Related 
Guidance (2010)

Responsibility for all registered providers of 
healthcare and adult social care in England to comply 
with specific requirements on infection prevention. 
This forms part of the Care Quality Commission 
Regulatory Framework in England.

Key Points
● Increased public awareness of HCAI has resulted in media criticism and increased patient complaints 

and has affected where patients choose to be treated.
● It is a healthcare worker’s responsibility to ensure that standards of good practice are followed in 

order to reduce the risk of healthcare-associated infections and to deliver a high standard of patient 
care in all settings.
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WORKING WITH PATIENTS AND THEIR FAMILIES  
AND/OR CAREGIVERS

Not all patients are capable of taking an active part in their care, but most understand 
information if it is given in a clear and simple manner. Information that should be pro-
vided to patients and their families or caregivers when appropriate includes the following:
● The potential infection risks associated with a procedure. This may be part of a for-

mal process, such as seeking written consent for surgery, or part of gaining informal 
consent, such as prior to insertion of a peripheral cannula.

● Measures that healthcare workers should take routinely to prevent infection so that 
patients know the standard of care they can expect. This can include hand hygiene.

● Measures that patients themselves can take to reduce their risk of infection. This 
can include washing their hands after using the toilet and not picking at wounds 
and dressings.

● Information about local rates of infection should also be provided if available.

Surveillance
Surveillance is now commonly viewed as an important quality indicator in the clinical 
audit process49 and is frequently an integral part of risk management and clinical gov-
ernance systems. There are some similarities in the definitions and aims of surveillance 
and audit, and the two terms are sometimes used interchangeably, even though they do 
represent different methodologies and purposes.50

Hadden and O’Brien51 identify the following as the main purposes of the surveil-
lance process:
● Early warning of changes in incidence of infection.
● Detection of outbreaks.
● Evaluation of the efficacy of infection prevention measures.
● Identification of groups at risk of infection.
● Prioritisation of resource allocation.
Results from surveillance studies indicate that active surveillance can reduce infection 
rates.

The seminal study on the efficacy of nosocomial infection control (SENIC) 
showed a reduction of approximately 30% in HCAI when surveillance was combined 
with active feedback of results to clinical teams.52,53 Ayliffe and colleagues54 concluded 
that in order to keep infection at a minimum level and to prevent and control out-
breaks, some surveillance is necessary for identifying problems rapidly.55

Numerous other studies have indicated the potential success of surveillance in 
reducing HCAI. Guebbels et al.56 report five ‘success stories’ in reducing surgical site 
infections (SSIs) in The Netherlands. Kelleghan and colleagues57 report a surveillance 
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programme in the United States that achieved a 57% reduction in the incidence of 
ventilator-associated pneumonia (VAP).

The surveillance programme that was done by Sykes and colleagues58 reported 
having achieved a fall in the prevalence of surgical site infection by 38% over a 12-year 
period. The programme included feedback and follow-up to healthcare workers. 
Feedback was then relaxed for a period of 15 months, creating a multiple crossover 
study of its effect. Rates of SSIs rose during this period, but when the surveillance pro-
gramme was restarted they showed a second reduction.

Despite the apparent correlation between the surveillance process and a reduction 
in HCAI, specific criticisms of surveillance exist; they include
● Inconsistency in benchmarking, case definitions and datasets. This makes comparisons 

across geographical sites and between countries difficult or even meaningless.59,60

● Financial cost. Edmond et  al.59 estimate that in one US state surveillance would 
cost an additional £5.5 million. However, this does not take into account the cost 
reductions achieved as a result of lower infection rates.

These criticisms can be countered by participation in national surveillance pro-
grammes, such as the schemes operated in England, Wales and Scotland which have 
standard definitions of infection and allow comparison between different organisations 
and benchmarking.

Criticisms of the cost can be easily countered when the cost-effectiveness of sur-
veillance is taken into account. The investment in staff time and systems for surveil-
lance can be quickly offset by the cost reductions achieved with a very small drop in 
the rates of infection.

Communicating with Colleagues to Reduce the Risk of Infection
Communication between healthcare workers and the documentation of care is essen-
tial if infection is to be prevented. For example, some invasive devices can lead to a 
significant risk of infection if left in situ for too long. Communication and documenta-
tion ensure that staff know when the device must be removed.

Effective communication is also vital to identify signs of potential infection and 
ensure action is taken. Early detection of possible infection can mean earlier treatment 
and hopefully less overall impact on the patient. Pittet and Donaldson9 emphasise that 

Key Point
● Since 2003 it has become mandatory in England to report cases of Clostridium difficile in patients who 

are 65 years of age and older. This partly explains the rapid rise in cases since 2003; before this time 
reporting was patchy because a robust surveillance system was not in place. In recent years manda-
tory reporting has been extended to all patients aged two years and older.
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just recognising and explaining the cause of trends in infections is not sufficient in 
hospitals, and that effective multidisciplinary communication regarding infection issues 
is essential. This has also been highlighted in the National Audit Office executive sum-
mary,3 which recommends that healthcare workers accept greater ownership of HCAI 
control. Central to this is feedback to healthcare workers, which can help reinforce 
good practice and identify areas where improvements can be made.61

TRAINING, EDUCATION AND ROLES

Infection prevention and control directives in many countries stress the need for 
education in order to emphasise that a comprehensive approach is required to combat 
HCAI. As an example, in 2003 the Department of Health in England published the 
Winning Ways report, which called for healthcare workers to work together to reduce 
HCAI.43 Within this was the recommendation that infection prevention and control 
be part of induction programmes for all healthcare workers and for it to form part of 
healthcare workers’ personal development plans.

Additionally, the Saving Lives programme45 was aimed at reducing HCAI, includ-
ing MRSA. It involved a requirement for hospitals to undertake a self-assessment 
to ensure that all employees had a programme of education and training in order  
to understand their responsibility for infection prevention and control and of the  
actions they need to take. The National Health Service (NHS) in England set up an 
online training programme which healthcare workers could complete at their own 
pace at any time.

The recommendations on education probably arise from studies indicating that 
a lack of education and training increases non-compliance with the fundamentals of 
infection prevention and control practice, thus increasing the incidence of HCAI.62–64 
The House of Lords Select Committee report, Fighting Infection,65 found that train-
ing in infection prevention and control for all healthcare workers was inadequate. 
For instance, in 2003 few infection control teams (ICTs) maintained training records. 
Those that did reported that 10 to 20% of staff did not receive induction training in 
most non-medical groups and that the proportion of staff receiving annual update 
training was on average 60%.3

In 2000, the National Audit Office (NAO)66 recommended that NHS trusts review 
their policies on education and training in infection prevention and control procedures 
to ensure that that all healthcare workers are targeted by induction training and that 
key healthcare workers who have day-to-day contact with patients are kept up to date 
on good infection prevention and control practice. By the time the NAO published 
its follow-up study in 2009, however, it reported that there was sufficient priority for 
infection prevention training in induction and for ongoing training for staff.67
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It is essential that all staff participate in the training provided by their employer in 
infection prevention and control, not to ‘tick a box’ but to ensure that each individual 
has the knowledge required to deliver safe care to patients.

Infection Prevention and Control Nurses’ Role
In the United Kingdom the first infection control nurse was appointed in 1959 in 
Torquay, Devon. This was a temporary appointment in response to high levels of infec-
tion by meticillin-sensitive Staphylococcus aureus. The following year the first full-time 
infection control nurse was appointed in Exeter, Devon, UK, because the Torquay 
appointment was very successful in reducing infection rates. The nurse’s job was to visit 
hospitals’ wards and laboratories and advise on the management of infection cases to 
prevent spreading, as well as to take swabs and specimens for analysis.68

Since then, the role of infection prevention and control nurses in the United 
Kingdom has developed and evolved significantly, with involvement in a diverse range 
of issues, including:
● Management of individual patients.
● Outbreak management.
● Policy and clinical practice based on international evidence.
● Audit and monitoring to ensure that practice reflects policy.
● Education and training programmes for all staff.
● Monitoring of cleanliness and the environment.
● Advice on planning and refurbishment of buildings, including new builds.
● Advice on management and maintenance of buildings.
● Legionella and Pseudomonas control measures in water systems.
● Waste and linen management.
● Advice on purchase of new equipment.
● Decontamination standards.

In addition to these issues, infection prevention and control teams have to apply 
their knowledge over a wide range of clinical practice settings in which they may not 
have experience working in. For instance, within a Specialist Teaching Trust the team 
may have to advise on areas as diverse as the care of older people and long-term respite 
care, cardiac surgery and cardiac theatre practice, neonatal and paediatric intensive care 
and specialist nutritional interventions.

Within community teams the range of advice can extend from acute and com-
munity hospital wards and theatres to small group homes for those with mental illness 
or learning impairment, home births, community nursing practice and GP surgeries 
and prison healthcare. This requires that infection prevention and control teams apply 
the evidence base by blending key principles, situational factors and common sense to 
ensure that infection prevention measures are appropriate and suitable for the area of 
practice.
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Since the 1990s in the United Kingdom, infection prevention and control teams 
have become increasingly involved in organisational assurance and governance in order 
to ensure that organisations meet national requirements. In England in the 1990s, this 
originally included the Controls Assurance Standards, which were then replaced by the 
document Standards for Better Health, as well as NHS Litigation Authority standards and 
most recently the Code of Practice.47

The knowledge base and leadership skills required are substantial and are built over 
a number of years through a mixture of experiential learning, usually supported by a 
senior, more experienced colleague, plus specialist study. Increasingly infection preven-
tion and control nurses are qualified to a master’s degree level in response to the need 
for highly developed skills in critical appraisal of research and other evidence, as well 
as highly developed leadership and influencing skills. Infection control doctors are also 
increasingly undertaking additional study in specific areas (e.g., environmental ventila-
tion systems) through master’s degree programmes or through postgraduate diplomas.

In addition to formal study, the Infection Prevention Society of the United 
Kingdom and Ireland has produced a document containing core competencies for 
infection prevention nurses. This document has been endorsed by health departments 
in England, Wales, Scotland and Northern Ireland to help members recognise and 
docu ment their specialist skills and to identify development needs. It can be used by 
many healthcare professionals working in infection prevention and control, including 
full-time infection prevention and control nurses and link staff.

Infection Prevention and Control Link Professional’s Role
Infection Prevention and Control Link Professional programmes have been developed in 
many hospitals in an attempt to provide effective infection prevention and control role 
models that are based in clinical practice.69,70 These programmes have also developed over 
time, with many link groups now including a wide range of staff rather than just nurses.

Link staff are based in a clinical area or field of practice and, in addition to their 
clinical role, take on responsibility for specific infection prevention and control activ-
ities in that area. Educational preparation, programme content and delivery and role 
responsibilities vary according to local need.71

Activities usually include acting as a role model for good practice and challenging 
poor practice. In many organisations the role variously includes acting as a resource 
for information and knowledge; maintaining a resource folder of information for staff; 
delivering informal or formal education at a clinical level; and auditing or monitoring 
practice, linking to the infection prevention and control team. Link staff usually meet 
with the infection prevention and control team to discuss key issues and problems and 
to receive specific education.

A number of studies have been performed that demonstrate the value of link staff 
in focusing on practice at the local level. Teare and Peacock70 emphasise the value of 
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increasing the profile of infection prevention, and Ching and Seto72 describe mea-
sureable improvement in standards for urinary catheter care following intervention by 
link nurses in Hong Kong. Cooper73 describes measurable improvement in facilities 
for hand hygiene following targeted work by link staff in a district general hospital in 
England. The Healthcare Commission reviewed arrangements for link staff and levels 
of MRSA bacteraemia and Clostridium difficile infection in NHS trusts as part of a large 
survey performed in 2006. It concluded that link staff in all clinical areas, with dedi-
cated time for their responsibilities, results in lower rates of infection.74

Infection prevention and control is increasingly being viewed as everyone’s respon-
sibility, and the link professional can reinforce this and work locally to support the 
infection prevention and control team, especially when supported by managers and an 
effective educational programme that meets the team’s needs.75

CONCLUSION

This chapter provides an introduction to some important issues regarding health-
care workers, patients and HCAI. Although rates of HCAI and figures for financial 
costs and morbidity and mortality rates can be provided, it is difficult to fully describe 
the severe negative impact a healthcare-associated infection can have on an individual 
patient and his or her family. Clearly it is recognised that some HCAI can be avoided, 
and the actions of healthcare workers are critical in making this happen.

The remainder of this book focusses on the key principles of infection preven-
tion and the specific issues associated with biofilms. It guides the reader in common 
practical procedures; the source of infections; areas and devices where micro-organisms 
reside, specifically focussing on biofilms; and the measures required to prevent infec-
tion. By better understanding the factors responsible for infections, we can apply those 
measures, which will help to achieve the safe care patients expect and deserve, to our 
practice.
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INTRODUCTION

The prevention of healthcare-associated infections (HCAI) in the United 
Kingdom and globally is key to the provision of high-quality, safe healthcare.1 There 
are many opportunities for infection to spread from one person to another in the 
healthcare environment. These are more easily recognised when a person has a known 
communicable infection and the measures to prevent spread have been clearly defined. 
However, opportunities for the spread of infection frequently remain unrecognised, 
particularly when infection is undiagnosed or when a person is colonised rather than 
infected with potentially pathogenic micro-organisms.

In view of this, it is essential to apply infection prevention measures at all times to 
minimise the risk of spread from known and unknown sources of infection. Patients 
receiving healthcare are often more vulnerable to infection because of their condi-
tion or the need for treatment, particularly when this involves an invasive procedure. 
At times, healthcare workers and visitors may also be at risk of exposure to infection. It 
is therefore important to recognise the range of measures required to protect patients, 
healthcare workers and visitors.

A safe, clean, fit-for-purpose care environment is also essential to minimise risks 
of infection transmission. At times, standards of infection prevention and control can 
be difficult to achieve because of the facilities available. For example, in the hospital 
setting the requirement to isolate a patient with a known or suspected communica-
ble infection may not always be met in a timely manner because there are no sin-
gle rooms.2 However, it is crucial that all possible prevention and control measures be 
adopted and that incidents where this has not been possible, and cross-infection has 
occurred, be reported and acted on to make healthcare environments as safe as possible 
for patients, healthcare workers and others.

This chapter introduces the reader to Standard Precautions. One standard precau-
tion is hand hygiene and, because of its importance to and influence on healthcare 
policy.
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The following aspects of Standard Precautions are addressed here:
● Use of personal protective equipment (including glove and apron selection and 

face, eye, nose and mouth protection)
● Respiratory hygiene/cough etiquette
● Safe management of used linen
● Safe disposal of clinical waste
● Safe handling and disposal of sharps, including safe injection practice
● Occupational exposure management, including sharps injury
● Management of blood and other body fluid spillages
Also addressed are the broad principles of:
● Maintaining asepsis using an aseptic technique
● Safe collection of specimens
● Transmission-based precautions

STANDARD PRECAUTIONS

Standard Precautions are the minimum measures applied routinely when 
performing healthcare and social care activities in order to minimise the risk of spread-
ing micro-organisms, from both known and unknown sources of infection, to patients, 
healthcare workers and visitors. This includes preventing micro-organisms from  
colonising a patient at a vulnerable site on that person, such as through a mucous 
membrane or non-intact skin, or via an invasive medical device.

The key principal underpinning Standard Precautions is that any body fluid or 
moist body site may contain infectious micro-organisms that pose a risk of infection. 
The measures included in Standard Precautions are known under other names such as 
‘Standard Infection Control Precautions’, ‘Standard Principles’, ‘Standard Practice’ and 
‘Safe Working Practice’. This reflects the ongoing evolution of the concept of Standard 
Precautions, the evidence base for which has recently undergone review in both the 
United Kingdom3 and the United States.4

Use of Personal Protective Equipment
Personal protective equipment (PPE) is the specialised disposable clothing or equip-
ment used by healthcare workers or visitors to protect themselves from exposure to 
infectious substances. This includes disposable gloves, aprons/gowns, goggles/visors and 
masks/respirators.

For healthcare workers in the National Health Service (NHS), it is important to 
remember that the NHS has a responsibility to provide appropriate PPE. All healthcare 
workers should be educated in the its use to prevent injury or harm.5 The importance of 
PPE as an essential component for reducing cross-infection is emphasised by Slyne et al.6 
However, they summarise studies which have shown that there is no consistent approach 
towards the use of PPE and there is confusion as to which item to wear and when.
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Therefore the decision to use PPE should be based on an assessment of the risk of 
a task or situation (Table 2.1). PPE should be donned at the start of a procedure before 
exposure/contamination might occur. When gloves and an apron are worn primarily 
to protect the wearer, the importance of their prompt removal between tasks on the 
same patient or between patients may be overlooked, giving rise to the possibility of 
cross-contamination/infection.

The need to remove or change contaminated PPE during, as well as after patient 
care, must be considered to avoid cross-contamination/infection. Likewise, hand 
hygiene should always be performed following removal of PPE, given the potential to 
contaminate the hands. Personal protective equipment should be changed when dam-
aged and/or torn or soiled and, in the case of surgical masks, if wet with moisture, 
including from breath. A wide variety of PPE is available, and it is essential that the 
type used be the most appropriate for the care activity to be undertaken.

Key Point
● Uniforms are not classified as personal protective equipment.

Glove Selection
Gloves suitable for healthcare purposes are made from various materials, including 
chlorethene polymer, neoprene and vinyl. Polythene gloves are not suitable for health-
care use.7 Gloves made from this material possess different properties; it is therefore 
important to select the appropriate glove for any given task,8 remembering that not all 
gloves can protect the wearer and/or the patient during all healthcare activities.7

Figure 2.1 summarises the properties and recommended uses of different types 
of disposable glove based on the approach adopted by Health Protection Scotland.9 
The problem of allergy, both to latex proteins and the chemical accelerators used in 
latex glove manufacture, has increased substantially in recent years; it influences glove 
choice for those with an allergy, including the wearer and the patient receiving care. 
Specifically, Social Care and Social Work Improvement Scotland8 identifies the best 

Table 2.1 Risk Assessment for the Selection of PPE

Task/situation
Disposable  
apron/gown

Disposable  
gloves

Face, eye/mouth 
protection

Contact with body fluid not  
expected

  

Contact with body fluid expected   
Contact with body fluid expected  
with high risk of splashing
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evidence-based practice as being when healthcare workers decontaminate their hands 
and wear a pair of clean, non-sterile gloves before certain patient activities, and decon-
taminate their hands after removing them.

Gloves can only protect the wearer and do not remove the contaminant from the 
environment, so they should not replace hand hygiene.7,10 The limited evidence base in 

No gloves required

Is this a non-sterile 
procedure with a

risk of blood or body
fluid contamination?

Yes

Is this a sterile
procedure (e.g.,

insertion of CVC)?

No

Sterile latex/nitrile or neoprene
gloves

Non-sterile latex/nitrile
or neoprene gloves

Patient contact or procedure/task

Is this a surgical or
invasive

procedure?
Sterile surgical gloves

Yes

Yes

Non-sterile gloves
Yes

No

Is the procedure 
equipment or
environmental

cleaning?

No

No

Figure 2.1 Glove use and selection. Source: Health Protection Scotland.9
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this area is contradictory, with some research suggesting that glove use decreases hand 
hygiene compliance and other research suggesting that it improves it.10 Importantly, 
Hakko et  al.11 find that the belief that glove use prevents the spread of infection is 
widespread; however, gloves are not a substitute for hand hygiene.

Apron/Gown Selection
A disposable plastic apron should be worn when there is a risk that clothing may be 
exposed to blood or body fluids, secretions or excretions.12 When there is a risk of sig-
nificant splashing (e.g., in the operating theatre or obstetric department), a long-sleeved, 
disposable, fluid-repellent gown should be worn to give added protection to the legs and 
body but often, more importantly, to the arms, which might be at the highest risk from 
contamination during procedures.12 To coincide with this, appropriate footwear may be 
required to provide full coverage to the bottom half of the legs and the feet.

Selection of Face, Eye and Nose/Mouth Protection
Face or eye/nose/mouth protection should be worn when there is a risk of blood 
or other body fluid splashing into the face. Occasionally, respiratory protection may 
be required for exposure to pathogenic micro-organisms spread by the airborne route  
(see Transmission-Based Precautions section).

There are various forms of facial PPE, including surgical masks, particulate respi-
rator masks (often referred to as FFP3 respirator masks and most commonly used to 
protect from pathogenic micro-organisms spread via the airborne route), goggles and 
visors. It is important to select the most appropriate PPE for each procedure/situation, 
ensuring it fits closely and securely so as to provide adequate protection. For example, 
a visor or a well-fitting surgical mask worn in conjunction with goggles provides pro-
tection from splashing of blood or body fluids. Full protective equipment should be 
worn when undertaking any type of aerosol-generating procedure and regular correc-
tive spectacles are inadequate.9

Respiratory Hygiene/Cough Etiquette
The latest US guideline for isolation precautions5 includes recommendations for respi-
ratory hygiene/cough etiquette as part of Standard Precautions in order to minimise 
the spread of respiratory infections. This applies to all persons with signs and symptoms 
of respiratory tract infection (cough, congestion, runny nose, increased production of 
respiratory secretions), including patients, healthcare workers and visitors.

Suggested preventative measures include covering the mouth/nose with a tis-
sue when coughing/sneezing, promptly disposing of used tissues, using surgical masks 
on the coughing person when tolerated and appropriate, hand hygiene after contact 
with respiratory secretions (given this counts as exposure to a body fluid) and spatial 
separation of persons with respiratory infections. Health Protection Scotland9 does 
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not recommend the use of antimicrobial hand wipes in a hospital setting but concurs 
that these can be used for hand hygiene if running water is unavailable in commu-
nity settings. Their use should be followed by the use of an alcohol-based handrub. 
Contaminated hands should also be kept away from the mucous membranes of the eyes 
and nose. Healthcare workers with a respiratory infection should avoid direct patient 
contact, especially with patients deemed to be at high risk for susceptibility to infection. 
Ideally, staff should remain off work altogether until symptoms have resolved.

Safe Management of Used Linen
Within healthcare settings, used linen can harbour large numbers of potentially patho-
genic micro-organisms. It is therefore important to handle it carefully to avoid con-
tamination of the surrounding environment and to minimise the risk of transmission 
of infection. Exhibit 2.1 details the principles of safe practice for the management of 
used linen. It should be read in conjunction with the Department of Health’s Choice 
Framework for Local Policy and Procedures 01-04: Decontamination of linen for health and 
social care—Management and provision19 and local policy, since guidelines may vary.

EXHIBIT 2.1 Management of Used Linen

Principles of safe practice
● A disposable plastic apron should always be worn when handling used linen (and dispos-

able gloves if linen is soiled/fouled).
● Linen should be removed from the bed smoothly, without shaking to minimise the disper-

sal of micro-organisms and skin scales into the environment.
● Used linen should be placed immediately in a designated bag/receptacle close to the 

point of use.
● Soiled/fouled linen should be placed in an impermeable bag and sealed and the bag 

placed in an outer clear bag to alert laundry staff not to sort it by hand before it is washed, 
thus avoiding risk of exposure to infection.

● Used linen receptacles should never be overfilled and should be appropriately tagged for 
identification.

● Linen should be stored in a designated, safe and lockable area while awaiting transfer.
● Hand hygiene should be performed after handling of linen and removal of PPE.
● Relatives/friends who take soiled clothing home to launder should be given it in a bag, 

which should then be placed in a sealed plastic bag or impermeable purpose-made 
patient laundry bag; they should also be offered advice about safe laundering (see next 
section).

● Laundering of personal items should first be agreed to with patients, relatives/friends or 
local procedures and with those who wash personal items (e.g., in the community).
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Advice for laundering soiled personal items at home
● If possible, launder the soiled clothing separately from other clothes in a domestic wash-

ing machine at the highest temperature it will tolerate.
● For clothing which is heavily soiled, it may help to use a pre-wash cycle prior to the main 

wash cycle.
● Soaking in disinfectant before washing to reduce contamination is not necessary and may 

bleach coloured fabrics. Normal washing powder/solution should be used.
● Tumble-drying and hot ironing, if possible, should be carried out after washing.
● The outside of the washing machine should be wiped down with hot water and detergent 

after the soiled clothing is loaded.
● Thorough handwashing is required after handling soiled clothing as part of ensuring clean 

hands following exposure to blood or body fluids.
● Clean clothing/linen should not be placed in the same bag used to transport soiled linen.

Safe Disposal of Clinical Waste
The safe disposal of all waste by those involved in handling, transporting or process-
ing it is an essential part of health and safety and is covered by legislation and national 
guidance. Blenkharn13 identifies the risks of clinical waste as being the transmission 
of blood-borne virus infection; respiratory, enteric and soft tissue cross-transmission; 
physical injury; and adverse local or systemic effects through contact with potentially 
harmful pharmaceuticals. The safe disposal of clinical or hazardous healthcare waste, 
particularly when it might be contaminated with blood, other body fluids, secretions 
or excretions, is part of Standard Precautions. Exhibit 2.2 details the principles of safe 
practice in relation to the disposal of clinical waste. This should be read in conjunction 
with local policy, since guidelines may vary.

Source: Adapted from Health Protection Scotland.9

EXHIBIT 2.2 Disposal of Clinical Waste

Principles of safe practice
● Consider wearing gloves and, where necessary, an apron before handling waste.
● Waste should be segregated and disposed of immediately after use by the person generat-

ing it and as close to the point of use as possible.
● To hold waste, use UN-approved waste bags/containers which are of an appropri-

ate strength to ensure that they are capable of containing the waste without spillage or 
puncture, of the correct colour to denote the type of waste and labelled with a ‘hazardous 
healthcare waste for treatment/incineration’ sign as appropriate.
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Safe Handling and Disposal of Sharps, Including Safe Injection Practice
Sharps are any items that have the potential to cause penetration injury; they include
● Needles
● Lancets
● Scalpel blades
● Syringes
● Glass vials
● Broken glass
● Slides
● Biopsy needles
● Disposable razors
● Intravascular guide wires
● Intravenous-giving sets
● Cannulas

● Use identified bag holders which have hands-free/pedal-operated lids so that hands do 
not become contaminated during waste disposal.

● Use UN-approved sharps containers/boxes and assemble correctly, following the manufac-
turer’s instructions, before use. Dispose of sharps containers/boxes after three months if 
not before.

● Where patients can dispose of their own waste (e.g., used tissues), they should be encour-
aged to do so and be provided with appropriate waste receptacles for this, preferably a 
small, leak-proof bag.

● In the community, the responsibility for waste disposal is the householder’s, but clinical 
waste can be collected, on request, by a local authority.

● If the householder is treated by a healthcare worker, the clinical waste produced as a result 
of the treatment is the responsibility of the healthcare worker.

● Bags/sharps containers should not be allowed to become more than two-thirds full.
● When two-thirds full, seal the bag/container appropriately, in accordance with local policy, 

before it is transported for processing.
● In healthcare settings, the tagging of waste to identify its point of origin is essential.
● The storage area for healthcare waste awaiting collection must be clearly labelled and 

secured to prevent unauthorised access.
● Domestic (black bag) waste must be stored separately from clinical waste.
● Wherever possible, waste storage areas should be sited away from clinical, food prepara-

tion and general storage areas.
● Spillages that occur while waste is being handled must be dealt with immediately.
● Hand hygiene should be performed after disposing of waste and PPE as part of ensuring 

clean hands after exposure to blood and body fluids.

Source: Adapted from Health Protection Scotland.9
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● Arterial blood sample packs
● Other disposable sharps
● Spicules of bone and teeth
The safe handling and disposal of sharps is essential to avoid injury, and all sharps’ inju-
ries are considered to be potentially preventable.12

Wherever possible, the use of equipment that avoids the need for sharps (e.g., 
needle-free devices) should be used. Used sharps pose a significant risk of infection, 
and it is the responsibility of those using them to use them correctly and dispose of 
them immediately after use in an approved puncture-resistant sharps container. Those 
using sharps should be trained to use and dispose of them safely.

Occupational Exposure Management, Including Sharps Injury
Occupational exposure to blood, body fluids, secretions and excretions through spill-
ages or sharps injury/splashing poses a potential risk of infection to healthcare and 
social care workers. The routine use of preventative measures to avoid such exposures is 
part of Standard Precautions. Familiarity with local policy and support guidelines, par-
ticularly out-of-hours arrangements, is essential to ensure that exposure incidents are 
managed immediately in a safe and appropriate manner. Figure 2.2 details the actions 
to be taken in the event of an exposure incident; these should be followed in conjunc-
tion with local policy.

Management of Blood and Other Body Fluid Spillages
The spillage of blood or other body fluids represents a potential risk of infection to those 
who may come into contact with it and, in particular, the person required to deal with a 
spill. For this reason, it must be dealt with immediately by a person who has participated in 
both a hepatitis B vaccination programme and training in safe and effective spillage man-
agement. The requirement to disinfect the spillage before clearing it depends on the body 
fluid in question. Figure 2.3 details the risk-assessment and procedural steps involved in 
managing blood and body fluid spillages, including the use of a chlorine-releasing agent. It 
is important for staff to refer to their local guidelines for the correct protocol and strength 
of chlorine-releasing solution to use when there has been a blood spillage.

MAINTAINING ASEPSIS USING AN ASEPTIC TECHNIQUE

In healthcare, many treatments and procedures place the patient at increased risk 
of infection because they are invasive. This includes surgery and the use of invasive 
medical devices such as intravascular and urinary catheters. To manage such devices, 
care bundles14 designed to optimise patient outcomes have been developed—for 
example, the Department of Health Saving Lives programme and Health Protection 
Scotland/Scottish Patient Safety Programme Infection Control Bundles.15
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Maintaining asepsis is considered one of the key elements in ensuring safe patient 
care. The term asepsis means being free from living pathogenic micro-organisms. The 
aseptic technique is used to prevent micro-organisms from coming into contact with 
hands, surfaces or equipment being introduced to sterile equipment and susceptible 
body sites such as surgical wounds and device insertion sites. Various terms have tradi-
tionally been used to denote a procedure that is aseptic, including sterile technique, aseptic 
technique and aseptic non-touch technique.16

Rowley and Clare,17 however, suggest that a variation in terms and practice has 
resulted in sub-optimal care in some cases. To improve quality, reduce infections and 
standardise care, they suggest that the aseptic non-touch technique be used as an umbrella 
term. This means that all clinical activities that have a goal of asepsis, such as IV therapy 
or the insertion of a peripheral cannula, should be undertaken using a non-touch asep-
tic technique. The only thing that changes, depending on the clinical activity to be 
undertaken, is the level of precaution and the size and management of the aseptic field.

Occupational exposure incident

Is skin and/or
tissue affected?

• Encourage the area to bleed

• Do not suck the damaged skin 
 or tissue

• Wash (irrigate) with warm running 
 water and non-antimicrobial 
 soap

• If running water is unavailable,
 use prepacked solutions (e.g.,
 sterile water/saline for irrigation)

Are eyes and/or 
mouth affected?

• Rinse (irrigate) copiously with 
 water

• Use eye/mouth washout kits if 
 available

• If contact lenses are worn, 
 remove then irrigate

Perform first aid to the exposed area immediately

• Report (i.e.,document) the incident
as per local procedures and ensure
that any corrective actions or
interventions are undertaken

• Ensure that the item that caused 
the injury is disposed of safely

Yes

No

Yes

Figure 2.2 Action to be taken in the event of an exposure incident. Source: Health Protection Scotland.9
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Blood and/or body fluid spillage

Is the spillage on
soft furnishing
(e.g., carpets)?

Is it a spill of blood or
body fluid as specified

in Box 1?

Wear appropriate PPE (e.g., non-sterile
disposable gloves and/or aprons)

• Apply chlorine-releasing granules directly to the spill

• If granules are not available, place disposable paper towels
 over spillage to absorb and contain it, applying solution of
 10,000 ppm av cl solution to the towels

• Follow manufacturers’ instructions on contact time or
 leave for 3 minutes

• Discard the gross contamination into a healthcare waste
 bag

• Wash area with disposable paper towels and a solution
 of general-purpose detergent and warm water

• Dry area or allow to air dry

• Discard paper towels and disposable PPE into a
 healthcare waste bag

• Perform hand hygiene

Is it urine, faeces, vomit
and/or sputum?

• Soak up spillage/gross 
   contamination using
   disposable paper towels

• If a urine spillage, a gelling 
   agent can be used

• Do not use a chlorine
   releasing agent directly on
   a urine spill

Yes

• Decontaminate area with a solution of 1000 ppm av cl
 solution or use a combined detergent/chlorine-
 releasing solution with a concentration of 1000 ppm av cl

• Follow manufacturers’ instructions on contact time or
 leave for a minimum of 3 minutes

Box 1

• Cerebrospinal fluid

• Peritoneal fluid

• Pleural fluid

• Synovial fluid

• Amniotic fluid

• Semen

• Vaginal secretions

• Breast milk

• Any other body fluid with
 visible blood 

Discuss with IPCT and consider:

• If furnishing is heavily contaminated, you may 
 have to discard it.

• If the furnishing can withstand a chlorine-
 releasing solution, then follow appropriate
 procedure for the type of spill.

• If it is safe to clean with detergent alone, then
 follow appropriate procedure.

• If it is not safe to clean with detergent, then
 the item should be discarded.

No

Yes

No

Yes

Dilution and products

Dilution and products

Figure 2.3 Management of blood and other body fluid spillages. Source: Health Protection Scotland.9
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EXHIBIT 2.3 Wound Dressing Using an Aseptic Technique

Equipment
● Dressing trolley
● Alcohol-based handrub
● Sterile dressing pack
● Sachets of 0.9% saline solution
● Dressing
● Sterile gloves
● Disposable plastic apron
● Additional equipment as required

Procedure
● Explain the procedure to the patient and, where possible, gain consent.
● Offer analgesia if needed and negotiate a suitable time to undertake the procedure.
● Ensure that the dressing trolley is clean; if it is visibly dirty, clean using detergent and water 

or a detergent wipe.
● Gather all equipment, checking expiry dates and integrity of packaging, and place it on 

the bottom shelf of the trolley.
● Put on a clean, disposable apron.
● Take the trolley to the bedside, close the curtains and ensure that the patient is comfort-

able and positioned appropriately.
● Decontaminate hands (Hand Hygiene Moment 1).
● Loosen the dressing.
● Decontaminate hands using alcohol-based handrub (Hand Hygiene Moment 3).
● Open the outer dressing pack and drop it onto the trolley top.
● Open the sterile dressing pack, touching only the corners of the paper.
● Pour wound cleansing solution into the galley pot.
● Open any additional dressings or equipment required and drop them onto the sterile field.
● Lift the waste bag included in the sterile pack from the trolley and place one hand inside.
● Re-arrange the contents of the sterile field if necessary.
● Remove the used wound dressing from the wound site using the hand inside the waste 

bag. Invert the waste bag to contain the used dressing and attach it to the side of the 
trolley.

● Decontaminate hands (Hand Hygiene Moments 2 and 3).
● Put on sterile gloves.
● Assess the wound and use sterile equipment from the sterile field to carry out the neces-

sary procedure, ensuring that only sterile items come into contact with the wound surface. 
When cleaning the wound, use each swab once; then dispose of it in the waste bag.

● Cover the wound with a sterile dressing.

Exhibit 2.3 details the procedural steps for an aseptic technique as applied to the 
first re-dressing of a new surgical wound.
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SAFE COLLECTION OF SPECIMENS

The collection of specimens for microbiological investigation enables the detec-
tion of micro-organisms in support of diagnosis, treatment and adoption of appro-
priate precautions. A specimen may also be required for the purpose of screening or 
surveillance—for example, on admission, transfer or discharge. A common request for 
investigation is culture and sensitivity (C&S), which means that the organism is grown 
(cultured) and tested to determine the most effective antimicrobial therapy (sensitivity). 
Most micro-organisms can be cultured within 48 hours. The use of more rapid test 
methods, including near-patient testing, is becoming increasingly common and may be 
advantageous when making risk assessments about the placement of patients.

The procedure for taking samples varies depending on the sample. Exhibit 2.4 
details the procedural steps common to all microbiological sampling, which are essen-
tial to ensuring accuracy and safety. Table 2.2 provides information about specific sam-
pling sources.

● Dispose of clinical waste and sharps correctly.
● Remove gloves and dispose of them.
● Decontaminate hands (Hand Hygiene Moment 3)
● Make the patient comfortable and then open the curtains.
● Clean and return the trolley to storage.
● Decontaminate hands (Hand Hygiene Moment 5).
● Document the procedure in the patient’s notes.

EXHIBIT 2.4 Steps for the Safe Collection of Specimens

Procedures
● Explain the procedure to the patient and, where possible, gain consent.
● Gather all relevant equipment prior to commencing the procedure, including the correct 

container/receptacle, request form and PPE.
● Complete the microbiology request form in full to provide as much information to the lab-

oratory as possible.
● Decontaminate hands (Hand Hygiene Moment 2).
● Don PPE if required.
● Go directly to taking the sample from the patient and ensure that an adequate amount is 

collected in the appropriate container(s).

Source: Adapted from Randle et al. (2009).20
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● Store the sample correctly in accordance with relevant instructions from the microbiology 
laboratory.

● Ensure that the patient and his or her surrounding area is decontaminated if any spillage 
has occurred while taking the sample.

● Remove and dispose of PPE.
● Decontaminate hands (Hand Hygiene Moment 3).
● Document in the patient’s notes that the specimen has been obtained and send the sam-

ple for transportation. (If there is any contamination on the outside of the sample, it should 
already have been cleaned; otherwise, hand decontamination should be performed again.)

TRANSMISSION-BASED PRECAUTIONS

In the in-patient healthcare environment in particular, there are times when 
measures in addition to Standard Precautions are required in order to minimise the 
risk of the spread of infection. This is most often the case when a patient is either sus-
pected or known to have a specific communicable infection that could pose a risk to 
others. In this situation, additional measures, known as transmission-based precautions 
(TBPs), may be required.

Transmission-based precautions are categorised according to the route of spread 
of the infectious agent—namely, airborne, droplet or contact. Use of single-room 
isolation may be required as part of TBPs, and this is often referred to as ‘source 

Table 2.2 Sampling Sources
Source Type

Wound (e.g., surgical, traumatic,  
pressure ulcer, leg ulcer, burn)

Swab, fluid (e.g., pus, serous fluid), tissue

Skin or mucous membrane Skin scrapings, swabs
Ear Swab
Nose, throat and respiratory tract Swab, fluid (including sputum, aspirate), tissue
Eye Swab
Gastrointestinal tract and biliary system Faeces, fluid, tissue
Urinary tract Midstream urine, catheter specimen of urine, tissue
Cardiovascular system Blood, tissue
Reproductive tract Swab, fluid, tissue
Musculoskeletal system and soft tissue Swab, fluid, tissue, bone
Central nervous system Swab, fluid (e.g. cerebro-spinal fluid), tissue
Lymphatic system Swab, fluid, tissue
Endocrine system Swab, fluid, tissue

Source: Adapted from Randle et al. (2009).20
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isolation’ since the patient is considered to be a potential source of infection to others. 
Conversely, the use of single-room isolation for a patient’s own protection is referred 
to as ‘protective isolation’. This approach has been applied in a variety of situations for 
patients who are recognised as being immuno-compromised as a result of an underly-
ing illness or treatment, including those undergoing solid organ transplant, those with 
conditions (e.g., cystic fibrosis) and those with severe burns. However, it is generally 
recognised that in the majority of situations protective isolation confers no additional 
benefit to the use of Standard Precautions.

Current HCAI concerns, including the UK incidence of meticillin-resistant 
Staphylococcus aureus (MRSA), Clostridium difficile and other antimicrobial-resistant micro-
organisms spread primarily via contact, mean that the elements of TBPs must be con-
sidered by those in practice on a daily basis. Specifically, the decision to isolate or cohort 
patients with the same infection when single rooms are unavailable is dependent on an 
assessment of risk, and it is important to seek the advice of the infection prevention and 
control team when making such decisions. Likewise, it is important to note that some 
communicable diseases are spread by more than one route and a combination of TBPs 
may be necessary depending on the risk factors for dispersal (e.g., norovirus).

As already mentioned, TBPs are required in addition to Standard Precautions for 
communicable infections spread by all routes of transmission: airborne, droplet and 
contact. The key components of airborne, droplet and contact precautions are sum-
marised in Exhibit 2.5.

EXHIBIT 2.5 Providing Care for Patients Requiring TBPs

Placement and transfers steps
● Place the patient in a single room with en-suite facilities and keep the door closed unless 

other issues prevent this (e.g., patient safety).
● Communicate information on the precautions being taken to the patient, visitors and staff, 

without breaching confidentiality.
● Avoid ward transfers unless essential for medical reasons.
● Check the ongoing need for precautions. Only discontinue on cessation of symptoms, comple-

tion of effective treatment and/or the advice of infection prevention and control specialists.

Key Points
● The use of single-room isolation is the ‘gold standard’ in the management of many 

communicable diseases in healthcare, although it is not always possible.
● For those infections spread by the airborne route in particular, specialised, monitored 

isolation rooms are the best way to protect others. These include rooms with negative 
pressure ventilation and an ante-room.

● Cohorting is generally not recommended for those with infections spread by the air-
borne route.
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PPE and hand hygiene steps
● Ensure that supplies of PPE and hand hygiene equipment are available at single-room/

cohort areas
● Ensure that PPE is put on and removed immediately before and after care activities.
● Perform hand hygiene as per the WHO’s My Five Moments for Hand Hygiene,10 which 

includes after removal of PPE.

Key Points
Droplet precautions
● A surgical mask is one of the key precautions to be considered when providing care in 

close contact (within three feet).
● Masks are not expected to be routinely worn—for example, when the healthcare 

worker has known or proven immunity or when close-contact care is not being pro-
vided. In other seasonal situations (e.g., when there are increased numbers of influenza 
or respiratory syncytial virus (RSV) cases), routinely wearing masks may not be realistic. 
Seek advice from infection control specialists.

● Proper respiratory hygiene/cough etiquette should be encouraged as per Standard 
Precautions.

Airborne precautions
● Particulate respirator masks—that is, FFP3 masks (not surgical masks)—are designed 

to prevent inhalation of infectious airborne particles and subsequent contamination of 
the mucous membranes of another’s respiratory tract. This is one of the key precautions 
to be considered when delivering care to those with infections transmissible by the air-
borne route.

● The use of FFP3 masks applies to care of those with, for example, active respira-
tory Mycobacterium tuberculosis (TB). They are not required routinely when caring for 
patients with chickenpox, measles, disseminated herpes zoster (disseminated varicella 
zoster/shingles). This is because the principal means of protecting healthcare workers is 
to ensure that only those with known immunity through vaccination/past exposure to 
chicken pox/measles deliver care to the infected patient.

● FFP3 masks must be fit-tested and fit-checked and changed if damaged or torn.
● Patients should never be asked to wear them.
● At times during close contact or when transfer of patients is essential, patients should 

be asked to wear a surgical mask if their condition allows.
● Respiratory hygiene/cough etiquette should be encouraged as per Standard Precautions.

Management of care equipment and the environment steps
● Allocate equipment to individuals; avoid sharing of equipment.
● Ensure that equipment is decontaminated before and after use and on terminal cleaning.
● Use single-use/single-patient equipment and dispose of it after use as per local policy for 

safe disposal of waste.
● Ensure that the environment is clutter-free, intact and clean, paying particular attention to 

frequently touched and horizontal surfaces.
● Ensure thorough terminal cleaning following the end of precautions.
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Key Points
● There is insufficient evidence to advocate routine widespread use of disinfectants for 

the care environment.
● Advice for specific situations/organisms should be obtained from infection prevention 

and control specialists.

Safe management of linen steps
● Wear PPE when handling linen.
● Dispose of contaminated linen in an alginate bag and place in a colour-coded linen bag.

Safe disposal of waste steps
● Wear PPE when handling contaminated waste.
● Dispose of waste generated as a result of care activities as per national/local policy for 

healthcare waste.

Key Point
● There is no evidence to support the double-bagging of waste on removal from an isola-

tion room.

Occupational exposure management steps
● Report occupational exposure incidents immediately.
● Ensure that occupational immunisations are up to date.

Key Point
● Consideration should be given to communicable diseases where additional immunisa-

tion is offered to healthcare professionals—for example, influenza, varicella zoster virus 
(VZV—i.e., chickenpox).

Source: Adapted with kind permission from Health Protection Scotland.15

When TBPs and, in particular, single-room isolation are required, it is important 
to make an effort to minimise possible adverse effects on patients, including anxi-
ety, depression, perceptions of stigma, reduced contact with healthcare workers and 
increased adverse events such as falls. Visiting the patient frequently, avoiding unneces-
sary use of PPE, positioning the call bell within easy reach and involving visitors in 
finding ways to relieve boredom may help to minimise adverse effects of single-room 
isolation; all should be part of the routine care of the isolated patient.18

CONCLUSION

It is important to recognise the range of measures required to protect patients, 
healthcare workers and visitors from infection and to make every effort, in whichever 
care setting, to ensure that infection prevention and control standards are achieved.
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INTRODUCTION

Hand hygiene refers to the cleaning and decontamination of hands, which in 
healthcare is normally performed using an alcohol-based handrub or plain soap 
and water.1 It is an essential clinical action which fits into everyday practice and is 
considered the most effective measure in preventing healthcare-associated infections 
(HCAI) and, indeed, in saving lives.2 According to Gluck et al.3 and Allegranzi et al.,4 
HCAI are rampant in that they affect millions of people each year and can result in 
death and morbidity. They also cost healthcare providers and individuals additional 
unnecessary expense. Compliance with hand hygiene recommendations is therefore a 
critical component in infection prevention and control and in patient safety in every 
setting.1

Since the seminal work of Pittet et  al.5 on this lifesaving action, additional 
studies6–8 have confirmed that hand hygiene is the first priority for reducing the 
transmission of HCAI. Although there are no large randomised control trials prov-
ing that increased compliance results in a decrease in healthcare-associated infection 
rates, studies have shown that improved adherence has reduced meticillin-resistant 
Staphylococcus aureus (MRSA) (1.88–0.91 cases per 10,000 bed days) and Clostridium 
difficile (16.75–9.49 cases).9 Kirkland et  al.10 found that increasing doctors’ hand 
hygiene compliance from 41 to 87% led to a decline in overall healthcare-associated 
infection rates.

As cross-transmission of micro-organisms that can be pathogenic involves five 
sequential steps,11 there are many opportunities for individuals to break the chain 
of infection, but if these opportunities are not taken, hands become the main route 
of microbial transmission.1 A review of studies between 1977 and 2007 showed the 
average compliance rate at 38.7%, with the range being 5 to 89%.1 More recently, a 
systematic review undertaken by Erasmus et  al.12 concluded that hand hygiene non-
compliance in hospitals is a universal problem despite the many interventions that 
allegedly have been implemented to increase and sustain compliance rates.
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Because of its importance in preventing and controlling the rate of HCAI and in 
order to enhance understanding of the barriers to hand hygiene so that healthcare 
workers can continue to address them, this chapter covers
● Issues associated with healthcare workers’ hand hygiene compliance.
● Factors affecting compliance.
● Recommendations for effective hand hygiene.

ISSUES ASSOCIATED WITH HEALTHCARE  
WORKERS’ COMPLIANCE

Although Allegranzi et al.4 described overall compliance to be 39% worldwide, 
some improvements have been made. Clearly more needs to be done, but healthcare 
workers are working hard to ensure that hand hygiene is performed at all the right 
times, as described by Prieto and Kilpatrick13 and as seen in local healthcare reporting. 
This is discussed in more detail later. Intervention studies have also reported sustained 
increases in compliance,5,14–16 and the WHO Guidelines on Hand Hygiene in Health 
Care1 indicates that a multimodal improvement approach can ensure change.

The systematic review by Naikoba and Hayward17 concluded that multifaceted 
approaches such as those used by England’s ‘cleanyourhands’ campaign, which provides 
education with written information, reminders and continuous performance feedback, 
have been effective. However, a systematic review by Gould et al.18 and WHO1 concluded 
that there is little robust evidence to suggest that current interventions are effective in the 
long term; in fact, because sustainable improvement in compliance is still rare, issues with 
compliance remain. Many published hand hygiene studies focus solely on the measure-
ment of compliance rates, which provides limited information and is considered an issue in 
itself. Studies that address sustaining behavioural change in hand hygiene action, along with 
reductions in infection rates, would add value to the body of knowledge and are vital now.

One specific issue that has been underresearched but is thought to be a potential 
determinant for compliance is self-protection. Bahal et  al.,19 in their study of glove 
use and hand hygiene compliance in two countries, concluded that healthcare work-
ers’ practice is motivated by self-protection rather than protection of the patient. This is 
important when considering strategies for improving and sustaining compliance, as up 
to now the focus has been on removing barriers rather than on exploring the influen-
tial determinants of compliance that address behaviour.20–23

Erasmus et  al.24 concluded that self-protection explains why healthcare work-
ers’ compliance is high when hands are visibly soiled (e.g., WHO Moment 3 for hand 
hygiene after blood or body fluid exposure risk) or sticky. It is suggested that when this 
happens, it evokes an emotional response of disgust and/or discomfort, so compliance 
improves.23 Further studies25,26 also concluded that the main behavioural determinant 
for compliance is self-protection, and this should be taken into consideration when 
implementing compliance strategies.
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The issue of self-protection may help explain why healthcare workers’ compliance 
is at its lowest after contact with patient surroundings.1 When individuals do not feel 
disgusted (e.g., after touching things that are not visibly dirty such as those outside of 
patient surroundings), they are less likely to clean their hands as they do not generally feel 
at risk. The role of the environment in pathogenic cross-transmission has been debated, 
with Dancer27,28 arguing that environmental cleaning needs to be improved generally 
and specifically at near touch sites.

In a 2000 study it was found that more than half of the inanimate objects in the hos-
pital environment were not microbiologically clean29 and contamination of Clostridium 
difficile and vancomycin-resistant enterococci (VRE) in the hospital environment was 
evident.27,30 Importantly, shared equipment can act as a vehicle for cross-transmission 
and can cause infections especially when hands are not cleaned at the right times.31 
However, intense emphasis on and commitment to appropriate application of all 
WHO’s My Five Moments for Hand Hygiene, which are described in detail later, can and 
should ensure prevention of cross-transmission despite a contaminated environment, 
while for many reasons aspects of environmental cleaning should also be addressed.

A second issue to consider, especially in the current healthcare climate, is the spe-
cific recommended hand hygiene improvement component of compliance monitor-
ing and feedback. This is in addition to ensuring that reliable data are available so that 
healthcare workers will accept the need for improvement as true and act accordingly.

Repeated monitoring of a range of indicators reflecting hand hygiene resources, 
such as easy access to alcohol-based handrub and sinks as well as healthcare worker 
practices, has been undertaken for many years now, using a range of what are usu-
ally described as audit tools. This repeated monitoring, alongside an understanding of 
healthcare workers’ and senior managers’ knowledge and perception of the problem 
of HCAI and the importance of hand hygiene, is a vital component of any successful 
hand hygiene improvement strategy.1

Analysis of findings and subsequent presentation at a range of levels within healthcare 
settings, including on wards and at senior management meetings, closes the loop on the 
recommended component of monitoring and feedback.1 However, it is also important that 
results actively inform—for example, training and education, awareness raising and ensuring 
that resources for hand hygiene are always available to prevent any barriers from affecting 
compliance. In summary, monitoring hand hygiene compliance is important in order to
● Assess and really know the commitment of all healthcare workers, focusing on 

those who have patient contact, to ensure that actions, or lack of them, do not lead 
to avoidable harm in patients who entrust their lives to our healthcare.

● Provide feedback, as described earlier, about both poor practices and improved 
compliance (although the optimum compliance percentage for hand hygiene has 
not yet been clearly defined and remains an often discussed issue).

● Evaluate the impact of improvement interventions, including when investigating 
outbreaks.
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Unobtrusive direct observation of hand hygiene practices by a trained observer 
is considered the gold standard for evaluating compliance.1 Detailed instructions on 
the method for observing and recording compliance with WHO’s Five Moments are 
included in the WHO Hand Hygiene Technical Reference Manual.32 Observation forms 
exist for both hospitals and outpatient care settings to allow for this activity, and in 
some settings the information required has been included in electronic tools to make 
it easier to provide rapid feedback—for example, web-based data collection and entry 
applications using touch screen and mobile devices.

Promising innovative electronic systems for the automatic monitoring of hand hygiene 
compliance are also now available and can enhance data collection. They allow continuous 
monitoring over time as well as automatic data download and analysis. Importantly, the 
Hawthorne effect is thought to be significantly mitigated; the required human resources in 
comparison to direct observation are minimal; and these systems can serve to raise aware-
ness and to a degree change behaviour. However, according to a recent WHO system-
atic review of the literature (unpublished data), limited evidence is currently available to 
validate the use of electronic systems, and their actual cost-effectiveness remains unknown. 
In most cases, these systems do not monitor standard hand hygiene indicators, and man-
ufacturers have been strongly encouraged to integrate the Five Moments concept into 
their design of these tools. These new technologies present numerous advantages and may 
become the future approach to hand hygiene compliance monitoring when available 
finances permit, provided that they can reflect the Five Moments.

Consumption of hand hygiene products, in particular alcohol-based handrub, is 
another useful indicator. Data can be calculated easily and can be correlated with infec-
tion trends over time. However, for it to be helpful in inducing healthcare worker 
behavioural change, WHO recommends that this approach be used in parallel with hand 
hygiene compliance data—for example, those collected through direct observation.1

In the WHO Guide to Implementation,33 you can read more about monitoring and 
feedback in the context of the recommended WHO Multimodal Hand Hygiene 
Improvement Strategy. Infection control and patient safety specialists in healthcare settings 
can support the most suitable approach to patient and healthcare worker monitoring.

Discussion has ensued about what level of healthcare worker compliance becomes 
sub-optimal, which is important in how feedback is presented, no matter how col-
lected, for motivating staff. Although established cut-off points have been suggested—
for example, 100% adherence found in NHS Trusts’ hand hygiene policies or a 
minimum of 90% for NHS Scotland—the reality is that 100% adherence might not be 
strictly necessary for patient safety.2 Cole34 agrees and states that healthcare workers are 
assessed against an implausible level of best practice (i.e., 100% compliance). Voss and 
Widmer35 also state that 100% compliance is unrealistic and that we must ‘put an end 
to the reflex response that healthcare workers are neglectful of hand hygiene, which, 
far from helping, only demoralizes them further’ (p. 208).
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At the workplace of one of this chapter’s authors, observations of hand hygiene 
compliance rates are published weekly by placing a datasheet at the entrance to wards. 
The rates there have never been below 98%, and it is commonplace for them to be at 
100%. However, when conducting research or infection control audits, some observ-
ers (e.g., researchers and members of the infection control team) have consistently 
reported much lower compliance levels in the same wards. We do not think this phe-
nomenon is specific to this geographical location but rather reflects the complexities of 
measuring and reporting, especially when hospital boards insist on 100% compliance, 
thus making the validity of the mode of data collection, as well as the reliability of all 
of those undertaking monitoring activities, even more critical.

The World Health Organisation provides slide sets to actually support the train-
ing of observers; without training, observation by trainers does not provide consistent 
results completed that people can be confident in. With monitoring and feedback a 
core part of what drives healthcare improvement, this issue must be carefully consid-
ered in all healthcare settings, with professionals committed to using this activity to 
truly support safety improvement in their patient population.

Another issue, which is topical and often overlooked, is the role of the patient’s hands 
in the transmission of HCAI,36 as illness and disability can often lead patients to rely on 
healthcare workers for hand cleaning.37 The evidence in this area is scant, but the few 
studies that have been conducted imply that many patients feel reluctant to ask either for 
facilities to wash their hands or for staff to clean them on their behalf.38–40

Audits conducted by Mayers and King37 and Whiller and Cooper41 examined the 
number of times patients were offered hand hygiene by healthcare workers after using 
the commode; 31% stated that they had never been offered handwashing facilities.41 A 
further 20% also stated that an inability to reach the facilities when they were provided 
prevented them from cleaning their hands.41

Randle et  al.,42 in their 24-hour observational study of hand hygiene compliance, 
found that patients’ and visitors’ compliance was the same as healthcare workers’, although 
Judah et  al.43 found that more than a quarter of commuters’ hands sampled had faecal 
matter on them. However, as few studies have involved the public, it is difficult to arrive 
at firm conclusions. We recommend that visitors and patients be encouraged and pro-
vided with opportunities to clean their hands in order to protect themselves and others. 
McGuckin44 supports this, giving practical advice in her book The Patient Survival Guide.

Key Point
● Patients should always be offered hand-cleaning facilities:

● Before eating and drinking
● After using toilet facilities
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FACTORS AFFECTING HAND HYGIENE COMPLIANCE

Numerous studies have identified factors that can affect healthcare workers’ 
intention to comply with hand hygiene.8,20,45–49 A number of others have examined 
factors which contribute to low hand hygiene compliance levels. Table 3.1 shows 
several factors that either positively or negatively influence compliance.

WHO1 provides details of all the factors which impact healthcare workers’ ability 
to incorporate compliance into their standard clinical behaviour. As there have been 
numerous studies examining these factors and/or focusing on interventions to over-
come them, we do not continue the debate here; instead, we recommend WHO’s vari-
ous publications for further reading. Needless to say, we can conclude that, accounting 
for these factors, it remains difficult to determine why healthcare workers choose to 
comply with hand hygiene or not. As previously mentioned, behavioural studies con-
tinue to be of importance.

RECOMMENDATIONS FOR EFFECTIVE HAND HYGIENE

There are a number of steps involved in ensuring effective hand hygiene in rou-
tine, everyday practice. In Exhibit 3.1 a step-by-step process for how this lifesaving 
action should be effectively embedded is described, with reference to a hand-cleaning 
technique which makes sure all areas of the hands are covered.1 Despite scanty evi-
dence, this is a useful step in ensuring that transient micro-organisms picked up during 
daily activities are removed from vital ‘touch’ areas. More important, outlined in this 
section is when hand hygiene should be performed (Figure 3.1), especially given what 

Table 3.1 Factors Affecting Compliance
Positive impact Negative impact

Female Male
Nurse Physician
Automated sink Patient <65 years
Alcohol handrub Interruptions
Location Lack of knowledge of hand hygiene impact
Isolation room Gloves
Hemodialysis unit Understaffing
ICU Short duration of patient contact
Administrative support
Aware of observation
Senior role model

Source: Reproduced with kind permission from Gluck et al.,3 who used data from Harrington et al.50 to compile 
the table.
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we know about the vulnerability of patients being cared for, the times when they are 
most at risk and the fact that healthcare workers still do not perform this action at the 
right, recommended times.

WHO1 introduced the evidence-based concept of ‘My Five Moments for Hand 
Hygiene’ based on work by Sax et  al.51 The Five Moments include hand hygiene 
before touching the patient, before performing aseptic and clean procedures, after 
being at risk from bodily fluid exposure, after touching a patient and after contact with 
patient surroundings. This approach is used in many healthcare settings worldwide. In 
other settings, including outpatient and long-term care facilities, there is often a need 
to adapt the emphasis on the most critical moments, but hand hygiene is equally 
important wherever care is being delivered.52

The critical point is to embed these Moments into routine workflow practices, not 
to have them perceived as ‘add-ons’ which make staff feel additionally pressured and 
can be a factor in non-compliance. Much work is still needed to address this, while 
recent publications by Health Protection Scotland have attempted to show where 

EXHIBIT 3.1 Effective Hand Hygiene Steps during Routine  
Contact with and between Patients

Important factors in reliable, proper hand hygiene
● Ensure that all resources are available (i.e., alcohol-based handrub dispensers and/or soap 

and paper towels) by handwashing basins that are kept free from extraneous items (e.g., 
medicine cups, utensils)

● Ensure that hands can be adequately cleaned (i.e., keep clothing out of the way and 
remove all jewelry including stoned rings and wristwatches)

● Ensure that nails are short (artificial nails must not be worn)

Routine contact with patients and the right times for hand hygiene
● A nurse walks toward a patient’s bed space to answer the call bell.
● As she enters the ‘patient zone’, the area around the patient bed where items are temporar-

ily but exclusively dedicated to that patient, she pumps alcohol-based handrub from the 
dispenser at the end of the bed, performing a six-step hand cleaning technique.

● The nurse then approaches the patient and touches her arm, asking whether she is okay 
(performed Moment 1 action before touching a patient).

● The patient in the next bed calls the nurse over, asking her to fix her oxygen mask.
● The nurse finishes with the first patient and walks toward the next patient, pumping the 

alcohol-based handrub dispenser at the end of the bed as she passes it.
● The nurse fixes the mask and gets the patient’s hair out of her face.
● The nurse then leaves the bed space and again pumps alcohol-based handrub from the dis-

penser, performing the six-step cleaning technique as she leaves (performed Moment 4).
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the Moments apply in practice when providing evidence for care bundles that aim to 
address common interventions that can lead to HCAI.53

It is critical that every healthcare worker consider the appropriate application 
of the Five Moments in any patient care activity, recognizing the critical times when 
hand hygiene should happen within a sequence of events while also ensuring that it 
is not undertaken unnecessarily. The steps shown in Exhibit 3.1 simply explains how 
hand hygiene fits into patient care activities—simple, easy and quickly undertaken but a 

AFTER
PATIENT
CONTACT

AFTER CONTACT
WITH PATIENT
SURROUNDINGS

BEFORE ASEPTICTASK

AFTER BODY FLU
ID

EXPOSURE RISK

BEFORE
PATIENT
CONTACT

BEFORE PATIENT
CONTACT

BEFORE AN ASEPTIC
TASK

AFTER BODY FLUID
EXPOSURE RISK

AFTER PATIENT
CONTACT

AFTER CONTACT
WITH PATIENT
SURROUNDINGS

WHEN?  Clean your hands before touching a patient when approaching him or her

WHY?

WHEN?

WHY?

WHEN?

WHY?

WHEN?

WHY?

WHEN?

WHY?

To protect the patient against harmful germs carried on your hands

Clean your hands immediately before any aseptic task

To protect the patient against harmful germs, including the patient’s own germs,
entering his or her body

Clean your hands immediately after an exposure risk to body fluids
(and after glove removal)
To protect your self and the health-care environment from harmful patient germs

Clean your hands after touching a patient and his or her immediate surroundings
when leaving

To protect yourself and the health-care environment from harmful patient germs

Clean your hands after touching any object or furniture in the patient’s immediate
surroundings, when leaving-even without touching the patient

To protect yourself and the health-care environment from harmful patient germs

1

2

3

4

5

1

2

4

5

3

Figure 3.1 Five Moments for Hand Hygiene. Source: Reproduced with kind permission from the WHO 
Guidelines on Hand Hygiene in Health Care,1 © World Health Organization.
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lifesaving action that is so often neglected because the consequences of not doing it are 
never immediately seen.

To re-emphasise, the times when hand hygiene is required are crucially important, 
yet the problem of poor compliance remains. Hands should be cleaned at a range of 
times for general hygiene purposes. In recent years cleaning has obviously been per-
formed at hospital entrances, and the like, as part of an attempt to role-model behav-
iour; however, the Five Moments highlight the most fundamental times during care 
delivery and daily routines that will ensure patient safety.

It should also be noted that this approach and the earlier example acknowledge 
that two opportunities for hand hygiene can often be met at one time. For exam-
ple, when going from one patient to another, hand hygiene need not be performed 
after patient contact if it is being performed after the last patient contact and no other 
touch contact has occurred between times. Thus, this whole approach aims to make it 
as easy as possible for healthcare workers to comply with patient safety necessities.

The WHO Hand Hygiene Technical Reference Manual32 clearly describes a num-
ber of scenarios, as do their slide sets and many other training programmes available. 
These resources help infection prevention professionals, trainers and all staff to properly 
understand implementation of the recommended approach.

Alcohol-based handrub offers a convenient alternative to plain liquid soap and 
water in daily practice when hands are visibly clean, but as the accompanying key 
points remind us, the product is not as reliable against spore-forming organisms (e.g., 
Clostridium difficile) and viral causes of gastroenteritis (e.g., norovirus). This means 
that for those exact situations handwashing should occur, but it does not mean that 
alcohol-based products have to be completely removed—a common misconcep-
tion. For example, in a ward where there is a norovirus patient but not every activity 
involves contact with faecal matter (a Moment 3 exposure), it is often more difficult to 
perform hand hygiene for the other Moments.

Antiseptic soap is not required routinely for hand hygiene, but may be used as an 
alternative to alcohol-based handrub for procedures that require a reduction in the 
‘resident’ flora found permanently on skin—for example, prior to a surgical or aseptic 

Key Points
● Alcohol-based handrub is recommended as the product of choice for a number of reasons, as fea-

tured in the WHO Guidelines1

● Alcohol-based handrub is not reliable against spore-forming organisms (e.g., Clostridium difficile) and 
viral causes of gastroenteritis (e.g., norovirus—winter vomiting bug); rather, handwashing with soap 
and water is recommended.
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procedure. Surgical situations are specifically directed by local infection prevention and 
control specialists, as are outbreaks, adapting guidance appropriately to suit local needs. 
Every recommendation for effective hand hygiene should aim to ensure patient safety. 
This will remain a constant goal in healthcare for the foreseeable future.

CONCLUSION

Hand hygiene is considered the most effective way to prevent HCAI and save lives. 
As part of Standard Precautions it helps protect both patients and healthcare workers from 
exposure to infection, but it must be implemented reliably and consistently by all. Poor 
compliance with hand hygiene is a considerable problem in healthcare environments. 
Whereas measurement of compliance rates alone is ineffective in improving hand hygiene 
practice, there are now many resources available to support the development of a multi-
modal improvement strategy tailored to the needs of individual healthcare organisations.
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INTRODUCTION

Decontamination is an essential part of any infection prevention and control 
programme and has been documented to reduce the risk of healthcare-associated 
infection (HCAI).1 Although it remains controversial as to the extent that the environ-
ment contributes to HCAI,2,3 it is evident that every patient has the right to clean, safe 
care in an environment where clinicians deal daily with micro-organisms, blood, body 
fluids, dust and other ‘soil’.4‒6

Because both opportunistic and strict pathogenic micro-organisms can contaminate, 
persist and be disseminated in a viable state for weeks and months in a healthcare envi-
ronment,7‒9 it is vital that equipment and the environment in which it is used are clean 
and fit for purpose, thus reducing patients’ risk of infection. Decontamination in a hos-
pital environment is particularly important to prevent the contamination and spread of 
high-risk problematic bacteria, including as examples Acientobacter baumannii, meticillin-
resistant Staphylococcus aureus (MRSA) and Clostridium difficile.10‒12

Whilst the procedural details of many associated decontamination practices, such 
as hand hygiene, clearing of spills and environmental cleanliness, are detailed in other 
chapters, the general principles of decontamination are examined here to highlight the 
aforementioned procedures and explicate the principles underpinning them.

It is very important that individuals undertaking decontamination be appro-
priately trained. The Department of Health has published and made available guid-
ance documents to aid in this training. These include, among others, Choice Framework 
for Local Policy and Procedures 01-01: Management and Decontamination of Surgical 
Instruments (Medical Devices) Used in Acute Care (CFPP 01-01)13 and Choice Framework 
for Local Policy and Procedures 01-06: Decontamination of Flexible Endoscopes—Operational 
Management (CFPP 01-06).14

This chapter is concerned with the fundamental principles of decontamination 
and focusses mainly on the decontamination of medical devices; however, it makes 
some reference to environmental cleaning and decontamination. The range of prac-
tices which fall under the general term of ‘decontamination’, and areas and tasks where 
decontamination may take place, are described. Overall, the chapter covers (1) the 
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terms associated with decontamination, (2) a risk matrix to assist in choosing appro-
priate processes, and (3) principles underpinning decontamination of reusable medical 
devices, skin and the environment.

USEFUL DEFINITIONS

For the purpose of this chapter and the book as a whole, decontamination can be 
used generically for the process, or series of processes, which renders an object free 
of contaminants and safe for use.15 The time spent on cleaning a hospital, however, 
does not necessarily correlate to the level of cleanliness.16 The level of decontamina-
tion required depends on the item and the risk posed by its use. Any item which is 
decontaminated undergoes a combination of cleaning, disinfection and/or sterilisation 
according to the level of risk identified and regularly evaluated.17

Cleaning is defined as the physical removal of organic matter, which may include 
dirt, dust or body fluids. In the removal of this organic matter a large number of 
micro-organisms are also removed, but cleaning should be considered more than rou-
tine.18 It is a pre-requisite to any further processing and can be used in isolation for 
items which are considered to be low risk (Table 4.1). Cleaning can be manual or 
automated, using reusable equipment or single-use wipes depending on local policy.

Disinfection is the next level of decontamination and kills micro-organisms through a 
number of either heat or chemical processes. However, it does not necessarily kill bacterial 
spores.19,20 Items which are suitable for disinfection are those considered to be of medium 
risk (see Table 4.1) or those which may be low risk but contaminated with an organism of 
concern (e.g., a blood spill on a vinyl floor and/or on hospital textiles).21 Heat or chemi-
cals can achieve disinfection, but heat is generally more reliable and therefore preferable.22

Table 4.1 Spaulding Classification of Risk and Method of Decontamination
Risk Definition Process of choice

Low Items which come into contact 
with intact skin

Cleaning
Disinfection may be indicated if there is 
concern regarding particular pathogens.

Medium Items which come into contact 
with broken skin or intact  
mucous membranes

Disinfection
Sterilisation may be considered where there is 
concern regarding certain pathogens; the item 
may not need to be sterile at point of use.

High Items which come into contact 
with broken mucous membranes 
or enter sterile body cavities

Sterilisation
Some items which are not heat-tolerant may 
undergo high-level chemical disinfection for 
extended periods of time according to the 
assessment of risk.
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Sterilisation is the highest level of decontamination, rendering an item free from all 
microbial contamination including spores. It is used for high-risk items (see Table 4.1), 
which in the main are reusable invasive medical devices such as surgical instruments. 
However, it is very important to report that sterilisation does not inactivate prion pro-
teins, the causative agents of transmissible spongiform encephalopathies such as CJD.23

CHOOSING THE APPROPRIATE PROCESS

The factors which influence the method of decontamination include the risk 
of infection from the contaminant, the risk from the use of the item and whether the 
item needs to be sterile or only clean at the point of use. A risk matrix commonly used 
to identify the level of risk posed and choose the appropriate decontamination method 
is the adapted Spaulding Classification of Risk.24 However, in some circumstances it 
has been suggested that for the cleaning of theatre equipment the Spaulding classifica-
tion should be extended.25

Key Point
● Additional factors which need to be considered in the choice of a decontamination method include 

tolerance to heat/chemicals/moisture, availability of processing methods and risks to staff handling 
the items or the chemical agents. For example, some medical equipment (e.g., fibre-optic endo-
scopes) are not tolerant of heat so cannot withstand sterilisation or autoclaving, while certain items 
are less compatible with some chemicals, some plastics and alcohol. The manufacturer’s decontami-
nation instructions must be followed at all times.

Both fresh water and seawater have the capacity to remove chemical agents not 
only through mechanical force but also via slow hydrolysis. The effect of water and 
water/soap solutions is the physical removal or dilution of agents. A very good chemi-
cal decontamination reaction is oxidative chlorination, which includes agents such as 
hypochlorite.

Generally cleaning is carried out using detergent and water. Detergents break down 
grease molecules, allowing debris to be removed from surfaces. Cleaning generally 
should be carried out using water at no more than 30ºC to prevent proteins from 
adhering and fixing in place, and items should be rinsed to remove traces of deter-
gent. Any item which is cleaned should also be dried to reduce the risk of recon-
tamination from various pathogens that flourish in moist environments. In many areas 
of healthcare, cleaning is a manual activity, although there are more and more auto-
mated cleaning systems available, in particular floor cleaners and automated endoscope 
washer-disinfectors (EWD) for endoscopes and control of biofilm.26
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Flexible endoscopes with channels must be cleaned and disinfected in an 
EWD following manual pre-cleaning, as highlighted in the recent Department of 
Health (England) publication, Choice Framework for Local Policy and Procedures 01-06: 
Decontamination of Flexible Endoscopes—Operational Management (CFPP 01-61, p. 4). 
Automated washer-disinfectors must also be used to clean reusable invasive medical 
devices such as surgical instruments.13

Principles Underpinning Manual Cleaning
When manual cleaning is undertaken, it is important to follow the manufacturer’s decon-
tamination instructions. The following example procedure highlights a standard protocol 
that is often employed for manual cleaning to help the healthcare professional.
1. Wash hands.
2. Prepare necessary cleaning equipment or use single-use detergent wipes if appropriate.
3. Put on gloves and apron.
4. Move from areas of least contamination to areas of greater contamination.
5. If using reusable cloths, rinse cloth regularly during use—single-use wipes should 

be changed as necessary.
6. Cleaning water should be changed if it becomes visibly dirty, and thrown away as 

soon as cleaning is completed; depending on the item(s) being cleaned, it may be 
necessary to change the water after each item.

7. Reusable equipment must be cleaned and dried or allowed to dry and stored dry.
8. Disposable cloths must be thrown away after use.
9. Hand hygiene must always be performed after gloves and apron are removed 

post-cleaning.

Key Points
● It is essential that any equipment used for cleaning be maintained in a clean and dry condition 

between uses, and that single-use items, such as cloths, be used when appropriate.
● Single-use detergent wipes provide a quick and easy solution and are increasingly available, though 

care must be taken to ensure compatibility with the item to be cleaned.27

● Some items (e.g., endoscopes and surgical instruments) require automated cleaning in addition to 
any required manual cleaning to ensure that as much physical soiling as possible is removed.

Key Point
● There are a number of proprietary disposable detergent cloths which can be used for cleaning. 

Reference should be made to the manufacturer’s decontamination instructions and local policies 
regarding their use, or discussions should be held with the infection prevention and control team.
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Principles Underpinning Automated Cleaning
In general all automated cleaning systems should have specialist instructions for use. In 
addition, reference should be made to local policy and procedure and instruction given 
by an individual competent and trained in the use of automated cleaning systems.

In the use of automated cleaning systems, the general principles—including the use 
of personal protective equipment (PPE) and appropriate decontamination of cleaning 
equipment—should always apply. Additionally all equipment for automated clean-
ing must be used in accordance with the manufacturer’s instructions. This includes the 
choice of detergent, rinse aids and, where necessary, water softeners. The equipment 
must be maintained as part of a planned preventative maintenance programme to ensure 
that it is functioning properly. This includes periodic testing using proprietary soil kits.

A number of national guidance documents exist on the use of automated systems 
for the decontamination of medical devices (e.g., Choice Framework for Local Policy and 
Procedures 01-01: Management and Decontamination of Surgical Instruments (Medical Devices) 
Used in Acute Care (CFPP 01-01)13 and Choice Framework for Local Policy and Procedures 
01-06: Decontamination of Flexible Endoscopes—Operational Management (CFPP 01-06).14 
The reader may find these useful.

Principles Underpinning Disinfection
There are a number of different types of disinfectants, either using heat or chemicals; 
the choice depends on the item to be disinfected and the nature of the disinfecting 
agent.1,28 Some specialist equipment requires processing with certain chemical disin-
fectants, particularly endoscopic equipment and other medical devices.29 In such cir-
cumstances it is imperative that the user refer to local policy and procedure.

It is important that when using chemical disinfectants a control of substances haz-
ardous to health (COSHH) assessment be carried out and guidance made available 
on its use. For chemical spillages, appropriate kits are required in the event of an acci-
dental spill. Risk analysis and checks should always be made and the licence should be 
checked to ensure that any product is suitable for its intended use.

All items being disinfected must be pre-cleaned to remove soiling. Where heat 
disinfection is used, such as a bedpan washer30 or automated endoscope washer-dis-
infector, the disinfection unit must be maintained according to the manufacturer’s 
instructions. Periodic tests should be conducted to ensure that the temperatures are 
within the required limits for thermal disinfection (e.g., 70‒95ºC, according to CFPP 
01-01: Part D, p. 2). All equipment should be maintained following guidelines set out 
in relevant national guidance documents—for instance, CFPP 01-01 and CFPP 01-06.

When using chemical disinfectants, it is always important for the user to wear PPE; 
in certain circumstances facial protection should be employed. In particular, some 
chemical disinfectants require special controls and should be used in a well-ventilated 
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area. In addition all items’ surfaces must be in contact with the chemical disinfectant 
for the time recommended by the manufacturer to ensure that the contact time is suf-
ficient to kill any micro-organisms present.

Furthermore it is important to ensure that where chemicals are diluted this is done 
to the correct strength recommended by the manufacturer and using the appropri-
ate diluents. Some manufacturers produce test strips to confirm the correct dilution. 
Therefore it is important that the user ensure that solutions are changed in accordance 
with the manufacturer’s instructions.

Following the period of disinfection, it is important to rinse the item well to 
remove all chemical residues and then dry it. Some items may require rinsing with 
sterile water, and manufacturer’s instructions or local policy should be followed. In 
general, items that are required to be sterile at the point of use should be rinsed in 
sterile water. Equipment used for disinfecting should be cleaned, rinsed and stored dry. 
Chemical disinfectants should be used only if recommended by the manufacturer and 
in conjunction with advice from the infection prevention and control team.

Major advances are being made in hospital cleaning and disinfection as reported by 
Carling and Huang.28

Principles Underpinning Sterilisation
Sterilisation is usually a process reserved for reusable invasive, high-risk medical devices, 
including surgical instruments.31,1 It is best achieved using steam under pressure in an auto-
clave—in the United Kingdom typically generating temperatures of 134 to 137ºC for at 
least 3 minutes at a pressure of 2.2 bar. In some countries a temperature of 121ºC is used 
with a longer hold time at that temperature. Other methods of sterilisation are available 
for equipment which requires sterilisation but is heat labile, such as ethylene oxide and gas 
plasma sterilisation. However, these processes require very specialised equipment, are usually 
expensive and are only carried out following the advice of a specialist.

Sterilisation requires careful monitoring to ensure that the correct parameters have 
been achieved to destroy all micro-organisms. These are set out in national guidance 
(e.g., CFPP 01-01) documents. However, it is important that only staff specifically 
trained in sterilisation carry out this function. Wherever possible, a designated sterile 
supplies department (SSD), which is in compliance with the European Union Medical 
Devices Directive 93/42/EEC (updated as Directive 2007/47/EC), should be used.

Key Point
● There are a number of proprietary disposable disinfectant wipes which can be used for both envi-

ronmental and device disinfection for low-risk items. Their use should be discussed with the infection 
prevention and control team.
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For reusable invasive medical devices it is essential that there be an audit trail which 
connects instrument trays to individual patients and to the effective decontamination pro-
cesses. Instruments that are considered high risk in terms of variant Creutzfeldt-Jakob dis-
ease (vCJD) have to be kept separate from other procedural trays.32,33 This is a specialist area, 
so additional advice is often sought and followed. Guidance documents are provided by The 
Advisory Committee on Dangerous Pathogens, Transmissible Spongiform Encephalopathy 
Risk Management Subgroup (ACDP TSE), which the reader may find very useful.

Instruments for sterilisation must be pre-cleaned, usually in an automated washer-
disinfector, before sterilisation. This is because automated washer-disinfectors achieve high 
temperatures as part of their processes and therefore achieve both cleaning and disinfection.

At all times, it is important for the healthcare professional to follow local instruc-
tions and standard operating procedures. Also, handwashing is very important in the 
prevention of intravenous bacterial injection from healthcare providers’ hands.34

DECONTAMINATION OF MEDICAL DEVICES

For the decontamination of a medical device, it is essential that the entire life 
cycle of the device be considered, taking into account procedures from its acquisition 
through use to disposal at the end of its useful life.35 This life-cycle procedure is par-
ticularly important when considering decontamination.*

An assessment should be performed which includes processes for cleaning and 
disinfection and, where appropriate, sterilisation. An example of a pre-purchase ques-
tionnaire can be found on the Institute of Decontamination Sciences’ website at www.
idsc-uk.co.uk/news.php (MDA/2013/019).36

Many items require servicing or repair on a regular basis. It is essential that prior 
to devices’ being sent for examination, service or repair, a suitable process for decon-
tamination be carried out to make an item safe for others to handle. For many devices 
this may be as simple as cleaning the outside. A certificate of decontamination should 
accompany the device to indicate the process that it has been subjected to and to pro-
vide assurance for maintenance/repair staff working on it.

* See Decontamination: Health Technical Memorandum—01-01, Decontamination of reusable medical devices, 
Figure 2, p. 8 (2007).

Key Points
● It is essential that prior to purchasing any medical device an evaluation be undertaken to ensure that 

the process for decontamination recommended by the manufacturer can be carried out.
● Many organisations utilise a pre-purchase questionnaire which has to be completed and approved 

by the infection prevention and control team and the local decontamination advisor to ensure this 
has been done correctly.

http://www.idsc-uk.co.uk/news.php
http://www.idsc-uk.co.uk/news.php
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Single-Use and Reusable Equipment
In recent years there has been a shift toward increased use of single-use dispos-
able equipment: both medical devices and instruments as well as cloths and wipes for 
decontamination processes. Paper maceratable bedpans and urinals have become popu-
lar in healthcare facilities in recent years, yet recently there has been a move back to 
washer-disinfectors and reusable bedpans, as some feel this is more economically ben-
eficial. However, in considering which type is appropriate a full risk and economic 
assessment should be carried out, including reprocessing costs versus disposal costs in 
conjunction with a specialist’s infection prevention advice.

Also, all instruments and devices must be confirmed to be of good clinical quality, 
as examples of poor-quality single-use instruments have been identified which may 
impact the success of a procedure—for example, forceps that do not fit together well.

If single-use products are adopted, they must be used once only and then disposed 
of. If a single-use device is reprocessed, then full liability for the functioning of that 
instrument and the associated infection risks are taken on by the user. Devices which 
are classed as single use are marked with the following symbol (meaning ‘Do not use 
twice’).

DECONTAMINATION OF THE ENVIRONMENT

A clean environment generally promotes confidence in the care that is delivered. 
Patient surveys in England have repeatedly shown that the provision of ‘clean, safe care’ 
is a priority for patients.37,38

While designated, trained staff usually undertake many cleaning tasks, there are fre-
quently items in the environment which healthcare workers are responsible for clean-
ing.39 It is essential that all staff are clear on who is responsible for cleaning which 
items and that no items or areas of the environment are overlooked so that no one is 
responsible for cleaning them.40,41

Key Point
● Some devices, including nebulisers, are considered to be for single-patient use. This means that they 

can be used more than once on the same patient but not reused for different individuals. In these 
circumstances, the device must be decontaminated and stored between uses, in line with the manu-
facturer’s recommendations.
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Healthcare workers in England must ensure that they are happy with the stan-
dard of cleaning in their area, and know how to report concerns if not. In hospitals, 
nurses in general and ward sisters in particular (and matrons where this role exists) 
are seen as the guardians of cleanliness standards in wards or departments. They must 
routinely check that environmental cleaning standards meet the needs and expectations 
of patients and service users.

Cleaning standards are set out in national guidelines, which often include clean-
ing methods, frequencies and a recommendation for colour coding to reduce the risks 
of cross-infection in ward areas (e.g., the National Patient Safety Agency guidance 
documents40,42,43).

Innovative technologies have been implemented for environmental cleaning in 
recent years, including micro-fibre cleaning products, steam cleaning, chemical agents 
(e.g., detergent-chlorine) and products which fog the area using hydrogen peroxide 
vapour to achieve proper disinfection. Evidence of the importance of the environment 
as a source of patient infection is re-emerging, and it is predicted that technological 
innovation will continue in response. Local policy should be followed, and new tech-
nology should be introduced in a planned manner to ensure that all relevant staff are 
trained in new processes and techniques.

One area of concern is water quality and risk of cross-contamination.44 In addition, 
as part of any decomtamnation procedure, it is very important for health implications 
that control procedures be effective against spores45 and biofilms.46

DECONTAMINATION OF BLOOD SPILLAGE

In reference to the decontamination of blood spillage, it is important that local 
policies be followed. There are a number of key principles involved, including the 
following:
● Standard Precautions must be adopted at all times—personal protective equipment 

must be worn and hands must be decontaminated after the procedure.
● Designated colour-coded equipment must be used.
● Warning signs should be used to make the area safe.

Key Point
● It is essential to ensure that everyone is aware of their cleaning responsibilities and that there are 

no items which no one is responsible for cleaning. For instance, it is generally accepted, in relation 
to bed cleaning, that nurses clean mattresses and the upper bedframe while domestics clean the 
lower bed parts. However, if workers do not discuss this together as a team, parts may be missed and 
equipment will be dirty.
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● For blood:
● Decontaminate the area using 10,000 ppm chlorine solution and rinse and dry
 OR
● Use a powdered chlorine product to soak up the spill and mop the area using 

detergent and water and then dry.
 OR
● Place paper towels over the spill and flood the area with a 10,000 ppm chlorine 

solution, mop up the towels and put them in clinical waste disposal, mop the 
area with detergent and water and then dry.

CONCLUSION

Decontamination is an essential part of any infection prevention and control 
programme.15 As discussed throughout this chapter, it is very important that appropri-
ate protocols be employed for the decontamination of areas at high risk of microbial 
contamination in the hospital environment. In particular, in reducing the incidence 
and prevalence of HCAI the correct decontamination of medical devices is fundamen-
tal. Of growing relevance to hospital cleanliness and effectiveness are the evidence of 
biofilms. Biofilms should always be considered significant as they have a role to play in 
influencing the effectiveness of decontamination procedures in hospitals.46 The reasons 
for this are discussed in further detail in Part 2 of this book.
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INTRODUCTION

The Code of Practice,1 which forms part of the Health and Social Care Act of 2008,2 
is unequivocal in its message that good infection prevention and control are essential in 
order for healthcare and social care service users to receive safe and effective treatment. 
Thus, all healthcare workers have a responsibility to become actively involved in pre-
venting and reducing healthcare-associated infections (HCAI). Numerous guidelines, 
procedures and policy documents have been issued in an attempt to promote safe and 
effective infection prevention and control practice, and patients and their families rely 
on healthcare workers to consistently implement best practice in order to provide a 
safe environment for them.

This chapter provides information concerning three micro-organisms that are 
of ongoing concern to healthcare providers. By concentrating on just three, we do 
not wish to negate the sometimes devastating effect of other micro-organisms nor 
do we wish to trivialise other less-known (in the United Kingdom) ones such as 
Carbapenemase-resistant Enterobacteriaceae. Instead, the intention is to provide up-to-
date information that will benefit both clinical practice and patient care.

CLOSTRIDIUM DIFFICILE

The Operating Framework for the National Health Service (NHS) in England 
2012‒20133 identifies national priorities for delivering improved quality and cost-
efficient care, with one priority being the reduction of Clostridium difficile (C. difficile) 
cases. Significant activity has resulted in progress whereby the number of cases has 
been reduced, but new ambitions have been set. The NHS is being asked to continue 
year-on-year reductions in C. difficile infections, and if the target of a 17% reduction is 
achieved by the end of 2013, it will reduce these infections from 19,754 to 16,100.4

Clostridium difficile is a Gram-positive anaerobic bacterial infection which pro-
duces toxins A and B.5 Toxin A is a cytotoxin and a potent enterotoxin which causes 
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fluid secretion, mucosal damage and intestinal inflammation, while toxin B is a potent 
cytotoxin which causes its characteristic explosive diarrhoea by stimulating muscle 
contractions.6

C. difficile is the most common cause of hospital-acquired infectious diarrhoea.7 
Patients excrete large numbers of organisms which rapidly form spores to survive. 
These spores, which are extremely resilient, contaminate the patient’s environment and 
can persist for many months, thus providing a source of infection for future patients. 
Up to 25% of patients suffer a relapse of diarrhoea following successful treatment.

Rates of colonisation increase significantly at the age of 65 and older,6 but it is 
possible for younger patients to suffer with C. difficile infection.8 The most important 
pre-disposing factor for susceptibility to C. difficile infection, however, is the use of a 
broad-spectrum antibiotic.9 The gastrointestinal flora, which inhibits growth of the 
organism, is altered by antibiotic use, enabling C. difficile to grow and multiply, producing 
excess toxins.10 It is this alteration that causes harm, although the specific mechanism is 
still not fully understood.6 The result is inflammation, fluid and mucous secretion and 
damage, which leads to diarrhoea, colitis, pseudomembranous colitis and occasionally 
death.11 These symptoms are known as C. difficile-associated disease (CDAD) or C. dif-
ficile infection (CDI). This should be considered as a diagnosis in its own right.

The Health Protection Agency12 has identified the following additional factors pre-
disposing patients to C. difficile:
● Proton pump inhibitors
● Severe underlying disease
● Length of stay in hospital/nursing home
● Nasogastric intubation
● Older patients
● Non-surgical gastrointestinal procedures
● Long antibiotic course
● Administration of multiple antibiotics or multiple courses

A report compiled by the Healthcare Commission13 investigating outbreaks of C. 
difficile at Maidstone and Tunbridge Wells NHS Trust, UK, found evidence of avoidable 
deaths. The report concluded the following:
● Inadequate care was received by 80% of patients.
● Medical care was poor in a third of the cases.
● There was a lack of specialist care.
● There was a delay in stopping antibiotics and/or treatment with inappropriate 

antibiotics.
The following list contains more details about the preceding from the Healthcare 
Commission report:

Inadequate care: There was a complete lack of nutritional assessment, use of fluid 
and stool charts, and inaccurate assessments using the Bristol Stool Chart.
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Medical care: Medics did not regularly review the patient’s C. difficile status, and at 
times there was no mention in the case notes that patients had this diagnosis.
Specialist care: In a fifth of cases specialists were not involved and so, although 
microbiologists were involved in a third of the cases, infection prevention and con-
trol nurses were only involved in 8% of cases; the intensive care unit outreach team 
was involved in only 12% of cases.
Antibiotic use: There was a delay in antibiotic treatment of up to two weeks, 
mainly due to lack of communication about positive test results or failure to repeat 
negative test results even in the presence of diarrhoea. Additionally, patients con-
tinued to receive broad-spectrum antibiotics when simple antibiotics less prone to 
causing C. difficile would have sufficed. Excessive antibiotics were used for simple 
infections and, in some patients, even in the absence of significant infections. They 
were often used for excessive periods of time, and broad-spectrum antibiotics were 
sometimes not discontinued even when C. difficile had been diagnosed.

The report’s findings,13 along with those of reports from other hospitals with C. difficile 
outbreaks, formed the basis for current recommendations for care of patients suspected 
of CDI.

Diagnosis and Treatment
To help promote early identification, the Department of Health and the Health 
Protection Agency8 recommend the use of the acronym SIGHT, as follows:
● Suspect that a patient may be infective where there is no clear alternative for the 

cause of diarrhoea.
● Isolate the patient and consult with the infection prevention and control team 

while determining the cause of the diarrhoea.
● Gloves and aprons must be used for all contact with patients and their environment.
● Handwashing with soap and water should be carried out before and after each 

patient and environment contact.
● Test the stool for toxin by immediately sending a specimen.

In 2009, concerns were raised regarding the accuracy and effectiveness of testing 
kits used for diagnosing C. difficile.4 Consequently, new guidance4 aims to promote 
more effective and consistent diagnosis, testing and treatment of CDI. Diagnosis is by 
a stool specimen from one episode of diarrhoea, which ranges from mild, self-limiting 
to severe and frequent episodes of watery, green, foul-smelling stools every day.14 Once 
diarrhoea is suspected, the Bristol Stool Chart is used as part of the diagnostic process. 
Heaton15 developed the chart, which is depicted in Figure 5.1, to visually assess the 
likelihood of infection; the figure shows the seven types of stools.

Specimens that are not types 5 through 7 should not be processed, and the stool has 
to be liquid enough to take the shape of the container. It is also important to note that 
many patients may be embarrassed by diarrhoea and may try to hide this from clinical 
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workers. It is vital that the staff clearly explain the importance of patients reporting 
episodes of diarrhoea and the potential adverse consequences of not doing so.

The stool specimen should be sent promptly to the microbiology laboratory; it should 
be placed in a refrigerator if there is to be a delay, but must be received by the laboratory 
within 24 hours. If the result is a positive toxin, the diarrhoea may be due to CDI and the 
patient is then a cross-infection risk. Enteric precautions (described in Chapter 2) must 
be implemented. If the result is a positive polymerase chain reaction (PCR), the diarrhoea 
may not be due to CDI, but the patient is carrying C. difficile and may make the toxin. 
Therefore the patient is a cross-infection risk and enteric precautions must be imple-
mented. If the first stool sample is negative and the patient still has diarrhoea, another 
sample should be sent for examination before the patient is classified as CDI-negative.

Interventions
All C. difficile interventions should follow local policies and be patient-focussed in 
order to provide safe patient care. The following interventions are required:6,16

● Strict adherence to local antibiotic policy, with all antibiotics that are not required 
stopped. Broad-spectrum antibiotics, as well as any other medication that might 
cause diarrhoea, are to be avoided.

Type 1 Separate hard lumps that look
nuts (hard to pass)

Type 2 Shaped like sausage but lumpy

Type 3 Sausage-like but with cracks on
surface

Type 4 Looks like a sausage or snake
and is smooth and soft

Type 5 Soft blobs clearly with edges
(passed easily)

Type 6 Fluffy pieces that have ragged
edges (i.e., mushy stool)

Type 7 Watery  and has no solid pieces
(i.e., entirely liquid)

Figure 5.1 Bristol Stool Chart. Source: Adapted from image in Heaton.15
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● Consultation with a medical microbiologist and a C. difficile/diarrhoea Gastroen-
terology Nurse Specialist.

● Implementation of enteric precautions. Isolation, unless patient safety is compro-
mised, or cohorting. The infection prevention and control team should be consulted.

● Staff adherence to local hand hygiene policy.
● Implementation of a bare-below-elbow policy and handwashing with soap and 

water. Alcohol-based handrub alone is not effective against C. difficile.
● Effective communication with patient, relatives and visitors.
● Effective communication with other healthcare workers.
● Management of other symptoms such as malnutrition.
● Maintenance of hydration. Some organisations prescribe oral rehydration therapies 

routinely for patients with C. difficile to prevent dehydration.
● Assessment of the patient’s skin condition and appropriate intervention to prevent 

skin damage.
● Assessment of the patient’s psychological status and appropriate intervention, if needed.
● Accurate documentation such as the Bristol Stool Chart.
● Enteric precautions to be discontinued when the patient is diarrhoea-free for 72 hours. 

However, the patient should open his or her bowels with a formed stool and/or exhibit 
back-to-normal bowel habit before enteric precautions are discontinued.

● Thorough decontamination of the room or bed space daily, and on discharge/
discontinuation of enteric precautions, with a chlorine-containing cleaning agent 
(at least 1000 ppm available chlorine). Use of hydrogen peroxide decontamination 
should also be considered.

● Decontamination of patient equipment as in the previous bullet point.
● Clean bed linen and night wear or clothing if the patient is being moved to a new 

room or bed space.

Assessment of Nutrition and Malnutrition
As the preceding indicates, all patients should have a nutritional screening and assess-
ment to identify malnutrition,17 which is very common in hospitalised patients. Better 
nutrition can play a critical role in reducing HCAIs.18 Numerous screening tools 
have been developed, with the most commonly used being the Malnutrition Universal 
Screening Tool (MUST), a national directive in England for adults only.19 However, any 
nutritional screening and assessment tool should include the following:20

● Dietary history—frequency of eating and habits, preferences, meal pattern and por-
tion sizes

● Living environment—facilities for storing and preparing food
● Socioeconomic status—resources for purchasing food and reliance on other people for 

mealtime support
● Psychosocial factors—depression, anxiety, bereavement and dietary knowledge
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● Disability—ability to purchase, prepare and eat food
● Disease—acute or chronic disease which might influence diet, appetite, energy 

expenditure or swallowing
● Gastrointestinal symptoms—anorexia, nausea, vomiting, diarrhoea and constipation
● Significant weight change—comparison of current weight with usual weight (rapid 

weight loss can indicate fluid loss and dehydration as a result of diarrhoea)
● Drug therapy—many drugs can induce gastrointestinal symptoms
● Dental health—poor dentition, denture suitability, mouth ulceration or gum disease
● Mobility and activity level—comparison of energy expenditure with energy intake
● Physical appearance—emaciation, cachexia (physical wasting with loss of weight and 

muscle wastage), obesity or loose clothing
● Blood biochemistry—plasma proteins, haemoglobin, serum vitamin and mineral levels 

and immunological competence
● Physical assessment of nutritional status—patient’s height and weight

As part of the assessment process, the patient’s weight and height should be estab-
lished; do the following to establish the patient’s height:20

● Explain the procedure and gain consent.
● Decontaminate your hands.
● Ask the patient to remove his or her shoes.
● Ask the patient to stand against a wall and measure height from the floor to the top 

of the crown of the head.
● If the patient cannot stand, lay him or her flat and measure height from the base of 

the foot to the crown of the head.
● Decontaminate your hands.
● Document the patient’s height in his or her record.
To establish the patient’s weight20 do the following:
● Explain the procedure and gain consent.
● Decontaminate your hands.
● Decontaminate the weighing scales.
● Ask the patient to remove his or her shoes and any heavy articles of clothing.
● Ensure that the scales are calibrated according to the manufacturer’s instructions.
● Ask the patient to get on the weighing scales.
● Ask the patient to keep as still as possible.
● Take the weight measurement.
● Ask the patient to get off the scales.
● Decontaminate the weighing scales.
● Decontaminate your hands.
● Document the patient’s weight in his or her record.

Once the patient’s weight and height measurements have been taken, calculate 
the patient’s body-mass index (BMI) using the following formula20 as an indicator of 
nutritional status in patients 18 years of age and older.
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  BMI weight kg height m 2= ( )/( [ ])

BMI < 20: Underweight
BMI 20–24.9: Desirable range
BMI 25–29.9: Grade I obesity (overweight)
BMI > 30: Grade II obesity (obese)
BMI > 40: Grade III obesity (morbidly obese)

After the patient’s usual weight has been ascertained, the following formula can be 
used to determine whether she or he is malnourished:
  

/% weight loss usual weight actual weight 1 usual weight= − × 00

Unintentional weight loss of 10% over a period of 6 months represents 
malnutrition
Unintentional weight loss of 20% over a period of 6 months represents  
severe malnutrition

METICILLIN-RESISTANT STAPHYLOCOCCUS AUREUS

Staphylococcus aureus is a Gram-positive bacterium that colonises the nose, skin 
and perineum. About 90% of such infections are meticillin-resistant Staphylococcus aureus 
(MRSA), which is the term used for those that have acquired resistance to meticillin.21 
The micro-organism does not usually cause harm in a healthy person, and most people 
with MRSA are colonised without suffering harm.22 If it causes infection, it can result 
in boils, pimples, skin sepsis, scalded skin syndrome, wound infection and pneumonia. 
If it enters the bloodstream (bacteraemia), it can result in osteomyelitis, liver abscesses, 
kidney and liver endocarditis, toxic shock syndrome and death.23,24

The presence of the bacteria becomes more problematic if the patient develops an 
ulcer or wound or is being treated with an invasive procedure/device. Infection occurs 
when bacteria enter the soft tissues, multiply and cause tissue damage, and/or when 
bacteria enter the bloodstream. Infections due to MRSA are associated with a greater 
risk of treatment failure, increased patient mortality and higher medical costs.25 The 
emergence of MRSA can be blamed on the overprescription of antibiotics.26

Additionally, poor compliance with hand hygiene is a major cause of the spread of 
MRSA, and although environmental hygiene is important in helping reduce HCAIs, 
its importance in relation to MRSA is often overemphasised.27 However, prevention 
and control relies on a high standard of infection prevention and control precautions at 
all times (including single-room isolation or cohorting if there are several cases), appro-
priate screening policies and good compliance with topical therapies aimed at reducing 
or removing carriage of the organism.28
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Key Points
● It is rare for healthcare workers who have no underlying disease to become infected with MRSA.
● Patients are at greater risk due to underlying illness, clinical procedures, invasive devices in situ, antibi-

otic therapy and being cared for in environments where MRSA exists.

The Current Trend
The incidence of MRSA continues to rise globally and so presents an ongoing chal-
lenge to healthcare workers.29 The NHS is aiming to reduce the number of MRSA 
infections in 2012–2013 by a further 29%, and if this target is achieved, annual num-
bers of MRSA bloodstream infections will decrease.30 The following are the vehicles 
for transmission:
● A colonised patient
● An infected patient
● A colonised healthcare worker
● An infected healthcare worker
● Contaminated equipment and/or environment
Attempts to control the spread of MRSA have focussed on these three areas:25

1. Hand hygiene
2. Restriction of antibiotics
3. Detection and isolation of infected or colonised patients

Key Point
● MRSA is an important pathogen because, although it is no more infectious than some other micro-

organisms, it is resistant to some antimicrobial medications.

In a MRSA infection, the micro-organisms cause clinical signs of infection.21 The 
signs and symptoms are not specific to MRSA and are the same as the general signs 
and symptoms expected for that type of infection.

Patients can be classified as those at high, medium or low risk of contracting 
MRSA or those for whom the result of infection may have severe consequences,25 as 
shown in Table 5.1. Additionally, patients at high risk of MRSA25 are those who are
● Known to have been infected or colonised in the past.
● Frequently admitted to healthcare facilities.
● Transferred between units in hospital or between hospitals.
● Inpatients at hospitals that have or are likely to have a high MRSA prevalence rate.
● Residents of nursing homes where there is a known or likely high prevalence of 

MRSA carriage.
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● Injecting drug users (especially PVL-producing strains).
● HIV patients.

Some types of Staphylococcus aureus produce a toxin called Panton-Valentine leuko-
cidin (PVL-SA), which destroys white blood cells and is associated with virulent and 
transmissible strains of S. aureus, including CA-MRSA.31 PVL-SA is easily spread by 
close contact and through sharing of personal items, which explains why it has become 
a major public health problem in the United States and is rapidly spreading across 
Europe.

Unlike those infected with MRSA, healthy people are equally at risk of acquiring 
a PVL-SA infection. The Health Protection Agency31 reports that rates remain ‘mod-
est’ in the United Kingdom and Europe, but warns that this toxin is highly transmis-
sible with a high attack rate and if untreated, can lead to illnesses such as severe bone 
and joint infections, endocarditis and necrotising pneumonia. It is recommended that  
community and practice nurses pay close attention to patients with recurring skin 
infections, particularly in high-risk areas (e.g., care homes), where the infection can 
easily spread.31

The PVL-SA micro-organism has no defined set of symptoms; instead, symptoms 
are general and often ambiguous and are those that are common to infections caused 
by other bacteria. The micro-organism can cause a wide range of infections and is 
highly adaptable. Superficial and minor skin lesions are the primary infections caused 
by Staphylococcus aureus, and although acquiring a serious Staphylococcus aureus infection 
is difficult, it can be devastating for the patient and his or her caregivers. The impact of 
every infection should not be underestimated.

If MRSA (or any Staphylococcus aureus) spreads from a local site into the bloodstream, 
it can lodge at various sites in the body (e.g., lungs, kidneys, bones, liver, spleen) and 

Table 5.1 Patient Risk of Contracting MRSA
High risk—any patient in Medium risk—any patient in Low risk—any patient in

Intensive care Admissions ward Psychiatric
Neonatal intensive care General surgical Long-term facilities
Burns units Urological
Transplantation Paediatric
Cardiothoracic General medical
Orthopaedic Elderly medicine
Trauma
Vascular surgery
Renal
National or international referral 

centres
Specialist areas (as determined by 

the infection prevention and 
control team)
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cause one or more deep abscesses distant from the original site. These can be painful 
and can result in the following:
● High fever
● High white blood cell count
● Signs of inflammation near the infection
● General feeling of being very unwell
● Disturbance of blood clotting with a tendency to bleed
● Rigors (shivers)
● Low blood pressure (shock)
Over a period of time, the body enters a catabolic state with breakdown of tissue, loss of 
weight and failure of essential organs. This is usually linked with an associated septicaemia.

Screening and Treatment
MRSA and PVL-SA can be detected by routine screening swabs (nose and perineum), 
but specialist reference laboratory testing is required to confirm the presence of the lat-
ter. However, a new diagnosis of MRSA and PVL-SA is often determined from a clinical 
specimen. MRSA screening is routine for emergency, elective and day case patients.

MRSA and PVL-SA can be difficult to eradicate because they persistently colonise; 
however, topical treatment can be used to eradicate skin and nasopharyngeal colonisa-
tion, depending on the individual patient. It should be remembered that some patients 
(e.g., older patients with friable skin or those with a pre-existing skin condition) are 
unlikely to be able to tolerate antiseptic skin washes.23 However, products are available 
that are less likely to cause damage to fragile skin; it is recommended that these be used 
as it is important for the patient to still receive decolonisation therapy.

The following are general guidelines for eradication:
● Bathe or shower for five days with an antiseptic body wash that contains chlorhexi-

dine octenidine.
● Wash hair with antiseptic body wash on days 1 and 4 of treatment.
● Apply mupirocin 2% nasal ointment (Bactobran) three times a day for five days; 

however, some strains are resistant to this drug and so an alternative (e.g., naseptin) 
may be prescribed.

● Apply ointment to the inside of the nostril in a ‘match head’ or ‘pea-sized’ amount.
● Administer antimicrobial therapy if the patient becomes systemically unwell, and 

seek the advice of a medical microbiologist.

Intervention
All interventions should follow local policies and be patient-focussed in order to pro-
vide safe patient care. This list contains interventions that should be implemented in 
the context of local policies:32,33
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● Wound and skin precautions should be implemented.
● Isolation is recommended, unless patient safety is compromised, or cohorting (seek 

advice from the infection prevention and control team).
● A patient with a highly resistant strain of MRSA (e.g., Mupirocin resistance) should 

be accorded the highest priority for single-room accommodation and should be 
managed with the strictest wound and skin precautions.

● Healthcare workers must strictly adhere to the local hand hygiene policy.
● Communicating effectively with patients, visitors and relatives is essential.
● Communicating effectively with other healthcare workers is essential.
● The patient’s psychological status and appropriate intervention must be assessed.
● Documentation must be accurate.
● Screening and decolonisation must be carried out per local policy.
● Wound and skin precautions should be discontinued only on the advice of the 

infection prevention and control team and only after three screens’ results are nega-
tive. Screening must be done at least 48 hours after completion of treatment and at 
weekly intervals.

● The room or bed space should be thoroughly decontaminated daily, and on discharge/ 
discontinuation of wound and skin precautions, with chlorine-containing cleaning 
agents (1000 ppm available chlorine).

Screening of Healthcare Workers
In some countries, such as Denmark and Sweden, healthcare workers are routinely 
screened for MRSA carriage. In the 1990s many trusts in the United Kingdom 
included routine screening, but review of the evidence on its effectiveness demon-
strated that it was not necessary as part of basic control measures. This remains con-
troversial, and in the United Kingdom although screening of some healthcare workers 
does occur, it is not routine. Instead, Coia et al.34 recommend a risk-based approach to 
individual cases, rather than mass healthcare worker screening; thus, perform a screen 
only when basic control measures have failed or when there is evidence of a cluster of 
cases that could be related to an individual healthcare worker.

Treatment in otherwise healthy individuals is usually very effective, and healthcare 
workers who are found to be MRSA-positive may not be excluded from work while 
receiving treatment. Those who have to be away from work (e.g., they may have infected/
colonised hand lesions) or who work in a high-risk area (e.g., a neonatal unit) may have 
their work modified during treatment. They should be assessed by their occupational health 
department in consultation with the infection prevention and control team.

A healthcare worker with a proven PVL-SA infection should not work in clinical 
areas until the acute infection has resolved (e.g., affected skin is intact) and 48 hours of 
a five-day decolonisation regimen has been completed.33 Healthcare workers should 
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not be discriminated against in terms of their current employment or future employ-
ment prospects by a diagnosis of MRSA.35

NOROVIRUS

The burden of norovirus on patients and healthcare providers is increasing,36 and 
outbreaks of this infection can cause considerable disruption to service delivery.37 Acute 
onset of vomiting and/or diarrhoea is the prominent symptom, and others include nau-
sea, abdominal cramps, headache, myalgia, chills and fever.38 However, it is estimated 
that 30% of infections may be asymptomatic.38 Noroviruses are non-enveloped viruses 
belonging to the Caliciviridae family and used to be commonly known as the winter 
vomiting bug. Table 5.2 provides clinical information about the virus.

Because norovirus is highly infectious, immediate action is required once a patient 
or patients become ill with clinical signs of the aforementioned symptoms. Isolation/
cohorting of affected patients and the instigation of enteric precautions should occur 
as soon as symptoms start. A confirmed laboratory diagnosis is not a pre-requisite; 
however, it is required for identification and surveillance. Ideally patients are accom-
modated in single rooms or can be cohorted in bays.

Declaration of an outbreak occurs when there is a trigger point for the activa-
tion of an organisational response. This may not require a rigid definition and can be 
tailored to suit the organisation and resource limitations. Isolation of a patient is not 
dependent on the declaration of an outbreak.37 Health Protection Scotland38 provides 
a very useful decision tree to help clinicians decide whether an outbreak is occurring 
and, if so, provide algorithms for helping clinicians to decide when to close the ward 
or bay and when to reopen it (see Exhibit 5.1).

Table 5.2 Clinical Information about Norovirus
Incubation period Usually 24‒48 hours39

Common clinical features Symptoms of norovirus most commonly begin around 
12–48 hours after becoming infected.

The illness is self-limiting and symptoms last for 24–60 hours.
Reservoir Human gastrointestinal tract
Transmission Principal route of transmission of enteric pathogens is via 

the faecal–oral spread40 and by vomiting probably caused 
by widespread aerosol dissemination of virus particles, 
environmental contamination and subsequent indirect 
person-to-person spread.41

The virus also can be transmitted via contaminated water and 
food.
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EXHIBIT 5.1 Outbreak Control Measures

Ward
● Close affected bay(s) to admissions and transfers.
● Keep doors to single-occupancy room(s) and bay(s) closed.
● Place signage on door(s) informing all visitors of the closed status and restricting visits to 

essential staff and essential social visitors.
● Place patients in the ward for the optimal safety of all patients.
● Prepare for re-opening by planning the earliest date for a terminal clean.

Healthcare Workers
● Ensure that all staff are aware of the norovirus situation and how norovirus is transmitted.
● Ensure that all staff are aware of the work exclusion policy and the need to go off duty at 

first symptoms.
● Allocate staff to duties in either affected or non-affected areas of the ward but not both 

unless unavoidable (e.g., therapists).

Patients and Relatives
● Provide all affected patients and visitors with information on the outbreak and the control 

measures they should adopt.
● Advise visitors of the personal risk and how they might reduce it.

Continuous Monitoring and Communications
● Maintain an up-to-date record of all patients and staff with symptoms.
● Monitor all affected patients for signs of dehydration and correct as necessary.
● Regularly brief organisational management, public health organisations and the media office.

Personal Protective Equipment
● Use gloves and aprons to prevent personal contamination with faeces or vomitus.
● Consider face protection with a mask only if there is a risk of droplets or aerosols.

Hand Hygiene
● Use liquid soap and warm water as per WHO’s My Five Moments for Hand Hygiene.
● Encourage patients to perform hand hygiene and assist them with it.

Environment
● Remove exposed foods (e.g., fruit bowls) and prohibit eating and drinking by staff in clini-

cal areas.
● Intensify cleaning, ensuring that affected areas are cleaned and disinfected; toilets used by 

affected patients must be included.
● Decontaminate frequently touched surfaces with detergent and disinfectant containing 

1000 ppm available chlorine (or its equivalent).
● Discard all waste as healthcare waste.
● Remove PPE and wash hands with liquid soap and warm water.

Equipment
● Use single-patient-use equipment wherever possible.
● Decontaminate all other equipment immediately after use.
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Linen
● While clinical area is closed, discard linen from the closed area in a water-soluble (alginate) 

bag and then a secondary bag.

Spillages
● Wearing PPE, decontaminate all faecal and vomit spillages.
● Remove spillages with paper towels and then implement outbreak control measures.
The definition of the end of an outbreak is when terminal cleaning has been successfully 
undertaken. Patients with continuing symptoms should be moved to side rooms if doing so 
expedites terminal cleaning (if their condition allows).

Clinical Care
In addition to the preceding, rehydration and avoidance of dehydration are the main pri-
orities of care. These are to be undertaken in conjunction with treatment for the patient’s 
underlying condition. Anti-emetics and anti-diarrhoeal agents are discouraged because of 
their effect on the gut, which may predispose the patient to C. difficile infection.

Discharge and Transfer of Patients
Patients can be discharged to their own home when their condition allows. For 
transfer to continuing care homes and community-based institutions, they should be  
symptom-free of any norovirus for at least 48 hours. Patients should not be transferred 
between affected areas in hospitals.

CONCLUSION

This chapter covers three micro-organisms as separate topics and provides a 
comprehensive approach to each. As already stated, other micro-organisms, which can 
have devastating effects, are also common in healthcare environments. Specialist advice 
should be sought from the infection prevention and control team.
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INTRODUCTION

Infection prevention and control are high on the healthcare agenda. In response 
to the escalating costs identified in previous chapters and because of the harm 
healthcare-associated infections (HCAI) can cause to patients and their families,1 the 
Department of Health in England has produced several guidance documents—Getting 
Ahead of the Curve: A Strategy for Combating Infectious Diseases (Including Other Aspects 
of Health Protection),2 Winning Ways: Working Together to Reduce Health Care Associated 
Infection in England—Report from the Chief Medical Officer,3 A Matron’s Charter: An Action 
Plan for Cleaner Hospitals4 and Clean Safe Care: Reducing Infections and Saving Lives5—in 
attempts to reduce HCAI. However, the implementation of this guidance has been 
described as inconsistent and patchy.6,7

In an attempt to remedy this inconsistency, the Health and Social Care Act 2008: 
Code of Practice on the Prevention and Control of Infections and Related Guidance for reg-
istered providers in England was introduced.8,9 Its ultimate aim is to improve and to 
embed high standards of infection prevention and control practice and thereby reduce 
the burden of HCAI. Importantly, in contrast to previous guidance, the Code of Practice 
provides punitive actions, including improvement notices, fines, ‘special measures’ for 
registered providers found not to be compliant, and in the most serious cases criminal 
prosecution. Since its publication in 2008 the code’s scope has widened to include all 
registered providers of healthcare and adult social care, primary dental care and medical 
care, as well as independent-sector ambulance providers.

Along with the Code of Practice, the Report of the Mid-Staffordshire NHS Foundation 
Trust Public Inquiry—known as the Francis Report10—has detailed its recommendations 
for healthcare practice, following the discovery of numerous failings which resulted in 
avoidable patient deaths and unacceptable levels of care. As infection prevention and 
control practice does not occur in a vacuum, it is reasonable to suggest that a wider 
perspective which encompasses healthcare contexts is required because poor practice 
occurs in poor environments.11 Consequently, this chapter looks at the following:
● The Code of Practice for the prevention of healthcare-associated infection and the 
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● Commissioning of infection prevention and control services
● The Francis Report
● Empowerment and power
● Whistleblowing

THE CODE OF PRACTICE

The Code of Practice9 is divided into the following sections:
● The first is aimed at registered providers, organisations and their environment, 

describing the structures and processes providers should follow for compliance.
● The second details the criteria against which registered providers are judged on their 

compliance with the requirements of cleanliness and infection control for registration.
● The third and fourth sections relate to guidance compliance and represent the 

basic steps required to ensure that the code’s criteria are being met. Information 
aims to help registered providers interpret the criteria and develop their own risk 
assessments.

The ten duties that registered providers are expected to comply with are as follows:
 1. Establish systems to manage and monitor the prevention and control of infection. 

These systems use risk assessments and consider how susceptible service users are 
and any risks that their environment and other users may pose to them.

 2. Provide and maintain a clean and appropriate environment in managed premises 
that facilitates the prevention and control of infection.

 3. Provide suitable accurate information on infections to service users and their  
visitors.

 4. Provide suitable accurate information on infections to any person concerned with 
providing further support or nursing/medical care in a timely fashion.

 5. Ensure that people who have or who develop an infection are identified promptly 
and receive the appropriate treatment and care to reduce the risk of passing on 
the infection to other people.

 6. Ensure that all staff and those employed to provide care in all settings are fully 
involved in preventing and controlling infection.

 7. Provide or secure adequate isolation facilities.
 8. Secure adequate access to laboratory support as appropriate.
 9. Have and adhere to policies designed for the individual’s care and provider organ-

isations that help to prevent and control infections.
10. Ensure, so far as is reasonabe, that healthcare workers are free of and protected from 

exposure to infections that can be caught at work, and that all staff are suitably edu-
cated in the prevention and control of infection associated with the provision of 
health and social care.
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The ten criteria are judged by the Care Quality Commission (CQC) and taken into 
account when the commission decides about providers’ registration. Not all criteria apply 
to every provider; however, providers cannot cherry-pick the criteria but rather have to 
consider them as a whole. Health commissioning groups have the responsibility to com-
mission services that are meeting infection prevention and control standards and so are 
likely to work closely with the CQC but not replace or duplicate it.9

The Department of Health9 states that the main purpose of the Code of Practice is to 
make requirements for registration clear so that they can be met in terms of cleanliness 
and infection control; provide guidance for CQC staff to make judgements about com-
pliance; and provide information on who uses the services of the registered provider.

Registered providers do not have to comply with the code by law, but to become 
and stay registered they have to meet the full range of requirements. However, by law 
the CQC must account for the code when it makes decisions about cleanliness and 
infection control.9 The aim of the CQCs’ regulatory model12 is to ensure that provid-
ers and managers who carry on regulated activities are registered, and that the care 
people receive from these providers and managers meets the essential standards of 
quality and safety in terms of cleanliness and infection control. The aim of the CQCs’ 
regulatory model12 is to ensure that providers and managers who carry on regulated 
activities are registered, and that the care people receive from them meets the essential 
standards of quality and safety in terms of cleanliness and infection control.

Before the Code of Practice and the CQC’s revised regulatory model existed, many 
government documents, such as Saving Lives: A Delivery Programme to Reduce Healthcare-
Associated Infection Including MRSA,13 identified the processes and measures that should 
be in place. Although these documents had a profound impact7 and raised the pro-
file of infection control in the National Health Service (NHS),14 the guidance they 
offered was poorly implemented.6 At this point trusts’ performance was monitored via 
the self-reporting ‘star rating’ system that included generic performance indicators for 
infection control, primarily around the management and provision of infection pre-
vention and control teams.15,7

The National Audit Office (NAO)6 reviewed the self-reporting systems, con-
cluding that they were inadequate, and therefore recommended that the Healthcare 
Commission develop suitable performance indicators to measure outcomes rather than 
simply systems and processes. Consequently, the CQC published Judgement Framework: 
How We Judge Providers’ Compliance with the Section 20 Regulations of the Health and Social 
Care Act 2008, which helps CQC staff to reach decisions about whether a provider or 
a manager is meeting the essential standards and to decide their regulatory response if 
not. The framework is split into four stages, as shown in Table 6.1.

By consulting the Judgement Framework, it is envisaged that staff can judge whether 
providers or managers are either compliant or non-compliant with one or more of the 
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regulations. When they are judged to be non-compliant, the level of non-compliance is 
assessed as one of the following:

Minor: People who use the service experience poor care that has an impact on 
their health, safety or welfare, or there is a risk of this happening. The impact is not 
significant and the matter can be managed or resolved quickly.
Moderate: People who use the service experience poor care that has a significant 
impact on their health, safety or welfare, or there is a risk of this happening. The 
matter may need to be resolved quickly.
Major: People who use the service experience poor care that has a serious current 
or long-term impact on their health, safety and welfare, or there is a risk of this 
happening. The matter needs to be resolved quickly.
Once it has been determined that providers or managers are non-compliant, the 

Regulatory Response Escalator is used to help staff select a proportionate response. 
The Enforcement Policy sets out the range of regulatory responses that can be taken to 
promote change (Table 6.2).

Despite its aims, the CQC has already been criticised for not following its own 
recommendations by intervening on a failing hospital (i.e., University Hospitals of 
Morecombe Bay Foundation Trust). It had the highest mortality rate and neonatal 
deaths, some of which were seen to be avoidable, of any trust in England.

Similarly, there has been discussion of the nature, implementation and evidence 
base for the Code of Practice by professionals, and it has been suggested that the code 
will have little effect on actual infection rates if other factors are not taken into 
account, including
● Bed occupancy
● Patient turnover
● Staffing levels and workload
All of these have been identified as pivotal to improving compliance and reducing 
HCAI.6,16

Dancer and Simmons17 state that if it is not resourced, no amount of improvement 
notices or sanctions can improve HCAI rates. It could be that while the Code of Practice 
puts pressure on registered providers, infection prevention and control activities still 

Table 6.1 Stages of Action from the Judgement Framework
Stage Action

1 Determining whether there is enough evidence to make a judgement.
2 Determining whether the evidence demonstrates non-compliance with one or 

more of the regulations.
3 Determining the level of impact of non-compliance on people.
4 Determining the regulatory response (which includes referring to the Enforcement 

Policy).
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have to compete with other hospital requirements such as waiting lists and diminishing 
resources.17,18 However, increased penalties and sanctions on registered providers may 
have a real impact on prioritisation and result in tangible improvement. Storr19 predicts 
that with a competent workforce, the right regulation and regulators who understand 
infection control, users can receive safe care.

COMMISSIONING INFECTION PREVENTION  
AND CONTROL SERVICES

The Conservative government introduced the concept of commissioning in 
order to improve healthcare provisioning, and health services have recently undergone 
another major reorganisation. The commissioning of health services is a cycle of activi-
ties intended to secure the best possible health and well-being outcomes at the best 
value for local citizens and taxpayers. Starting in 2013 every primary care trust (PCT) 
is responsible for buying services for its population, and PCT members work with 

Table 6.2 Enforcement Policy Indicating Regulatory Response and Outcome
Response Outcome

Formal regulatory action

Compliance action Provider and/or manager submits a robust report detailing the 
actions they intend to take to become compliant within an 
agreed timeframe.
● Update required from the provider and/or manager on 

progress and upon completion of actions to become compliant.
● Follow-up is either through a desktop review or an inspection.

Enforcement action

Warning notice Provider and/or manager implements the necessary changes to 
become compliant within the timeframe imposed.
● Follow-up visit to check compliance.

Criminal law

Fixed penalty notice Registered person pays a fine and makes the necessary changes.
Simple caution Registered person admits offence and a caution is accepted.
Prosecution Registered person is prosecuted.

Civil enforcement

Conditions/urgent 
conditions

To restrict activity to ensure the health, welfare and safety of people.
● Follow-up visit to check compliance.

Suspension of registration/
urgent suspension of 
registration

Provider and/or manager implements the necessary changes to 
become compliant so temporary restrictions can be lifted.
● Follow-up visit to check compliance.

Cancellation/urgent 
cancellation of registration

Provider and/or manager is no longer registered to carry on 
regulated activities.
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practice-based commissioners (PCBs) to achieve this. The latter consists of front-line 
clinicians and GP practices that hold and manage a delegated budget from which PCB 
members commission prescribing, acute, community and emergency care services that 
meet the health needs of their local population.

The Infection Prevention Society and the Royal College of Nursing have pub-
lished a toolkit which incorporates guidance for nursing and commissioning staff 20 in 
relation to infection prevention and control services. The toolkit is explicit that com-
missioners should aspire to achieve zero-tolerance of HCAI and should not accept that 
healthcare-associated infections are inevitable or an acceptable risk that is an unavoid-
able part of health and social care.

Provider organisations must
● Be registered with the CQC to provide care that meets the requirements of the 

Code of Practice.9
● Have their own local infection prevention and control strategy and assurance frame-

work that reflects their local commissioning of a HCAI reduction plan and contrac-
tual requirements, and that provides evidence of their compliance with the code.9

● Undertake assessments of their compliance, at intervals agreed to with the commis-
sioning organisation, with the code.9

● Actively engage the processes for HCAI prevention and control performance and 
quality monitoring and be active members of any relevant cluster health economy 
infection prevention group (or other forum as appropriate).

The toolkit consists of a basket of indicators that can be considered during the com-
missioning process.

The achievement of indicators helps commissioners buy services that comply 
with the Code of Practice.9 The indicators have been developed to help commission-
ing organisations understand, compare and predict outcomes and improve care. They 
should not be seen in isolation but should comply with the Department of Health’s 
Operating Framework for the NHS in England 2012-1321 and Healthy Lives, Healthy People: 
Improving Outcomes and Supporting Transparency.22

Presently, the framework has only two mandatory key performance indicators: 
reduce meticillin-resistant Staphylococcus aureus (MRSA) bacteraemias and Clostridium dif-
ficile cases. The toolkit’s basket of indicators can be used by local commissioning groups 
depending on their local compliance reports, surveillance data and intelligence.20 
Examples of suggested indicators are provided in Table 6.3.

The following are the four main requirements for effectively commissioning infec-
tion prevention and control:
1. Development and leadership of the healthcare and social care economy
2. Contracting to include the setting of clear expectations of achievement
3. Performance monitoring against the contract (gaining assurance)
4. Organisational accountability
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It is envisaged that commissioning services will result in a culture of continuous 
improvement which uses a whole-system approach.23

THE FRANCIS REPORT

In February 2013 the Report of the Mid-Staffordshire NHS Foundation Trust Public 
Inquiry, known as the Francis Report,10 was published in response to documented fail-
ings in care at the Mid-Staffordshire Trust. Although the report focusses on this specific 
trust, it is widely believed Mid-Staffordshire was not unique in its failings. The latest 
claims arising in March 2013 about the Morecombe Bay Foundation Trust support 
this belief. Some highlighted issues from the inquiry are likely to affect the majority of 
healthcare providers; for instance, it was found that a chronic shortage of staff, particu-
larly nursing staff, was largely responsible for the reported substandard care. However, 
the RCN reported an inconsistent level of staffing levels which makes a negative dif-
ference to patient outcomes.24 Therefore the inquiry has lessons for all healthcare pro-
viders and not just for one trust.

The inquiry chairman, Robert Francis, QC, concluded that in the Mid-
Staffordshire case, patients were routinely neglected by a trust that was preoccupied 
with cost-cutting, targets and processes and lost sight of its fundamental responsibility 
to provide safe care. Targets for the NHS were first introduced by the Conservative 

Table 6.3 Suggested Indicators for Commissioners

Quality requirement
Threshold/
expectation Measurement method Breach

Patients isolated as per  
agreed local policy/advice  
from IPCT

100% compliance  
to agreed local  
policy

Confirmation of percentage  
of compliance (including  
exceptions of variation to  
policy)
Quarterly audit—terms of  
audit to be determined  
locally

Escalation 
through 
appropriate 
clause of  
contract

IPC training programme  
adhered to as per locally  
agreed plan for each staff  
group

100% compliance  
to agreed local  
plan

Quarterly confirmation of  
percentage of compliance

Escalation 
through 
appropriate 
clause of  
contract

100% compliance with  
national cleaning standards  
for areas of very high risk,  
high risk, significant risk,  
and low risk

100% achievement  
of national  
standards for  
cleaning

Monthly confirmation of 
percentage of achievement  
of standard in areas of very  
high risk, high risk, and  
significant risk

Escalation 
through 
appropriate 
clause of  
contract
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government during the 1990s, but they are probably most associated with the Labour 
Government which from 1997 on vigorously introduced a volume of centrally man-
aged targets.25 Safe care in terms of cleanliness and infection control were not upheld; 
instead, it is reported that the standards of hygiene were at times awful, with families 
forced to remove used bandages and dressings from public areas and clean toilets them-
selves for fear of becoming infected.

The Francis Report10 is vast and has identified many issues such as standard training 
and education for nurses and the regulation of healthcare assistants. It also noted that 
morale at the trust was low, while many staff did their best in difficult circumstances, 
others showed a disturbing lack of compassion towards patients. Staff who did speak 
out felt ignored, bullied and fearful if they continued to highlight inadequacies. Patient 
groups and visitors were also routinely ignored and complaints were mismanaged.

Staff, patients and visitors were routinely ignored as the trust’s board was found 
to be disconnected from what was actually happening in the hospital and chose 
instead to rely on apparently favourable performance reports by outside bodies such 
as the Healthcare Commission, rather than on effective internal assessment and feed-
back from staff and patients. Such deficiencies were considered to be systemic and 
deep-rooted.

The report10 made 290 recommendations but concluded that

People must always come before numbers. Individual patients and their treatment are what really 
matters. Statistics, benchmarks and action plans are tools not ends in themselves. They should 
not come before patients and their experiences. This is what must be remembered by all those 
who design and implement policy for the NHS.

Francis is now considered to be at the cornerstone of root-and-branch reform for 
healthcare providers; however, Wanless26 had already stated that the government’s 
focus on narrow targets was like a blunt instrument and that a step change would be 
required to move to secure good health for all of the population. This would require 
strong leadership and sound organisation.

Darzi27 had also called for reforms where the patient, rather than the achievement 
of centralised targets, would be at the heart of service provision. This meant that the 
focus would not be on the quantity of NHS services but rather on their quality. It was 
Darzi’s report that explicitly stated that high-quality care should be as safe and effec-
tive as possible, with patients treated with compassion, dignity and respect. Darzi made 
clear that as well as clinical quality and safety, quality means care that is personal to 
each individual. It should be remembered that calls, like those of Wanless and Darzi 
for high-quality patient care delivered with dignity and compassion, were being made 
at the same time as the events at Mid-Staffordshire were happening.

Since its inception, the NHS has been viewed as more centralised than any other 
European healthcare system, with change the result of a complex and interrelated array 
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of political, social and economic factors.28 Politicisation and intensive media interest 
have influenced leadership, causing turbulence and organisational defensiveness.29,30 
Historically, the NHS and the government have had a top-down hierarchical manage-
ment approach that has been slow to change, with critical events rather than man-
agement initiatives forcing change.31,32 Unfortunately, this seems to have happened in 
Mid-Staffordshire, with the Francis Report10 stating that the problem is healthcare pro-
viders that often provide care characterised by negative aspects of culture, including a 
lack of criticism, a lack of consideration for patients and defensiveness.

The characteristics reported by the Francis Report10 may have been worsened by 
the implementation of ‘managerialism’, where the NHS adopted models based on the 
private sector and more recently ‘lean’ models such as those developed by commercial 
organisations.28 Also, it focussed on the achievement of targets such as the four-hour 
waiting time for patients being treated by Accident and Emergency departments. For 
some, the changes have been viewed as imposing a stricter hierarchical and bureau-
cratic organisational culture.33 Pressure from central government to deliver key tar-
gets rapidly increases the likelihood that this model of managerialism will prevail.34 
The change in leadership from professionals to managers in the NHS has had a major 
impact on NHS healthcare workers, and they have had to adapt.

Research by the Department of Health shows that managers and management 
came in for significant criticism from staff working within the NHS because of a lack 
of clear leadership.35 Managers often default to a dictatorial style that fails to consult 
and engage.35 This can result in staff not being empowered, which can lead to them 
having a negative outlook and feeling disenfranchised.

For a variety of reasons, leadership, as opposed to management, is consistently dis-
cussed in recent Department of Health literature and reports—for example, Darzi27—
and the Francis Report,10 with continued emphasis on its importance. The Department 
of Health36,37 considers engagement with healthcare staff to be essential in shaping the 
workforce and developing and delivering high-quality care. Leadership is again identi-
fied as a core skill that should be integrated into student programmes and beyond, to 
equip healthcare staff with the clinical and managerial skills they need to improve care 
and lead change.36,37

The Department of Health developed the Leadership Qualities Framework (LQF), 
which identifies behaviours that illustrate the core leadership skills required by staff at 
all levels. Fifteen qualities for leadership are identified, as shown in Table 6.4.

EMPOWERMENT AND POWER

Despite the necessity for empowerment of healthcare workers, it is often difficult 
to define empowerment and be certain whether it is taking or has taken place. There 
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are several views on what ‘empowerment’ is, appearing to mean different things to dif-
ferent people.31 Murphy33 defines empowerment as
● Encompassing power sharing
● Delegating authority
● Returning control and power from bureaucrats to nurses (and other healthcare 

professionals)
The Department of Health has repeatedly emphasised the importance of ‘empow-
ering staff ’, and that healthcare workers must be positioned for success in leadership 
and management.36 In recent years, empowerment of NHS Trust employees has been 
given substantial political support, with government documents clearly extolling its 
virtues.36,37

Corbally et  al.38 found managerial style to be important in relation to views of 
empowerment, with supportive managers contributing to empowerment and authori-
tarian managers being counterproductive because, having previously had a greater 
sense of control, they cannot experience real ‘empowerment’.

Empowerment requires there to be well-developed leadership skills in order to 
facilitate change. The NHS Plan: A Plan for Investment, a Plan for Reform39 promotes the 
importance of leadership, asking nurses ‘to take the lead in the way local services are 
organised and in the way that they are run’. One small-scale study relating to infec-
tion prevention and control was conducted by Koteyko and Nerlich,40 who assessed 

Table 6.4 Leadership Qualities Based on the NHS Judgement Framework

Personal qualities
These are at the core of the Framework. The complexity and 

scale of the change in agenda and the level of accountability 
means that NHS leaders need to draw deeply on their personal 
qualities to see them through the demands of the job.

Self-belief and -awareness
Self-management
Drive for improvement
Personal integrity

Setting direction
The outstanding leader sets a vision for the future, drawing 

on his or her political awareness of the social and healthcare 
context. This political awareness is underpinned by intellectual 
flexibility and this, with the drive for results and seizing the 
future, is key to inspiring and motivating others to work with 
him or her.

Seizing the future
Intellectual flexibility
Broad scanning
Political astuteness
Drive for results

Delivering the service
High-performing leaders provide leadership across the 

organisation and the social and healthcare context in order 
to deliver results. They use a range of styles which challenge 
traditional organisational boundaries and ways of working, and 
emphasise integration and partnership.

Leading change through 
people
Holding to account
Empowering others
Effective and strategic 
influencing
Collaborative working

Source: Adapted from the NHS Leadership Qualities Framework.12
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the impact of empowerment and transformational leadership on ‘modern matrons’, 
following the publication of A Matron’s Charter,4 and its impact on infection preven-
tion and control.

The study describes cases of difficulty in fulfilling leadership requirements because 
of organisational barriers to empowerment despite arguments to the contrary. Unless a 
significant budgetary responsibility is made part of the modern matron’s role, personal 
skills (communication, problem solving) alone may not be sufficient to sustain it and 
may not lead to achieving control over infection, which was the initial trigger for insti-
tuting this role.

Koteyko and Nerlich examined matrons’ accounts to assess how far the rhetoric of 
empowerment affected the realities of day-to-day management and infection preven-
tion and control practice.40 Their findings suggest the following:
● Empowerment is more symbolic than real.
● Matrons have little or no control over medical staff, describing them as ‘challeng-

ing’. While the term empowerment is used, it is more aspirational compared to the 
reality, and this can result in compliance with infection prevention and control 
practice not being embedded.

● There is difficulty in fulfilling clinical leadership because of the organisational bar-
riers to empowerment.

This study relating to infection prevention and control identifies the challenges that are 
faced when attempting to deliver high-quality care in a complex organisation such as 
the NHS. Unless real changes are made to assert the patient as central to the provision 
of healthcare, it is likely that failings will continue.

WHISTLEBLOWING

Findings from the Francis Report10 show the catastrophic effects when concerns 
are not listened to or acted upon. The Public Interest Disclosure Act of 199841 is a 
channel for healthcare workers and others to raise concern in the public interest while 
being protected by law.9 The question of whether it is fit for the purpose has now 
been raised.

In relation to whistleblowing about infection prevention and control issues, both of 
the Healthcare Commission’s reports42,43 on failings at Stoke Mandeville42 and later at 
Maidstone and Tunbridge Wells43 found that clinical staff repeatedly expressed their con-
cerns about moving patients to different wards because of the likely spread of infection, 
but they were not listened to. The reasons for this were seen to be a result of the trust’s 
decision to prioritise so that the achievement of the government’s target for a maximum 
waiting time in Accident and Emergency of four hours took precedence over safe care.42

Consequently, patients with diarrhoea were placed in open wards rather than 
in isolation facilities and the shortage of nurses meant that they were too rushed to 
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adhere to basic Standard Precautions such as hand hygiene. Similarly the impact of 
financial pressures43 took priority over any concerns that were raised. Earlier in 2010, 
the publication of Speaking up for a Healthy NHS44 provided guidance for NHS 
organisations in building trust and confidence so that tragedies like the Bristol Royal 
Infirmary and the Harold Shipman case could be avoided. For individuals who have 
concerns about risk, malpractice or wrongdoing in the workplace, this document rec-
ommends they follow three steps, as shown in Table 6.5.

Despite the guidance embedded in each trust’s policy, there seems to be a hesitance 
in healthcare workers to blow the whistle. A RCN survey in 2011 reported that 84% 
of nurses would be reluctant to do so. In light of this and in the post–Francis Report era, 
when whistleblowers have been allegedly gagged by their previous employers, not only 
may guidance have to be rewritten but a change in cultural norms should also occur to 
signify a shift so that the patient is truly at the heart of healthcare delivery.

CONCLUSION

For more than a decade we have witnessed healthcare failings and scandals, with 
reports calling for high-quality, safe patient care. Those who work directly with patients 
are at the sharp end of healthcare delivery and are very much influenced by the wider 
social, cultural and political healthcare context. The information detailed in this chap-
ter is just a small sample of the range of centralised guidance deemed necessary to 
shape our healthcare practice and deliver safe, individualised care to patients.
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INTRODUCTION

There are a number of well-defined principles that underpin the use of invasive 
devices. The selection of a medical device is and should be determined on the basis of 
treatment effectiveness and cost. Risk in relation to infection is a significant concern; 
however, the best way to reduce the risk of infection from any invasive device is by not 
inserting it at all, although in most cases this is not possible. Consequently, there should 
always be a clear indication for insertion of any invasive device.

Except in an emergency, or when the patient is not competent to consent, prior 
to insertion of any invasive device consent should be sought. This is usually a verbal 
consent, following discussion between the patient and the healthcare worker of the 
need for the device, the relative risks associated with its use or non-use, and the likely 
duration of device use. Insertion must always be in a manner that does not introduce 
micro-organisms into the body either aseptically or through an aseptic non-touch 
technique.3 The choice of technique employed depends on the invasiveness of the 
device, the site of insertion and the patient’s vulnerability.

To ensure compliance, documentation of the insertion and removal of an invasive 
device is essential. This should include the person who inserted it; the date, time and 
site of insertion; and level of asepsis used for insertion or removal. In addition, some 
devices considered high risk should be regularly monitored for signs of infection.3 All 
of these observations and interventions should be clearly documented.

In addition, every device must be cared for in a way that minimises infection; the 
best way to do this is to implement practices that are in accordance with the interna-
tional evidence base. Whenever possible, patients, their family and caregivers should be 
given appropriate information about the care of an invasive device, about what they 
can do to reduce the risk of infection, and about signs of infection that they should 
report if they develop. The need for an invasive device must be regularly reviewed and 
the device removed as soon as it is no longer required. Some devices require removal 
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after a pre-determined period of time in order to prevent a significantly increased risk 
of infection. All reviews and the removal of devices must be documented.

SHORT- AND LONG-TERM URINARY CATHETERS

It is estimated that 25% of people admitted to hospital will have a urinary cath-
eter inserted as part of their treatment.4,5 These are hollow tubes inserted into the 
bladder via the urethra.5 Their purpose is usually to drain urine from the bladder, but 
they can also be used to insert medication and to facilitate recovery from urethral sur-
gery. They are increasingly inserted through the abdominal wall, above the pubic bone 
(supra-pubic catheterisation). Foley catheters have a balloon which is inflated with 
sterile water to retain them in the bladder. Otherwise, a simple Nelaton catheter can 
be used for intermittent urine drainage.

Infection Risks
Invasive devices have been found to increase the patient’s risk of hospital-acquired infec-
tion by seven times.6 Pratt and colleagues7 described the risk of urinary tract infection 
(UTI) from the insertion and use of urinary catheters as ‘significant’, and Bond and 
Harris8 stated that urinary tract infections are the most common form of healthcare-
associated infections (HCAI). There are increasing numbers of reports highlighting meth-
odologies that can be employed in the prevention of UTIs.9,10

In hospitals, 80% of urinary tract infections are related to the use of urinary cath-
eters.11 In the community, there are fewer studies that have attempted to establish the 
rate of infection as a consequence of urinary catheterisation, and Getcliffe and Newton12 
concluded that there is a lack of data on the prevalence and economic impact of cathe-
terisation in the community. However, Getcliffe13 had earlier estimated that patients who 
have long-term urinary catheters in situ occupy 4% of the community nurse’s work-
load in the United Kingdom alone. Sorbye and colleagues’ study14 of elderly community 
patients in 11 European countries found that the risk of acquiring a urinary tract infec-
tion is nearly seven times greater for those patients who are catheterised. Disturbingly, 
Landi et al.15 found that elderly and frail female patients who are catheterised are more 
likely to die within a year when compared to their non-catheterised counterparts.

It is therefore essential that these devices be used only if absolutely necessary and once 
alternatives have been considered and determined to be inappropriate. Dingwall and 
McLafferty16 found that many nurses still consider catheterisation for the elderly patient 
as ‘a habit’. They reported that many patients are catheterised before it is established 
whether they can regain continence by other methods or strategies. More recently, Hart17 
reported that as many as 50% of patients are catheterised when they should not be.

Generally most urinary tract infections are caused by bacteria, although Candida 
has been documented to cause them as well.18 The most common bacteria reported as 
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causing a catheter-related infection include Escherichia coli, Klebsiella, Proteus mirabilis19 
and Enterococci. Of particular concern is when these bacteria form biofilms in the uri-
nary catheters which significantly increase the risk of infection.20 This is discussed in 
further detail in Part 2 of this book.

To reduce infection risks the urinary catheter should be removed from the patient 
as soon as is feasibly possible.21 This rationale is significant as evidence has shown that 
leaving a catheter in place for more than six days constitutes the greatest infection risk 
factor to the patient.22 Stamm18 reported that all patients with permanent in-dwelling 
catheters will eventually become infected. There are a number of opportunities avail-
able to help in these situations. For example, the use of supra-pubic catheters is recom-
mended by NICE23 to reduce the risk of urinary tract infections as these remain in situ 
for much shorter periods of time.

Opportunistic pathogens enter the catheterised bladder in a number of ways, but 
most specifically as a result of poor technique during insertion so that they enter on 
the external surface of the catheter and cause interruption to the closed drainage sys-
tem by travelling upwards inside the catheter lumen. It is imperative that indwelling 
urinary catheters be used when necessary.24,25

General Principles
There are a number of general principles and guidelines to help significantly reduce 
the risk of infection,3,26–28 including the following:
● A protocol should be designed to reduce risk of infection.29

● Urinary catheterisation should be undertaken only by healthcare workers who 
have been appropriately trained and are competent to perform it. Extra training is 
necessary for changing or inserting supra-pubic catheters.

● Medical consent should be required for the first catheterisation procedure; subse-
quent changes of a catheter are not generally necessary.

● Patients must give their informed consent for this procedure.3

In addition, appropriate records must be collated and written in the patient’s care 
record and should include, as an example, justification for the catheterisation; a review 
date for its removal/replacement; the patient’s informed consent; the date and time 
of catheterisation; the size, material and length of the catheter; the batch number and 
expiry date; the route of catheterisation; and the name and signature of the account-
able professional, patient’s experience and findings. Volume and description of urine 
drained, difficulties during procedure and breach of asepsis should also be documented.

Choice of Urinary Catheter for Adults
A comprehensive assessment of the patient should always be undertaken to select the 
appropriate catheter and drainage system to maximise the patient’s comfort and safety 
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while the catheter is in place. Numerous aspects should always be considered, includ-
ing the following:

Diameter of catheter: The smallest-diameter catheter should always be used to allow 
drainage of urine31; sizes 12 and 14 are usually large enough for routine drainage of 
clear urine; urology patients may require special catheters with larger dimensions.
Balloon size: A 10 ml balloon is used for routine drainage; 30 ml balloons are used 
for post-operative urology cases.
Length of catheter: A female-length catheter (20‒26 cm) may be suitable for an 
ambulant female. However, if the woman is likely to be immobile or is obese, a 
standard-length catheter (40‒45 cm) may be more appropriate. Never use a female-
length catheter on a male as the self-retaining balloon may inflate in the urethra  
and cause severe bleeding.
Drainage system: Closed urinary drainage systems are the most common in the 
healthcare environment. These systems must be kept closed to reduce the risk of 
micro-organisms entering them and causing infection. Link systems can be used 
overnight when the patient uses a leg bag during the day; some patients prefer to 
use a valve to open their catheter and allow drainage intermittently rather than be 
attached to a drainage bag.
Catheter material: Latex-free systems are available for patients with latex allergy; 
no particular catheter material (e.g., silicone or latex) is associated with fewer UTIs; 
however, silver-alloy hydrogel-coated latex catheters have been shown to reduce 
infection rates.32

Preference and experience: The patient’s own preference and healthcare 
workers’ clinical experience influence the choice of catheter.31

Key Points
● The larger the catheter lumen, the more likely it is to increase bladder spasm and bypassing of urine.8

● Too large a lumen may cause pain.33

Insertion Procedure
The equipment that is necessary for the insertion of an indwelling catheter includes an 
alcohol-based handrub, a disposable plastic apron, sterile disposable gloves, non-sterile 
disposable gloves, patient hygiene equipment, a catheter, sterile 0.9% sodium chloride, 
a dressing pack (according to local policy), sterile water and syringe (unless a cath-
eter with a pre-filled balloon is used), anaesthetic gel/lubricant supplied in a single-
use sterile container, a drainage system, and the patient’s healthcare record. Preparation 
prior to insertion is very important, as detailed in the following:
 1. Explain the procedure to the patient and obtain informed consent.
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 2. Ensure privacy and warmth.
 3. If the patient has not done so already, assist him or her in washing the genital area 

with soap and water and drying it thoroughly, while wearing a disposable apron 
and non-sterile gloves. The hygiene equipment should then be removed.

 4. Place a pad under the patient to absorb any accidental spillage during the cath-
eterisation.

 5. Remove gloves and perform hand hygiene.
 6. Assemble the equipment on a clean surface; open the dressing pack to create a 

sterile field; open the catheter and anaesthetic gel/lubricant packaging and empty 
it onto the sterile field. Pour the sterile saline into a gallipot. Open the sterile 
catheter drainage bag and place it on the sterile field.

 7. If the catheter does not have a pre-filled balloon, fill the syringe with the appro-
priate volume of sterile water and place it to one side in a clean receiver.

Key Points
● Healthcare organisations are required to have policies to reduce the risks to their patients from inva-

sive devices.34 Local policies must be followed during this procedure.
● Catheterisation is an aseptic technique.31

● Additional training and assessment are required before performing this procedure.

For female catheterisation, the following is the recommended procedure:
 1. Clean your hands; put on an apron and sterile gloves.
 2. Expose the tip of the sterile catheter and place it on the sterile field.
 3. Assemble the anaesthetic gel/lubricant.
 4. Separate the labia minora with the non-dominant hand using low-linting swabs 

and identify the urethral meatus.
 5. Maintain labial separation with one hand and clean the meatus with 0.9% sodium 

chloride, using single downward strokes.
 6. Instil the anaesthetic gel/lubricant and allow its effect to develop (5 minutes).
 7. Using the dominant hand, gently insert the tip of the catheter into the urethral 

meatus; use no force. If resistance is felt, stop and seek assistance.
 8. Inflate the balloon once urine is draining freely and attach the balloon to the 

drainage system.
 9. Secure the catheter to prevent pulling on the trigone or irritation of the urethral meatus.
10. Ensure the patient’s comfort.
11. Dispose of all equipment according to policy.
12. Clean your hands.
13. Record the procedure fully (as described previously).
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Key Points
● The drainage bag should be kept below the level of the bladder to prevent backflow of urine up the 

tubing. If this occurs, urine from the bag, along with colonising micro-organisms, will be transferred 
up the tubing, increasing the risk of infection.

● All manipulations and disconnections of the catheter and its drainage system provide opportuni-
ties for contamination of the system with micro-organisms that could cause infection (e.g., E.coli, the 
commonest cause of UTI), so must be avoided. Wear an apron and non-sterile disposable gloves for 
such procedures, which must be undertaken aseptically. Hands must be decontaminated before and 
after use of gloves.

● Remove the catheter at the earliest opportunity.
● Daily personal hygiene with soap and water is sufficient cleaning. Antiseptic cleaning is not  

necessary.
● Wherever possible, encourage patients with long-term catheters to empty their catheter hygienically 

themselves.
● Provide the patient with appropriate information.

Maintenance
The equipment required for emptying a urinary catheter bag includes an alcohol-
based handrub, a disposable plastic apron, non-sterile disposable gloves, a suitable con-
tainer for collecting drained urine (e.g., a disposable or reusable jug or urinal) and two 
70% isopropyl alcohol wipes. The recommended procedure for emptying a catheter 
bag follows:
 1. Collect the equipment.
 2. Perform hand hygiene.
 3. Put on an apron and gloves.
 4. Place the container under the drainage bag outlet.
 5. Clean the drainage outlet with a 70% isopropyl alcohol swab; allow 30 seconds for 

drying.
 6. Drain the urine into the receptacle.
 7. Close the drainage outlet and clean it with the other 70% isopropyl alcohol swab.
 8. Dispose of used wipes and wrappings in a foot-operated clinical waste bin.
 9. Measure the volume of urine drained if the patient is on a fluid balance chart.
10. If the container is disposable, place it in a macerator.
11. If the container is reusable, place it in a bedpan washer.
12. Remove gloves and apron and perform hand hygiene.
13. Record the volume of urine on the fluid balance chart.
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FAECAL MANAGEMENT SYSTEMS

The equipment required for a faecal management system includes an 
alcohol-based handrub; a disposable plastic apron; non-sterile disposable gloves; a 50 ml 
syringe; water for inflating the retaining balloon (volume and type per the manufactur-
er’s instructions); a lubricant; a clinical waste bag; an incontinence pad; patient hygiene 
equipment; a faecal management system, including a drainage bag; and the patient’s 
healthcare record, including stool chart. The recommended procedure for faecal man-
agement is shown in Exhibit 7.1.

Key Points
● Urinary catheter drainage bags form part of the closed system of the urinary catheter. Each time 

the catheter drainage bag is opened, it breeches the closed system and potentially allows micro-
organisms present in the external part of the drainage port to migrate upwards into the bag. Once 
present in the bag, these organisms can migrate upwards and eventually enter the bladder, leading 
to potential infection.

● The bag should not be opened more frequently than necessary to maintain urine flow and to pre-
vent reflux of urine up the tubing; routine emptying at pre-set times must be avoided.

● A drainage bag must be chosen that allows sufficiently close monitoring of urine output yet mini-
mises the need to open the drainage port.

Key Points
● If the patient is to be discharged from hospital with a catheter in situ, this must be communicated to 

appropriate community healthcare workers. A thorough summary of the information documented 
about the patient and the catheter must be shared with them to ensure seamless care in the com-
munity setting.

● The patient should be given details about whom to contact should she or he have any concerns and 
provided written advice about living with a catheter.

● Catheter manufacturers often supply booklets to record information for patients.

EXHIBIT 7.1 Faecal Management

Procedure
1. When faecal management systems are available, consider their use when a patient 

develops diarrhoea that is frequent or uncontrollable.35

2. Determine the type of diarrhoea and document it using a system such as the Bristol 
Stool Chart.36
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 3. If an infectious cause of diarrhoea cannot be excluded, take a faecal specimen and send it 
to the laboratory for investigation.

 4. Before use of the system, perform an individual patient assessment to ensure that it is suit-
able and that the patient has no contra-indications for use.

 5. Perform hand hygiene and assist the patient into position, lying on his or her left side with 
knees bent upwards as far as comfortable. Ensure privacy using bedclothes.

 6. Position an incontinence pad under the patient’s buttocks in case of leakage during 
insertion.

 7. Perform hand hygiene and open the items of equipment onto a clean surface.
 8. Put on gloves and the apron.
 9. Draw up the correct amount of water into the syringe and place it to one side in a clean 

receiver.
10. Apply lubricant to the tip of the faecal management system.
11. Insert the system per the manufacturer’s instructions.
12. Monitor the nutrition and hydration status of the patient to ensure that he or she does not suf-

fer dehydration or malnutrition due to diarrhoea because this can be life-threatening. A fluid 
balance chart should be used, and careful notes should be made of food intake. Daily weighing 
of the patient helps to identify weight loss indicative of nutritional or hydration problems.

13. Where there may be difficulty maintaining hydration, consider the use of oral rehydra-
tion solutions when the patient is able to take oral fluids. Rehydration using this approach 
avoids the use of indwelling intravascular devices and therefore avoids the infection risks 
associated with them. Use of subcutaneous fluids or IV fluids may be required, however, if 
the patient cannot take oral therapy. These should all be prescribed.

14. Consider the use of sip-feeds and other nutritional supplements when there is concern 
about a patient’s nutritional status. Have the patient reviewed by a dietician immediately, 
especially when he or she is already frail or malnourished prior to the development of diar-
rhoea, to ensure that nutritional intake can be optimised. Malnutrition increases vulner-
ability to infection, and all possible measures must be taken to prevent it.

15. Remove the faecal management system when diarrhoea reduces or stops, or per the man-
ufacturer’s instructions.

Key Points
● Faecal management systems are a relatively recent innovation and have been introduced as a way 

to manage liquid or semiliquid faecal incontinence. They can be ideal for managing persistent 
diarrhoea.

● Such systems retain diarrhoea and thus prevent the environmental contamination from faeces and 
faecal organisms that often results. This benefit may be particularly helpful in preventing environ-
mental contamination with Clostridium difficile spores and other bowel organisms.

● By mid-2008, two products had been evaluated by the Rapid Review Panel of the Health Protection 
Agency and a recommendation for category 1 was given. This means that the products had been 
evaluated by a national expert panel and demonstrated benefits that the panel recommended 
should be available to the National Health Service (NHS) to include in its infection control protocols.
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INTRAVENOUS ACCESS DEVICES

Intravascular (IV) access devices have been used since 1830.38 There are a range 
of such devices, which are inserted through the skin into vessels of the circulatory sys-
tem. Depending on their design and placement, they can deliver medication, fluids or 
nutritional products such as parenteral nutrition; monitor pressures within the vascular 
system such as blood pressure or pulmonary artery pressures; and allow access for with-
drawal of blood samples for analysis (e.g., arterial blood gas monitoring).

Local infection can occur at the insertion site of an IV device, or it can track up 
the vein and surrounding tissue to cause phlebitis. Once micro-organisms are intro-
duced, the bloodstream can act as a ‘sterile motorway’, carrying them throughout the 
body and potentially leading to systemic sepsis. The presence of any medical device 
material increases the risk of infection considerably, even with micro-organisms that 
are considered to have low virulence.39

Some IV devices placed for long-term use are inserted through a ‘tunnel’ made in 
the skin before entering a central vein. This allows the skin to heal around the device, 
reducing the risk of infection by preventing the migration of micro-organisms along 
the outside of the device. Additional training and assessment are required for many of 
the activities relating to IV devices.

● Faecal management systems also reduce the pain and skin excoriation caused by frequent diar-
rhoea and the washing and drying of the skin required for cleaning, therefore reducing distress to the 
patient.37

● There are some contra-indications for the use of faecal management systems, and each patient must 
be assessed individually to ensure that these systems are suitable.

Key Points
● The skin is naturally colonised with a range of micro-organisms,40 many of which can cause infec-

tion if introduced into the bloodstream. Micro-organisms from the skin, from the environment and 
from the hands of healthcare workers inserting the device can enter the bloodstream at the follow-
ing times:41

● During insertion as a result of poor hand hygiene, poor skin preparation or poor technique, caus-
ing accidental contamination of the device.

● Through the lumen of the device during use; via contaminated infusion fluid and bolus injec-
tions; or via extension sets, hubs and bungs.

● Along the outside of the device while it is in situ; particularly if dressings are loose or the site 
becomes contaminated.
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Use of Intravascular Devices
It is always important to consider whether an IV device is really needed, and the ques-
tion should always be asked as to whether there is an alternative way to achieve the 
therapeutic outcomes required. In particular, an IV device should not be inserted 
unless it is needed.

Verbal consent must be sought from the patient, and it must be ensured that any 
risks of insertion have been fully explained. This is particularly important for IV 
devices that are inserted into the central vascular system, as the risks associated with 
the procedure, depending on the route and site of insertion, may include pneumotho-
rax, haemothorax, malpositioning and infection.42

It is very important that insertion always be performed aseptically. For central vas-
cular devices this must include sterile drapes, sterile gown and gloves with a full aseptic 
technique. In an emergency—for instance, during a cardiac arrest—in order to save a 
life, a peripheral IV device may be inserted without appropriate asepsis. In such cir-
cumstances it is important that the device be removed or replaced as soon as possible 
and always within 48 hours.43 This significantly reduces the risk of biofilm formation 
and infections.44

The insertion of any IV device must be clearly documented, including type and 
size of device, insertion site, date and time of insertion, aseptic technique used and 
name of the person who inserted the device. The device must be cared for in accor-
dance with the international evidence base. This should include choice of dressing, 
solution used for site care during dressing changes, and length of time the device is left 
in situ. Three-way taps should not be used, as they act as a reservoir for the multiplica-
tion of micro-organisms which can then be injected into the bloodstream. There are a 
large number of procedures available for guidance to help reduce infections.45

Biofilm formation is a significant problem with IV catheters, increasing the risk of 
bloodstream infections.46–48 Wound dressings that are employed must remain intact and 
protect the insertion site due to detachment of bacteria from the biofilm. If they become 
loose or soiled, or if there is pooling of sweat or blood underneath, they must be changed 
using an aseptic technique. Any IV device insertion site must be observed regularly for 
signs of infection or phlebitis, and its condition must be documented. The site must 
always be observed prior to use of the device. Several systems exist for scoring the condi-
tion of the insertion site. These provide an objective scale that can be used consistently by 
different healthcare workers, and they help ensure consistency of care.

Needle-less connectors can be used to reduce the risk of sharps injury and lessen 
the need to completely break the closed system. They must be used in accordance with 
the manufacturer’s instructions and changed when recommended. Devices must be 
removed when they are no longer needed. Peripheral IV cannulae must be removed 
within 72 hours of insertion, as the risk of infection increases significantly beyond 
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72 to 96 hours. Removal must be documented and the site observed daily until healed 
in order to detect any signs of infection post-removal.

Peripheral IV Cannulae
The Department of Health report Winning Ways; Working Together to Reduce Healthcare 
Infection in England49 details specific guidance on the use of peripheral intravenous 
cannulae. The Infection Control Nurses Association audit tool50 has produced similar 
guidance in an attempt to reduce meticillin-resistant Staphylococcus aureus (MRSA) and 
other HCAI.

Insertion
Equipment that is suggested for insertion of a peripheral IV cannula includes an 
alcohol-based handrub, a disposable plastic apron, sterile disposable gloves, non-sterile  
disposable gloves, peripheral IV cannulae (two or three in case of failed attempts), a 
dressing pack/cannula pack (according to local policy), a syringe and needle, sterile 
0.9% sodium chloride, an applicator or solution of 2% chlorhexidine gluconate in 
70% isopropyl alcohol, a sharps bin, a transparent polyurethane dressing with a high 
moisture–vapour transfer rate, a needle-less or other connector if required, a clinical 
waste bag and the patient’s healthcare record. Exhibit 7.2 details the procedure recom-
mended for the insertion of a peripheral IV cannula.

EXHIBIT 7.2 Insertion of a Peripheral IV Cannula

Procedure
1. Ensure that all items required for insertion are collected, including sharps bin, dressing 

pack or IV pack if available, cannula, skin-cleaning solution, gloves, apron, handrub and 
trolley.

2. Administer skin-cleaning solution either through an applicator or as a solution using sterile 
gauze. The most effective solution is 2% chlorhexidine gluconate in 70% isopropyl alcohol.

3. Whenever possible, use safety cannulae to protect healthcare workers from accidental 
sharps injury. Devices that activate the protective mechanism automatically are the safest.

4. Perform hand hygiene before contact with the patient.
5. Obtain verbal consent from the patient whenever possible; assist the patient into a com-

fortable position.
6. If the patient is uncooperative or aggressive and the IV device is required for urgent treat-

ment, obtain sufficient help so that the risk of sharps injury to healthcare workers, and 
harm to the patient, is minimised.

7. Don an apron, clean the hands with handrub and open the cannula pack or sterile field 
using a non-touch technique; all equipment should be opened on the sterile field in a 
manner that does not lead to accidental contamination.
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 8. Position the sharps container so that the used sharp can be placed directly into it during 
the procedure.

 9. If needle-less connectors are to be used, prepare them correctly, flushing with 0.9% 
sodium chloride to prevent any risk of air embolism.

10. Once the site for insertion is selected following review and palpation of available veins, 
apply a tourniquet to the arm, perform hand hygiene using alcohol-based handrub and 
prepare the site of insertion using the skin preparation solution.

11. When 2% chlorhexidine gluconate in 70% isopropyl alcohol is used in a prepared applica-
tor, sterile gloves are not necessary. If another solution is used from a gallipot or the skin 
is to be re-palpated after the skin preparation solution is applied, sterile gloves need to be 
put on first.

12. Once the skin is prepared, allow the solution to dry over the insertion site, as it is this pro-
cess of drying that leads to bacterial death and a reduced infection risk.

13. If hands are ungloved, clean them again with alcohol-based handrub and put on non-ster-
ile gloves.

14. Pick up the cannula, taking care to touch only the parts that will remain outside the 
patient after insertion; the skin should not be re-palpated, unless sterile gloves are being 
worn; insert the cannula through the skin.

15. Withdraw the cannula if not placed correctly. A second attempt must not be made using 
the same cannula. A new sterile cannula should be opened for a second attempt.

16. Once correct placement has been confirmed, release the tourniquet and remove the intro-
ducer, dropping it into the sharps container without contaminating the hands.

17. Immediately connect the primed connector or bung to the open end of the cannula and 
flush it through to ensure that there is no blood pooled in the cannula.

18. Secure the cannula using a semi-permeable transparent polyurethane dressing, ensuring 
that the actual insertion site is securely covered and sealed. The dressing selected should 
help prevent build-up of sweat underneath it.

19. Place all used items in the clinical waste bag, remove gloves into the bag, remove the 
apron into the bag and perform hand hygiene using alcohol-based handrub.

20. Document the insertion, including date, time and name of the person inserting the 
device. If a label is included on the dressing, the date and time of insertion should also be 
recorded on it.

21. Advise the patient not to try to lift the dressing and to report any soreness, redness or dis-
charge at the insertion site.

Key Point
● Insertion of a peripheral IV cannula is an extended role which requires additional training and assessment.
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Management of Peripheral Intravenous Cannulae
The insertion of a peripheral intravenous cannula is one of the most common invasive 
procedures performed on hospitalised patients51; therefore healthcare workers are likely 
to come across a patient with a peripheral intravenous cannula in situ. In intensive 
care settings the need for intravenous therapy is 100%.39 Peripheral intravenous cath-
eters are used therapeutically for a variety of reasons, including administration of fluid, 
nutrients, medications and blood products and monitoring of the patient’s haemo-
dynamic status.52 The longer the patient has a peripheral intravenous cannula in situ, 
the greater the opportunity for micro-organisms to multiply.53 This is because medical 
devices are an easy way for bacteria in particular to spread into a patient’s tissues54 as 
they are foreign objects breaking the skin.

The incidence of bacteraemia from peripheral intravenous cannulae is low.55,59 
However, if it does occur, it may be life-threatening, especially in immuno-compromised 
patients, and the consequences of intravenous device infection can be multiple.39 Most 
cases of Staphylococcus epidermidis bacteraemia are associated with infected intravascu-
lar devices.57,58 For a minority of patients, peripheral intravenous cannulae have the  
potential to cause harm because of the extracellular slime that Staphylococcus epidermidis 
produces when it grows as a biofilm that adheres to the devices and then multiplies  
and penetrates tissue or invades cells.59 The growth of biofilms on intravenous  
cannulae is a major problem and needs to be considered when anything enters the 
human body.60

A common catheter-related infection is phlebitis, which is largely a physicochem-
ical or mechanical phenomenon rather than an infectious one.53,61 Wilson62 defines 
phlebitis as the inflammation that occurs in the vein where the catheter is positioned, 
and Horton and Parker63 describe how micro-organisms colonising the skin can be 
introduced into the break of the skin caused by the cannula tip. When phlebitis occurs, 
there may be an increased risk of a local catheter-related infection. The overall inci-
dence for phlebitis is 2.3 to 43%.55 Symptoms are tenderness, redness, pyrexia with 
unknown cause and exudates.64

The following are factors which influence the incidence of phlebitis55,65:
● Age (affects the older person)
● Gender (affects men more than women)
● Patient diagnosis (e.g., diabetes)
● Infection at another body site
Additional process factors include66:
● Site preparation
● Frequency of tubing changes
● Catheter material
● Osmolarity and dose of the drug/diluent
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● Use of filters
● Hand hygiene
● Aseptic or venipuncture technique
● Number of entries into the system
● Type and size of the catheter
Another very significant factor affecting the likelihood of phlebitis is the experience of 
staff in inserting and maintaining the catheter.56 The presence of an IV team has been 
shown to decrease rates of phlebitis and other complications.67,68

EXHIBIT 7.3 Re-dressing a Peripheral IV Device

Equipment
● Alcohol-based handrub
● Disposable plastic apron
● Sterile disposable gloves or non-sterile disposable gloves—depending on choice of skin-

cleaning product and palpation technique used

Key Points
● Any patient with a peripheral IV device in situ is at an increased risk of infection, and healthcare work-

ers must therefore be alert to any signs of infection.
● Bandages should not be used to aid the security of a peripheral IV device, as they obscure the 

insertion site and can pull tight, obstructing the venous return and sometimes even pulling on the 
IV device and dislodging it. If additional security is required, an appropriately sized tubigrip can be 
applied. This has the advantage of being easy to lift for observation of the site and applying consis-
tent pressure over the entire area.

● The insertion site should be observed prior to each use and, if not in regular use, a minimum of twice 
in every 24-hour period.69

● The site should be observed for heat, redness, pain, discharge, cellulitis or hard, palpable venous 
chord. Several observation rating scales have been developed for determining signs of infection, 
including the Visual Infusion Phlebitis (VIP) score system.70

● When the site is observed, the condition of the dressing should also be inspected. If the dressing 
is not intact or is soiled, or there is pooling of sweat or blood underneath the dressing, it should be 
replaced, as detailed in Exhibit 7.3. This must be done as a aseptic technique using a dressing pack, 
and the site should be cleaned using 2% chlorhexidine gluconate in 70% isopropyl alcohol before 
applying a new dressing.

● When an IV device is no longer required, it should be removed as soon as possible.
● The risk of infection due to a peripheral IV device increases significantly after it has been in situ for 72 

to 96 hours. Therefore all peripheral IV devices should be removed after they have been in situ for 72 
hours.71

● It is helpful to document, at the time of insertion, the date and time the device should be removed 
and also to inform the patient of this.
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● Applicator or solution of 2% chlorhexidine gluconate in 70% isopropyl alcohol
● Dressing pack
● Patient’s healthcare record
● Sharps bin
● Transparent semi-permeable polyurethane dressing
● Clinical waste bag

Procedure
 1. Collect all equipment required: sterile gloves, apron, handrub, dressing pack, cleaning 

solution and sterile gauze or cotton wool; alternatively, cleaning solution in an applicator, 
clinical waste bag, replacement sterile dressing and trolley.

 2. Perform hand hygiene before contact with the patient, using the alcohol-based handrub 
or soap and water.

 3. Inform the patient that the device is to be re-dressed, and assist her or him into a comfort-
able position.

 4. Perform hand hygiene.
 5. Open the dressing pack and sterile items onto the sterile field using a non-touch tech-

nique. The glove pack should be opened last and placed on the sterile field nearest the 
nurse, as this is required first.

 6. Don the apron and carefully loosen the dressing from the skin; remove it without directly 
touching the insertion site. Dispose of it into a clinical waste bin.

 7. Perform hand hygiene using the handrub. Sterile gloves should be put on if a cleaning 
solution is to be used with gauze or if touching the site is unavoidable. If an applicator 
cleaning solution is used and the site does not need to be touched, non-sterile gloves can 
be worn instead.

 8. Carefully clean the insertion site and allow it to dry.
 9. Once the site is dry, apply the replacement dressing to it; take care to fully cover it and do 

not trap the gloves underneath the dressing.
10. Once the site is secure, dispose of the waste in the waste bag and then the gloves and 

apron.
11. Perform hand hygiene and document the dressing change, along with the condition of the 

insertion site.

Key Points
● The use of the procedure in Exhibit 7.3 requires additional training. If an IV dressing is not intact or is 

soiled, or if there is pooling of sweat or blood underneath it, it should be replaced. This is because any 
of the situations described can result in increased proliferation of micro-organisms under the dress-
ing and lead to an increased risk of infection.

● The dressing change must be performed with an aseptic non-touch technique using a dressing 
pack, and the site should be cleaned using 2% chlorhexidine gluconate in 70% isopropyl alcohol and 
allowed to dry before applying a new dressing.
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Removal of Devices
It has been established that peripheral intravenous cannulae should be removed every 
72 to 96 hours (depending on the type of therapy) or sooner if complications are sus-
pected.56,72–74 From a microbiological perspective, we know that devices (e.g., plas-
tics) allow the adhesion of bacteria such as Staphylococcus epidermis, which are very avid 
biofilm formers. Adherence of Staphylococcus epidermidis to the surface of the device is 
not a one-time phenomenon but rather an evolving process. Initially, there is a rapid 
attachment that is mediated by non-specific factors.61 This indicates the importance 
of either removing or replacing peripheral intravenous cannulae within a specific time 
range for the majority of patients.

However, the question of routine replacement of peripheral intravenous cannu-
lae which have been well cared for and are not showing signs of phlebitis, should be 
reviewed.53,56 Curran et  al.53 suggest that the benefits of removing peripheral intra-
venous cannulae must outweigh the risks and discomfort of re-siting. Reasons for 
extended dwell time include poor venous access, expected site continuation within 24 
hours and use of a saline lock. Current UK policy is to remove the device after 72 to 
96 hours; however, we are bringing it to your attention that evidence suggests a risk 
assessment can be appropriate.

Equipment required for the removal of peripheral IV devices include an alcohol-
based handrub, a disposable plastic apron, non-sterile disposable gloves, the patient’s 
healthcare record, a clinical waste bag, sterile cotton wool balls or gauze and sterile 
dressing or plaster (check with the patient for allergy to sticking plaster before select-
ing the product to be used). The procedure is detailed in Exhibit 7.4.

EXHIBIT 7.4 Removal of Peripheral IV Devices

Procedure
1. Collect all equipment required: non-sterile gloves, apron, handrub, sterile gauze or cotton 

wool, yellow clinical waste bag and sterile dressing or sticking plaster. If signs of infection 
are present, a swab for laboratory testing should also be taken at the bedside.

2. Perform hand hygiene before contact with the patient, using handrub or soap and water.
3. Inform the patient that the device is to be removed and assist him or her into a comfort-

able position.
4. Place the waste bag close by so that items can be disposed of while the healthcare worker 

is near the patient.
5. Perform hand hygiene using alcohol-based handrub or soap and water.
6. Don gloves and aprons and loosen the dressing carefully from the skin without directly 

touching the insertion site.
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Managing IV Infusions
The procedure for the management of IV infusions is as follows:
1. Perform hand hygiene using the alcohol-based handrub.
2. If the bag of fluid is to replace an existing bag, check the IV administration set to 

see whether it also requires replacement.
3. If blood or blood products are being administered, change the set when the infu-

sion is complete, with a maximum hanging time of 12 hours.
4. If a crystalloid solution is being administered, leave the set for up to 72 hours, but 

replace it if the IV device is replaced during that time period.
5. When parenteral nutrition solutions containing lipid emulsions are infused, change 

the bag and administration set every 24 hours.
6. Always check containers of IV fluid to ensure that the packaging has not been 

damaged, as any damage to the packaging will breach the sterility of the product. 
If there is any doubt about the condition of the packaging, reject the product.

7. Open the outer packaging and leave the inner administration port cover in place 
until the spike of the administration set is ready to be connected.

8. Connect the bag to the sterile spike of an IV administration set without touch-
ing either the spike or the port on the IV bag. Push the spike firmly into the port, 
ensuring that it pierces the internal membrane.

9. If the administration set is new, prime and label it with the date and time of opening.

 7. Observe the insertion site for signs of infection; if discharge or pus is present, swab the site 
and send the swab for culture and sensitivity.

 8. Using sterile gauze or cotton wool, place light pressure over the insertion site, at the same 
time sliding the plastic cannula backwards and removing it.

 9. Maintain pressure on the insertion site in order to stop any bleeding, and drop the used 
cannula and dressing into the receiver or waste bag. As there is no sharp left in the patient 
following insertion, a sharps bin is not needed for disposal of the removed cannula.

10. Maintain pressure until any bleeding or oozing has stopped; then drop the sterile gauze or 
cotton wool into the receiver or waste bag, along with the gloves.

11. Perform hand hygiene using the alcohol-based handrub.
12. Open the sterile plaster using a non-touch technique, and protect the insertion site using 

the sterile plaster.
13. After disposing of the waste products, document the cannula removal and record the con-

dition of the insertion site at removal. If a swab is sent, this must also be recorded.
14. Check the condition of the insertion site daily after removal, until healed, in order to detect 

any signs of infection.
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10. Connect the set to the patient connector using an aseptic non-touch technique.
11. Clean the membrane of a needle-less connection system if used or the injection 

port of the IV device before accessing it using a wipe containing 2% chlorhexi-
dine gluconate and 70% isopropyl alcohol. Allow it to dry before accessing it.

Key Points
● The procedures for removal of peripheral IV devices (see Exhibit 7.4) and the management of IV infu-

sion are extended functions which require additional training and assessment.
● Contaminated IV infusions can rapidly lead to systemic infection, though this risk has largely been 

eliminated by the central production of IV infusions by commercial manufacturers and local phar-
macy aseptic services. It is still possible, however, to introduce micro-organisms into these products 
as a result of damage to the packaging or poor handling that allows contamination of the drug addi-
tive port with skin or environmental organisms.

● Once introduced, micro-organisms can multiply and be infused into the patient. This can lead to 
rapid onset of rigors, pyrexia, sepsis and collapse.

Key Points
● The use of the procedure in Exhibit 7.5 is an extended function which requires additional training and 

assessment.
● Intravenous infusion fluids are produced with a range of electrolytes added, most notably potassium 

chloride. However, the need to add more potassium or medication to bags of infusion fluids is not 
uncommon.

● Care must be taken when preparing and adding to IV fluid bags or preparing large syringes of drugs 
for infusion, as accidental introduction of microbial contamination can result in patient infection.

● Because these solutions usually have a relatively long hanging time at room temperature, it is pos-
sible for bacterial multiplication and growth to occur over a number of hours, increasing the risk fur-
ther. For this reason, additions to IV infusion fluids should be performed in a clean area (e.g., in a clean 
treatment room).

● Although rare, the possibility of infusion-related infection should be considered for any patient 
who rapidly develops pyrexia, rigors and other signs of infection shortly after a new IV infusion is 
commenced.

EXHIBIT 7.5 Preparing Drugs or Electrolytes for IV Infusions

Equipment
● Alcohol-based handrub
● Syringes and needles
● Sterile 0.9% sodium chloride or sterile water as a diluent
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● Drugs and additives as required
● Sharps bin
● Wipe containing 70% alcohol
● Injection tray
● Waste bag

Procedure
 1. Collect the required equipment: drug, appropriate diluents if required, syringe, needle, injec-

tion tray, alcohol handrub, wipe impregnated with 70% isopropyl alcohol and sharps bin.
 2. Perform hand hygiene.
 3. Open the syringe and needle and connect them together without allowing the open ends 

to come into contact with anything else; then place the devices on the injection tray.
 4. Check the drug to be drawn up; if it comes from a multi-use vial (e.g., insulin), check that it 

is still in date and within the permitted re-use time period, and clean the membrane thor-
oughly using the alcohol-impregnated wipe. Allow it to dry.

 5. Open the vial of diluent if required and draw it up, taking care not to contaminate the nee-
dle by accidental contact with the outside of the vial. The cap can be carefully replaced 
on the needle to allow expulsion of air and to ensure that the correct amount of fluid has 
been drawn up.

 6. Draw up the drug, removing the cap on single-use drug vials first. Care must be taken not 
to touch the membrane on the vial or to contaminate the needle by accidental contact 
with the outside of the vial.

 7. Once the drug is mixed, draw it up. The needle must then be carefully removed from the 
vial and the needle cover carefully replaced to allow expulsion of air. The drug can then be 
placed back on the injection tray.

 8. The previous step does not constitute re-sheathing, as the needle is a clean one. Any acci-
dental injury to a staff member does not put him or her at risk of blood-borne viruses and 
does not need follow-up as a contaminated sharps injury; however, the drug, the tray and 
all equipment must to be discarded to prevent any risk to the patient.

 9. Remove the outer packaging of the IV fluid bag, first taking care to check that the packag-
ing is intact.

10. The injection membrane on the IV fluid bag is sterile; place the bag on the work surface so 
that the membrane does not come into contact with any surface.

11. Pick up the syringe and inject the drug through the injection membrane, holding the outer 
surface of the bag.

12. On removal of the syringe and needle, drop them into the sharps bin, taking care not to 
touch the bin with the hands.

13. Vigorously agitate the IV bag, with the added drug, to ensure thorough mixing. A label 
should be attached to the bag, stating the date and time of addition as well as details of 
the drug added.

14. Return any multi-use vial to the drug fridge for correct storage. All rubbish should then be 
disposed of in the sharps bin and domestic waste bag.

15. Perform hand hygiene again, and connect the bag to an administration set and to the 
patient.
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Key Points
● The procedure described in Exhibit 7.6 is an extended function which requires additional training and 

assessment.
● Microbial contamination can be introduced into a patient via contaminated bolus drugs. It is there-

fore important to ensure that drugs are prepared using a non-touch technique in order to maintain 
drug sterility.

EXHIBIT 7.6 Preparation of IV Drugs: Bolus

Equipment
● Alcohol-based handrub
● Syringes and needles
● Sterile 0.9% sodium chloride or sterile water as a diluent
● Drugs and additives as required
● Sharps bin
● Wipe containing 70% isopropyl alcohol
● Wipe containing 2% chlorhexidine gluconate and 70% isopropyl alcohol
● Injection tray
● Waste bag

Procedure
1. Collect the required drug, appropriate diluents if required, and other equipment.
2. Perform hand hygiene.
3. Open the syringe and needle and connect them together without allowing the open ends 

to come into contact with anything else; then place the devices on the injection tray.
4. Check the drug to be drawn up; if it comes from a multi-use vial (e.g., insulin), check that it 

is still in date and within the permitted re-use period, and clean the membrane thoroughly 
using the wipe impregnated with 70% isopropyl alcohol. Allow it to dry.

5. Open the vial of diluent if required and draw it up, taking care not to contaminate the nee-
dle by accidental contact with the outside of the vial. The cap can be carefully replaced 
on the needle to allow expulsion of air and to ensure that the correct amount of fluid has 
been drawn up.

6. Draw up the drug, removing the cap on single-use drug vials first. Take care not to touch 
the membrane on the vial or contaminate the needle by accidental contact with the out-
side of the vial.

7. Draw up the drug once mixed. The needle must be carefully removed and the needle cover 
carefully replaced to allow expulsion of air. The drug can then be placed back on the injec-
tion tray.

8. Return any multi-use vial to the drug fridge for correct storage. All rubbish should be dis-
posed of in the sharps bin and domestic waste bag.

9. Take the prepared drugs and flushes, plus the wipe impregnated with 2% chlorhexidine 
gluconate and 70% isopropyl alcohol, sharps bin and handrub, to the patient.
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Central Vascular Catheter Insertion
The central vascular catheter (CVC) is the medical device most likely to cause sep-
sis because it is long in length and remains in situ for extended periods of time.75,76 
Most pathogens associated with CVCs are coagulase-negative Staphylococci, Enterococci, 
Enterobacter species, Pseudomonas aeruginosa and Candida species.39,77 It is vital that effec-
tive handwashing be adhered to as well as meticulous aseptic technique throughout the 
procedure for CVC insertion, as detailed in Exhibit 7.7. It has been shown that hospitals 
with healthcare workers who are well-trained and experienced have the lowest rates of 
CVC-related sepsis.39,78–80

10. Perform hand hygiene at the point of care.
11. Check the IV insertion site for signs of infection; if signs are present, the cannula should be 

removed and re-sited.
12. If a needle-less connector is used, clean the membrane using the wipe impregnated with 

2% chlorhexidine gluconate and 70% isopropyl alcohol and allow it to dry; then remove 
the needle from the syringe and connect the syringe carefully to the connector. The drug 
can then be injected slowly.

13. If an extension set is used, clean the membrane using the wipe impregnated with 
2% chlorhexidine gluconate and 70% isopropyl alcohol and allow it to dry before remov-
ing the needle from the syringe and replacing it with a new sterile needle. The needle can 
then be pushed carefully into the sterile lumen of the connector and the drug injected 
slowly.

14. If the drug is to be injected directly into the cannula, open the cap on the injection port 
and clean the port using the the wipe impregnated with 2% chlorhexidine gluconate and 
70% isopropyl alcohol; allow it to dry. The needle can then be removed from the syringe, 
the syringe connected carefully to the port and the drug injected slowly.

15. Once the drug(s) have been administered, dispose of the sharps at the bedside using the 
sharps bin; also dipose of rubbish and then perform hand hygiene.

16. Record the administration of the drugs, along with the condition of the insertion site, pref-
erably using a scoring systems such as VIPS.

EXHIBIT 7.7 CVC Insertion Procedure

Equipment
● Alcohol-based handrub
● Disposable plastic apron
● Non-sterile disposable gloves
● Sterile disposable gloves
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● Clinical waste bag
● Sterile gown
● Cap and mask if required by local policy
● Large sterile drapes
● CVC insertion pack or large dressing pack
● CVC device
● Needle-less or other connectors, sufficient for the number of lumens
● Syringes and needles
● Sterile 0.9% sodium chloride for flushing lumens and connectors
● Ampoule of local anaesthetic for injection, as per local policy
● Large sharps bin
● Solution or applicator containing 2% chlorhexidine gluconate and 70% isopropyl alcohol
● Sterile gauze
● Sutures
● Transparent sterile semi-permeable polyurethane dressing, large enough for a CVC device
● Patient’s healthcare record

Procedure
1. A trolley should be prepared, with all items required placed on its bottom shelf.
2. It is important to explain the procedure to the patient and to warn that his or her face may 

need to be covered by the drapes to protect against any infection risk during insertion.
3. The patient should be positioned ready for the procedure; it may be necessary to place 

a small rolled up towel or pillowcase under the shoulderblade on the side of insertion to 
allow the operator to clearly identify anatomical landmarks and to aid insertion. At this 
stage the patient can be sitting up if comfortable. The assistant should put on an apron 
and perform hand hygiene.

4. The gown pack should be opened onto a separate trolley, with care taken not to contam-
inate the inner layers. Once gowned, remove the outer layer of a sterile glove pack and 
drop the sterile glove inner pack onto the opened field.

5. The CVC pack should be carefully opened onto the main trolley, ready for the operator, 
who may have donned cap and mask if required by local policy, plus sterile gown and ster-
ile gloves.31

6. Once the operator is ready and has opened the inner sterile field, the assistant should care-
fully open and drop the following sterile items onto the sterile field, ensuring that his or 
her hands do not touch any of the sterile items or inner packets:
● Gauze
● Syringes
● Needles
● Suture
● Dressing

7. Use skin preparation solution containing 2% chlorhexidine gluconate and 70% isopropyl 
alcohol, either as a liquid or in a sterile applicator. If an applicator is chosen, the volume of 
liquid required is likely to exceed 3 ml, so a suitably sized applicator should be selected to 
allow for this.
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 8. Local anaesthetic should be offered to the operator, who should check the drug while the 
non-sterile vial is held by the assistant. The assistant should then open the vial and offer it 
to the operator to allow him or her to carefully draw up sufficient drug.

 9. If the sterile drapes are packed separately, the assistant should open the outer wrapping 
and drop the drapes onto the sterile field.

10. The patient should be laid flat. If the patient is particularly hypovolaemic or shocked, it 
may be necessary to raise the foot of the bed to place the patient in the Trendelenberg 
position to aid the filling of the veins of the neck and chest.

11. The assistant should perform hand hygiene after assisting the patient into position.
12. The operator places the sterile drapes over the patient and secures them in place.
13. The assistant should then carefully position the trolley for the operator to use, without 

touching the sterile field.
14. The operator cleans the site thoroughly, using 2% chlorhexidine gluconate and 70% iso-

propyl alcohol.
15. Local anaesthetic is then administered, and the operator usually disposes of the syringe 

and needle once this is done. A sharps bin should be placed so that this can be done 
without breaching the sterile field or contaminating the hands. Some operators pass the 
syringe and needle out of the sterile field using a receiver. Sharps must never be passed 
hand to hand because of the risk of injury.

16. The operator should be offered the vials/pods of flush solution to check; these should be 
opened and offered for him or her to draw up.

17. The assistant should open the outer packaging of the CVC device and drop the sterile 
product carefully onto the sterile field. The operator then checks the device, makes any 
attachments necessary, primes all lumens using the flush solution and ensures that all 
clamps or on/off devices are closed. One lumen remains unconnected to allow the guide-
wire to be fed through at insertion.

18. Once ready, the operator first places the introducer through the skin and, once the vein 
has been located, feeds the guidewire through the introducer. This part of the process 
can be distressing for the patient because of the feeling of ‘pushing’ through the skin. The 
assistant should offer reassurance to the patient throughout.

19. Once the introducer has been removed, the CVC is inserted over the guidewire and the 
device slid to the correct position. The guidewire is then removed and the connector 
attached to the lumen.

20. The operator then cleans and dries the insertion site, removing any blood contamination 
of the skin.

21. The line is sutured into position, with care taken to place the suture needle either directly 
into a sharps bin once finished or into a receiver where it is clearly visibly to the assistant.

22. The drapes are removed and the dressing applied, with care taken to fully seal the inser-
tion site.

23. The patient is then returned to a more comfortable position.
24. The position of the line needs to be confirmed radiographically, either by chest x-ray or by 

ultrasound.
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Management of CVCs and Attachments
The principles of asepsis must be adhered to for all manipulations of the CVC and 
attachments. All lumens should always be attached to a closed connector. If used for 
pressure monitoring, one lumen is attached to a pressure transducer, and the bag of 
fluid, administration set and pressure transducer should be changed every 96 hours. 
The pressure transducer set should be labelled with the date and time of opening to 
facilitate this. The insertion site should be observed regularly—a minimum of twice 
every 24 hours—for signs of insertion site infection such as heat, redness, pain, dis-
charge or cellulitis. The patient should be observed for signs of systemic infection such 
as persistent pyrexia above 38°C, rigors, hypotension and oliguria or anuria.

As soon as an infection is suspected, appropriate diagnostic and therapeutic mea-
sures must be performed.39 When the site is observed, the condition of the dressing 
should also be inspected. If the dressing is not intact or is soiled, or if there is pooling 
of sweat or blood underneath the dressing, it should be replaced. This must be done 
as a sterile technique using a dressing pack, and the site should be cleaned using 2% 
chlorhexidine gluconate in 70% isopropyl alcohol before applying a new dressing. If 
the dressing remains clean and intact, it should be changed every seven days. This must 
be done as a sterile technique using a dressing pack, and the site should be cleaned 
using 2% chlorhexidine gluconate in 70% isopropyl alcohol before a new dressing is 
applied.

If the site is bleeding or oozing, or the patient is excessively sweaty, a gauze dressing 
should be used instead of a transparent dressing, and it must be changed daily or more 
often if it becomes damp, soiled or loose. It must be changed for a transparent semi-
permeable polyurethane dressing as soon as possible.

If a tunnelled-line or implanted device has been inserted, the dressing should be 
changed every seven days until the site is completely healed. The site can then be left 
without a dressing, though careful observation must still be carried out for signs of 
infection each time the device is used. When a CVC is no longer required, it should 
be removed as soon as possible. After removal, the insertion site must be covered with a 
sterile dressing and observed daily until healed in order to detect any signs of infection.

25. Once the patient has been made comfortable, the trolley should be removed, hand 
hygiene performed, gloves and waste disposed of, with care to dispose of any used sharps 
safely.

26. The apron and gloves should be removed and hand hygiene performed.
27. Device insertion should be documented by the operator. The insertion may also need to 

be documented by the assistant in nursing notes or on observation charts.
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NUTRITION

For many reasons, patients may be unable to take in adequate nutrition orally, 
including short-term problems and long-term or permanent conditions. Whilst intra-
venous fluids can provide hydration and basic electrolytes, this is not sufficient to 
maintain the body, which within a very short time will start to break down muscle 
and fat stores if it does not receive sufficient nutrients. Therefore additional nutrition 
is commenced early for many patients to stop the body from entering a catabolic state, 
leading to malnourishment and increasing the risk of infection further.

Key Points
● The preceding section details an extended function which requires additional training and assessment.
● CVCs have their tip placed into the central circulation of the body, most usually via the internal jugu-

lar vein or, preferably, via the subclavian vein. These devices can be inserted for either short- or long-
term use. In general devices inserted for long-term use are placed using methods that minimise 
infection in the longer term—for instance, by tunnelling through the skin before entering the vein 
or by inserting a specific type of device under the skin so that the skin covers or seals the device and, 
once healed, protects it from contamination with micro-organisms.

● Devices for short-term use are generally inserted directly through the skin into the central circulation. 
They provide very effective access for accurate cardiovascular monitoring, administration of inotropic 
and other vasoactive drugs, and rapid fluid resuscitation. They also provide ready access to the cen-
tral bloodstream for micro-organisms unless managed robustly to prevent infection.

● Insertion of a CVC is a sterile procedure, and attention must be paid to maintaining full asepsis even 
in an emergency situation. If this is not done, a sick patient may subsequently succumb to over-
whelming sepsis due to the CVC, and all of the emergency treatment delivered will have been for 
nothing. National guidance advises use of maximum sterile barrier precautions, though it is acknowl-
edged that the evidence for use of caps and masks for CVC insertion is inconclusive. Healthcare work-
ers should check local policy and wear caps and masks if required.

● The skill of the person assisting with the insertion can make a major difference in achieving correct 
asepsis by ensuring that all items required are available and prepared. This helps to prevent the per-
son performing the procedure from being tempted to ‘cut corners’ and it can maintain maximum 
asepsis.

Key Points
● CVCs inserted for short-term use present a potentially major risk of infection.
● Unlike the risk with peripheral cannulae, the risk of infection per CVC device day remains constant 

and so there is no need to routinely replace it if it is still required and if there are no signs of sepsis or 
insertion site infection.

● Infection can best be prevented by strict attention to aseptic technique at insertion, followed by 
strict adherence to asepsis during all procedures while the line is in use.
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Parenteral Nutrition
Patients who cannot meet their nutritional requirements orally need nutritional sup-
port. If the patient has a functioning gastrointestinal tract, enteral feeding is the pre-
ferred choice of nutritional support owing to its safety of administration, reduced 
cost, enhanced nutritional use and maintenance of gut integrity. Selection of an access 
route for enteral nutrition depends primarily on the anticipated duration of feeding, as 
follows:
● Short-term enteral feeding can be administered through a fine-bore nasogastric tube.
● Long-term enteral feeding is more appropriately delivered through a percutaneous 

endoscopic gastrostomy.
Enteral feeds can be administered as a continuous infusion, an intermittent infusion, or 
bolus.82

Parenteral nutrition solutions are usually prepared by local pharmacy aseptic ser-
vices, and additions should not be made at the clinical level because low numbers of 
micro-organisms introduced into parenteral nutrition solutions can rapidly multi-
ply during use. The product must be stored in a working drug fridge prior to use. 
Whenever possible, parenteral nutrition should be administered via a dedicated single-
lumen line. If a multi-lumen catheter is used, parenteral nutrition must be given using 
a dedicated lumen to prevent it from mixing with any other drugs. An unused lumen 
should be identified for parenteral nutrition at the time the CVC line is inserted. This 
lumen should be primed prior to insertion and flushed regularly using an aseptic tech-
nique if there is a delay in commencing parenteral nutrition.

Connecting a new bag of parenteral nutrition should be done as an aseptic tech-
nique, using the same principles as for the connection of any IV infusion. Connectors 
attached to lumens on CVCs should, whenever possible, be needle-less. They should 
be fully cleaned using wipes containing 2% chlorhexidine gluconate in 70% isopropyl 
alcohol, and allowed to dry, before connection of the administration set. The cleaned 
connector lumen and sterile end of the administration set must not be touched dur-
ing the connection procedure. Parenteral nutrition must hang only for the prescribed 
time: a maximum of 24 hours. On removal of the completed infusion, the line must 
be flushed thoroughly using an aseptic technique if a new bag of nutrition is not con-
nected immediately.

Key Point
● Nutritional status should be monitored regularly for all patients in order to predict or detect problems 

early and to initiate a nutritional plan to avoid malnutrition. Objective scoring systems, such as the 
MUST tool, are available for this.81
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Enteral Feeding
Nasogastric (NG) feeding is usually the first route to be considered if the gastrointestinal 
tract is functioning but the oral route is contra-indicated or oral intake is inadequate.

Fine-bore Nasogastric Tube Insertion
Use of a fine-bore nasogastric tube is the most common delivery method and is suit-
able for feeding for 4 to 6 weeks.82 Fine-bore tubes contain a metal guidewire that 
provides adequate stiffness to allow insertion. As the risk of accidental placement of 
fine-bore tubes into the lung is much greater, the tubes must be inserted only by, or 
under the close supervision of, someone skilled and competent in the procedure, as 
detailed in Exhibit 7.8. Additional training and assessment are required.

Key Points
● Parenteral nutrition provides patients with complete nutrition delivered via a central intravenous device.
● Parenteral nutrition solutions contain a mixture of lipid emulsions along with glucose and electro-

lytes. This makes it perfect for supporting rapid microbial growth, especially when the mixture is in 
use at room temperature.

Key Points
● Artificial feeding via the enteral route is preferred over the IV route. This is because it allows the gut to 

function in a relatively normal manner by absorbing nutrients. Maintaining normal gut function helps 
to protect against translocation of bacteria through the gut wall, reducing the risk of sepsis.

● Feed can be administered via artificial tubing into the stomach or small intestine.
● The feeding tube can be either placed through the nostril or inserted percutaneously through the 

abdominal wall into the intestine.

EXHIBIT 7.8 NG Tube Insertion

Equipment
● Alcohol-based handrub
● Disposable plastic apron
● Non-sterile gloves
● Clean injection tray or similar
● Fine-bore NG tube
● Tape to secure the NG tube
● Catheter-tipped syringe
● Lubricant and litmus paper
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● Drainage bag, if required
● Spigot, if required
● Tissues
● Cup of water for the patient to sip from
● Clinical waste bag
● Patient’s healthcare record

Procedure
 1. Collect all equipment required.
 2. Perform hand hygiene before contact with the patient.
 3. Ensure that patient is comfortable in an upright or semi-upright position and knows how 

to signal for the healthcare worker to stop the procedure.
 4. Put on the plastic apron and perform hand hygiene.
 5. Open the nasogastric tube onto a clean tray and apply lubricant to the outside of the first 

10–15 centimetres of the tube.
 6. Don a pair of non-sterile gloves and begin inserting the NG tube, advancing it slowly.
 7. Give the patient small sips of water to encourage him or her to swallow and assist with the 

passage of the tube until it reaches the correct length.
 8. Gently remove the guidewire.
 9. Stop at once and remove the tube if the patient becomes distressed, starts gasping or 

coughing or becomes cyanosed, or if the tube coils in the mouth.
10. Once the tube is in place, check its position by attaching the syringe and aspirating stom-

ach contents, and affirming that the pH is less than 5.5. However, patients who are receiv-
ing acid-inhibiting drugs may have an altered stomach acid pH, and an x-ray may need to 
be performed to confirm the correct position of the tube.

11. Use pH indicator strips that have 0.5 gradations, or use paper with a range of 0 to 6 or 1 
to 11.85 It is important that the colour change on any indicator or paper be easily distin-
guishable, particularly between pH 5 and pH 6. Seek advice from an experienced colleague 
when there is any doubt about the pH level indicated.

12. Spigot or attach the tube to a drainage bag and secure it in place with tape.
13. Assist the patient to wipe away lubricant from the nose, without dislodging the tube.
14. Dispose of the waste, remove apron and gloves and perform hand hygiene.
15. Document the insertion of the NG tube.

Key Points
● Tubes can be inserted both for drainage of gastric contents and for the administration of enteral 

nutrition.
● Tubes range from semi-rigid drainage tubes to soft, pliable, fine-bore feeding tubes. Insertion of an 

NG tube is a clean procedure, as the tube is not being placed into a sterile body cavity but into the 
stomach. However, it is important to avoid introducing unnecessary micro-organisms as patients 
requiring enteral nutrition are likely to be more vulnerable to infection than are healthy individuals.

● The use of some drugs reduces the ability of gastric acid to kill bacteria that enter the stomach; this 
may increase vulnerability to infection.
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Checking the Position of the NG Tube
Confirmation that the tip of the fine-bore NG tube is in the stomach is vital before 
the administration of any feed or medication. The position should also be checked 
at least once during continuous feeding; following evidence of vomiting, retching or 
coughing; or following evidence of tube misplacement.

The National Patient Safety Agency83 has developed advice for healthcare workers 
on methods for checking position, as follows:
● Measuring the pH of the aspirate using pH indicator strips or paper
● Radiography (x-ray)
Methods that have traditionally been used, but should not be, are
● The ‘whoosh’ test, in which air is forced into the abdomen via a syringe and the 

healthcare worker uses a stethoscope placed on the patient’s abdomen
● Testing the acidity/alkalinity of aspirate using blue litmus paper
● Interpreting the absence of respiratory distress as a sign of correct positioning
● Monitoring bubbling at the end of the tube
● Observing the appearance of feeding tube aspirate
The most accurate way of confirming tube position is by x-ray; however, this should 
not be used routinely as a method of checking83 because of the following:
● It increases exposure of the patient to radiation.
● There is a loss of feeding time for the patient.
● The seriously ill patient requires more handling.
● There is potential for misinterpretation of x-rays if the healthcare worker is not 

trained in radiology.
The same methods should be followed for checking that a drainage NG tube is in 

the correct position. NG drainage tubes are used to drain the stomach of its contents 
and are not routinely used for feeding or drug administration because this can irritate 
the mucosal lining. The indications for drainage NG tubes are as follows82:
● Bowel obstruction
● Gastrointestinal surgery
● Excessive vomiting
● Pancreatitis
● Endotracheal intubation
● Positive pressure ventilation

Managing Percutaneous Endoscopic Gastrostomy Sites
A percutaneous endoscopic gastrostomy (PEG) medical device is placed endoscopi-
cally to deliver nutrients directly to the stomach through a tube passing through 
the abdominal wall. A PEG is used for both short-term and long-term feeding. The 
administration of enteral feed through a PEG tube can be as a bolus or as an intermit-
tent or continuous infusion using a feeding pump.82
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General Principles for Delivering Enteral Feeds
The administration system selected should be compatible with the feeding tube in 
use. Pre-prepared, sterile, ready-to-use feeds should always be used if possible, as they 
reduce the risk of accidental contamination during preparation and from exposure to 
air.23 If pre-prepared feeds cannot be used, a high standard of food hygiene practice 
must be achieved, including effective hand hygiene, use of clean equipment and prepa-
ration in a clean area. Exhibit 7.9 lists necessary equipment and the detailed procedure.

EXHIBIT 7.9 Delivering Enteral Feeds

Equipment
● Alcohol-based handrub
● Disposable apron
● Non-sterile gloves
● pH indicator strips or test paper
● Catheter-tipped syringe
● Clean receiver
● Water for flushing (cooled boiled or sterile water)
● Clean spigot
● Feed
● Jug or disposable measuring bowl
● Administration set
● Patient’s healthcare record

Procedure
To provide a break in feeding and ensure that an accurate pH reading is obtained, local pro-
tocol may require healthcare workers to switch off the feed for 1 to 6 hours prior to aspiration 
and connection of the new feed. This provides a break from feeding and allows gastric pH to 
return to a more normal level where it can suppress bacterial growth.84

1. Collect gloves, apron, syringe, water and spigot and take to the bedside.
2. Perform hand hygiene and put on gloves and apron.
3. Switch off feed.
4. Draw up 30 to 50 mls of water, disconnect the feeding tube and flush it slowly with water.
5. Spigot the tube using the clean spigot.
6. Remove the old feed, administration set, syringe, gloves and apron, and dispose of them as 

clinical waste.
7. Perform hand hygiene.
8. Document the removal of feed in the patient’s healthcare record.
After the required time period has elapsed:
1. Collect all equipment and take it on a trolley to the bedside.
2. Place a strip of indicator paper in the clean receiver, ready to test the pH of stomach 

contents.
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Key Points
● Feeding tubes designed for long-term feeding are often inserted percutaneously through the 

abdominal wall. Once the insertion site has healed, usually 10 to 12 days after insertion, it forms a 
protective barrier, stopping ingress of bacteria and reducing the risk of infection. It is possible, how-
ever, for insertion sites to become infected. To minimise this risk the tube should be regularly rotated 
360 degrees.23

 3. Perform hand hygiene and put on apron and gloves.
 4. Take the syringe and withdraw the plunger so that the syringe is filled with air.
 5. Remove the spigot, keeping it in the non-dominant hand, connect the syringe and inject 

the air into the tubing so that all water is removed.
 6. Draw back on the syringe plunger to aspirate stomach contents. Check that the amount 

of undigested stomach contents is not excessive. The amount to be concerned about 
depends on the length of the feed break and local policy. Excessive quantities of aspirate 
should be ejected into the jug or disposable measuring bowl.

 7. Replace the spigot in the feeding tube and drop a few mililitres of gastric aspirate onto the 
indicator paper to confirm that the pH is less than 5.5.

 8. If there is any doubt about the pH, seek advice from an experienced colleague before com-
mencing feeding.

 9. If the indicator paper confirms a pH of 5.5 or less, recommence the feed.
10. Remove gloves and perform hand hygiene.
11. Always check the feed container to ensure that the packaging has not been damaged, as 

any damage breaches the sterility of the product. If there is any doubt about the condition 
of the packaging, the product must be rejected.

12. Open the administration set and connect it to the container of sterile feed.
13. Connect the bag to the sterile spike of the administration set without touching either the 

spike or the port on the feed bag. The spike must be pushed firmly into the port, ensuring 
that it pierces the internal membrane.

14. Prime and label the set with the date and time of opening.
15. Hang the feed next to the patient and place the patient end in a position where you can 

easily reach it.
16. Perform hand hygiene and apply non-sterile gloves.
17. Remove the sterile cap on the administration set and attach it to the NG tube using a non-

touch technique. The feed can then be switched on.
18. When the feed is recommenced, confirm that the patient shows no sign of distress, cough-

ing, gasping or cyanosis.
19. If excessive stomach contents require disposal, take the container to the dirty utility room 

and dispose of it into a slop hopper or directly into a macerator.
20. Remove gloves and apron, and dispose of waste materials in the clinical waste bag.
21. Perform hand hygiene and document commencement of the new feed.
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Locally prepared feeds must be mixed with cooled boiled water or sterile water, 
and must be stored in a refrigerator once prepared. They must be clearly labelled 
and stored for no longer than 24 hours. Maximum hanging time for pre-prepared 
feeds is 24 hours; for locally prepared feeds, the maximum hanging time is 4 hours. 
Administration sets and all equipment used to administer a feed must be disposed of 
per the manufacturer’s instructions; generally they are single-use items.

Some manufacturers produce catheter-tipped syringes that are designed specifi-
cally for enteral feeding. Some are designated for single-patient use and may be ideal 
for enteral nutrition given in the patient’s home. Healthcare workers should follow 
local policy on the use of these devices, as they pose a risk of infection if disassem-
bled, washed and left wet in the clinical setting. Prior to administering a new feed, the 
position of the feeding tube should be checked and the tube should be flushed with 
cooled boiled water or sterile water. Local policy should be followed, as some recom-
mend using tap water for flushing between feeds.

● Until healed, new insertion sites should be protected by use of a non-adherent dressing. Once 
healed, the site does not require daily cleaning as part of normal patient hygiene procedures.

● PEG sites should be observed daily for redness, discharge, pain, cellulitis around the site or other signs 
of infection. If any of these are present, a medical opinion must be sought and antibiotics may need 
to be given because of the risk of infection tracking into the gut wall and deep tissue. If the site looks 
infected, a swab should be taken and sent to the laboratory for culture and sensitivity.

● If the site is infected, in addition to systemic treatment a suitable dressing should be selected 
to deliver topical agents to the wound to assist with healing. The dressing selected should ideally 
be able to mould to the shape of the wound and surround the PEG tube. Once the site is dry and 
healed, it should be treated as normal skin.

Key Points
● Enteral feeds provide effective nutrition for vulnerable individuals. However, because they hang at 

room temperature, they also provide an ideal growth medium for bacteria.
● Preparation, storage and delivery of enteral feeds must minimise the risk of microbial contamination 

in order to prevent rapid multiplication of bacteria once introduced into the feed tube.
● The delivery of enteral feeding in the United Kingdom is governed by the Food Safety Act.

CONCLUSION

As discussed in this chapter, it is very important that correct infection control 
procedures be employed when invasive devices are being used. Appropriate procedures 
and protocols of care help to reduce the risk of infection and cross-contamination 
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concerns. Numerous guidelines and procedures are available to assist the healthcare 
worker when invasive devices are employed.85 The use of skin antisepsis, in particu-
lar, is recommended before a device enters into the body. For example, agents, such as 
2% chlorhexidine gluconate with 70% isopropyl alcohol, are often used, but numerous 
others are often reported to be effective.86,87

Another significant concern with the use of all invasive devices is the risk of colo-
nisation by micro-organisms which quickly develop into a biofilm, thus increasing the 
patient’s risk of infection and further distress.40,88,89
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INTRODUCTION

The skin is the most important line of defence in the human body, protecting 
tissue from external factors such as harmful chemicals and micro-organisms.1 Once 
this barrier has been breached by trauma or surgical interventions, the body’s main 
goal is the re-establishment of this barrier as quickly as possible. Re-establishing this 
barrier limits the loss of tissue components and fluid and therefore reduces invasion by 
micro-organisms. However, it is inevitable that all wounds, be they acute or chronic, 
will eventually become contaminated and then colonised with micro-organisms.2 
Consequently, wounds will harbour micro-organisms derived from a variety of sources, 
and this complex micro-organism community within the wound constitutes an infec-
tion risk.

A wound environment is therefore considered to support a complex of micro-
organisms or ‘biofilm’ which can cause a significant effect on ‘normal’ wound heal-
ing.3,4 The community of micro-organisms residing in a wound will contain ones 
which are aerobic, anaerobic, micro-aerophilic and pathogenic often resistant to an 
array of antimicrobials.5

Wounds and Infection
Steven L. Percival

CHAPTER EIGHT

Key Points
● The definition of a wound is a loss of continuity of skin or tissue.6

● The community of micro-organisms within a wound also constitutes a cross-contamination risk to 
patients, healthcare workers and the healthcare environment as a whole.

It is widely accepted that as the number and diversity of micro-organisms increase 
then the probability of a wound becoming infected also increases. However, the risk 
of infection depends on an array of endogenous (derived internally) and exogenous 
(derived externally) factors.

http://dx.doi.org/10.1016/B978-0-12-397043-5.00008-6
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Micro-organisms proliferate in wounds because this habitat contains a surface and 
environment for microbial attachment and therefore a safe haven, moisture and nutri-
tion.1 Such favourable conditions promote microbial growth and enhance virulence 
and pathogenicity, which all help to resist clearance by the body’s immune system.7

In a large number of patients with wounds, the ‘normal’ healing process can be 
severely affected and colonising bacteria will proliferate to an extent where microbial 
virulence is enhanced and the risk of infection is subsequently heightened. Therefore, 
from a microbiological and clinical perspective, the challenge regarding infection control 
and wounds remains that in order to reduce the risk of infection at a wound site, the 
quantity and pathogenicity of micro-organisms needs to be reduced to a level to allow 
the patient’s own defensive and repair mechanisms to prevail and thus heal the wound.8 
However, when wounds do become infected, the healing process is significantly affected. 
Additionally, the evidence of an infection can lead to significant distress to a patient, 
which may delay recovery. Wound infections also increase a patient’s length of stay in 
hospital and require the use of expensive wound dressings that contain antimicrobials.

The burden to both the patient’s quality of life and healthcare resources are sig-
nificant to wound management. Factors that impact the patient’s quality of life include 
cosmetically unacceptable scars, persistent pain and itching, restriction of movement 
and a noticeable impact on emotional well-being.9 If healthcare workers provide sup-
port to the patient in relation to wound management, it can positively affect a person’s 
perceived quality of life, irrespective of whether the wound heals or not10; therefore, 
it is vital that healthcare workers are aware of their own limitations and seek specialist 
support whenever necessary.11

Because of the vast array of concerns with wound infections, appropriate infection 
control procedures are fundamental in helping to reduce infection incidence and preva-
lence. Prevention of wound infections should be part of an ongoing programme of edu-
cation in healthcare settings and are currently being proactively addressed in many 
public health facilities and hospitals. Although regular support programmes have helped to 
decrease wound infections, this is still a concern and warrants greater support and resources.

To fully implement infection control procedures for wound care, it is necessary 
to understand both the role micro-organisms play and the different types of wounds 
known to be vulnerable to infection, and the patients’ underlying pathophysiology. 
Additionally, a sound comprehension of the role of anti-infectives is also significant in 
the management of infections in wounds.12

WOUNDS AND THE HEALING PROCESS

All wounds contain micro-organisms, but this in itself does not mean that spe-
cific wound management interventions need to be initiated13,14 as it is often possible 
for wounds to heal successfully without intervention. Wounds that are closed surgically 
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heal by primary intention and wounds that are left open to heal do so by second-
ary intention.15 Wound healing by primary intention joins the edges of the wound 
together and minimises the need for new tissue formation thus minimising scar for-
mation. Wound healing by secondary intention takes longer because it relies on the 
granulation of tissue arising from the base of the wound to fill the space created by the 
wound itself.16 Some wounds may be closed by delayed primary closure where non-
viable tissue is removed, the wound is left open for four to six days and then surgically 
closed. This is necessary for wounds with edges that cannot be fully opposed or after 
trauma or bowel surgery.17

Key Points
● When a wound is infected, it takes longer to heal because the microbial bioburden prevents healthy 

granulation tissue from developing.
● Infected wounds that are closed by primary intention tend to break down quickly.18

A chronic wound is any wound that fails to heal as anticipated or one that has been 
stuck in one phase of the healing process for a period of six weeks or more.19,20 The 
wound-healing process involves the following four major phases21,22:
● Inflammation
● Destructive
● Proliferation
● Maturation
Normal wound healing is complex and involves various processes which occur at dif-
ferent rates and at different speeds,23,24 as follows:
● The inflammation phase lasts up to 96 hours. The function of the inflammation phase 

is to ensure that the wound bed is free from micro-organisms and other contami-
nants so as to create the optimum environment for the production and multipli-
cation of the various layers of the skin.25,26 Phagocytosis also occurs during this 
phase,27 as well as other processes involving enzymes, growth factors, vasodilatory 
agents and matrix metalloproteases.28,29

● The destructive phase can last for up to 2 to 5 days and involves macrophages and 
fibroblasts removing dead tissue.

● The proliferation phase involves fibroblasts and epithelial cells proliferating; granula-
tion tissue forms.

● The maturation phase can take up to two years and involves fibroblasts and proteases. 
Fibroplasts pull the wound edges together and the granulation tissue matures into 
scar tissue, which then pales, shrinks and thins.30
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Burton31 identifies the following factors that delay the healing process:
● Infection
● Haematoma, foreign body or necrosis
● Low albumin level
● Poor vascular supply, anaemia
● Poor nutritional intake
● Chronic medical conditions such as diabetes
● Mechanical stress on the wound

WOUNDS AND MICRO-ORGANISMS

Bacterial colonisation of a wound allows the establishment of populations of 
micro-organisms at the wound site.32 Micro-organisms produce specific protein-
degrading enzymes called ‘proteinases’, and if these are within a contaminated wound 
site, they lead to enhanced tissue breakdown.33 If the community of micro-organisms 
is protected, then the infected wound will not heal. This becomes an important aspect 
of the patient’s care and destruction of the community of micro-organisms is part of 
the treatment of the non-healing wound.

Overall, wound healing and infection are influenced by the relationship between 
the ability of micro-organisms to create a stable, prosperous community within a 
wound environment and the ability of the host to control the bacterial community. A 
prolonged exposure to chronic wound micro-organisms leads to an ongoing inflam-
matory response—complex processes which have a potentially detrimental effect on 
cellular processes involved in wound healing.

For instance, bacteria, such as Pseudomonas aeruginosa, release proteinases known to 
affect growth factors and many other tissue proteins necessary for the wound-healing 
process.29 During the healing process, exudate is produced and chronic wound exudate 
affects cell proliferation and wound healing.

Key Points
● Phagocytosis is the engulfing and destruction of micro-organisms and foreign bodies by phagocytes 

in the blood.
● Patients whose wound history extends more than two years may be more prone to recurrent wound 

infections.

Key Points
● Contamination of a wound is when micro-organisms are present but they are transient and wound 

healing is not delayed.
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Risk Factors
There are various reasons why wounds become infected. The risks or factors, which 
are known to enhance the likelihood of an infection, need to be addressed to evalu-
ate any infection prevention and control strategy. The risk of wound infection of both 
acute and chronic wounds is related to a number of risk factors, including the environ-
ment, the patient, the type of surgical category and procedure, the appropriateness of 
the correct care and healthcare worker training and education.

Environment
For post-operative infections, the patient environment is very important as a potential 
conduit for infection. For example, in operating theatres there should be adequate sup-
plies of disinfectants and handwashing facilities outside of the main sterile operating 
rooms to ensure effective hand hygiene takes place during the immediate pre- and 
post-operative care of the patient.

In addition to this, filtered air ventilation into the operating theatre plus frequent, 
regular changes of air is important both to remove bacteria that may be brought in 
from outside and to remove bacteria shed on skin scales by staff present in the theatre 
during the surgical procedure. Appropriate theatre clothing should be worn because 
this reduces shedding of material fibres and skin scales. Also, access into the ‘sterile’ 
environments should be restricted, which helps to keep infection risk to a minimum.

Patient
Individuals vary widely in susceptibility to infection, and this depends on many factors, 
including age, general health, underlying illness, state of nutrition, previous exposure 
to infection and vaccination, occurrence of invasive procedures, acuity level and undis-
ciplined use of antibiotics.34 The patient constitutes a high risk in respect of endog-
enous infection from the individual’s own microbial flora and contamination of any 
wound. Additional factors (e.g., skin condition) also play a role in increasing the risk 
of a wound infection, with damaged skin being at increased risk of colonisation with 
resistant organisms; therefore it poses an increased risk to wounds.

Types of Operation and Surgical Procedures
The types of operation and surgical procedures, which may have induced the wound 
initially, will add an enhanced risk to the generation of infection in a wound. For 

● Colonisation of a wound refers to the multiplication of micro-organisms, but they do not cause 
damage or initiate wound infection.

● Wound infection is when microbial growth, multiplication and invasion into the host’s tissue leads to 
cellular injury and initiates the host’s immunological reactions. Healing is interrupted.15
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example, risks of deep wound infection are increased for procedures, such as transplants 
and implantation of orthopaedic devices, because necessary items left inside the body 
can harbour very low numbers of organisms unless sterility is maintained absolutely. 
Once implanted these micro-organisms can multiply, sometimes over many months, 
and then cause symptoms of infection.

For this reason surveillance definitions for surgical site infection generally include 
deep infection in implant surgery up to one year after the procedure. Surgery involv-
ing a site with pre-existing infection, or where necrosed tissue is present, also presents a 
high risk of post-operative infection.35 In addition to this, the length of time a surgical 
procedure takes can increase risk as well as the use of medical devices (e.g., catheters, 
cannula and drains), which are well-known risk factors.

Appropriate Usage of Prophylaxis
As with many surgical procedures, antibiotic and antiseptic prophylaxis is often admin-
istered. This has been shown to be very beneficial at reducing the risk of wound infec-
tion in particular types of surgical intervention. However, there is little sound clinical 
evidence to support the indiscriminate use of prophylaxis.36 For any incision, appro-
priate skin antisepsis should take place to prevent skin/wound contamination.37

Other Problems
Additional problems associated with both acute and chronic wounds exist. Solutions 
to manage such risks have included careful design of operating theatres; antimicrobial 
washes; wearing of correct clothing; and the appropriateness of training that has been 
provided to medical staff, in particular to nurses, in relation to wound management. In 
respect of wound care, the correct use of appropriate dressings, in addition to technically 
correct application and removal from the wound site, all represent opportunities for low-
ering the risk of a wound infection occurring. It should also be noted that wound cleans-
ing should be performed to remove pus, exudate, debris and old dressing material.38

RECOGNISING AND PREVENTING WOUND INFECTION

Traditional criteria for recognising wound infections have been considered as 
limiting,39,40 so additional criteria are used (see Table 8.1). Traditional criteria include:
● Pain
● Presence of abscess, cellulitis or discharge
● Elevated temperature
Additional criteria include:
● Abnormal smell
● Wound breakdown
● Pocketing at the base of the wound
● Friable tissue that bleeds easily
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Cutting and colleagues41 have also documented that different types of wounds have 
different infection criteria.

Preventing Wound Infections
The chance of a wound infection occurring can be minimised and the following sub-
sections describe some strategies that can be implemented.

Delay Non-urgent Procedures
If a patient is at increased risk from pending surgery, such as for multiple concurrent 
diseases and ailments, it may be wise to delay non-urgent procedures if measures can 
be taken to reduce the risk of infection during the pre-operative period. This may 
assist in reducing the increased risk of cross-contamination from various reservoirs of 
infection; however, it is only helpful if measures can be taken to reduce risk.

Prophylaxis Use
The use of antibiotic/antiseptic prophylaxis may be necessary if the site of a surgical 
procedure is an area contaminated with an array of potential or pathogenic micro-
organisms. The use of prophylaxis remains an area of controversy and debate, which 
is beyond the scope of this chapter. However, it has been demonstrated that pre- and 
peri-operative prophylaxis is highly effective for some types of procedures.

Local guidelines should be available, generally written by clinical staff, pharma-
cists and microbiologists, in order to ensure that they are appropriate and effective. 
Prophylactic antimicrobial efficacy is dependent on the timing of its administration42 

Table 8.1 Criteria for Recognising Wound Infection
Primary wounds Secondary wounds

Cellulitis Cellulitis
Pus/abscess Pus/abscess
Delayed healing Delayed healing
Erythema with/without induration Erythema with/without induration
Haemopurulent exudate Haemopurulent exudate
Seropurulent exudate Seropurulent exudate
Oedema Oedema
Increase in local skin temperature Increase in local skin temperature
Unexpected pain or tenderness Unexpected pain or tenderness
Wound breakdown or enlargement Wound breakdown or enlargement
Serous exudate with erythema Increase in exudate volume
Malodour Malodour
Swelling Pocketing

Friable granulation tissue that bleeds easily
Discolouration
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and the Department of Health high-impact intervention for prevention of surgical site 
infection requires that the pre-operative dose be given within one hour of surgery.43

It should be noted though that adequate time must elapse for perfusion of the anti-
biotic to the surgical area (e.g., administration immediately prior to applying a tourni-
quet to a limb will not provide adequate time for perfusion to the affected area) before 
the blood supply is reduced. There is evidence that if the correct antibiotics are given, 
at the correct time and dosage over the correct time period, positive clinical outcomes 
will be achieved together with a low risk of infection at high-risk areas.

Drainage
In the case of wounds, open drains are considered very high risk and should, if at all 
possible, not be used; however, with many wounds a drainage device is required and it 
usually is connected to a bottle or bag in theatre. Such drains present opportunities for 
bacteria to access and contaminate deep tissue—in particular, there is a risk of cross-
contamination from healthcare workers who are involved with changing such devices 
unless they use an effective aseptic technique.

Skin Preparation
Skin preparation for surgery is an important area of potential risk. Shaving is known to 
bruise and abrade the skin, which increases the risk of infection. This is because many 
staphylococci in particular are known to reside around the sebaceous glands adjacent to 
hair follicles. By removing the hair follicles, the staphylococci disperse onto the patient’s 
skin surface and increase the risk of cross-contamination to other individuals or to 
wounds. In these situations the use of skin antiseptics is often warranted before an inci-
sion is made.

Alcohol solutions of chlorhexidine or iodine are the most commonly used skin 
antiseptics.44 After an area has been coated in the skin preparation solution and before 
the incision is made, the solution should be allowed to dry completely to reduce the 
risk of infection and to avoid the risk of igniting alcohol vapour if diathermy is to be 
used.

Surgical Environment
The surgical environment (usually an operating theatre) is very important in the preven-
tion of a wound infection. In addition, the movement of healthcare workers through 
a surgical facility should be substantially reduced as countless pathogenic bacteria are 
airborne on skin scales shed by everyone, which can lead to increased risk of cross-
contamination in the wound vicinity. The use of appropriate theatre clothing is very 
important—these should be such that they reduce the transfer of pathogens. Therefore 
clothing used in the operating theatre should be different and separate from clothing 
used in everyday life, and there should be adequate areas for showering and handwashing.



Wounds and Infection 135

Ventilation
Adequate ventilation in operating theatres is required. Mechanical ventilation is the pre-
ferred option and here the air should be changed 20 to 24 times per hour and any air 
entering the theatre should be filtered. In addition to this standard, for very high-risk 
procedures involving implant surgery, the use of ultraclean theatres is now the standard. 
In ultraclean theatres there is an area under a canopy that has an extremely high rate of 
air exchange and the levels of contamination under the canopy are kept extremely low 
(<10 cfu/m3). This reduces the risk of airborne contamination into a deep wound.

Although theatre ventilation and the environment is monitored and strictly con-
trolled, staff working in theatres should check on a daily basis that they can hear the 
ventilation system working and that they can see the balancing vents opening and clos-
ing when external theatre doors are opened and closed. Plus, they should be able to 
feel airflow between the main theatre and lay-up and scrub-up rooms. This will ensure 
that any failure is detected and can be reported immediately.

Wound Dressing
Appropriate choice of a wound dressing that helps to manage the wound bioburden, 
remove corrosive enzymes, to limit cross-contamination to other wound sites and to 
promote wound healing is of paramount importance to infection control in wound 
care, and it will facilitate wound healing.

To reduce the risk of wound infection, the procedures in the preceding subsections 
need to be strictly adhered to with clinicians guided by the various protocols of care 
that are in place and discussed throughout this book. Essential requirements that help 
to reduce wound infection include the following:
● Use of sterile gloves
● Correct surgical procedures that reduce the potential for cross-contamination
● Use of appropriate disinfectants and antiseptics
● Correct environment for surgical interventions
● Appropriate use of prophylactic antibiotics
After a surgical procedure, patients should be kept in hospital for the shortest possible 
time to limit the risk of infection.

SURGICAL SITE INFECTIONS

Surgical site infections (SSIs) are wound infections that can occur after an inva-
sive procedure and have been shown to be the cause of up to 20% of all healthcare-
associated infections (HCAI). The majority of SSIs are preventable, but many infections 
are caused by contamination of an incision with micro-organisms from the patient’s 
own body (endogenous spread) during surgery.45 However, as already noted in this 



Steven L. Percival136

chapter, SSIs can result from exogenous spread; this occurs when micro-organisms 
from instruments or the theatre environment contaminate a surgical wound, or post-
operatively as a result of cross-infection, according to the National Institute for Health 
and Clinical Excellence and the National Collaborating Centre for Women’s and 
Children’s Health.46

CATEGORIES OF SURGICAL WOUNDS AND INFECTION RISK

Surgical wounds are classified according to the likelihood and degree of wound 
contamination at the time of surgery into the following four categories47:

Clean—Uninfected wounds that do not enter body systems naturally colonised by 
micro-organisms.
Clean-contaminated—Surgical wounds that enter body systems naturally colonised 
with micro-organisms, including the respiratory, alimentary, genital and urinary 
tracts. This includes when they are entered under controlled conditions and with-
out unusual contamination, providing that there is no evidence of infection or a 
major break in aseptic technique.
Contaminated—Operations on new, open traumatic wounds; operations where 
there is a major break in aseptic technique; and operations in which there is gross 
spillage from the gastrointestinal tract or acute inflammation without pus being 
encountered.
Dirty or infected wounds—Operations in which acute inflammation with pus is 
encountered, or in which perforated viscera are found; this includes operations 
on traumatic wounds that have retained dead and severely damaged tissue, for-
eign bodies or faecal contamination. Operations include those where the micro-
organisms causing post-operative infection are likely to have been present before 
surgery.
Surgery on body sites that are considered ‘clean’ (e.g., in prosthetic surgery) have 

relatively low SSI rates whereas operations at dirty body sites (e.g., the bowel) can 
exceed 10%.48 The Centers for Disease Control and Prevention (CDC) identifies the 
following three levels of SSI:
1. Superficial incisional—This affects the skin and subcutaneous tissue. Signs and symp-

toms of infection are redness, pain, heat or swelling at the site of incision or by the 
drainage of pus.

2. Deep incisional—This affects the fascial and muscle layers. Signs and symptoms are 
the presence of pus or an abscess, fever, wound site tenderness or separation of the 
edges of the incision, which exposes the deeper tissues.

3. Organ/space infection—This affects any part of the anatomy other than the actual 
wound incision. Signs and symptoms are drainage of pus or formation of an abscess.
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During the post-operative period, it is good practice to cover the surgical wound 
with a dressing for the first 48 hours during the initial period of healing by primary 
intention unless it is contraindicated—for example, if there is excessive wound leak-
age or haemorrhage.46 For those wounds healing by secondary intention, contact 
should be made with a healthcare worker who has tissue viability expertise—a Tissue 
Viability Nurse. Many organisations have local policies or local wound formularies list-
ing approved dressings and provide guidance on wound dressing selection; these should 
always be consulted to ensure that the most suitable approved wound dressing is selected.

There are a plethora of wound dressings available to healthcare workers.49 The pur-
poses of surgical wound dressings are to:
● Allow appropriate visual assessment
● Absorb exudate
● Ease pain
● Provide protection for newly formed tissue
● Provide an optimal moist wound environment50

● Allow early bathing or showering and therefore promote patient rehabilitation46

A robust health technological assessment46 concluded that there is no significant 
evidence to support the use of one dressing over another, although the use of gauze 
should be avoided as it has the potential to cause pain when it is removed; it can also 
disrupt the healing process because it is likely to stick to the wound. Instead, it is gen-
erally accepted that a dressing which has a semi-permeable film membrane with or 
without an absorbent part can be used in the majority of clinical situations.

CONCLUSION

Non-healing and infected wounds are microbiologically diverse. This diversity 
has a number of advantages to micro-organisms because it is likely to help microbial 
interactions and enhance their survival. However, these interactions are likely to have 

Key Points
● Obtained cultures may provide microbiological evidence of SSI; however, skin is normally colonised 

by a range of micro-organisms that could cause infection. Consequently, signs and symptoms of 
infection are required before it is classified as a SSI.46

● Staphylococcus aureus is the most commonly cultured micro-organism in SSIs.
● The majority of SSIs become apparent within 30 days of a surgical procedure and most frequently 

within 5 to 10 post-operative days.
● When a prosthetic implant is used, SSIs affecting the deeper tissues can occur several months 

post-operatively.46
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detrimental effects on the host. Wound infections as a result of the colonising bacteria 
are diagnosed on the basis of clinical signs.47 The objective of infection control and, in 
particular, wound care is to minimise the risk of transmission of micro-organisms and 
to prevent patients from acquiring an infection.

Despite an array of infection control procedures, however, this is often not achiev-
able. Failing this, to help reduce the risk of the wound becoming infected, the micro-
bial load in the wound bed should be significantly reduced to allow the host immune 
system to prevail. By reducing the number of micro-organisms, their related interac-
tions and pathogenicity will also be reduced. Through the correct use of antimicrobials, 
the bioburden can be decreased significantly and therefore aid in wound healing.
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INTRODUCTION

It is now widely accepted that 99% of all micro-organisms attach to a surface 
and grow as a biofilm. The biofilm mode of growth is an important survival strategy 
for micro-organisms in the healthcare environment.1,2 Biofilms consist of microbial 
cells encased in a self-generated extracellular polymeric substance (EPS).3 The first 
evidence of their existence was reported by Anton van Leeuwenhoek in the seven-
teenth century following the analysis of plaque scraped from his own teeth. In 1933, 
Henrici observed micro-colonies forming on glass slides placed in an aquarium which, 
he reported, steadily grew in size. These bacterial micro-colonies were firmly adherent 
to the surface and could not be removed through washing.4

In 1936 Zobell and Anderson observed the enhanced growth rate of bacteria in the 
interstices of small inert particles of sand and glass beads placed in seawater when com-
pared with growth in seawater alone; they attributed this to the proximity of the water 
to solid surfaces5 and noted that bacterial growth is enhanced in smaller containers, 
given the greater amount of solid surface per unit volume of stored water. They con-
cluded that solid surfaces are beneficial to bacteria in dilute nutrient solutions.5,6

In 1940, Heukelekian and Heller7 observed substantially enhanced bacteria growth 
when microbes were attached to a surface; Escherichia coli grown with limited nutrients 
grew better with the addition of glass beads, demonstrating that solid surfaces, which 
act as a source of concentrated nutrients, enable the bacteria to survive in substrates 
which would otherwise be too dilute for growth.7

Zobell,6 in 1943, provided extensive evidence of biofilms by observing higher 
numbers of bacteria on surfaces than in the surrounding seawater. He proposed that 
the adhesion of bacteria occurred in two phases: one reversible, the other irrevers-
ible. Furthermore, he noted that nutrients were concentrated on solid inert surfaces, 
enhancing bacterial activity, with many of the bacteria found to be sessile in seawater 
because they were attached to a solid surface.
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It was not until the 1970 s that research on biofilms truly began despite early evi-
dence of their existence. Marshall and colleagues in 1971 noted that a motile strain 
of Pseudomonas produced polymeric fibrils in arteficial seawater, which they thought 
might be involved in the irreversible sorption of the bacteria to surfaces.8 Late in the 
1970 s a clearer definition emerged,9,10 with Costerton et  al.10 proposing that bio-
films consist of communities of bacteria attached to surfaces encased in a “glycocalyx” 
matrix. In 1987, Costerton and colleagues11 proposed that biofilms consisted of single 
cells and micro-colonies which become embedded in a hydrated polyanionic exopoly-
mer matrix. Soon after, Characklis and Marshall12 described other characteristics, such 
as spatial and temporal heterogeneity and substances holding the matrix of the biofilm 
together.

In 1995, Costerton and colleagues reported that biofilms can adhere to surfaces and 
interfaces and to each other.13 In their definition of a biofilm, they included micro-
bial aggregates and floccules as well as the adherent populations in the pore spaces 
of porous media.13 They also clarified that biofilms constitute a distinct growth phase 
of bacteria which is in contrast to that of their planktonic counterparts.13 Such pio-
neering research helped to introduce the world to biofilmology—‘the study of bio-
films’, through which we better understand biofilm structure. Biofilm architecture has 
been and continues to be extensively studied, using such techniques as optical section-
ing,14 confocal laser scanning microscopy (CLSM),15,16 scanning electron microscopy 
(SEM)17 and three-dimentional imaging.18 These techniques in particular have helped 
researchers to clearly and simply define a biofilm as a community of bacteria and/or 
other microbes and their extracellular polymers attached to a surface.19,20

Biofilms exhibit a number of fundamental characteristics which the reader may 
find useful19,21:
● Biofilms form a three-dimensional structure.
● Biofilms contain one or more microbial species.
● Biofilms form at interfaces. These can be solid/liquid, liquid/air, liquid/liquid or 

solid/air.
● Biofilms exhibit spatial heterogeneity. This is because of the physicochemical and 

chemical gradients which develop in them and to the adaptation inflicted on them 
by outside perturbations.

● Bioflms are often permeated by water channels which are sometimes referred to as 
the ‘circulatory system’.

● The micro-organisms within biofilms, compared to their planktonic counterparts, 
exhibit a marked decrease in susceptibility to antimicrobial agents and host defence 
systems.

Although the precise structure, chemistry and physiology of a biofilm varies depend-
ing on the resident microbes and the surrounding environment, its structural integrity 
strongly depends on the extracellular matrix produced by the resident cells.22
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Initial studies by Costerton and Lappin-Scott23 found that, in addition to its other 
common characteristics, a biofilm’s cells differ from their planktonic counterparts. This 
has been demonstrated in altered gene expression in particular, which has been shown 
to aid adhesion and biofilm formation. An early biofilm study demonstrated the varia-
tion in gene expression between bacterial cells residing in the biofilm and their plank-
tonic counterparts.24

In 2002, Donlan and Costerton25 proposed a new biofilm definition to include 
characteristics such as altered growth rate and altered gene transcription:

A microbially derived sessile community characterized by cells that are irreversibly attached to a 
substratum or interface or to each other, are embedded in a matrix of extracellular polymeric sub-
stances that they have produced, and exhibit an altered phenotype with respect to growth rate 
and gene transcription in page 1.

However, the environment in which it is formed must also be taken into consideration 
when defining a biofilm. As noted by Harding and colleagues,26 one widely accepted 
definition is ‘a community of microbial cells permeated by water channels allowing 
efficient biomass exchange between the population and the environment’, which con-
siders only biofilms in an aqueous environment.

PREVALENCE OF BIOFILMS

Biofilms are observed on an variety of surfaces and materials, both biotic 
and abiotic; furthermore, they can be benign or pathogenic. The ability of micro- 
organisms to produce biofilms on surfaces is believed to contribute substantially to the 
pathogenesis of infection.1 In fact, it is reported that biofilm ‘infections’ constitute, or 
are associated with, 65% of human infections reported in the developed world.27,28 
Indeed, biofilms have commonly been identified in both medical device-related and 
non-device-related infections. These may be caused by a single species or a mixture of 
species of micro-organisms.29,30

There are many advantages to the biofilm mode of growth for microbial survival 
and spread which are not observed for free-floating planktonic cells. In particular, it 
offers residing cells protection from an often hostile environment; a broader habitat 
range for growth, increased metabolic diversity and efficiency; enhanced resistance to 
environmental stress, antimicrobial agents and host defences.28,31

In the medical setting, biofilms have been implicated in the rejection of many med-
ical devices, including artificial dental and medical prostheses. They are well known to 
be prevalent on teeth,32 inside the gut and in the lungs of cystic fibrosis (CF) patients, 
as well as on and in endotracheal tubes, intravascular catheters,33 heart valves, the blad-
der, the middle ear,34 prosthetic joints35 and chronic wounds.36

A number of studies have emphasised the high incidence of biofilms among sam-
ples from root canals associated with periodontitis.28 Ricucci and Siqueira28 evaluated 



Sara McCarty, Emma Woods and Steven L. Percival146

the presence of biofilms in both treated and untreated root canals associated with api-
cal periodontitis; they found them in 77% of the root canals analysed, with untreated 
canals having more than treated canals. Comparatively, Noiri and colleagues37 found 
that of 11 samples consisting of both extracted teeth and root-filling gutta-percha 
points associated with refractory periapical periodontitis, 9 showed evidence of bacte-
rial biofilm as observed via SEM. Similarly, Carr and colleagues38 found that a com-
lex, variable, multi-species biofilm was associated with a resected, failing endodontically 
re-treated molar root tip.

Pseudomonas aeruginosa biofilms are a major factor in the persistence of infection in 
CF patients; the polysaccharide alginate is the main constituent of the biofilm matrix 
in these patients’ lungs.39 Mucoid P. aeruginosa biofilms are commonly observed in CF 
lung tissue.39 For example, Bjarnsholt and colleagues40 investigated P. aeruginosa bio-
films in samples of CF lung tissue and sputum. They found that, in preserved tissues 
taken from CF patients who had not undergone intensive antiobiotic therapy, mucoid 
(alginate) bacteria in aggregating structures surrounded by polymorphonuclear leuko-
cyte (PMN) inflammation in the respiratory zone correlated with P. aeruginosa infec-
tion and destruction of the lung.40 Detached biofilm-containing alveoles can also be 
found in the sputum of CF patients.41 Biofilms in chronically infected CF patients also 
act as a bacterial reservoir from which planktonic cells can shed, colonising new sites 
and thus causing an inflammatory response and clinical symptoms.42

Singh and colleagues43 also found evidence of P. aeruginosa biofilm in sputum sam-
ples obtained from CF patients via morphological analysis and through the identifica-
tion of quorum-sensing (QS) signals. In an in vitro study, Matsui and team44 highlighted 
how the physicochemical properties of mucus in the PMN of CF patients influence  
P. aeruginosa biofilm formation—through the promotion of macro-colony forma-
tion and restricted bacterial motility by CF-like concentrated mucus.44 Furthermore, 
the concentrated, dehydrated mucus gel acts to inhibit host antimicrobial defence by 
diminishing lactoferrin activity.44

Chronic otitis media, a common paediatric infectious disease, is also associated with 
biofilm formation.45 Using CLSM with generic and species-specific bacterial probes, 
Hall-Stoodley and colleagues45 found mucosal biofilms in 46 of 50 middle-ear mucosa 
biopsy specimens from children with otitis media with effusion and with recurrent 
otitis media.

MODELS TO STUDY BIOFILMS

Biofilms in different settings form a variety of structures composed of different 
microbial consortia dictated by biological and environmental parameters, which can 
quickly respond and adapt. Indeed, a significant problem associated with the investiga-
tion of environmental systems is the inherent complexity within them.46
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Although it is difficult to accurately mimic the in vivo environment in an experi-
mental model, a number of in vitro biofilm models have proven useful in the study 
of biofilm processes and antimicrobial efficacy against biofilm-forming organisms.25 
However, some key parameters may affect the rate and extent of biofilm formation in a 
model system, including the medium used, the inoculum, the system’s hydrodynamics 
and the substratum.25 Indeed, biofilm architecture is influenced by various environ-
mental conditions, including nutrient status, the presence or absence of heavy metals, 
material composition, roughness of the substratum and hydrodynamic shear force.47 As 
noted by Trappetti and colleagues,48 biofilm models are less standardised than the clas-
sic mid-log growth phase, in which most microbiological research has been done; thus 
it is important to identify the most appropriate experimental biofilm model to obtain 
significant and comparable results.48

Laboratory-grown biofilms are designed to mimic the in vivo milieu, and through 
the modification of various parameters, it is possible to grow them with differing struc-
tures and functions.49 One commonly used experimental model is the Calgary Biofilm 
Device (CBD), otherwise known as the Minimum Biofilm Eliminating Concentration 
(MBEC) biofilm assay (MBEC Innovatech, Calgary, Alberta). This model consists of 
two parts which are designed to fit together: a polystyrene lid with 96 pegs forms the 
top component; a standard 96-well plate forms the bottom component.50

The CBD provides a high-throughput method often employed for testing anti-
microbial susceptibility in an easy-to-use single experimental system51; it produces 96 
equivalent biofilms which generate reproducible results, and it has the potential for 
automation given its 96-well plate design.51 The CBD was originally developed as a 
reproducible method of assessing the antimicrobial efficacy of antibiotics against bio-
films associated with indwelling medical devices.51,52

Harrison and colleagues47 described the use of the CBD to evaluate biofilm struc-
ture under multivariate growth conditions and exposure. They noted that it allows 
the user to test single- or multi-species biofilms against a range of antimicrobial treat-
ments and controlled variables in a single system; also, it permits study of variations in 
growth medium formulation, exposure times and antimicrobial concentration alone or 
in combination with this biofilm model.47 The authors used SEM and CLSM to quali-
tatively evaluate biofilms formed using the CBD.47

The CBD facilitates various techniques for studying biofilm structure and antimi-
crobial susceptibility in the same system. For example, some pegs may be removed for 
microscopy, others may be used for viable cell counts, while others may be used for 
susceptibility testing.47

One of the CBD limitations is that it does not feature controlled fluid dynamic 
conditions and so consideration must be given when interpreting data from various 
biofilm systems.47 In addition, growth does not evenly cover the surface of a CBD peg 
and therefore examination of pegs should be made systematically to reflect this.47 The 
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height of the biofilm formed in the CBD should also be considered; biofilms grown 
in it may be less ‘mature’ than multi-layered biofilms grown in a continuous-flow cell 
system.53 In spite of these drawbacks, the CBD is simple to use, provides a method for 
rapid screening and avoids the use of complex flow systems and tubes which may be a 
source for contamination.50

The Modified Robbin’s device (MRD), originally designed to study biofilms in 
tubular devices (e.g., catheters and pipelines),54 facilitates the study of biofilms under 
flowing conditions with controlled hydrodynamics.46 Like the CBD, the MRD has the 
advantage of multiple sampling points so that several samples can be obtained simul-
taneously or at various time points.46 However, it can be used in both recirculating 
and flow-through systems and can be connected to a chemostat for controlled growth 
conditions.46

The limitations of the MRD include the inability to visualise the biofilm in situ, 
possible nutrient gradients along the length of the device and possible deviations in 
hydrodynamics.46 However, it provides a more accurate representation of the in vivo 
environment, given the presence of shear forces which cause the detachment of weakly 
adhered cells. Thus, the MRD represents true sessile micro-organisms.55

Flow cell systems allow study of mature biofilms within a flow of liquid to mimic 
the in vivo environment, and they permit microscopic observation and imaging of the 
biofilm.56 Flow cells permit in situ visualisation, which can overcome the drawbacks 
associated with fixation for visualisation in other systems.46 However, the setup of 
these devices can be difficult and researchers may be challenged with air bubble for-
mation.56 Channel depth can also be a limitation.46

The CDC bioreactor is another system for investigating biofilm formation, struc-
ture and response to antimicrobial treatment in flow phase or batch phase. It facilitates 
biofilm growth under moderate to high fluid shear stress.57,58 The CDC bioreactor 
consists of removable rods which each hold three removable coupons; thus, the bio-
reactor enables repeatable bacteria growth on 24 removable coupons.59 Ngo and col-
leagues60 conducted a study using the CDC bioreactor to generate biofilms which 
were then used in an in vitro model of a biofilm-infected chronic wound that was in 
constant contact with moisture and nutrients.60 However, it is essential to choose the 
appropriate reactor and growth conditions since these affect laboratory biofilm.57

FORMATION OF BIOFILMS

Biofilm formation is a complex process, but generally it can be recognised as 
consisting of a series of stages. O’Toole et al.61 described biofilm formation as includ-
ing initiation, maturation, maintenance and dissolution. However, numerous others 
have classified these stages differently to reflect the environment in which they are 
studying biofilms.
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The development of a biofilm is influenced by different processes, including adhe-
sion, detachment, mass transport, quorum sensing, cell death and active dispersal.62

Development of the Conditioning Film
The characteristics of the substratum and the presence of a conditioning film are 
important factors in microbial attachment to a solid surface, and the physicochemical 
properties of the surface may influence the rate and extent of attachment.25 It has long 
been noted that micro-organisms attach more readily to hydrophobic surfaces (e.g., 
plastic) compared with hydrophillic surfaces such as glass and metals.63–66. However, 
depending on the conditioning film and ionic strength conditions, coatings can either 
enhance or reduce initial adhesion of bacteria.66,67

A ‘conditioning film’ was initially reported by Loeb and Neihof in 1975.68 They 
found that it influences the interaction of the bacteria with the interface. Neu found 
that the organic molecules of the conditioning film altered the wettability and surface 
charge of the original surface.69 Furthermore, Neu and others found that the properties 
of the substratum affect the composition and orientation of the molecules, which make 
up the conditioning film, during in the first hour of exposure.69,70 They note too that 
surface active compounds (SACs) produced by the bacteria interact with the interface, 
affecting adhesion and de-adhesion.69 It is now widely accepted that the composition of 
the conditioning film affects the rate and extent of microbial attachment.70

Depending on the environment, the conditioning film has been shown to consist 
of polysaccharides, glycoproteins and humic compounds. In the human host, the con-
ditioning film is determined by the site being conditioned. For example in the oral 
cavity, particularly the teeth, the film is referred to as a proteinaceous ‘pellicle’ com-
posed of albumin, glycoproteins, lipids, lysozyme, phosphoproteins and gingival crevice 
fluids. Other types of conditioning films have also been reported on biomaterials and 
found to be composed of blood, tears, urine, saliva, intervascular fluid and respiratory 
secretions. Interestingly, alterations in the chemistry of the conditioning film have been 
shown to have an affect on bacterial adhesion.71

Mechanisms Involved in Adhesion of Micro-organisms
For non-motile organisms, transport to a surface occurs via a number of routes. 
Brownian motion has been shown to play a part, or an organism can be carried by 
the flow of the bulk fluid. Motile organisms are thought to search for a surface by 
phototactic, chemotactic or even aerotactic responses. The transport of microbial cells 
and nutrients to a surface is generally achieved by a number of well-established fluid 
dynamic processes. These include mass transport and thermal and gravity effects.

The velocity characteristics of the liquid affect the rate of microbial attachment 
to a surface, and association with the surface is affected by cell size and cell motility.25 
Cell surface hydrophobicity, the presence of fimbriae and flagella and EPS production 
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collectively influence the extent and rate of microbial attachment.25 While various 
cell surface structures are involved in attachment, each structure may be specific to an 
attachment surface and the expression of these structures may vary as determined by 
the surrounding environment.61

Adhesion
Zobell6 proposed that adhesion consists of two steps: one reversible and the other irre-
versible. By definition, reversible adhesion is an initial weak attachment of microbial cells 
to a surface whereas irreversible adhesion is a permanent bonding. Surface interactions, 
including Van Der Waals, hydrogen bonds and other electrostatic forces, play an impor-
tant role in initial attachment.66 This adhesion stage seems to be related to the bac-
teria’s distance from the surface. For example, Van Der Waals forces and electrostatic 
interactions exist at a distance from the surface of 10 to 20 nm. Adhesion has been 
studied using an array of techniques, including atomic force microscopy,72,73 which has 
shown that bacterial adhesion can be affected by factors such as surface roughness.74–76 
However, the host itself has also been shown to have an affect.77

Once at a surface, sessile bacteria can be redistributed. O’Toole and Kolter78 found 
that while both wild type and type IV pilli mutant strains of Pseudomonas aeruginosa 
form a dispersed monolayer of cells on polyvinylchloride (PVC) plastic, only the wild 
type is able to form micro-colonies and very few cells of a non-motile strain attach 
to the PVC surface even after eight hours. This suggests that these cell structures are 
important in micro-colony formation.78 Furthermore, type IV pilli-mediated twitching 
motility was found to be involved in the migration of cells along the surface during the 
formation of multi-cell aggregates78; indeed, O’Toole and Kolter found that the wild 
type strain does move along the surface, forming cell aggregates via the recruitment of 
cells from the adjacent monolayer.78 Through observation of P. aeruginosa, O’Toole and 
colleagues61 found that the organism swims along the surface prior to initial attachment 
and, once a monolayer is formed, it continues to move across the surface using twitch-
ing motility.

The bacterial cell’s surface has a major impact on adhesion to a substratum.79–81 
Surface hydrophobicity, fimbriae and flagella, and particularly the extent and compos-
tion of EPS influence the rate and extent of microbial cell attachment. Bacterial cell 
surface structures, including fimbriae, other proteins, lipopolysaccharides (LPS), EPS, 
and flagella all play an important role in the attachment process. Cell surface polymers 
with non-polar sites such as fimbriae, other proteins, and components of certain Gram-
positive bacteria (mycolic acids) appear to dominate attachment to hydrophobic sub-
strata, while EPS and LPS are more important in attachment to hydrophilic materials. 
Furthermore, bacterial attachment appears to occur most readily on surfaces that are 
rougher, more hydrophobic and coated by surface conditioning films. This is influ-
enced, of course, by flow velocity, water temperature or nutrient concentration.
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Phenotypic changes that are known to take place once a cell becomes sessile are 
numerous. These incude changes in the rate of oxygen uptake, respiration rate, syn-
thesis of extracellular polymers, substrate uptake, rate of substrate breakdown, heat 
production and changes in growth rate, to name but a few. Molecular changes are 
documented to occur when bacteria are attached to a surface. The up- and down-
regulation of a number of genes during substratum adhesion suggests that adhesion 
mechanisms involve many genes.

Numerous strategies have been investigated to control bacterial adhesion. This 
remains an area of intensve research in the quest to control biofilm development.82,83

Extracellular Polymeric Substances
If cells reside at a surface for a certain time, irreversible adhesion forms through the 
mediation of a cementing substance which is extracellular in origin. This substance 
has been referred to as ‘slime’, which suggests that the biofilm is not rigid; however, 
mechanical stability is an important feature of biofilms, with cohesive and adhesive 
forces acting within them.84 The colonisation stage involves the synthesis of large 
amounts of extracellular material, multiplication of the attached organisms and/or 
attachment of other bacteria to the already-adhered cells; this is known as co-adhesion.

Biofilms are composed primarily of microbial cells and EPS, which may account 
for 50–90% of their total organic carbon.85 Extracellular polymeric substances are pri-
marily polysaccharides which are neutral or polyanionic in the case of Gram-negative 
bacteria. Uronic acids (e.g., D-glucuronic D-galacturonic and mannuronic) or ketal-
linked pryruvates constitute part of the EPS matrix and are known to provide the 
anionic property of the biofilm, allowing the cross-linking of divalent cations such as 
calcium and magnesium.86

EPS is also highly hydrated, both hydrophilic and hydrophobic, with varying 
degrees of solubility. Its polysaccharide content has a marked affect on the biofilm. EPS 
absorbs nutrients, both organic and inorganic, absorbs microbial products; and other 
microbes and aids in the protection of immobilised cells. It influences the physical 
properties of the biofilm, including diffusivity, thermal conductivity and rheology. The 
predominantly polyanionic, highly hydrated nature of EPS also means that it can act as 
an ion exchange matrix, serving to increase local concentrations of ionic species.

Extracellular DNA, which is evident in the biofilm matrix, is known to affect 
microbial attachment87 and the development of the mushroom-shaped structure of the 
biofilm.88

Micro-colony and Biofilm Formation
Adsorption of macro-molecules followed by the attachment of microbial cells to a 
substratum is the reported and proposed sequence of events during the first stages of 
biofilm development. Next is the growth of bacteria, development of micro-colonies, 
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recruitment of additional attaching bacteria and often colonisation of other organisms. 
As the bacteria attach, they begin to grow; extracellular polymers are produced and 
accumulated so that the bacteria are eventually embedded in a hydrated polymeric 
matrix. Biofilm communities tend to be complex, both taxonomically and function-
ally. This provides the potential for synergistic interaction among constituent organ-
isms. Biofilm architecture is heterogenous and is constantly changing as a result of both 
external and internal processes.25

Microbial succession is a common feature of biofilms. During adhesion the pio-
neering or primary coloniser to any surface has defined requirements dictated by the 
conditioning film. The succession of the biofilm community is then governed by a 
number of physiological and biological events initiated by this pioneering species. 
Stress is known to increase the bacteria’s propensity to form a biofilm.89

It has been estimated that only 10% or less of a ‘mature’ biofilm’s dry weight is in 
the form of microbial cells which are considered to be diverse in taxonomy.90 The less 
‘mature’ biofilms generally contain very few species91; however, over time microbial 
diversity increases to form a stable climax community. The complexity of the micro-
bial community is often underestimated because of the selectivity and inadequacy of 
pure-culture isolation techniques and the large presence of viable but non-culturable 
micro-organisms.92

DETACHMENT AND DISSEMINATION OF BIOFILMS

It is well known that biofilms are in dynamic flux and thus detachment of 
micro-organisms from the matrix occurs on a regular basis.93 This is generally refer-
erred to as the release of cells (either individually or in clumps) from a biofilm or surface. 
Detachment can occur actively94–96 or passively. Active detachment or dispersal is con-
sidered to be highly regulated as opposed to passive detachment, which is determined 
by external forces such as abrasion of shear.96 However, environmental conditions can 
also result in microbial detachment and dispersal because of factors such as oxygen 
or nutrition changes. This effect has been observed with P. aeruginosa.97,98 Dispersal is 
thought to be important for the survival of microbial species because it expands the 
bacterial population and allows for the transmission of bacteria between hosts and the 
spread of infection in a host.96

Detachment of biofilm cell clusters facilitates transmission of pathogens which can 
disseminate to new surfaces both in the form of detached biofilm clumps and via the 
fluid-driven dispersal of biofilm clusters along the surface.99 Biofilm cells may be dis-
persed by the shedding of daughter cells from actively growing cells, detachment as a 
result of nutrient levels or quorum sensing. The detachment and dispersal of plank-
tonic bacteria from the biofilm enables bacteria within a sessile biofilm community to 
colonise new areas, forming a new sessile population.29
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In addition to the mechanical detachment of biofilm segments via the flow of the 
bulk fluid, it has been found that programmed cell detachment involves the hydrolysis 
of the extracellular polymeric matrix.29 Hall-Stoodley and Stoodley99 proposed three 
dispersal methods for biofilm-residing bacteria: swarming (using twitching motility), 
clumping (using rolling motility) and surface/clumping (using sliding motility).

Many parameters known to affect biofilm detachment have been studied, includ-
ing pH, temperature and the presence of organic macro-molecules.100 Nutrient starva-
tion is another environmental factor which has been shown to have an impact on the 
release of microbes from a biofilm.101 The effects these conditions have on bacterial 
detachment are generally species-specific.

Substratum surface roughness may also be a significant factor in detachment, with 
early events in biofilm formation being controlled by hydrodynamic forces. Macro- 
and micro-roughness may significantly influence detachment rates because of a shel-
tering effect from hydrodynamic shear. Indeed, cell detachment is affected by variable 
hydrodynamic shear when changes occur in the flow rate.99 QS systems have also been 
shown to be involved in the detachment and dispersal of biofilm bacteria.102

Detachment is important in biofilm development and survival, and it has implica-
tions for infection, contamination and public health. Despite the lack of research in this 
area, there is emerging evidence that micro-organisms eminating from biofilms can 
overcome the host immune system and cause infection.103

The mode of dispersal apparently affects the phenotypic characteristics of organ-
isms. Eroded or sloughed aggregates from the biofilm are likely to retain certain bio-
film characteristics, such as antimicrobial resistance, whereas cells that have been shed 
as a result of growth may revert quickly to the planktonic phenotype. Biofilm cell 
dispersal/detachment has very important implications for public health medicine. In 
fact, Raad et al.104 determined a relationship between biofilm formation and catheter-
related septicemia. Also, the detachment of clumps from biofilms from native heart 
valves has been implicated in infective endocarditis. These clumps also may contain 
platelets or erthyrocytes that lead to the production of emboli which may cause serious 
complications in the host.

Detachment from surfaces is also important in biofilm diversification. For 
example, biofilms with greater detachment rates have been found to have larger frac-
tions of active bacteria. Detachment is important not just for promoting genetic 
diversity but also for escaping unfavorable habitats, aiding in the development of new 
niches.105,106

BIOFILM STRUCTURE

The structure and architecture of a biofilm have been studied extensively within 
both mixed and pure culture systems evident in many different environments.107–109 
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The present conceptual model of a biofilm is described as cell clusters or stacks sepa-
rated by interstitial voids. Depending on the site of biofilm formation, it is accepted 
that the structure is complex, with layers of organisms of different types.109

The thickness of a biofilm is very difficult to define. If we consider an oral biofilm, 
it has been shown that the thickness may be up to 1 mm. Biofilms in CAPD cathe-
ters are approximately 30 µm thick. Those studied in silicone Foley catheters have been 
shown to be 200 to 500 µm thick,with plate counts showing bacterial load as high as 
108 cells per cm2.110

Biofilm growth allows sessile organisms to create their own environment. Thus, it 
influences the micro-environment, which in turn influences the physiology of its com-
ponent cells. Phenotypic variations in physiology and biochemistry occur in response 
to growth in a diffusion gradient system with continuously varying concentrations 
of substrates, products and other solute molecules. Such phenotypic changes may, for 
example, be due to the deployment of antimicrobials and, as a general rule, the biofilm 
mode of growth leads to a lowered sensitivity to antimicrobial agents compared to 
their freely dispersed counterparts.111

An understanding of the physical and chemical characteristics of the biofilm matrix 
and its relationship to resident organisms will provide a greater understanding of bio-
film structure and functioning. A common feature of biofilms is their high EPS con-
tent (i.e., 50–60%).112 The vast majority of bacterial EPS are polysaccharides. Common 
sugars, such as glucose, galactose, mannose, fructose, rhamnose, N-acetylglucosamine, 
glucuronic acid, galacturonic acid, mannuronic acid and guluronic acid, are typical 
constituents. Biofilms are very heterogeneous, containing micro-colonies of bacterial 
cells encased in a three-dimensional EPS matrix.

It has been shown that within the EPS matrix there are bywater channels or voids.113 
It is possible that these voids act as pools of genes that permit genetic acquisition and 
exchange. Complex biofilms can develop to form a three-dimensional sructure with cell 
aggregates, interstital pores and conduit channels. This structure allows nutrients to reach 
the biomass, and the channels possibly are shaped by the protozoa that graze the bacteria.

The structure of medical biofilms is substantially influenced by the interaction of par-
ticles of non-microbial components from the host or environment. In the human body, 
biofilms on native heart valves provide a clear example of this type of interaction, in 
which the biofilm’s bacterial micro-colonies develop in a matrix of platelets, fibrin, and 
EPS.114 Bacterial endocarditis lesions are composed of aggregates of bacterial cells,platelets 
and fibrin that adhere to the damaged epithelium of cardiac valves.46 Damaged endo-
thelium exposes the underlying basement membrane, providing a substratum to which 
bacteria can adhere.46 The inflammatory process then stimulates the deposition of fibrin, 
creating an insoluble clot composed of fibrin and platelets.46 The fibrin capsule that devel-
ops protects the organisms from the host’s leukocytes, leading to infective endocarditis.
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Biofilms on urinary catheters may contain organisms that have the ability to hydro-
lyse urea to form free ammonia through the action of urease. The ammonia may then 
raise the pH at the biofilm‒liquid interface, resulting in the precipitation of miner-
als such as calcium phosphate (hydroxyapatite) and magnesium ammonium phos-
phate (struvite).115 These minerals can then become entrapped in the biofilm and 
cause encrustation of the catheter116; cases have been described in which the catheter 
becomes recurrently blocked by this mineral build-up.116–118

Overall, a biofilm is heterogeneous in both space and time, constantly changing 
because of external and internal processes.109

THE BIOFILM COMMUNITY

Once the basic micro-colony of the biofilm is formed, a complex environment 
is established. It is at this point that the biofilm becomes a functioning ecosystem with 
the development of a mono- and/or mixed-species community of bacteria and the 
cycling of nutrients. Developing in the biofilm are nutrient gradients and areas where 
gene exchange is prevelant and where, evidence shows, there is possible species domi-
nation by quorum sensing. These are discussed in turn.

Gene Transfer
Biofilms provide an ideal environment for the exchange of extrachromasomal DNA 
(plasmids),25,119 given their high cell density, increased genetic competance and accu-
mulation of mobile genetic elements.120 Indeed, conjugation—the major mechanism 
involved in horizontal gene transfer between donor and recipient cells—has been 
linked to the exchange of antimicrobial resistance genes between bacteria; it has also 
been shown to occur in biofilms at a high frequency.121,122 Enhanced conjugation is 
likely a consequence of the minimal shear and closer cell-to-cell contact in the biofilm 
environment.

Interestingly, it has also been found that conjugative plasmids influence bacteria to 
form biofilms, suggesting that medically relevant plasmid-bearing strains may preferen-
tially form a biofilm and thus may increase the chance of biofilm infection and the risk 
of the spread of virulence factors.123 Gene transfer has also been shown to induce an 
enhanced stabilisation of the biofilm structure.124

Gene transfer by plasmid conjugation and DNA transformation has been found 
to occur frequently and effectively in many bacterial biofilms, both in natural envi-
ronments and in more artificial settings.124 Evidence suggests that efficient gene 
transfer influences both biofilm development and stability, and therefore that the pro-
cess of gene transfer is both a consequence and a cause of biofilm development and 
performance.124
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Quorum Sensing
As discussed previously, it is evident that micro-organisms in biofilms interact with 
each other. While there may be physical interaction, it is known that, to enable inter-
action, bacteria secrete small molecules. known as quorum-sensing molecules.125 
Quorum sensing is the intercellular signalling in bacteria when signals build extra-
cellularly because of cell density and then become internalised to co-ordinate gene 
expression.126 Because QS is important to biofilm formation, interfering with it helps 
to control biofilm formation.

Quorum sensing has been shown to influence biofilm development, with stud-
ies suggesting its involvement in the attachment, maturation and dispersal phases. For 
instance, the cyclic-peptide-dependent accessory gene regulator (agr) QS system in 
Staphylococcus aureus acts, in part, to decrease the expression of adhesion factors and 
increase potential dispersal factors, thus affecting the attachment of cells to a surface.127 

The N-acylhomoserine lactone-mediated QS system of Serratia liquefaciens, on the 
other hand, has been linked with biofilm maturation and has been shown to be crucial 
for normal biofilm development and differentiation.128 P. aeruginosa is a prime exam-
ple of how quorum sensing and biofilm formation are interconnected; QS systems in  
P. aeruginosa control differentiation as well as virulence in a cell-density-dependent 
manner.43 At a critical cell density, quorum-sensing signals can accumulate and trigger 
the expression of specific sets of genes.29 Drugs that target QS systems in P. aeruginosa 
have been shown to inhibit virulence factor expression.129

Induction of genetic competence has also been shown to be mediated by QS sys-
tems; for instance, Li et al.130 found that a QS peptide pheromone–signalling system in 
Steptococcus mutans—a bacterium found in dental plaque biofilms—controls genetic com-
petence and functions optimally when the cells are in the biofilm mode of growth.130

Interactions in the Biofilm
Many strict and opportunistic bacterial pathogens have been shown to associate with, and 
grow, in biofilms, including P. aeruginosa,131 Staphylococcus aureus, Acinetobacter baumannii, 
Legionella pneumophila, S. aureus,132 Listeria monocytogenes,133 Campylobacter spp.,134 E. coli 
O157:H7, Salmonella typhimurium, Vibrio cholerae135 and Helicobacter pylori.136 Although all 
these organisms have the ability to attach to surfaces and existing biofilms, most if not 
all appear incapable of extensive growth. This may be because of their fastidious growth 
requirements or because of their inability to compete with indigenous organisms. The 
mechanisms of interaction and growth apparently vary with the micro-organism.137 The 
association and metabolic interactions with indigenous organisms might also enhance 
survival and growth of pathogenic organisms in biofilms.

Micro-organism interactions have been extensively studied in dental plaque, which 
has been used in the study of micro-organism interactions in other envionments.138
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Biofilm Recalcitrance
Microbial cells in biofilms have been reported to be 10 to 100 times more resistant to 
antibiotics when compared to their planktonic counterparts.138 For an antimicrobial to 
have an affect on a biofilm, it must diffuse through the protective matrix which encases 
the bacterial cells. This matrix limits the transport of agents through the biofilm struc-
ture, thus reducing antimicrobial penetration. Antimicrobials may be bound within the 
matrix and thus are unable to act on encased cells. Furthermore, enzymes trapped in 
the matrix structure may inactivate it. The mucoid exopolysaccharide produced by  
P. aeruginosa was shown to protect biofilm cells from tobramycin. Dispersed cells were 
15 times more susceptible to the agent than the cells in the biofilm matrix.139

The reduced growth rate of biofilm bacteria has been shown to render them less 
susceptible to an antimicrobial agent. This reduced growth rate results in a diminished 
uptake of actives by biofilm cells. A study examining the effects of the quartenary 
ammonium compound cetrimide on E. coli biofilms showed that the bacteria are more 
resistant to the agent at the slowest growth rates.140

The altered micro-environment in biofilms (e.g., pH, oxygen content) can reduce 
antimicrobial activity. Tresse et  al.141 used agar-entrapped E. coli to study the effects 
of antibiotics under different oxygen tensions. They concluded that there is a reduced 
uptake of the amonoglycoside antibiotic when the bacteria are grown in oxygen-
deficient conditions. This has particular significance in the recalcitrance of thicker  
biofilms where conditions are more oxygen-limited.

In 1991 Dagostino et  al.142 speculated that altered gene expression by biofilm 
organisms can result in a phenotype with reduced susceptibility to an antimicrobial 
agent. They demonstrated that the association of bacteria with a surface results in phys-
iologic changes brought about by the induction or repression of genes; these changes 
do not happen when cells are free-floating in liquid media.

Because of the recalcitrance of biofilms, as previously described, it is often challeng-
ing to eradicate them. To enhance antimicrobial efficacy, ultasound or electric currents 
in the presence of antibiotics can be used to produce a synergistic effect that can kill 
the biofilms’ organisms. Methods to help control biofilms are numerous143–146 and are 
discussed in later chapters.

CONCLUSION

Biofilms are responsible for a vast array of conditions in healthcare settings. 
According to the CDC, they are associated with 65% of all HCAI, including those 
associated with medical devices, chronic wounds and surgical sites, and this is an issue 
of growing concern.147,148 Biofilms as they relate to medical device infections are dis-
cussed in further detail throughout this book.
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INTRODUCTION

Nosocomial infections, more commonly known as healthcare-associated infec-
tions (HCAI), develop as a result of direct medical care or treatment in hospitals, care 
homes or the patient’s own home, or as a result of contact with a healthcare setting.1 
The prevalence of HCAI in England is 6.4%, according to figures produced by the 
Health Protection Agency (HPA).2 There are more than 100,000 cases of HCAI every 
year, causing fatalities in both healthy and immuno-compromised patients. The eco-
nomic implications are primarily prolonged patient stay, reduced in-hospital bed avail-
ability and increased diagnostic testing and infection control.3,4

Infection can arise through the use of indwelling medical devices, including ven-
tilators, catheters, shunts and endoscopes, but can also occur following surgical pro-
cedures as a result of contact with contaminated surfaces or infection with air-borne 
fungal spores.5–8 The following are the most common HCAI:
● Ventilator-associated pneumonia (VAP)
● Central-line-associated septicaemia
● Catheter-associated urinary tract infection
● Clostridium difficile infection
● Surgical site infection

Several species of bacteria and fungi have been associated with HCAI, the 
most widely publicised being the hospital ‘superbug’ known as meticillin-resistant 
Staphylococcus aureus (MRSA), which is a common cause of bacteraemia and septi-
caemia.2 The emergence of these antibiotic-resistant strains of bacteria has proven 
difficult to overcome because of the lack of treatment options presently available.9 
Furthermore, bacteria and fungi are known to colonise surgical and chronic wounds 
and to grow as a biofilm.10–12

Biofilms are complex communities of micro-organisms that are highly resistant to 
antibiotic and antiseptic treatment, partly because they produce extracellular polymeric 
substances (EPSs) which act as inherent barriers that help to neutralise, sequester and 
breakdown these agents.13
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This chapter discusses what is known about biofilm-associated infections in a clini-
cal setting. Particular focus is given to what defines HCAI, how biofilms are formed, 
host responses to microbial biofilms, how these infections are detected, evidence of 
biofilms in HCAI and potential preventative anti-biofilm strategies.

Healthcare-Associated Infections
The most common types of HCAI in England include pneumonia and lower respi-
ratory tract infections (22.8% of cases) followed by urinary tract infections (UTIs) 
(17.2% of cases) and surgical site infections (SSIs) (15.7% of cases).2 SSI is a type of 
HCAI in which wound infection occurs after a surgical procedure.14 It primarily 
develops from contamination of the wound site from the patient’s own endogenous 
micro-flora located on the skin.15–17

The Centers for Disease Control and Prevention (CDC), a US government agency, 
has published definitions of nosocomial infection which are used by UK healthcare 
professionals:

Pneumonia: Must
1. Be present with dullness to percussion during physical chest examination AND 

either present with change in sputum, show organisms in blood culture or show 
organisms in bronchial brushings or biopsies.

2. Be present with progressive infiltrate or pleural effusion upon radiographic 
examination and either present with sputum change, show organisms in 
blood culture, show organisms in tracheal brushing or biopsies, present with 
viral antigens in respiratory secretions, or show histopathology evidence of 
pneumonia.

3. Be a patient of ≤12 months of age and have two of the following: apnoea, bra-
dycardia, wheezing, rhonchi, tachypnoea or cough; and either show increased 
respiratory secretions, show sputum change, show organisms in blood culture, 
show organisms in tracheal brushings or biopsies, present viral antigens in respi-
ratory secretions, or show histopathology evidence for pneumonia. OR

4. Be a patient of ≤12 months of age and show new or progressive infiltrate and 
pleural effusion in chest radiology examination; and either show increased respi-
ratory secretions; show sputum change; show organisms in blood culture; show 
pathogens in transtracheal aspirate or bronchial brushings/biopsy; present with 
viral antigens in respiratory secretions; or show histopathology evidence of 
pneumonia.

Primary bloodstream infections: Must either1 show a recognised pathogen in 
blood culture not related to a secondary site of infection2; be present with fever 
>38 °C; or3 be ≤12 months of age and present with fever >38 °C.
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Urinary tract infection: Must either1 be present with fever >38 °C and show 
>105 CFU/ml; or, according to the Health Protection Agency (HPA),2 be present 
with fever >38 °C and show positive results for leukocyte esterase and/or nitrate, 
Pyuria, Gram-positive stains or positive pathogens of ≥102 CFU/ml in two separate 
urine samples.
Surgical wound infection: Must occur within 30 days after surgery and involve 
skin, subcutaneous tissue and muscle.17–19

In addition to these guidelines, the HPA, which now forms part of Public Health 
England, provides UK healthcare professionals with advice on how to deal with HCAI; 
it also monitors antibiotic resistance across the United Kingdom. (See Exhibit 10.1.)

How Do HCAI Develop?
HCAI occur as a result of infection by a number of micro-organisms, the most com-
mon being bacteria, but they can also arise from infection by viruses, fungi, parasites or 
prions.

To infect a new host, micro-organisms must exit from ‘reservoirs’ such as human 
skin, water or food sources. Transmission to a new host may occur through sev-
eral kinds of exit portals such as faeces, urine or blood. Micro-organisms reach the 
new host either directly, by contact with the infected person, or indirectly, by con-
tact with contaminated surfaces. This can occur when surfaces have been touched by 
unwashed hands or droplets of body fluid. Alternative modes of transmission include 
airborne contamination or the consumption of contaminated food. The new host can 
contract the micro-organisms through inhalation; ingestion; breaks in the skin barrier 
from surgery or intravenous lines; or mucous membranes including eyes, mouth and 
nose (Figure 10.1). The newly infected host acts as a reservoir for the micro-organisms, 
potentially infecting a new host, and thus the cycle continues, as shown in Figure 10.2.

EXHIBIT 10.1 Risk Factors for Healthcare-Associated Infections
● Long hospital stays
● Residence in a nursing home
● Overcrowded community of patients treated together
● Invasive surgery
● Immuno-compromised patients due to medical treatments (e.g., chemotherapy) or 

illnesses including cancer, heart disease and diabetes
● Home wound management

Source: As outlined by HPA, Public Health England, from www.hpa.org.uk/Topics/InfectiousDiseases/InfectionsAZ/HCAI/
GeneralInformationOnHCAI/.
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Micro-organism

Reservoir

Portal of entry Portal of exit

Transmission

Susceptible host

Figure 10.2 Cycle of infection. Source: Adapted from Health Protection Agency website at www.hpa.org 
.uk/Topics/InfectiousDiseases/InfectionsAZ/HCAI/GeneralInformationOnHCAI/.

Mucosal surfaces:
Eyes, mouth, nose
can act as portals

for microbial
transmission.

Ventilators:
Indwelling devices,
such as ventilators,

can cause HCAI such
as pnuemonia.

Catheters:
Use of intravenous or
urinary catheters can
cause urinary tract
infection (UTI) and

septicaemia.

Surgical site/Breaks in
skin:

Contamination of
surgical wounds or

breaks in skin barrier
can lead to infection

from normal skin flora.

Implant-associated
surgery:

Procedures, such as
hip replacements

can lead to infection
and septicaemia.

Figure 10.1 Schematic of the various routes of microbial transmission in HCAI. 

http://www.hpa.org.uk/Topics/InfectiousDiseases/InfectionsAZ/HCAI/GeneralInformationOnHCAI/
http://www.hpa.org.uk/Topics/InfectiousDiseases/InfectionsAZ/HCAI/GeneralInformationOnHCAI/
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BIOFILM FORMATION: A STRATEGY FOR SURVIVAL

Upon contamination of a new host, there is increased risk of biofilm forma-
tion by micro-organisms. Biofilms do not grow in a uniform manner, but are com-
plex communities of multi-species micro-organisms that irreversibly attach to a surface, 
are surrounded by a self-produced matrix of EPS and are capable of nutrient–waste 
exchange through open water channels.20 Dower and Turner21 investigated biofilm 
formation on closed-suction drains used in many surgical procedures as a means of 
preventing haematoma formation or a build-up of fluid. In this study, closed-suction 
drains from patients undergoing a variety of procedures were removed at several time 
points between 2 and 42 hours and colonisation was found to occur as soon as two 
hours following placement.21

Biofilm formation (Figure 10.3) comprises several stages, as detailed in the follow-
ing subsections. Stage I involves reversible attachment of planktonic micro-organisms 
on a medium-conditioned surface. Stage II represents irreversible attachment, the for-
mation of an EPS matrix and the growth and division of micro-organisms with a bio-
film. Stage III illustrates the dispersal of parts of the biofilm and planktonic organisms.

Surface Conditioning
It was originally thought that biofilms could not form on smooth surfaces. However, they 
can form equally well on smooth and rough surfaces, and the physical characteristics of a 
surface have been shown to have only minor effects on biofilm formation. It is the exter-
nal mediators, such as high shear force, that strongly influence the formation of robust 
biofilms that are resistant to mechanical disturbance, as seen in a variety clinical cases.22

Medical device surface

II IIII

Conditioned surface

Figure 10.3 Schematic of polymicrobial biofilm formation on medical devices. 
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In addition, it has been shown that micro-organisms are more likely to attach to a 
surface that has been conditioned; more specifically, when a surface is exposed to sur-
rounding media, such as tears or blood, it undergoes biochemical modification.23 For 
example, clinical bloodstream isolates of the fungus Candida albicans have been shown 
to increase in vitro biofilm formation in the presence of serum on metallic and non-
metallic surfaces, with varying degrees of surface texture and hydrophobicity.24

Reversible Attachment
Planktonic micro-organisms under increased shear are ‘forced’ to reversibly attach to a 
surface. This phase is thought to be the weakest link in the chain of biofilm formation 
events because of an equilibrium of attached and planktonic cells.25

Irreversible Attachment
The attachment of a cell to a surface is very much dependent on cell properties such as 
the presence of fimbriae and flagella, hydrophobicity and EPS production.23 For exam-
ple, Klebsiella pneumonia, a Gram-negative opportunistic pathogen, has been reported to 
express type 3 fimbriae that act as appendages for the cellular attachment to a surface.26 
As the cells become more firmly attached to the surface, they differentiate and produce 
EPS, which acts as a protective matrix to external disruptors.

Colonisation
When micro-organisms become irreversibly attached, they begin to divide and grow, 
forming micro-niches within an EPS matrix. It is at this point that biofilms become 
distinctly different from their planktonic counterparts and are able to resist external 
factors such as mechanical force and antimicrobials.27

Dispersion
Micro-organisms can detach from a biofilm as a result of external disturbances, such 
as fluid shear force, and internal disturbances, such as EPS release or enzymatic break-
down. Although it seems like a relatively unavoidable process, given the diverse envi-
ronments in which biofilms reside, dispersion is also thought to be a mechanism for 
further colonisation at new sites. Also referred to as ‘detachment’ and ‘dispersal’, disper-
sion is a process that can be categorised into three phases:

1. Detachment of cells from the biofilm
2. Translocation of cells to a new site
3. Attachment of cells to a surface at the new site
In terms of HCAI, the dispersion of pathogenic micro-organisms from a biofilm 

plays a key role in aiding transmission from external reservoirs, such as water supplies 
or human skin, to the new host, and it aids the spread of infection in already infected 
hosts.28
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Quorum Sensing
Bacteria in biofilms have shown the ability to communicate with each other through 
biochemical signalling, also known as ‘quorum sensing’. In signalling, the bacteria in 
a biofilm can sense the density and numbers of micro-organisms in a biofilm.29 Not 
all biofilms release the same chemical signals. For example, Gram-negative bacteria 
release molecules called acyl-homoserine lactones, whereas Gram-positive bacteria 
release peptide molecules.29 Some of the well-studied quorum-sensing (QS) mole-
cules are associated with P. aeruginosa such as N-3–oxo–dodecanoyl-L-homoserine. In 
addition, the N-3–oxo–dodecanoyl-L-homoserine QS molecule has been reported to 
increase P. aeruginosa biofilm virulence and repress host immune responses.30 Given that 
P. aeruginosa is one of the most common micro-organisms associated with HCAI, these 
QS molecules have become the target for drug development using quorum-sensing 
inhibitors.31

HOST RESPONSES TO BIOFILMS

In the past, a great deal of research was dedicated to understanding host immune 
responses towards both commensal and pathogenic micro-organisms. However, a large 
portion of this work was focussed on interactions with planktonic bacteria. Now that 
it is appreciated that micro-organisms more commonly live in biofilms, particularly in 
a clinical setting, research into host immune responses against biofilms has become a 
priority.

Biofilms have been reported to evade host immune responses, and it was initially 
thought that immune cells could not penetrate them. However, Leid and colleagues32 
found that, in the case of Pseudomonas aeruginosa biofilms, the secreted matrix of EPS, 
known as the exopolysaccharide alginate, effectively protected against interferon-γ 
(IFN-γ)-mediated macrophage killing.32 In addition, micro-organisms in biofilms have 
been shown to evade host immune cell responses by using polymorphonuclear leuko-
cytes (PMLs) to enhance biofilm formation. In patients with cystic fibrosis (CF), there 
is a characteristic chronic influx of PMLs and persistent P. aeruginosa infection.

Walker and colleagues33 devised an in vitro experiment using PMLs isolated from 
healthy human volunteers and P. aeruginosa PA01. The presence of these cells resulted in 
improved biofilm formation and development through deposition of neutrophil-derived 
polymers, actin and DNA, which P. aeruginosa uses as a biological scaffold to form a 
biofilm.33 Although this research used only PMLs from healthy donors and not from 
CF patients, it is indicative of how a P. aeruginosa biofilm can utilise components of the 
innate immune system to form biofilms in healthy individuals.

In the context of HCAI due to medical devices, a more recent study developed 
a novel in vivo model demonstrating the relationship between P. aeruginosa biofilms 
grown on silicone implants and PMLs. In this study, the researchers observed the death 
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of PMLs after wild-type (WT) biofilm contact; however, mutant biofilms, defective for 
the biofilm virulence factor rhamnolipids, were effectively cleared by PMLs, indicating 
an important role for this virulence factor in biofilm survival.34

However, bacterial biofilms (e.g., P. aeruginosa) are not the only micro-organism to 
successfully form biofilms and evade host immune responses. The fungus C. albicans 
has been reported to show enhanced biofilm formation in the presence of enriched 
peripheral blood mononuclear cells (PBMCs) because of the soluble factors that are 
released into the co-culture medium. Increased levels of pro- and anti-inflammatory 
cytokines were also detected.35

Biofilms and Drug Resistance
Bacteria and fungi that grow in biofilms have shown increased resistance to antibi-
otics compared to their planktonic counterparts. In addition, plasmid exchange (the 
transfer of genetic material between bacterial cells) occurs at a higher rate, increasing 
the chances of developing naturally occurring and antimicrobial-induced resistance.36 
Resistance mechanisms that allow bacteria and fungi in biofilms to protect themselves 
against antmicrobial treatments have been proposed, including

Incomplete or slow penetration of antimicrobial agents through the surface layers of the 
biofilm.37

An altered micro-environment such as nutrient depletion or low levels of oxygen that 
may affect antibiotic action.37

Resistant phenotypes in a portion of the biofilm population, known as ‘dormant 
cells’ or ‘persister cells’, which have a much slower growth rate than other micro-
organisms in the biofilm and have been found to be more resistant to the action of 
antimicrobials.
Kim and colleagues38 tested the effects of non-antibiotic antimicrobial agents on 

active and dormant cell populations of P. aeruginosa PA01 biofilms in vitro. Although 
dormant cells were shown to have decreased resistance to chlorine, they showed 
increased resistance to other non-antibiotic antimicrobials such as silver ions and 
hydrogen peroxide.38

Multi-species Biofilms—Impact on Infection
There are numerous studies on biofilm formation and their relation to HCAI in the 
literature; however, few focus on the impact of polymicrobial biofilms in a clinical set-
ting, despite the fact that in a natural environment and in a majority of clinical cases, 
biofilm-related infections are rarely single-species. The lack of polymicrobial biofilm 
studies may be due to the complications of increased variables and unknowns in in 
vitro models. Although it is beneficial that we investigate how micro-organisms work in 
single-species biofilms, the introduction of other species may alter cell interactions and 
virulence.
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For instance, Vandecandelaere and colleagues39 set out to identify micro-organisms 
in biofilms from endotracheal tubes (ETTs) using traditional culture techniques and 
16 S rRNA sequencing. The results revealed the presence of a diverse range of micro-
organisms, from the common oral-associated micro-flora to the more clinically relevant 
isolates including P. aeruginosa, Staphylococcus aureus and Staphylococcus epidermidis.39 This 
study highlighted not only the importance of culture-dependent and -independent 
techniques but also the existence of multi-species biofilms in the investigation of HCAIs.

Harriott and Noverr40 performed an in vitro study of polymicrobial biofilms con-
sisting of S. aureus and C. albicans. In this study, S. aureus was shown to develop substan-
tial biofilms in the presence of C. albicans when compared to monoculture biofilms, 
with C. albicans acting as a scaffold for S. aureus formation. Furthermore, this polymi-
crobial biofilm showed a phenotypic change in S. aureus as well as increased resistance 
to the antibiotic vancomycin.40 A more recent study further developed this bacterial–
fungal interaction by investigating the mechanisms behind C. albicans and S. aureus 
binding in a biofilm. Using both in vitro and in vivo methods, Peters and colleagues41 
revealed that S. aureus is able to bind to a receptor on C. albicans referred to as Als3p.41

Increased biofilm stability and virulence due to interactions between different 
species confirms the importance of studying physiologically relevant polymicrobial 
biofilms.

BIOFILM DETECTION

There are relatively few methods available for identifying biofilms and few 
guidelines on their use in a clinical setting. The most common microbiological method 
of detecting bacterial growth is conventional plate counting, whereby swabs or scrap-
ings of a surface are quantified on agar and expressed as colony-forming units (CFU). 
However, this traditional technique, although cost effective, does not indicate whether 
the micro-organism has been taken from a biofilm, nor does it reveal the biofilm’s cur-
rent developmental stage. It is more common now to visualise biofilms using micros-
copy, where fluorescent markers can identify the presence of bacteria. Furthermore, 
morphology, bacterial cell-surface attachment and in situ cell–cell interaction can be 
analysed using such techniques as confocal scanning laser microscopy (SCLM), scan-
ning electron microscopy (SEM) and atomic force microscopy (AFM).29

Although microscopy is an effective way to visualise a biofilm in an in vitro setting, 
biofilms are not easily identifiable by healthcare professionals in a clinical environment. 
Clinical signs of a biofilm-associated infection include fever and persistent inflamma-
tion at the site. It is only when these signs appear that patients undergo blood testing 
for infection involving microbiological plate counting. However, the results of such 
tests may take up to 72 hours and are dependent on it being possible to culture the 
micro-organism.42
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With this in mind, it is essential that rapid and accurate diagnostic tests be under-
taken to detect biofilms in HCAI. More sophisticated techniques use molecular 
methods for biofilm identification such as fluorescence in-situ hybridisation, whereby 
fluorescent probes specific to a nucleotide sequence with bacterial RNA or DNA 
identify live and dead bacteria in complex samples.43 Other techniques, such as 
matrix-assisted laser desorption ionisation coupled with time of flight analysis mass 
spectrometry (MALDI-TOF/MS), have been used to identify bacteria. MALDI-TOF/
MS uses laser ionisation of bacteria to detect peptides and peptide ions on the cell sur-
face. Laser ionisation can be compared to an extensive database enabling the species of 
bacteria to be identified.44

THE MICRO-ORGANISMS

In addition to the already potentially compromised immune system of some 
patients entering a hospital environment, surfaces on indwelling medical devices are at 
high risk of bacterial and fungal biofilm development.29 This section focusses on the 
micro-organisms commonly associated with HCAI.

The most typical HCAI have been reported to be associated with Gram-negative 
bacteria. A report on the most commonly isolated bacteria from a range of HCAI 
showed that Gram-negative bacteria (e.g., Pseudomonas aeruginosa, Klebsiella pneumo-
nia and Escherichia coli) are among the more prevalent.45 Even in a planktonic state, 
Gram-negative bacteria can evade antibiotic treatment through mechanisms such as 
transmembrane efflux pumps, which export the antibiotic out of the cell, and antibiotic-
modifying enzymes, which prevent antibiotics from binding to their target.46

P. aeruginosa
P. aeruginosa is a Gram-negative bacillus most commonly found in rivers and lakes 
because of its high tolerance to a wide range of environmental conditions. In a clini-
cal setting, it is an opportunistic pathogen that affects mainly immuno-compromised 
patients but also has the potential to cause mild illness in relatively healthy individuals. 
P. aeruginosa can be found in hospital water systems, and patient exposure can be due to 
contaminated tap water through bathing, showering, drinking or tap water-contami-
nated medical equipment. All of these routes have been implicated in the development 
of HCAIs associated with this organism.

A recent study highlighted just how prevalent these bacteria are in hospital water 
systems. A total of 11 hospitals were investigated, and 44 water samples were tested for 
Pseudomonas sp and P. aeruginosa using a nested PCR method. Samples from 9 of the 
11 hospitals tested positive for P. aeruginosa; 32% of the samples also tested positive.47 
P. aeruginosa causes a variety of HCAI, including urinary tract and wound infections; 
however, it is most commonly associated with pulmonary HCAI such as VAP.
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Enterobacteriaceae
A part of the Enterobacteriaceae family, Klebsiella pneumoniae is a Gram-negative oppor-
tunistic pathogen typically found in water and soil environments; however, in a clinical 
setting humans are the primary reservoir. K. pneumoniae has primarily been implicated 
in urinary and respiratory tract infections, but there is also evidence for the presence 
of this organism in septicaemia and SSIs. Biofilm formation of K. pneumoniae has been 
implicated in its pathogenesis in HCAI. More specifically, K. pneumoniae are able to 
form biofilms through the use of fimbriae which act as appendages.48 Furthermore, it 
has been shown that type 1 and 3 appendages play an important role in the colonisa-
tion of K. pneumoniae on silicone urinary catheter tubing in an in vivo mouse model.48

Another member of the Enterobacteriaceae family is E. coli, a Gram-negative patho-
gen that is more commonly associated with urinary tract infections and septicaemia. 
The number of E. coli septicaemia cases has risen in the United Kingdom over recent 
years, with extended surveillance warranted according recent HPA reports.2 A study 
of the biofilm formation of symptomatic and asymptomatic strains of urinary tract-
associated E. coli showed that asymptomatic E.coli strains are more superior in bio-
film formation than are symptomatic strains. In this case the study authors suggested 
that biofilm formation by E. coli is a survival strategy rather than a mechanism for 
virulence.49

Staphylococcus aureus
S. aureus is a Gram-positive bacterium that can reside asymptomatically on the skin 
and in the nostrils of approximately one-third of human beings.50 Staphylococcal 
infection on indwelling medical devices such as catheters is a common problem and 
is thought to be the result of poor vascularisation at implantation sites which impedes 
host defences against colonisation.51

In addition, S. aureus has an astonishing ability to develop resistance against multiple 
antibiotics, including penicillin and meticillin, with meticillin-resistant strains emerging 
just two years after the introduction of this antibiotic in response to penicillin resis-
tance.52 It is important to note that although recent reports published by the HPA 
have shown that MRSA-related bacteraemia is decreasing in the United Kingdom, 
MRSA is a prime example of the misuse of antibiotics. It is thus crucial to focus on 
antimicrobial strategies that do not involve antibiotics.

Clostridium difficile
C. difficile is a Gram-positive, anaerobic bacillus that is widely known for its role in 
hospital-acquired infectious diarrhoea, or C. difficile infection (CDI). C. difficile colo-
nises the gastrointestinal tract through faecal–oral routes by which transmission can 
occur through direct contact of the infected person, via a vector such as the healthcare 
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worker, or through C. difficile spores.53 Although CDI is one of the most predominant 
HCAI worldwide and was highly publicised for high infection rates in the past, the 
number of C. difficile infections has been continuing to fall in the United Kingdom, 
according to the data gathered from 2008 to 2011.2

CDI is thought to occur when the normal micro-flora of the gut is disturbed 
through use of antibiotics. In terms of biofilm formation, two C. difficile strains taken 
from non-epidemic (strain 630) and epidemic (strain R20291) outbreaks in 2004 and 
2005 were tested for their ability to form biofilms in an in vitro model. Results from 
this study revealed that C. difficile forms more biofilms in the epidemic strain which 
are encapsulated in a matrix resistant to the antibiotic vancomycin, and produces more 
toxins and virulence factors. The authors of this study hypothesised that C. difficile may 
colonise the gut and protect itself from antibiotic treatment by forming biofilms and 
secreting toxins.54 More research into biofilm formation of these strains in an in vivo 
model is essential to understanding the pathogenesis of CDI.

C. albicans
Candida species are the most common cause of hospital-acquired fungal infections. 
While C. albicans is isolated most frequently, other sub-species are being recognised as 
key players in fungal infection, especially in biofilm formation and HCAI (see Table 
10.1). A study of the biofilm-forming capabilities of Candida spp isolated from clinical 
cases of septicaemia discovered that biofilms are most commonly observed in non-
albicans Candida species compared to C. albicans. These findings demonstrated that bio-
film formation of non-Candida species may be more crucial than C. albicans biofilms in 
septicaemia. In addition, given that C. albicans is more pathogenic than other Candida 
species, the authors proposed alternative mechanisms behind C. albicans pathogenicity 
in septicaemia.55

Evidence of Polymicrobial Biofilms in HCAI
Advances in microbiological techniques have allowed the identification of isolates that 
would not have been detected using traditional culture techniques, and they have made 
it much easier to detect polymicrobial biofilms in clinical settings.

Catheters can be used to supply a part of the body with fluids or can be used to 
drain waste fluids. Either way, they can be the source of a variety of HCAI, includ-
ing central-line-associated septicaemia and UTIs.60 Larsen and colleagues58 assessed 
microbial activity in intravascular catheters taken from 18 patients and observed poly-
microbial biofilms using culture-dependent and -independent techniques. The most 
abundant isolates included Staphylococcus epidermidis and coagulase-negative Staphylococci 
(CNS); bacteria, such as P. aeruginosa and K. pneumonia, were recorded in only a few 
cases.58
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In a separate study, the colonisation of urinary tract catheters from 45 patients 
revealed mixed Gram-negative and Gram-positive bacterial species. CNS was found 
on 52% of samples after short-term catheterisation (less than one month); however, 
it was found on only 16% of catheters after long-term catheterisation. Furthermore, 
P. aeruginosa, K. pneumoniae and E. coli were identified in biofilm form, with P. aeru-
ginosa being the strongest biofilm former when tested in vitro.56 In addition, a study 
into the microbial activity of several devices, including ETTs, intravascular catheters 
and urinary catheters, revealed polymicrobial biofilms involving micro-organisms (e.g., 
K. pneumoniae and Staphylococcus). Interestingly, this study assessed biofilm formation of 
clinical isolates using the tube method, which correlated with microscopy evidence of 
biofilms and thus provided a technique for healthcare facilities that do not have access 
to microscopes.57

Rohacek and others61 have investigated subclinical infection in implanted cardiac 
medical devices, including pacemakers and defibrillators. Their study revealed that 
38% of cardiac medical devices that were not explanted because of signs of infec-
tion were positive for multi-species bacteria, mainly including Propionibacterium acnes, 

Table 10.1 Most Commonly Isolated Micro-organisms in Biofilm-Associated HCAI
HCAI Micro-organism References

Medical device–related

Catheter-associated urinary tract 
infection (source: urinary catheters)

Coagulase-negative Staphylococci (CNS)
Escherichia coli
Klebsiella pneumonia
Pseudomonas aeruginosa
Staphylococcus aureus
Staphylococcus epidermidis

56, 57

Central-line-associated septicaemia 
(source: intravascular catheters

CNS
Candida albicans
Klebsiella pneumonia
Pseudomonas aeruginosa
Staphylococcus aureus
Staphylococcus epidermidis

55, 57, 58

Ventilator-associated pneumonia 
(source: endotracheal tubes)

Candida
Klebsiella pneumonia, Pseudomonas aeruginosa
Staphylococcus aureus
Staphylococcus epidermidis

39, 57

Surgical site infection

Surgical wound, prosthesis-related 
infection

Meticillin-resistant Staphylococcus aureus 
(MRSA)
Staphylococcus aureus,
Staphylococcus epidermidis

59
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CNS and Gram-negative rods.61 This research showed that bacterial growth can 
occur on implanted medical devices without signs of clinical infection. Another study 
by Stoodley and colleagues59 revealed the presence of a mixed meticillin-resistant  
S. aureus and S. epidermidis in an explanted ankle arthroplasty. The micro-organisms were 
detected using methods such as coupled PCR-mass spectrometry as well as traditional 
culture methods. However, the presence of biofilm was determined using CLSM.59

BIOFILM PREVENTION

SSIs are a type of healthcare-associated infection that may be prevented if medi-
cal professionals adhere to NICE guidelines regarding hygiene procedures. With regard 
to indwelling medical device–related infections, whilst ensuring that high standards of 
hygiene are maintained, it is also imperative to explore ways in which we can prevent 
microbial growth on the materials used to manufacture such devices (see Figure 10.4). 
If it is more difficult for bacteria to attach to a surface without using antibiotics, the 
risk of HCAI due to indwelling devices may be significantly reduced.

Equipment Sterilisation
Biel and colleagues62 investigated the antimicrobial role of photodynamic therapy on 
antibiotic-resistant P. aeruginosa and MRSA (clinical isolates) biofilms grown in ETTs. 
This involved spraying a methylene blue–based photosensitiser into the lumen of the 
ETT and then exposing the ETT to light from a fibre-optic diffuser at 644 nm wave-
length. A reduction in polymicrobial biofilm growth of more than 99.9% was achieved. 
Ren and colleagues63 assessed various detergents with the aim of removing Escherichia 
coli from flexible endoscopes using an artificial biofilm model. Their study revealed 
that more bacterial biofilm was found with enzymatic detergent when compared with 
non-enzymatic detergent.63

Surface Modification and Coating of Medical Devices
Once a medical device (e.g., implant material) is infected, it needs to be removed 
promptly. Although the use of pre-operative antibiotic treatment has been proposed, 
the potential coating of medical devices in antiseptics such as polyhexamethylene big-
uanide (PHMB), octenidine and triclosan, offers a broader spectrum of antimicrobial 
killing and a much lower risk of antimicrobial resistance.64

Raad and colleagues tested the efficiency of antimicrobial gardine- and gendine-
coated ETTs against silver-coated ETTs in vitro. They subsequently showed that MRSA, 
P. aeruginosa, C. albicans and K. pneumonia biofilm growth could be completely inhibited 
with the gardine- and gendine-coated ETTs for up to two weeks when compared to 
the silver-coated ETTs, which still displayed growth of up to 107 CFU/cm.65
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A recent study also explored the effect of nanomodified ETT on S. aureus bio-
film formation.66 This involved the creation of a textured, nanomodified surface using 
Rhizopus arrhisus, a fungal lipase which enzymatically degrades the ETT’s PVC material. 
The nanomodified ETT was then exposed to a constant flow of S. aureus medium and 
incorporated in an airway model. The results showed significantly reduced CFU/ml of 
bacteria in the nanomodified ETT when compared to the untreated control. In addi-
tion, there was an increase in protein absorption by the nanomodified ETT which, the 
study authors hypothesised, may prevent the colonisation and formation of biofilms.

(A)

(B)

Medical device surface

Pre-treated surface

Medical device surface

Conditioned surface

Quorum-sensing
inhibitor molecules

Figure 10.4 Potential strategies to prevent or disrupt biofilm formation on medical devices. 
A. Pretreating the surface of medical devices to reduce microbial attachment and prevent biofilm 
formation. B. Using quorum-sensing inhibitors to disrupt the development of a biofilm. 
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A separate study investigated the use of trimethylsilane (TMS) coating to prevent 
the formation of S. epidermidis biofilms on 316L stainless steel and grade 5 titanium 
alloy, which are commonly used materials in indwelling medical devices. The results 
showed a significant reduction in crystal violet staining of biofilms on TMS-coated 
surfaces when compared to the untreated control. In addition, the bacteria on these 
surfaces were more susceptible to the antibiotic ciprofloxacin.67

Quorum-Sensing Disruptors
Quorum sensing has been associated with biofilm development and increased micro-
bial virulence.68 Therefore, it is logical to target aspects of it to reduce biofilm vir-
ulence and disrupt development. Three main targets of quorum sensing have been 
proposed:

1. The signal generator
2. The quorum-sensing molecule
3. The signal receptor

In this case, it is the signal receptor that is more often the target of pharmacological 
action.69 It is thought that QS inhibitors reduce bacterial pathogenicity rather than 
disturb microbial growth.

One mechanism by which these inhibitors affect the pathogenicity of a biofilm 
is reduction of the biofilm’s resistance to antimicrobial treatment.70 Christensen and 
colleagues71 showed that P. aeruginosa biofilms in an in vivo mouse model can be dis-
rupted by the antibiotic tobramycin and several QS molecules, including furanone and 
horseradish juice extract. Synergy was seen between both treatments, and the presence 
of quorum-sensing inhibitor molecules increased the susceptibility of the P. aeruginosa 
biofilm to tobramycin.

Such methods create a less favourable surface for biofilms to reside on, and they 
reduce biofilm pathogenicity using QS inhibitors, demonstrating a promising and 
exciting potential avenue for further exploration. However, it is clear that more work 
needs to be done to incorporate these ideas into an in vivo environment, particularly 
in the case of biofilm formation, as in vitro biofilm models may not mimic complex in 
vivo conditions.

CONCLUSION

Biofilms are of great importance in HCAI because of their increased virulence 
and tolerance to antimicrobial treatment. It is clear from the literature that the iden-
tification of medical biofilms must be through a combination of advanced micros-
copy, traditional culture techniques and more sophisticated molecular methods. Any of 
these alone may not identify all micro-organisms that reside in the biofilm. In fact, 
the knowledge that mixed-species biofilms may interact with each other to increase 
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virulence and resistance to antimicrobial action enhances this theory. Nevertheless, 
preventative measures, such as antimicrobial coating and surface alterations of medical 
devices and inhibitors of QS molecules, provide promising opportunities in the pre-
vention and treatment of biofilm formation in HCAI.

Key Points
● HCAI are a direct result of medical care or treatment in hospital or a community care setting.
● Micro-organisms in a biofilm are more tolerant to antimicrobial treatment and mechanical force.
● Microbial biofilms have been associated with several HCAI, including VAP, central-line septicaemia, 

catheter-associated UTIs and surgical site infections.
● Mixed use of culture techniques and molecular methods are key to the identification of the mixed-

species biofilms.
● The potential use of modified materials for implanted medical devices may reduce the likelihood of 

biofilm formation.

REFERENCES
 1. van Kleef E, Robotham JV, Jit M, Deeny SR, Edmunds WJ. Modelling the transmission of 

healthcare-associated infections: a systematic review. BMC Infect Dis 2013;13:294.
 2. HPA. English National Point Prevalence Survey on Healthcare-associated Infections and Antimicrobial Use. 

Preliminary data. London: Health Protection Agency; 2012.
 3. NAO. The Management and Control of Hospital Acquired Infection in Acute NHS Trusts in England. 

National Audit Office; 2000.
 4. Graves N. Economics and preventing hospital-acquired infection. Emerg Infect Dis 2004;10(4):561.
 5. Hocevar SN, Edwards JR, Horan TC, Morrell GC, Iwamoto M, Lessa FC. Device-associated  

infections among neonatal intensive care unit patients: incidence and associated pathogens 
reported to the National Healthcare Safety Network, 2006‒2008. Infect Control Hosp Epidemiol 
2012;33(12):1200–6.

 6. Saint S, Greene MT, Kowalski CP, Watson SR, Hofer TP, Krein SL. Preventing catheter-associated 
urinary tract infection in the United States: a national comparative study. JAMA Intern Med 2013; 
173(10):874–9.

 7. Stone J, Gruber TJ, Rozzelle CJ. Healthcare savings associated with reduced infection rates using 
antimicrobial suture wound closure for cerebrospinal fluid shunt procedures. Pediatr Neurosurg 2010; 
46(1):19–24.

 8. Gamble HP, Duckworth GJ, Ridgway GL. Endoscope decontamination incidents in England 
2003–2004. J Hosp Infect 2007;67(4):350–4.

 9. Stewart PS, Costerton JW. Antibiotic resistance of bacteria in biofilms. Lancet 2001;358(9276):135–8.
 10. Scali C, Kunimoto B. An update on chronic wounds and the role of biofilms. J Cutan Med Surg 

2013;17(0):1–6.
 11. Bjarnsholt T. The role of bacterial biofilms in chronic infections. APMIS 2013;136(Suppl):1–51.
 12. Percival SL, Hill KE, Williams DW, Hooper SJ, Thomas DW, Costerton JW. A review of the scientific 

evidence for biofilms in wounds. Wound Repair Regen 2012;20(5):647–57.
 13. de la Fuente-Núñez C, Reffuveille F, Fernández L, Hancock RE. Bacterial biofilm development as 

a multicellular adaptation: antibiotic resistance and new therapeutic strategies. Curr Opin Microbiol 
2013; pp. 580–9.

 14. Percival SL, Dowd S, Cutting KF, Wolcott R. Surgical-site infections—biofilms, dehiscence, and 
delayed healing. US Dermato 2008;3(1):56–9.

http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref1
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref1
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref2
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref2
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref3
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref3
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref4
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref5
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref5
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref5
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref5
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref6
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref6
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref6
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref7
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref7
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref7
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref8
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref8
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref9
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref10
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref10
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref11
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref12
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref12
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref13
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref13
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref13
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref14
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref14


Louise Suleman, Debra Archer, Christine A. Cochrane and Steven L. Percival182

 15. Abdul-Jabbar A, Berven SH, Hu SS, Chou D, Mummaneni PV, Takemoto S, et al. Surgical site infec-
tions in spine surgery: identification of microbiologic and surgical characteristics in 239 cases. Spine 
2013;38:425–31.

 16. NICE. Surgical site infection: Prevention and treatment of surgical site infection. London: National Institute 
for Health and Care Excellence; 2008.

 17. Goyal N, Miller A, Tripathi M, Parvizi J. Methicillin-resistant Staphylococcus aureus (MRSA): 
Colonisation and pre-operative screening. Bone Joint J 2013;95-B(1):4–9.

 18. Garner JS, Jarvis WR, et  al. CDC definitions for nosocomial infections. Am J Infect Control 1988; 
16(3):128–40.

 19. Horan TC, Gaynes RP, et  al. CDC definitions of nosocomial surgical site infections, 1992: a  
modification of CDC definitions of surgical wound infections. Inf Cont Hosp Epidemiol 1992; 
13(10):606–8.

 20. Hall-Stoodley L, Costerton JW, et al. Bacterial biofilms: from the natural environment to infectious 
diseases. Nat Rev Microbiol 2004;2(2):95–108.

 21. Dower R, Turner ML. Pilot study of timing of biofilm formation on closed suction wound drains. 
Plast Reconstr Surg 2012;130(5):1141–6.

 22. Donlan RM, Costerton JW. Biofilms: survival mechanisms of clinically relevant microorganisms. Clin 
Microbiol Rev 2002;15(2):167–93.

 23. Donlan RM. Biofilms: microbial life on surfaces. Emerg Infect Dis 2002;8(9):881.
 24. Frade JP, Arthington−Skaggs BA. Effect of serum and surface characteristics on Candida albicans bio-

film formation. Mycoses 2011;54(4):e154–62.
 25. Lindsay D, Von Holy A. Bacterial biofilms within the clinical setting: what healthcare professionals 

should know. J Hosp Infect 2006;64(4):313–25.
 26. Murphy CN, Clegg S. Klebsiella pneumoniae and type 3 fimbriae: nosocomial infection, regulation and 

biofilm formation. Future Microbiol 2012;7(8):991–1002.
 27. Costerton J, Lewandowski Z, et al. Biofilms, the customized microniche. J Bacteriol 1994;176(8):2137.
 28. Kaplan J. Biofilm dispersal: mechanisms, clinical implications, and potential therapeutic uses. J Dent 

Res 2010;89(3):205–18.
 29. Lindsay D, Von Holy A. Bacterial biofilms within the clinical setting: what healthcare professionals 

should know. J Hosp Infect 2006;64(4):313–25.
 30. Driscoll JA, Brody SL, et al. The epidemiology, pathogenesis and treatment of Pseudomonas aeruginosa 

infections. Drugs 2007;67(3):351–68.
 31. Hentzer M, Wu H, et al. Attenuation of Pseudomonas aeruginosa virulence by quorum-sensing inhibi-

tors. EMBO J 2003;22(15):3803–15.
 32. Leid JG, Willson CJ, et  al. The exopolysaccharide alginate protects Pseudomonas aeruginosa biofilm 

bacteria from IFN-γ-mediated macrophage killing. J Immunol 2005;175(11):7512–8.
 33. Walker TS, Tomlin KL, et  al. Enhanced Pseudomonas aeruginosa biofilm development mediated by 

human neutrophils. Infect Immun 2005;73(6):3693–701.
 34. van Gennip M, Christensen LD, et  al. Interactions between polymorphonuclear leukocytes and 

Pseudomonas aeruginosa biofilms on silicone implants in vivo. Infect Immun 2012;80(8):2601–7.
 35. Chandra J, McCormick TS, et  al. Interaction of Candida albicans with adherent human peripheral 

blood mononuclear cells increases C. albicans biofilm formation and results in differential expression 
of pro- and anti-inflammatory cytokines. Infect Immun 2007;75(5):2612–20.

 36. Hausner M, Wuertz S. High rates of conjugation in bacterial biofilms as determined by quantitative 
in situ analysis. Appl Environ Microbiol 1999;65(8):3710–3.

 37. Francolini I, Donelli G. Prevention and control of biofilm-based medical device-related infections. 
FEMS Immunol & Med Microbiol 2010;59(3):227–38.

 38. Kim J, Hahn JS, et al. Tolerance of dormant and active cells in Pseudomonas aeruginosa PA01 biofilm to 
antimicrobial agents. J Antimicrob Chemother 2009;63(1):129–35.

 39. Vandecandelaere I, Matthijs N, et  al. Assessment of microbial diversity in biofilms recovered from 
endotracheal tubes using culture dependent and independent approaches. PloS One 2012;7(6):e38401.

 40. Harriott MM, Noverr MC. Candida albicans and Staphylococcus aureus form polymicrobial biofilms: 
effects on antimicrobial resistance. Antimicrob Agents Chemother 2009;53(9):3914–22.

http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref15
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref15
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref15
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref16
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref16
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref17
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref17
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref18
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref18
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref19
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref19
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref19
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref20
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref20
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref21
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref21
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref22
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref22
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref23
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref24
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref24
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref25
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref25
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref26
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref26
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref27
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref28
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref28
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref29
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref29
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref30
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref30
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref31
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref31
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref32
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref32
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref33
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref33
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref34
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref34
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref35
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref35
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref35
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref36
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref36
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref37
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref37
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref38
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref38
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref39
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref39
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref40
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref40


Healthcare-Associated Infections and Biofilms 183

 41. Peters BM, Ovchinnikova ES, et  al. Staphylococcus aureus adherence to Candida albicans hyphae is 
mediated by the hyphal adhesin Als3p. Microbiol 2012;158(Pt 12):2975–86.

 42. Bryers JD. Medical biofilms. Biotechnol Bioeng 2008;100(1):1–18.
 43. Høgdall D, Hvolris JJ, et  al. Improved detection methods for infected hip joint prostheses. Apmis 

2010;118(11):815–23.
 44. Arciola CR, Montanaro L, et al. New trends in diagnosis and control strategies for implant infections. 

Int J Artif Organs 2011;34(9):727.
 45. Weinstein RA, Gaynes R, et al. Overview of nosocomial infections caused by Gram-negative bacilli. 

Clin Infect Dis 2005;41(6):848–54.
 46. Peleg AY, Hooper DC. Hospital-acquired infections due to gram-negative bacterisa. N Engl J Med 

2010;362(19):1804–13.
 47. Baghal Asghari F, Nikaeen M, et  al. Rapid monitoring of Pseudomonas aeruginosa in hospital water 

systems: a key priority in prevention of nosocomial infection. FEMS Microbiol Lett 2013;343:77–81.
 48. Murphy CN, Mortensen MS, et al. Role of Klebsiella pneumoniae type 1 and type 3 fimbriae in colo-

nizing silicone tubes implanted into the bladder of mice as a model of catheter-associated urinary 
tract infections. Infect Immun 2013;81(8):3009–17.

 49. Hancock V, Ferrieres L, et al. Biofilm formation by asymptomatic and virulent urinary tract infec-
tious Escherichia coli strains. FEMS Microbiol Lett 2007;267(1):30–7.

 50. Kluytmans J, Van Belkum A, et  al. Nasal carriage of Staphylococcus aureus: epidemiology, underlying 
mechanisms, and associated risks. Clin Microbiol Rev 1997;10(3):505–20.

 51. Kiedrowski MR, Horswill AR. New approaches for treating staphylococcal biofilm infections. Ann 
N Y Acad Sci 2011;1241(1):104–21.

 52. DeLeo FR, Otto M, et  al. Community-associated meticillin-resistant Staphylococcus aureus. Lancet 
2010;375(9725):1557–68.

 53. Bouza E. Consequences of Clostridium difficile infection: understanding the healthcare burden. Clin 
Microbiol Infect 2012;18(s6):5–12.

 54. Ðapa T, Leuzzi R, et  al. Multiple factors modulate biofilm formation by the anaerobic pathogen 
Clostridium difficile. J Bacteriol 2013;195(3):545–55.

 55. Pannanusorn S, Fernandez V, et al. Prevalence of biofilm formation in clinical isolates of Candida spe-
cies causing bloodstream infection. Mycoses 2012;56(3):264–72.

 56. Wang X, Lünsdorf H, et al. Characteristics of biofilms from urinary tract catheters and presence of 
biofilm-related components in Escherichia coli. Curr Microbiol 2010;60(6):446–53.

 57. Singhai M, Malik A, et al. A study on device-related infections with special reference to biofilm pro-
duction and antibiotic resistance. J Global Infect Dis 2012;4(4):193.

 58. Larsen MK, Thomsen TR, et al. Use of cultivation-dependent and -independent techniques to assess 
contamination of central venous catheters: a pilot study. BMC Clin Pathol 2008;8(1):10.

 59. Stoodley P, Conti SF, et al. Characterization of a mixed MRSA/MRSE biofilm in an explanted total 
ankle arthroplasty. FEMS Immunol Med Microbiol 2011;62(1):66–74.

 60. Thomsen TR, Hall-Stoodley L, et al. The role of bacterial biofilms in infections of catheters and shunts in 
biofilm infections. Springer; 2011. p 91-109.

 61. Rohacek M, Weisser M, et  al. Bacterial colonization and infection of electrophysiological cardiac 
devices detected with sonication and swab culture. Circulation 2010;121(15):1691–7.

 62. Biel MA, Sievert C, et  al. Reduction of endotracheal tube biofilms using antimicrobial photody-
namic therapy. Lasers Surg Med 2011;43(7):586–90.

 63. Ren W, Sheng X, et al. Evaluation of detergents and contact time on biofilm removal from flexible 
endoscopes. Am J Infect Control 2013

 64. Leaper D, McBain AJ, et  al. Healthcare-associated infection: novel strategies and antimicrobial 
implants to prevent surgical site infection. Ann R Coll Surg Engl 2010;92(6):453.

 65. Raad II, Mohamed JA, et al. The prevention of biofilm colonization by multidrug-resistant pathogens 
that cause ventilator-associated pneumonia with antimicrobial-coated endotracheal tubes. Biomaterials 
2011;32(11):2689–94.

 66. Machado MC, Tarquinio KM, et al. Decreased Staphylococcus aureus biofilm formation on nanomodi-
fied endotracheal tubes: a dynamic airway model. Int J Nanomedicine 2012;7:3741.

http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref41
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref41
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref42
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref43
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref43
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref44
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref44
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref45
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref45
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref46
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref46
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref47
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref47
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref47
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref48
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref48
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref49
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref49
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref50
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref50
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref51
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref51
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref52
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref52
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref53
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref53
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref54
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref54
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref55
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref55
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref56
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref56
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref57
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref57
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref58
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref58
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref59
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref59
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref60
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref60
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref61
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref61
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref62
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref62
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref63
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref63
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref64
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref64
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref64
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref65
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref65


Louise Suleman, Debra Archer, Christine A. Cochrane and Steven L. Percival184

 67. Ma Y, Chen M, et al. Inhibition of Staphylococcus epidermidis biofilm by trimethylsilane plasma coating. 
Antimicrob Agents Chemother 2012;56(11):5923–37.

 68. Hentzer M, Wu H, et al. Attenuation of Pseudomonas aeruginosa virulence by quorum-sensing inhibi-
tors. EMBO J 2003;22(15):3803–15.

 69. Rasmussen TB, Givskov M. Quorum-sensing inhibitors as anti-pathogenic drugs. Int J Med Microbiol 
2006;296(2–3):149.

 70. Bjarnsholt T, Givskov M. Quorum-sensing inhibitory drugs as next generation antimicrobials: worth 
the effort? Curr Infect Dis Rep 2008;10(1):22–8.

 71. Christensen LD, van Gennip M, et  al. Synergistic antibacterial efficacy of early combination treat-
ment with tobramycin and quorum-sensing inhibitors against Pseudomonas aeruginosa in an intraperi-
toneal foreign-body infection mouse model. J Antimicrob Chemother 2012;67(5):1198–206.

http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref66
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref66
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref67
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref67
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref68
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref68
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref69
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref69
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref70
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref70
http://refhub.elsevier.com/B978-0-12-397043-5.00010-4/sbref70


185
Biofilms in Infection Prevention and Control
Doi: 

© 2014 Elsevier Inc.  
All rights reserved.
2014

http://dx.doi.org/10.1016/B978-0-12-397043-5.00011-6

INTRODUCTION

Several of the chapters in this book describe the incidence and impact of micro-
organisms on various types of indwelling medical devices. The intravascular (IV) cath-
eter is one such device. It is known that micro-organisms commonly attach to both 
biotic and abiotic surfaces. In the case of IV catheters we have an example of a wound 
tissue environment in combination with an inert implanted surface. This chapter dis-
cusses types of IV catheters and the incidence of infection associated with them, as 
well as research on the role of biofilm formation in these devices.

Intravascular catheters are an important tool in modern clinical practice, in both 
patients with acute critical injuries and those with chronic illnesses. Table 11.1 lists the 
types of IV catheters, their uses and durations of use. It is estimated that approximately 
90% of patients admitted to hospital will require some form of short- or long-term 
IV catheter therapy, which is used to deliver medications, nutritional supplements and 
blood products directly into a patient’s bloodstream; typically, this is via the patient’s 
venous system through either a peripheral or a central venous catheter (CVC). Arterial 
IV catheters are also used to continuously sample and monitor a patient’s blood pres-
sure and blood gases and are often used during surgical procedures when a patient is 
under anaesthesia. Central venous catheters, as well as some other long-term IV devices, 
have integrated cuffs which anchor them in place to reduce mechanical damage at the 
insertion point. More sophisticated vascular catheters also include multi-lumen devices 
(e.g., a Hickman line) which allow both drug administration and blood sampling.

In the United States it is estimated that hospitals and clinics purchase >300 million 
IV devices annually.1 Peripheral venus catheters (PVCs) make up the majority of these 
devices, with CVCs accounting for about 3 million. Most epidemiological studies on 
the use and associated complications of IV catheters tend to focus on the intensive 
care environment. These units have high levels of catheter use in an accessible patient 
group.1 However, it should be remembered that IV devices are critical across a broad 
range of clinical settings for vascular access and that their use can put patients at risk of 
localised and systemic complications in all environments.
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COMPLICATIONS OF INTRAVASCULAR CATHETERS

Complications arising from the use of IV catheter devices include local dam-
age and more serious systemic ones. Phlebitis is inflammation of the blood vessel into 
which the cannula of the IV device is inserted. Estimates of the incidence of phlebitis 
in the United Kingdom indicate that 20 to 80% of patients with a PVC develop the 
condition. Phlebitis can be caused by movement of the catheter at the site of insertion 
and is thus often associated with peripheral catheters.2

When a catheter is used to administer medication, chemical irritation can occur 
and induce vascular inflammation at the insertion site. Phlebitis can also occur as a 
result of local microbial colonisation at the insertion site and can lead to more seri-
ous systemic complications such as sepsis if undetected. Indicators of phlebitis include 
erythema and swelling along the blood vessel track, redness, heat and at times localised 
pain, particularly on administration of medication. The occurrence of phlebitis at the 
site of insertion should act as an early indicator for healthcare staff to ensure that the 
appropriate measures are taken to reduce residual effects.

Table 11.1 Main Types and Uses of IV Catheters

Type
Duration of use before 
removal/replacement* Examples of use**

Central venous catheter  
(CVC)

Short and long term Pain management, chemotherapy, 
delivery of antibiotics
Monitoring of central venous 
pressure
Dialysis

Peripherally inserted central 
catheter (PICC)

Long term When repeated peripheral 
intravenous delivery fails
Alternative to CVC

Peripheral venous catheter 
(PVC)

Short term (≤3 days) Delivery of fluids and medication to 
acutely ill patients

Pulmonary arterial catheter 
(PAC)

Short term Monitoring of heart function, signs 
of sepsis; evaluation of drug regimes

Peripheral arterial catheter Short term Monitoring of patient’s heamo-
dynamic status (e.g., while under 
anaesthesia)

Tunnelled central venous 
catheter

Long term Surgically implanted; delivery 
of medication and nutritional 
supplements to chronically ill 
patients

Implanted IV ports Long term
⁎Duration of time before removal/replacement is dependent on individual patient needs. Local guidelines should be 
referred to for recommended duration of use at various centres.
⁎⁎Healthcare providers should refer to local guidelines for use recommendations at their centres.
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The most common complication associated with IV devices is catheter-related 
bloodstream infections (CRBSIs); some types of these infections are listed in Table 
11.2. In the United States, more than 250,000 CRBSIs are recorded each year,3 with 
approximately 80,000 associated with CVCs.4 European data show that >60% of 
nosocomial infections are related to the use of IV catheters, with the majority being 
linked specifically to CVCs.4 It is estimated that the infection rate when CVCs are 
used is in the region of 3 to 8%, with attributable mortality at 5 to 25%.5 In a point 
prevalence study carried out across a total of 151 European hospitals in 2001, it was 
shown that 21.7% of all catheter samples processed were positive for microbial colo-
nisation.6 Although it is difficult to accurately estimate the overall impact on patient 
morbidity and mortality, it is clear that catheters add a significant burden to the dura-
tion of stay and cost for patients in intensive care units.4

ROUTES OF INTRAVASCULAR CATHETER INFECTION

Microbial colonisation associated with an IV catheter can occur at the site of 
insertion, along the subcutaneous tract of tunnelled catheters and on the body and 
tip of the catheter within the vascular lumen.7 Subsequent microbial infection is evi-
denced by phlebitis, as described previously, as well as cellulitis along the device tract 
and formation of pus.7 These visual symptoms provide an indicator for the removal of 
the catheter.

Table 11.2 Catheter-Related Infections
Type Description

Exit site infection Observation of exudate from the catheter exit site which 
is positive for microbial cultures with or without associated 
bloodstream infection

Tunnel infection Pain and/or erythema along the subcutaneous tract of the 
catheter and >2 cm from the catheter exit site with or without 
associated bloodstream infection

Pocket infection Infected fluid observed in the subcutaneous pocket of an 
implanted IV port device often with pain and/or erythema, 
rupture, drainage and necrosis of the overlying skin tissue with or 
without associated bloodstream infection

Bloodstream infection: 
infusate-related

Isolation of the same organism from infusate from the catheter 
site and cultures taken from percutaneous blood sample with no 
other source of infection

Bloodstream infection: 
catheter-related

Isolation and positive culture of the same organism(s) from 
catheter segments following removal and concordantly isolated 
via a peripheral blood sample where no other source of infection 
is present (other than the IV device); systemic symptoms of 
infection include fever and/or hypotension
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Two main sources of microbial contamination can lead to catheter-related infec-
tions8: contact with skin surface organisms, resulting in colonisation along the external 
catheter surface, and transfer of micro-organisms from the patient or healthcare worker 
to the hub of the catheter, leading to luminal colonisation. CRBSIs in the instance of 
short-term catheter use are most often associated with contact with the skin surface 
at the time of catheter insertion.9 Following contamination, micro-organisms migrate 
along and colonise the external catheter surface. Contamination of the catheter hub 
and resulting internal surface colonisation can occur at any time following insertion and 
thus are linked most frequently to CRBSIs resulting from long-term IV catheter use.10

In both scenarios of catheter contamination, it is clear that strict adherence to 
infection control measures is key to avoiding complications resulting from microbial 
infections. These measures should include thorough handwashing by all healthcare staff 
at all points of contact with IV devices, cleaning the patient’s skin with an appropri-
ate antimicrobial agent prior to inserting the device and educating patients and visitors 
to ensure that adequate hygiene is observed at all times. In addition, the incidence of 
infection is far lower with devices that are implanted surgically, such as tunnelled cath-
eters and IV ports, when compared to short-term CVCs.11

DIAGNOSIS OF INFECTION

A number of guidelines have been published to address the complications asso-
ciated with the use of intravenous catheters. These guidelines focus on diagnosis and 
treatment with a specific emphasis on complications linked to bacteraemia and fungae-
mia. For healthcare professionals it is important to adhere to the specific guidelines and 
recommendations recognised by their individual hospitals and clinics. Regular visual 
assessment of the catheter exit site and surrounding tissue for signs of local infection 
(e.g., phlebitis or cellulitis), as described previously is generally required for patients 
with IV catheters.

The Infectious Diseases Society of America (IDSA), the American College of 
Critical Care Medicine and the Society for Healthcare Epidemiology of America, as 
well as the Centers for Disease Control and Prevention (CDC) and the Healthcare 
Infection Control Practices Advisory Committee (HICPAC), have published and con-
tinue to update guidelines for the management of IV-related infections12–14 These doc-
uments provide recommendations for the diagnosis, management and prevention of 
infections linked to the various types of IV devices.

Clinical observation of symptoms provides an indicator for the presence of device-
related infection, but because of their lack of specificity and sensitivity these symp-
toms are unreliable for accurate diagnosis. There are a number of specific protocols and 
recommendations for each type of catheter; however, diagnosis ultimately depends on 
the effective isolation and culture of concomitant organisms from both the intravenous 
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device and the bloodstream of the patient. Isolation is carried out either by removing 
the catheter and carrying out quantitative or semi-quantitative culture methods or, in 
cases where removal of the device is to be avoided (e.g., in patients with limited vascu-
lar access), by blood culturing methods.

One of the most frequently used semi-quantitative device culture methods is the 
roll-plate method.15 This involves rolling a section of the removed catheter across the 
surface of an agar plate and counting the colonies which grow following an overnight 
incubation. Quantitative analysis involves flushing the catheter with growth media and 
vortexing or sonicating catheter sections, followed by serial dilutions and growth on 
agar. A study comparing the sensitivity of sonication, flushing and roll-plate method-
ologies showed that sonication had the best sensitivity (80%) followed by roll-plating 
(60%) and then flush culture (40–50%).16

The type of culture method and isolation technique should be based on the type 
and duration of catheter use. For example, for long-term catheters in which intralumi-
nal colonisation resulting from contamination at the catheter hub is the most common 
cause of CRBSI, a method which most effectively cultures organisms from the inter-
nal surface is appropriate. In this case roll-plate isolation would be less appropriate than 
a quantitative isolation by flushing or sonication.12 Following semi-quantitative cul-
ture from a catheter segment, a yield of ≥15 cfu or ≥102 cfu from a quantitative culture, 
together with signs of local or systemic infection, indicates a catheter-related infection.12

For concomitant determination of CRBSI, isolation of the same organism from the 
catheter and from a percutaneous blood sample obtained from a position away from 
the device site, with no other identifiable route of infection, provides a reliable diagno-
sis. In cases where the catheter cannot be removed (i.e., because of a lack of alternative 
catheter placement sites in patients who have inadequate vascular access), quantitative 
blood culture methods have been developed to compare peripheral blood cultures 
with blood cultures obtained through the catheter hub. Generally, a catheter sample is 
expected to yield a 5- to 10-fold greater cfu value than the peripheral blood sample.17 
A CVC blood sample generating a value of ≥100 cfu/ml can also be used to diagnose 
an IV catheter infection without a comparative peripheral sample.18

The micro-organisms most commonly associated with IV catheter colonisation and 
infection are coagulase-negative Staphylococci, Staphylococcus aureus, Enterococcus, Gram-
negative bacilli, Candida albicans and some species of mycobacteria. In most patients 
without additional clinical complications, removal of the colonised catheter together 
with appropriate antibiotic treatment is sufficient to manage an infection.

Coagulase-negative Staphylococci (CNS) are responsible for the majority of catheter-
related infections.19,20 Clinically these infections are associated with fever and inflam-
mation localised to the site of the catheter. Isolation of S. aureus from a catheter raises 
concerns about the increased risk of endocarditis,21 and thus extended treatment 
regimes and follow-up blood cultures and echocardiography may need to be performed. 
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Gram-negative bacilli are most commonly associated with contaminated infusate and 
are linked to CRBSIs in immuno-suppressed patients with tunnelled devices.3 Similar 
to bacillus infections, incidences of Candida colonisation of an IV catheter are most 
often seen in patients with reduced immune function. As with bacteremia, removal of 
the catheter together with treatment with an antifungal is warranted.22

Of the 50 species of rapidly growing mycobacteria, around 20 are opportunistic 
pathogens in humans, including Mycobacterium abscessus, Mycobacterium mucogenicum and 
Mycobacterium chelonae. They can be found throughout the natural environment in soil, 
dust and water. Diagnosis of CRBSIs caused by mycobacteria is challenging, as cultiva-
tion and identification of the organisms within 72 hours is difficult. Furthermore, cath-
eter segments that produce a negative result at 48 to 72 hours are often discarded. Thus 
fulfilling the ISDA criteria for CRBSIs is not always achievable when the infective 
agent is of this type. In catheters, CRBSIs involving mycobacterial infection are not 
considered to be as virulent as infection by Gram-positive or Gram-negative organ-
isms; however, they are still a risk, particularly to immuno-compromised patients.23

EVIDENCE AND IMPACT OF BIOFILM FORMATION

It has been demonstrated that a major factor in the pathogenesis of microbial 
surface colonisation is the formation of biofilms, which provide protection from host 
immune defences and reduce the efficacy of antimicrobial treatments. Reports suggest 
that bacterial colonisation can occur within the first 24 hours following catheter inser-
tion,24 with biofilm formation taking place within three days.25 As described in previ-
ous chapters, the key steps involved in biofilm formation include attachment, growth 
and dispersal; thus by considering the characteristics and use of IV catheter devices 
alongside each of these stages, we can understand the role that biofilms play in the 
prevalence of catheter-related infections. The use of indwelling devices (e.g., IV cath-
eters) provides both a route of infection via acute injury to a patient’s protective skin 
defences and a device surface on which micro-organisms can adhere and colonise.

An important consideration with respect to biofilm formation in catheters is the 
nature and composition of the fluid administered. Often these fluids provide limited 
nutrients to sustain and promote microbial growth and, in the case of drug adminis-
tration, antibiotic therapies may select for the survival of some organisms over others. 
It has been shown that intravenous fluids do not support the growth of S. aureus and 
S. epidermidis, whereas they do support Gram-negative organisms such as P. aeruginosa 
and Enterobacter.5

Stage 1: Attachment
In vitro studies of attachment of micro-organisms to materials which are frequently 
found in IV catheters have revealed that certain biomaterials support adherence and 
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colonisation more than others. Materials, such as silicone, latex and PVC, have a greater 
propensity for microbial colonisation than materials like stainless steel and titanium.26

The physical characteristics of the biomaterial, which determine the initial reversible 
attachment properties, include surface topography, charge and material hydrophobicity. 
Topographical studies of biomaterials have shown that rough and irregular surfaces tend to 
support attachment more than do smoother surfaces.26

The majority of bacterial cells are negatively charged when in an aqueous solution; 
thus, materials which are negatively charged have a repulsive effect and can reduced micro-
bial attachment. This has been demonstrated in a study using a polyurethane surface 
grafted with acrylic acid, and it was shown that this negatively charged surface reduces the 
adherence of S. epidermidis.27 Microbial cells frequently have hydrophobic cell surfaces and 
are thus attracted to the hydrophobic surfaces of many of the biomaterials currently used in 
IV catheter manufacture.28

Biomaterial characteristics not only have a direct affect on microbial attachment 
but also have an indirect affect through their impact on conditioning film formation. 
Indwelling devices (e.g., IV catheters) inevitably come into contact with blood and 
other biological secretions, which form a conditioning film on the material’s surface. 
The nature and composition of the conditioning film is linked both to the composi-
tion of the biological fluid in contact with the device and to the biomaterial surface 
characteristics such as charge and hydrophobicity. The protein- and glycoprotein-rich 
films change the original surface properties of the catheter material.

A conditioning film formed by contact with biological fluids can contain a broad 
range of proteins, including fibronectin, laminin, fibrin, albumin, elastin, collagen and 
immunoglobulins, some of which provide receptor sites for the attachment of micro-
organisms.29 Fibronectin, fibrinogen and fibrin, in particular, are the most important 
for microbial adherence, and studies have shown that they enhance the adherence of 
organisms including Gram-positive Staphylococci and C. albicans.30,31 Following ini-
tial reversible adherence to a material surface that has suitable physical characteristics,  
receptor–ligand interactions between micro-organisms and the surface-adsorbed con-
ditioning film result in irreversible adherence.

Stage 2: Growth
Once adhered to the IV catheter surface, micro-organisms proliferate and form micro-
colonies. During this growth phase, bacteria and other colonising microbes begin to 
deposit and encase themselves in an extracellular matrix, also referred to as an extracel-
lular polymeric substance (EPS) or slime. Typically this substance is composed of pro-
teins, nucleic acids and polysaccharides.

Mycobacteria are unique in that they do not produce exopolysaccharides but 
instead secrete primarily glycopeptidolipids and fatty acids.32 Growth of pioneer 
organisms can subsequently develop suitable environments for secondary species,  
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giving rise to multi-species biofilms. As well as providing protection for encased 
microbes from host immune defences and antimicrobial treatments, biofilms contain-
ing Gram-negative bacteria can be a source of endotoxins which trigger host immu-
nity and lead to a pyogenic reaction.

Stage 3: Dispersion
In nature, the detachment and subsequent dispersal of cells from a biofilm has evolved 
to allow continued survival and propogation of a bacterial species. When related to 
colonisation of IV catheters, this stage results in the progression of a localised infec-
tion at the site of a catheter to a systemic infection. As micro-organisms detach from 
the biofilm as either individual planktonic cells or cell clusters, they are released into a 
patient’s bloodstream, thus leading to a CRBSI. Microbial cells are dispersed from the 
surface of the biofilm during active growth as a consequence of a change in nutrient 
levels or quorum sensing, or because of shearing as a result of hydrodynamic effects.33

PREVENTION AND TREATMENT OF INFECTIONS

The clinical reliance on IV devices continues to rise, and with this will come 
increased risk of catheter-related infections and associated mortality. After understand-
ing the key causes of catheter-related infections, it can be seen that the implementation 
of robust infection control measures plays a central role in their prevention. In addition, 
there are clinical strategies in place to prevent CRBSIs, including the use of catheter 
lock solutions and devices impregnated with antimicrobial agents. The specific strate-
gies relating to the prevention or elimination of biofilms, while predominantly experi-
mental, nonetheless provide a basis for the development of future treatments.

Antimicrobial Lock Therapy
Antimicrobial lock therapy (ALT) has been used as a means to prevent colonisation 
and to control CRBSIs. ALT may be considered when a case of CRBSI represents 
a low to moderate risk of a poor outcome34 and thus can be used as an approach to 
preserve long-term tunnelled catheters.35 This strategy involves the infusion of a solu-
tion in the catheter following use. The solution is allowed to settle (lock) in the lumen 
while the catheter is not in use. The solutions used contain antibiotic drugs or other 
antimicrobial agents together with an anti-coagulant such as heparin.

Using antimicrobials at a concentration that is significantly higher (100–1000-fold) 
than the minimum inhibitory concentration (MIC) or usual target systemic concentra-
tion aims to eradicate microbial biofilms on the internal surface. Concerns have arisen 
surrounding the routine use of these solutions and the development of resistant micro-
organisms.36 Several studies have demonstrated the effectiveness of vancomycin as an 
ALT; however, evidence of the emergence of vancomycin resistance in clinically rel-
evant bacterial strains means that this approach is not recommended.37–39
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The addition of chelating agents, such as ethylene diaminetetraacetic acid (EDTA), 
to a catheter lock solution has demonstrated clinical efficacy against biofilms. As well 
as exhibiting some antimicrobial properties, these destabilise the biofilm by chelating 
metal ions such as Ca2+, Mg2+ and Fe2+. Disodium EDTA in combination with mino-
cycline has been shown to be effective against biofilms both in vitro using explanted 
catheter tips40 and in vivo in the treatment of catheter-related bacteremia in hemo-
dialysis.41 In an in vitro study conducted by Percival et al.,42 it was demonstrated that 
40 mg/ml of tetrasodium EDTA alone can significantly reduce or potentially eradicate 
CVC-associated biofilms of clinically relevant organisms.

An alternative chelating agent, sodium citrate, has been shown to exhibit antimi-
crobial and anti-biofilm activity in vitro against several strains of S. aureus and CNS.43 
A combination of 4% trisodium citrate and 30% ethanol has been demonstrated to 
prevent biofilm formation by several organisms associated with CRBSIs, including 
S. aureus and S. epidermidis.44

The use of ethanol alone in 20 to 80% concentrations has been shown to be an 
effective treatment for CRBSIs in a number of case studies. For example, reduction in 
bloodstream infection in immuno-suppressed patients with infected tunnelled catheters, 
when a 70% ethanol ALT lock is used, has been demonstrated.45In vitro studies have 
supported this outcome and demonstrated that a 24-hour exposure to 20% ethanol 
is successful in eradicating biofilms of S. epidermidis.46 In a study using a meticillin-
resistant strain of S. aureus, it was shown that the combination of 25% ethanol, minocy-
cline (2 mg/ml) and EDTA (30 mg/ml) was successful at eliminating in vitro biofilms.47

Other anti-biofilm agents may offer the potential to be used as ALT solutions. 
Oxidising biocides, such as chlorine, surfactants or enzymes, can disrupt biofilms and 
lead to cell dispersal.48 In an in vitro study, an unsaturated fatty acid produced by P. 
aeruginosa, known as cis-2-decenoic acid (CDA), was shown to induce dispersal of bio-
films including S. aureus and C. albicans.49 Nitric oxide has also been shown to have a 
dispersal effect on biofilms as well as being able to prevent colonisation when used as 
a pre-treatment for biomaterial surfaces.50 The combination of dispersing agents with 
other antimicrobial agents to kill the released cells, preventing further colonisation and 
bloodstream infection, may thus be potential treatments for CRBSI.

Antimicrobial Catheters
Catheter devices that incorporate antimicrobial agents have been developed as a means 
to prevent the colonisation of micro-organisms and thus reduce the risk of CRBSI. 
Devices impregnated with chlorhexidine and silver sulfadiazine have demonstrated 
some positive effects when used in clinical studies. Early devices, which where coated 
on the external surface, had some success in reducing the incidence of CRBSI linked 
to catheter use for <7 days; thus, they may be indicated in clinical settings where the 
risk of short-term catheter complications is high.51
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A meta-analysis of clinical studies using newer devices, which have these same 
agents impregnated on both the external surface and the catheter lumen, demonstrated 
that these catheters can halve the risk of developing CRBSIs.52 However, in a com-
parative study of antimicrobial IV devices it was shown that catheters impregnated 
with minocycline and rifampin are less likely to be colonised by micro-organisms than 
are the chlorhexidine/sulfadiazine devices and are associated with a lower CRBSI 
incidence.53

To ease concerns about the development of antimicrobial resistance, IV catheters 
incorporating the anti-metabolite drug 5-fluorourracil (5-FU) have been developed. 
The concentrations used are well below those used for cancer therapy but have been 
shown to inhibit the growth of several clinically relevant strains of micro-organisms, 
including S. epidermidis and C. albicans. Furthermore, in a multi-centre controlled trial 
these devices were demonstrated to have a lower risk of colonisation and a reduced 
incidence of CRBSI when compared to catheters coated with chlorhexidine and silver 
sulfadiazine.54

Alternative Strategies
There are a number of novel strategies which use alternative non-chemical means to 
treat and prevent IV catheter colonisation, biofilm formation and subsequent catheter-
related infections. Ultrasonic energy has a number of effects on biofilms, including 
abrogation of microbial adherence to surfaces; disruption of nutrient, oxygen and sig-
nalling pathways within the biofilm; and mechanical damage.55In vitro ultrasonication 
has been shown to significantly increase the transport of antibiotics within biofilms of 
P. aeruginosa and E.coli, resulting in increased cell death.56

It also has been hypothesised that an additional effect of ultrasonic treatment is 
the improvement of oxygen and nutrient transport to cells within a biofilm not con-
ducive to the sessile state.57 Fine-tuning of the acoustic frequencies prevents biofilm 
formation on various types of indwelling devices, including catheters.55 The overall 
affect of acoustic energy on biofilms without the presence of antibiotics was found to 
depend predominantly on the intensity of the energy used rather than on the specific 
frequency.58

Electromagnetic radiation in the ultraviolet (UV) range (328‒210 nm) has also been 
suggested as a means to eradicate biofilms.59 Optimal bacteriocidal effects occur at 280 
to 250 nm, causing accumulation of photoproducts and irreversible DNA damage lead-
ing to cell death.60 The use of optical fibres embedded in the biomaterial of the cath-
eter allows UV light to be transmitted along the catheter while in situ and can be used 
to both prevent colonisation and treat established biofilms. Considerations, such as the 
UV stability of the device material, the appropriate source of UV light and the conse-
quences of UV light exposure on the cells and tissue of the intravascular space, present 
significant obstacles. However, overcoming these may provide a potential therapeutic 
strategy to prevent CRBSI.
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CONCLUSION

Microbial contamination and subsequent colonisation and biofilm formation 
present a significant risk to patients who require monitoring and administration of 
treatments via intravascular catheters. The development of guidelines, which provide 
protocols for the diagnosis and management of IV catheter infections, is an important 
resource for the clinical community in recognising, detecting and providing the appro-
priate treatment as soon as possible. The impact of biofilms on these devices is clearly 
an area that has not yet been fully addressed. Continued research into methods to pre-
vent biofilm formation, together with effective ways to remove and treat biofilms on 
catheter surfaces, should ultimately aim to reduce the incidence and morbidity associ-
ated with catheter-related infections.

REFERENCES
 1. Hockenhull JC, Dwan K, Boland A, Smith G, Bagust A, Dundar Y, et al. The clinical effectiveness and 

cost-effectiveness of central venous catheters treated with anti-infective agents in preventing blood-
stream infections: a systematic review and economic evaluation. Health Technol Assess 2008;12(iii-iv, 
xi-xii):1–154 (Winchester, England).

 2. Higginson R, Parry A. Phlebitis: treatment, care and prevention. Nurs Times 2011;107:18–21.
 3. Maki DG, Mermel LA. Infections due to infusion therapy. In: Bennett JV, editor. Hospital infections.  

Lipponcott/Raven; 1998. p. 689–724.
 4. Leonidou L, Gogos CA. Catheter-related bloodstream infections: catheter management according to 

pathogen. Int J Antimicrob Agents 2010;36:S26–32.
 5. Donlan RM. Biofilm formation: a clinically relevant microbiological process. Clinical Infectious 

Diseases—an official publication of the Infectious Diseases Society of America 2001;33:1387–92.
 6. Bouza E, San Juan R, Munoz P, Pascau J, Voss A, Desco M.—Cooperative Group of the European 

Study Group on Nosocomial I. A European perspective on intravascular catheter-related infections: report 
on the microbiology workload, aetiology and antimicrobial susceptibility (ESGNI-005 Study). Clinical 
Microbiology and Infection—the official publication of the European Society of Clinical Microbiology 
and Infectious Diseases 2004;10:838–42.

 7. Edgeworth J. Intravascular catheter infections. J Hosp Infect 2009;73:323–30.
 8. Raad I, Bodey G. Infectious complications of indwelling vascular catheters. Clin Infect Dis 

1992;15:197–210.
 9. Maki DG. Infections caused by intravascular devices used for infusion therapy: pathogenesis, preven-

tion, and management. In: Bisno AL, Waldvogel FA, editors. Infections associated with indwelling medical 
devices, 2nd ed. ASM Press; 1994. p. 155–212.

 10. Linares J, Sitgesserra A, Garau J, Perez J, Martin R. Pathogenesis of catheter sepsis-a prospective-
study with quantitative and semiquantitative cultures of catheter hub and segments. J Clin Microbiol 
1985;21:357–60.

 11. Maki DG, Kluger DM, Crnich CJ. The risk of bloodstream infection in adults with different 
intravascular devices: a systematic review of 200 published prospective studies. Mayo Clin Proceed 
2006;81:1159–71.

 12. Mermel LA, Farr BM, Sherertz RJ, Raad II, O’Grady N, Harris JS, et  al.—Infectious Diseases 
Society of America, American College of Critical Care Medicine, Society for Healthcare 
Epidemiology of America. Guidelines for the management of intravascular catheter-related infections. 
Clinical Infectious Diseases—an official publication of the Infectious Diseases Society of America 
2001;32:1249–72.

 13. Mermel LA, Allon M, Bouza E, Craven DE, Flynn P, O’Grady NP, et  al. Clinical practice guide-
lines for the diagnosis and management of intravascular catheter-related infection: update by the 

http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref1
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref1
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref1
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref1
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref2
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref3
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref3
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref4
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref4
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref5
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref5
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref6
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref6
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref6
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref6
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref6
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref7
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref8
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref8
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref9
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref9
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref9
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref10
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref10
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref10
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref11
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref11
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref11
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref12
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref12
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref12
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref12
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref12
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref13
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref13


Emma Woods and Steven L. Percival196

Infectious Diseases Society of America. Clinical Infectious Diseases—an official publication of the 
Infectious Diseases Society of America 2009;49:1–45.

 14. O’Grady NPAM, Burns LA, Dellinger EP, Garland J, Heard SO, Lipsett PA, et  al.—Healthcare 
Infection Control Practices Advisory Committee (HICPAC). Guidelines for the Prevention of 
Intravascular Catheter-Related Infections. Centers for Disease Control and Prevention (CDC), Atlanta; 
2011.

 15. Maki D, Weise C, Sarafin H. Semiquantitative culture method for identifying intravenous-catheter-
related infection. N Engl J Med 1977;296:1305–9.

 16. Sherertz R, Heard S, Raad I. Diagnosis of triple-lumen catheter infection: comparison of roll plate, 
sonication, and flushing methodologies. J Clin Microbiol 1997;35:641–6.

 17. Fan S, Teohchan C, Lau K. Evaluation of central venous catheter sepsis by differential quantitative 
blood culture. Eur J Clin Microbiol Infect Dis 1989;8:142–4.

 18. Capdevila J, Planes A, Palomar M, Gasser I, Almirante B, Pahissa A, et al. Value of differential quan-
titative blood cultures in the diagnosis of catheter-related sepsis. Eur J Clin Microbiol Infect Dis 
1992;11:403–7.

 19. Sattler F, Foderaro J, Aber R. Staphylococcus-epidermidis bacteremia associated with vascu-
lar catheters—An important cause of febrile morbidity in hospitalized-patients. Infect Cont Hosp 
Epidemiol 1984;5:279–83.

 20. Huebner J, Goldmann DA. Coagulase-negative staphylococci: role as pathogens. Annu Rev Med 1999; 
50:223–36.

 21. Rosen A, Fowler V, Corey G, Downs S, Biddle A, Li J, et  al. Cost-effectiveness of transesopha-
geal echocardiography to determine the duration of therapy for intravascular catheter-associated 
Staphylococcus aureus bacteremia. Ann Intern Med 1999;130:810.

 22. Rex J, Bennett J, Sugar A, Pappas P, Serody J, Edwards J, et al. Intravascular catheter exchange and 
duration of candidemia. Clin Infect Dis 1995;21:994–6.

 23. El Helou G, Viola GM, Hachem R, Han XY, Raad II. Rapidly growing mycobacterial bloodstream 
infections. Lancet Infect Dis 2013;13:166–74.

 24. Osma S, Kahveci SF, Kaya FN, Akalin H, Ozakin C, Yilmaz E, et  al. Efficacy of antiseptic-
impregnated catheters on catheter colonization and catheter-related bloodstream infections in 
patients in an intensive care unit. J Hosp Infect 2006;62:156–62.

 25. Anaissie E, Samonis G, Kontoyiannis D, Costerton J, Sabharwal U, Bodey G, et al. Role of catheter 
colonization and infrequent hematogenous seeding in catheter-related infections. Eur J Clin Microbiol 
Infect Dis 1995;14:134–7.

 26. Darouiche RO. Device-associated infections: a macroproblem that starts with microadherence. 
Clinical Infectious Diseases—an official publication of the Infectious Diseases Society of America 2001; 
33:1567–72.

 27. Kohnen W, Jansen B. Polymer materials for the prevention of catheter-related infections. Zentralblatt 
fur Bakteriologie. Internat J Med Microbiol 1995;283:175–86.

 28. Schierholz JM, Beuth J. Implant infections: A haven for opportunistic bacteria. J Hosp Infect 2001; 
49:87–93.

 29. Dickinson GM, Bisno AL. Infections associated with indwelling devices: concepts of pathogenesis; 
infections associated with intravascular devices. Antimicrob Agents Chemother 1989;33:597–601.

 30. Pascual A. Pathogenesis of catheter-related infections: lessons for new designs. Clinical Microbiology and 
Infection—the official publication of the European Society of Clinical Microbiology and Infectious 
Diseases. 2002:8:256–264.

 31. Murga R, Miller JM, Donlan RM. Biofilm formation by gram-negative bacteria on central venous 
catheter connectors: effect of conditioning films in a laboratory model. J Clin Microbiol 2001; 
39:2294–7.

 32. Zambrano MM, Kolter R. Mycobacterial biofilms: a greasy way to hold it together. Cell 2005; 
123:762–4.

 33. Donlan R. Biofilms: Microbial life on surfaces. Emerg Infect Dis 2002;8:881–90.
 34. Raad I, Hanna H. Intravascular catheter-related infections—New horizons and recent advances. Arch 

Intern Med 2002;162:871–8.

http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref13
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref13
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref14
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref14
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref14
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref14
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref15
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref15
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref16
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref16
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref17
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref17
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref18
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref18
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref18
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref19
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref19
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref19
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref20
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref20
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref21
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref21
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref21
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref22
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref22
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref23
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref23
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref24
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref24
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref24
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref25
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref25
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref25
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref26
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref26
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref26
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref27
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref27
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref28
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref28
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref29
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref29
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref30
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref30
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref30
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref31
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref31
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref32
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref33
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref33


Biofilms’ Role in Intravascular Catheter Infections 197

 35. Krishnasami Z, Carlton D, Bimbo L, Taylor ME, Balkovetz DF, Barker J, et al. Management of hemo-
dialysis catheter-related bacteremia with an adjunctive antibiotic lock solution. Kidney Int 2002; 
61:1136–42.

 36. Mermel L. Prevention of intravascular catheter-related infections. Ann Intern Med 2000;132:391–402.
 37. Schwalbe R, Stapleton J, Gilligan P. Emergence of vancomycin resistance in coagulase-negative 

staphylococci. N Engl J Med 1987;316:927–31.
 38. Kaplan A, Gilligan P, Facklam R. Recovery of resistant enterococci during vancomycin prophylaxis. 

J Clin Microbiol 1988;26:1216–8.
 39. Sieradzki K, Leski T, Dick J, Borio L, Tomasz A. Evolution of a vancomycin-intermediate 

Staphylococcus aureus strain in vivo: multiple changes in the antibiotic resistance phenotypes of a 
single lineage of methicillin-resistant S. aureus under the impact of antibiotics administered for che-
motherapy. J Clin Microbiol 2003;41:1687–93.

 40. Raad I, Buzaid A, Rhyne J, Hachem R, Darouiche R, Safar H, et al. Minocycline and ethylenediami-
netetraacetate for the prevention of recurrent vascular catheter infections. Clinical Infectious Diseases—
an official publication of the Infectious Diseases Society of America 1997;25:149–51.

 41. Campos RP, do Nascimento MM, Chula DC, Riella MC. Minocycline-EDTA lock solution pre-
vents catheter-related bacteremia in hemodialysis. J Am Soc Nephrol 2011;22:1939–45.

 42. Percival S, Kite P, Eastwood K, Murga R, Carr J, Arduino M, et  al. Tetrasodium EDTA as a novel 
central venous catheter lock solution against biofilm. Infect Cont Hosp Epidemiol 2005;26:515–9.

 43. Shanks RMQ, Sargent JL, Martinez RM, Graber ML, O’Toole GA. Catheter lock solutions influ-
ence staphylococcal biofilm formation on abiotic surfaces. Nephrol Dialy Transplant 2006;21:2247–55.

 44. Takla TA, Zelenitsky SA, Vercaigne LM. Effectiveness of a 30% ethanol/4% trisodium citrate locking 
solution in preventing biofilm formation by organisms causing haemodialysis catheter-related infec-
tions. J Antimicrob Chemother 2008;62:1024–6.

 45. Sanders J, Pithie A, Ganly P, Surgenor L, Wilson R, Merriman E, et al. A prospective double-blind 
randomized trial comparing intraluminal ethanol with heparinized saline for the prevention of 
catheter-associated bloodstream infection in immunosuppressed haematology patients. J Antimicrob 
Chemother 2008;62:809–15.

 46. Qu Y, Istivan TS, Daley AJ, Rouch DA, Deighton MA. Comparison of various antimicrobial agents 
as catheter lock solutions: preference for ethanol in eradication of coagulase-negative staphylococcal 
biofilms. J Med Microbiol 2009;58:442–50.

 47. Raad I, Hanna H, Dvorak T, Chaiban G, Hachem R. Optimal antimicrobial catheter lock solution, 
using different combinations of minocycline, EDTA, and 25-percent ethanol, rapidly eradicates 
organisms embedded in biofilm. Antimicrob Agents Chemother 2007;51:78–83.

 48. Chen X, Stewart P. Biofilm removal caused by chemical treatments. Water Res 2000;34:4229–33.
 49. Davies DG, Marques CNH. A fatty acid messenger is responsible for inducing dispersion in microbial 

biofilms. J Bacteriol 2009;191:1393–403.
 50. Nablo B, Prichard H, Butler R, Klitzman B, Schoenfisch M. Inhibition of implant-associated infec-

tions via nitric oxide. Biomaterials 2005;26:6984–90.
 51. Walder B, Pittet D, Tramer MR. Prevention of bloodstream infections with central venous cathe-

ters treated with anti-infective agents depends on catheter type and insertion time: evidence from 
a meta-analysis. Infection Control and Hospital Epidemiology—the official Journal of the Society of 
Hospital Epidemiologists of America 2002;23:748–56.

 52. Hockenhull JC, Dwan KM, Smith GW, Gamble CL, Boland A, Walley TJ, et  al. The clinical effec-
tiveness of central venous catheters treated with anti-infective agents in preventing catheter-related 
bloodstream infections: a systematic review. Crit Care Med 2009;37:702–12.

 53. Darouiche RO, Raad II, Heard SO, Thornby JI, Wenker OC, Gabrielli A, et  al. A comparison of  
two antimicrobial-impregnated central venous catheters. Catheter Study Group. N Engl J Med 
1999;340:1–8.

 54. Walz JM, Avelar RL, Longtine KJ, Carter KL, Mermel LA, Heard SO, Group FUCS  Anti-
infective external coating of central venous catheters: a randomized, noninferiority trial comparing 
5-fluorouracil with chlorhexidine/silver sulfadiazine in preventing catheter colonization. Crit Care 
Med 2010;38:2095–102.

http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref34
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref34
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref34
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref35
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref36
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref36
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref37
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref37
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref38
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref38
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref38
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref38
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref39
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref39
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref39
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref40
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref40
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref41
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref41
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref42
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref42
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref43
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref43
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref43
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref44
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref44
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref44
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref44
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref45
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref45
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref45
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref46
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref46
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref46
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref47
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref48
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref48
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref49
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref49
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref50
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref50
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref50
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref50
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref51
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref51
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref51
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref52
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref52
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref52
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref53
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref53
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref53
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref53


Emma Woods and Steven L. Percival198

 55. Dror N, Mandel M, Hazan Z, Lavie G. Advances in microbial biofilm prevention on indwelling 
medical devices with emphasis on usage of acoustic energy. Sensors (Basel) 2009;9:2538–54.

 56. Carmen JC, Nelson JL, Beckstead BL, Runyan CM, Robison RA, Schaalje GB, Pitt WG. Ultrasonic-
enhanced gentamicin transport through colony biofilms of Pseudomonas aeruginosa and Escherichia 
coli. Journal of Infection and Chemotherapy—the official journal of the Japan Society of Chemotherapy 
2004;10:193–9.

 57. Pitt W, Ross S. Ultrasound increases the rate of bacterial cell growth. Biotechnol Prog 2003; 
19:1038–44.

 58. Pitt WG. Removal of oral biofilm by sonic phenomena. Am J Dent 2005;18:345–52.
 59. Dale BA. Intravascular-catheter-related infections. Lancet 1998;351:1739.
 60. Bridges BA. Survival of bacteria following exposure to UV and ionising radiations. In: Gray TGR, 

Postgate PJ, editors. The survival of vegetative microbes. Cambridge University Press; 1976. p. 183–208.

http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref54
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref54
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref55
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref55
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref55
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref55
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref56
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref56
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref57
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref58
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref59
http://refhub.elsevier.com/B978-0-12-397043-5.00009-8/sbref59


199
Biofilms in Infection Prevention and Control
Doi: 

© 2014 Elsevier Inc.  
All rights reserved.
2014

http://dx.doi.org/10.1016/B978-0-12-397043-5.00012-8

INTRODUCTION

Ventilator-associated pneumonia (VAP) is defined as a pneumonia that occurs in 
patients 48 to 72 hours after endotracheal (ET) intubation and mechanical ventilation 
(MV). Importantly, it is second only to urinary tract sepsis as a hospital-acquired infec-
tion in patients receiving intensive care.1–5 A key factor in the acquisition of VAP is 
the presence of an endotracheal tube, an essential medical device for the maintenance 
of an airway and the promotion of gaseous exchange during MV. However, an ET 
tube also increases a patient’s risk of VAP 6- to more than 20-fold.4–7

Because VAP prevalence rates are often reported across different studies, a VAP 
diagnosis is extremely problematic and depends on many factors which will be dis-
cussed throughout this chapter. Incidence rates of 4 to 50 cases per 100 patients4–6 
and mortality rates as high as 76% have been reported with VAP.4,5,8 Longer hospital 
stays associated with VAP are also significant and can lead to increased hospital costs of 
approximately $40,000 to $51,157.8–10 Unsurprisingly, VAP prevention is very impor-
tant, not only for the intubated patient, but also for the healthcare provider.

The ET tube provides a conduit from the oral cavity to the lower airway which 
circumvents the normally protective host defences such as the cough reflex and muco-
ciliary action. These mechanisms ordinarily reduce the entry of micro-organisms into 
the lungs, thereby reducing the risk of infection.11 The ET tube is retained in the tra-
chea by means of an inflated cuff, above which microbial-containing subglottic fluids 
can accumulate. Often, because of the type of biomaterial used in the cuff ’s develop-
ment, micro-channels form, allowing the sublgottic fluids below the cuff to leak into 
the lower airway. This fluid is rich in potentially infective micro-organisms that not only 
may directly enter the lungs, but also may be drawn into the ET tube’s inner lumen.

Inside the ET tube, both endogenously and exogenously derived micro-organisms 
colonise and grow as a biofilm,3,12–14 in which they are protected from host defence 
mechanisms. As the biofilm develops, these micro-organisms may detach and translocate 
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to the lungs to induce infection. The biofilm provides a continuous reservoir for infec-
tious agents in MV patients.15,16 The ET tube has been reported to become rapidly 
colonised (within hours) by micro-organisms once a patient is intubated.4,17

This aim of this chapter is to provide an overview of   VAP, the micro-organisms involved, 
the role of biofilms play and the methods employed to both prevent and manage it.

DIAGNOSIS AND COMPLICATIONS

At present, a VAP diagnosis is limited to the Centers for Disease Control and 
Prevention (CDC) definition and available diagnostics employed by specific hospitals. 
However, its aetiology is often polymicrobial, and because there is no way to differentiate 
between colonisation and infection, both diagnosis and risk determination are significantly 
hindered. For this reason, there is no ‘gold standard’ of diagnosis; this consequently has led 
to unnecessary use and administration of antibiotics for both prevention and management.

Presently, to diagnose a VAP episode, an autopsy is performed or a direct lung tissue 
culture is taken; however, in many situations, particularly those involving paediatric 
patients, this is not possible. Therefore, for neonates a culture has to be obtained from 
the ET tube which can also help to predict infant late-onset sepsis.18 Slagle and col-
leagues18 found that in the first week of life, ET tube samples are culture-negative, 
indicating a ‘sterile’ tube. However, over time the ET tube becomes colonised with 
Gram-positive and then, additionally, Gram-negative bacteria. Further research in this 
same study compared the patterns of culture between infants who developed late-
onset sepsis and those who did not. It was found in the study that the incidence of 
late-onset sepsis was 23% and the mean time to infection was 41 days. It was evident, 
however, that while 54% of the micro-organisms the study identified by blood culture 
were not present in ET tube samples, in 19% of cases there was a match between the 
bloodstream isolate and isolates from the ET tube.

Perkins and colleagues19 used quantitative PCR (qPCR) and gene surveys target-
ing the 16 S rRNA genes of bacteria to quantify and identify the biofilm community 
present in extubated ET tubes. Eight of the ET tubes, obtained from patients who had 
been incubated between 12 hours and 23 days in surgical and medical intensive care, 
were sampled for evidence of biofilms and the microbial community. Quantitative PCR 
data showed that the ET tubes were colonised in 24 hours. A large variation among 
patients was evident in respect to bacterial load, but positive correlations between bacte-
rial load and intubation period were not possible. The researchers found more than 70% 
of sequences analysed to be associated with the genera of the normal oral microflora and 
6% to be associated with the gastrointestinal flora. The most common genera identified 
in this study were Streptococcus followed by Prevotella and then Neisseria.

The Perkins study also showed that as intubation periods increase, so does the oppor-
tunity for pathogenic micro-organisms to proliferate in the ET tube biofilm. For ET tubes 
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in place for 23 days, 95% of the sequences were found to be from Pseudomonas aeruginosa. 
More recently, Cairns and colleagues20 analysed 24 ET tube biofilms from 20 patients, 
using a combination of traditional micro-biological culture, species-specific PCR and 
denaturing gradient gel electrophoresis (DGGE) profiling. The results highlighted the high 
number of micro-organisms present (>108 cfu per cm2 section of tube), the polymicrobial 
nature of the biofilms (up to 22 distinct DGGE bands detected on occasion, with a mean 
of 6 bands per tube) and the presence of micro-organisms normally associated with the 
oral cavity (e.g., Streptococcus mutans, Porphyromonas gingivalis, Candida albicans).

Epidemiological surveillance is vital in monitoring complications in MV patients. A 
recent study by Skrupky and colleagues21 found complications in 1.2 to 8.5 cases per 
1000 ventilator-days (0.6–4%). Unsurprisingly, high on the list of complications was VAP, 
which, as previously mentioned, is highly prevalent in MV patients and is associated with 
increased mortality and longer intensive care stays. Its associated mortality rates are 27 
to 76%.4,5 Causative agents of VAP are wide ranging, with numerous microbial spe-
cies implicated, including multi-drug-resistant (MDR) opportunistic pathogens such as 
meticillin-resistant Staphylococcus aureus (MRSA), Acinetobacter species, Escherichia coli and 
Pseudomonas aeruginosa.22,23

BIOFILMS AND ENDOTRACHEAL TUBES

One potential source/reservoir of micro-organisms associated with VAP is the ET 
tube itself. When micro-organisms adhere to the inner lumen of the ET tube, they form 
a biofilm (Figure 12.1) that then becomes a source of infectious agents in the intubated 
patient.24 A polymicrobial biofilm develops very quickly, with studies showing antibiotic-
resistant bacteria in ET tube biofilms occurring in less than 24 hours.13,25 Since dissemi-
nation of micro-organsims from the ET tube to the lower airway is of major concern, 
preventing microbial attachment and utilising effective infection control procedures are 
vital measures.

Biofilms on ET tubes are composed of complex communities of micro-organisms  
that are attached to the tube’s surface and encased in an extracellular polymer mate-
rial composed of polysaccharides, proteins and nucleic acids. They are the source of  
micro-organisms that disseminate into the lungs and lead to pneumonia.17,3 As men-
tioned earlier, studies have demonstrated the presence of oral micro-organisms among 
others in the tube’s polymcrobial biofilm.20 The importance of this finding is that, while 
oral microbes may act directly as respiratory pathogens, they may also facilitate the 
introduction of traditional respiratory pathogens into the tube. Indeed, pioneer colo-
nisers of teeth, such as certain Streptococcus species (e.g., S. mutans), are adept at pro-
ducing extracellular glucans which act as a ‘microbial glue’ for recruitment of other  
micro-organisms into the plaque biofilm. Theoretically, this same situation may also 
occur in the ET tube.
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Adair and colleagues3 have documented that, of 20 patients sampled, 70% become 
infected following intubation because of the presence of biofilms. Lee and colleagues26 
investigated whether patients intubated for prolonged periods of time are more likely 
to have bacterial biofilm on their ET tubes. They collected tubes from patients at extu-
bation and searched for evidence of biofilms by scanning with electron microscopy. Of 
32 ET tubes sampled from patients who had been intubated for 6 days or longer, a sig-
nificantly higher percentage of bacterial biofilms was evident compared with individu-
als intubated for less than 6 days (88.9% versus 57.1%).

Wilson et  al.27 hypothesised a relationship between the stage of biofilm develop-
ment on the ET tube and the development of pneumonia. In this study, 32 ET tubes 
were analysed for biofilms and staged in the development of pneumonia, duration of 
intubation and comorbidities; microbiological information was recorded. The pres-
ence of pneumonia was indicated by fever, white blood cell count (WBC) >12 K or 
<4 K, infiltrate on chest x-rays and purulent sputum with positive lower airway cul-
ture (bronchoalveolar lavage or brush). Also, the mean intensive care stay was 13 days 
and the mean length of intubation was 7.4 days. Half of the patients studied devel-
oped pneumonia while intubated; thus, it was concluded that a relationship exists 
between incidence of pneumonia and increasing biofilms. However, no relationship 
was found linking duration of intubation, patient age or hospital stay to biofilm stage. 

Figure 12.1 Scanning electron micrograph showing biofilm formation on the inner lumen of an ET 
tube. Source: Image courtesy of Kirsty Sands, School of Dentistry, Cardiff, Wales.
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Interestingly, it has been found that with 70% of patients the VAP micro-organisms 
identified on the ET tube are identical to those found in the lung.3

As discussed, in general the ET tube plays a role in introducing micro-organisms 
and therefore infection of the lungs. Because of this, much research is being under-
taken in the prevention of this route of infection in intubated patients.

VAP AND BIOFILM CONTROL

A number of strategies have been employed to prevent VAP; these include care 
bundles encompassing universally accepted components such as elevation of beds, non-
invasive ventilation when possible, selective decontamination for patients who are MV 
for longer than 48 hours, sedation vacation, daily weaning assessment and adequate and 
regular oral care.28

As discussed previously, the ET tube is a major concern and risk factor for VAP because 
its surface provides both a site for biofilm development and a source of infectious micro-
organisms.29,3,30 Correlations between the micro-organisms found in the lower respiratory 
tract and the presence of an ET tube are well documented.3 Sottile et  al.17 found that 
micro-organisms in the tube can colonise in a few hours, with the formation of a biofilm 
occurring quickly afterward. The risk of a biofilm forming on an ET tube increases sig-
nificantly for patients with other underlying conditions (e.g., chronic pulmonary disease, 
blood transfusion, acute respiratory distress and neurologic disorders in particular) or those 
who are severely immuno-compromised or on chemotherapy (e.g., antibiotics).

Efforts have been made to inhibit microbial contamination of ET tubes through 
biomaterial modification. Changes in ET tube surfaces at the nano-scale level have also 
been attempted.31–34 Machado et  al.33 reported that a 1.5  log reduction in the total 
number of S. aureus could be achieved on a nano-modified ET tube compared with 
conventional ET tubes after 24 hours of airflow. As a consequence, microbial colonisa-
tion in this situation could be reduced without antimicrobial treatment. Overall, this 
study showed that chemical etching can create nano-rough surface features on PVC 
that helps to suppress S. aureus growth.

Other strategies to reduce biofilm formation in the ET’s inner lumen include the 
Venner™ PneuX P.Y™-VAP Prevention System (previously known as the Young 
LoTrach™ System). This is not an antimicrobial approach per se but a multi-factorial 
strategy to prevent pulmonary aspiration via a specialised cuff made of an ultrathin mate-
rial less prone to material folding, which can also be maintained at a constant pressure. 
Both properties reduce micro-channel leakage of subglottic secretions below the cuff. 
Subglottic drainage above the cuff also occurs through specialised ports in the system.

Other methods to prevent and control biofilms have been documented. For exam-
ple, mechanical removal of already populated biofilms has been shown to have a sig-
nificant impact on biofilm removal and reduce the incidence of infection.35–37
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In addition to modification of the surface of ET tubes and mechanical removal 
of subglottic secretions, an area of intensive research is impregnation of the tube with 
antimicrobials. Numerous researchers have looked at ways to prevent or control bio-
film formation using antibiotics and antiseptics incorporated into the biomaterial of 
the ET tube to decrease subsequent lung colonisation.38–41 Silver has been investigated 
as an antimicrobial agent, and in 2008 C. R. Bard marketed the first antimicrobial ET 
tube under the name AgentoTM.

A recent randomised control study involving more than 2000 intubated patients 
reported that those intubated for 24 hours or longer with a silver-coated ET tube indeed 
had significantly lower colonisation rates than control groups.42 However, the study 
found no differences in length of stay for any patient in either the intensive care unit or 
the hospital. Results did, however, confirm that reduction in microbial bacteria colonisa-
tion and biofilm formation reduced the incidence of VAP.42

Other studies have shown that silver-impregnated ET tubes can have a positive effect 
in reducing the colonisation and biofilm development of many bacteria, including, as 
an example, P. aeruginosa.41,43 However, Kollef et  al.42 demonstrated that breakthrough 
VAP can still occur despite the use of a silver coating. It is well known that silver is 
an antimicrobial with a broad spectrum of activity, which has been shown to be effi-
cacious on biofilms, applicable to medical device-related infections. In animal studies, 
silver-impregnated ET tubes have been shown to delay microbial colonisation40—a 
phenomenon that has been replicated in human studies.41,39

Despite promising results with silver-impregnated ET tubes, such tubes are not uni-
versally used; perhaps not specifically because of clinical efficacy, but because they are 
more expensive than uncoated ET tubes. Consequently, the quest continues for anti-
microbials or agents/methods other than silver for controlling ET tube colonisation 
and biofilm formation.

Other ET antimicrobials have been investigated: specifically chlorhexidine (CHX) in 
combination with sulfadiazine.38 CHX has also been combined with gentian violet.44 
Reitzel et al.45 investigated the synergistic effects of combining brilliant green and CHX. 
This combination was found to be effective against well-known biofilm-forming micro-
organisms such as C. albicans and Enterococcus faecium. Gentian violet and CHX have been 
used to coat central venous and urinary catheters as well as ET tubes. This combination has 
been proven to provide antimicrobial efficacy against MRSA, E. coli and P. aeruginosa.44

Antimicrobial photodynamic therapy has been reported to have significant results 
after a single treatment.46 The procedure employed by Biel et al.46 involved spraying a 
photosentiser into the lumen of the ET tube and then irradiating the ET tube at 664 nm 
via an optical fiber.

Raad and colleagues47 employed an in vitro biofilm colonisation model to compare  
the activity and durability of gardine- and gendine-coated ET tubes with those of silver-
coated ET tubes in preventing adherence of drug-resistant bacteria and yeast commonly 
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associated with VAP. They found that the gardine/gendine-coated tubes completely inhib-
ited adherence of MRSA, MDR Gram-negative bacteria and Candida. They also found 
that this combination was significantly more efficacious than silver, and associated it with 
antimicrobial durability against MRSA, noting that it was more effective than silver against 
this infection. Shorr and colleagues48 found a coated ET tube to be more cost effective in 
the prevention of VAP: they reported that a hospital could save approximately $12,840 per 
case of VAP prevented.

Interestingly, oral health can be correlated with the aetiology of VAP, with mounting 
evidence indicating that good oral hygiene may help to reduce its incidence.49,50 Studies 
have shown that the oral hygiene of patients admitted to intensive care is often low com-
pared to that of healthy individuals and declines during the stay.

As previously mentioned, some normal oral microflora enhance biofilm formation by 
potential respiratory pathogens in the ET tube. There is also evidence that dental plaque 
in MV patients becomes colonised with potential respiratory pathogens during hospi-
tal stay. The reason for this ‘microbial shift’ in the composition of dental plaque remains 
unclear, but it might relate to changes in the oral cavity caused by altered salivary flow, 
changes in saliva biochemistry or a patient’s immunity associated with administered 
therapies or underlying illness. Given that the oral cavity is comparatively more acces-
sible to healthcare providers than the ET tube, interventions that improve oral hygiene of 
patients susceptible to VAP are obviously attractive.

Existing healthcare bundles do indeed advocate CHX in oral healthcare regimes 
for MV patients. This approach follows research findings that have shown its benefits 
(often in cardiac patients) through either single or repeated application in the mouths 
of MV patients.51,52 Needleman et al.53 further found that the use of a powered tooth-
brush together with 0.2% CHX mouthwash significantly lowered plaque levels in 46 MV 
patients compared with controls that employed a sponge toothette. However, the effect 
of this approach on VAP reduction was not reported.53

CONCLUSION

The colonisation of micro-organisms and biofilm formation in ET tubes are 
proposed as a mechanism for the pathogenesis of VAP. Numerous papers have reported 
evidence that reducing microbial colonisation and biofilm formation on an ET tube 
can lower occurrence or even prevent VAP. This has very important implications for 
morbidity and associated healthcare cost increases.

The technologies available to achieve VAP reductions include changing the ET 
tube cuff material and shape and impregnating the tube with antimicrobials. Effective 
impregnated antimicrobial agents include silver and chlorhexidine as well as photody-
namic agents. Results suggest that silver-coated ET tubes are effective in VAP preven-
tion, although this remains an area of continuing research.
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Overall, it is clearly evident that lowering the incidence of VAP requires the reduc-
tion of microbial colonisation and biofilm formation via multiple interventions. Research 
needs to focus on strategies to reduce biofilm formation by modifying the ET tube sur-
face or by incorporating antimicrobial agents that have clinical significance and efficacy 
and are, at the same time, cost effective.
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INTRODUCTION

Antimicrobial chemotherapy is used to cure an infectious disease by combating 
causative pathogens using drugs with selective toxicity against them. The selective toxic-
ity of these drugs does significant damage to pathogens with minimal harmful effects to 
the host. The feasibility of such selective toxicity depends on the existence of exploit-
able biochemical differences between the pathogens and host cells. Chemotherapeutic 
agents can target pathogen functions which are unique to the pathogens and not pres-
ent in the host, or which are shared by the host, but vary in importance between the 
pathogen and the host, or which are similar but not identical to those in the host. For 
example, bacteria possess a cell wall, whereas mammalian cells do not. Accordingly, 
drugs that interfere with the production of the bacterial cell wall are highly toxic to 
bacteria but harmless to the host.1 Furthermore, the bacterial ribosome consists of two 
subunits—the larger 50 S subunit and the smaller 30 S subunit—while the eukaryotic 
ribosome consists of the larger 60 S subunit and the smaller 40 S subunit. This difference 
imparts selectivity in the targeting of certain chemotherapeutic agents.

Antimicrobial agents are drugs that kill or inhibit the growth of micro-organisms. 
It is important to recognise that antimicrobial agents work selectively against micro-
organisms and that they are different from disinfectants and antiseptics, which can have 
high toxicity to both the host cell and the micro-organism.

Antimicrobial agents have a wide range of antibacterial, antifungal and antiviral 
uses. Strictly speaking, antibacterial drugs are classified as antibiotics, synthetic agents 
and semi-synthetic agents. Originally, the term ‘antibiotic’ described a natural substance 
that was released by bacteria or fungi into the environment as a means of inhibiting 
other organisms at low concentrations. Penicillin, which is an antibiotic derived from 
the Penicillium mold, may be the best-known example. However, common usage often 
extends the term ‘antibiotic’ to include synthetic antibacterial agents that are not the 
products of microbes. Although some antibiotics are effective against fungi and viruses, 
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the large majority of these are used to combat bacterial infection. Therefore, in practice 
the term ‘antibiotic’ is often used synonymously with ‘antibacterial drug’.

This chapter primarily discusses general considerations of antibiotic therapy for bac-
terial infections, with additional discussion of clinically important antifungal agents.

DEVELOPMENT OF ANTIMICROBIAL THERAPY

Infections used to account for a very large proportion of diseases as a whole and 
were the most likely cause of death. In the latter half of the nineteenth century, micro-
organisms were found to be responsible for a number of infectious diseases.

Modern chemotherapy has been dated to the work of Paul Ehrlich (1854–1915) in 
Germany, whose initial interest was in the field of immunology. Ehrlich perceived an 
analogy between antigen–antibody interaction and the selective toxicity of chemical 
agents against infecting organisms.2,3 He hypothesised that substances that selectively 
bind only to pathogens and not the host cell would be available as drugs that are effec-
tive against the pathogens without producing harmful effects on the host. The meta-
phorical term ‘magic bullet’ was given to such an ideal chemotherapeutic agent. This 
was indeed the first concept of chemotherapy.

In 1909, Ehrlich’s laboratory discovered arsphenamine (Salvarsan), an arseni-
cal compound and the first effective treatment for syphilis.2,3 At that time, syphi-
lis was widespread in Europe and mercury salts were the only known treatment. 
Arsphenamine was more effective than mercury salts, with a much reduced toxicity, 
although its safety and efficacy were extremely low compared with syphilis medicines 
that are available today. It is not surprising that Ehrlich is currently recognised as the 
‘Father of Chemotherapy’.

In 1928, penicillin was discovered by the Scottish biologist Alexander Fleming 
at St. Mary’s Hospital in London.4,5 This discovery came from a fortuitous accident. 
When Fleming cultured Staphylococcus aureus in a petri dish in the laboratory, the cul-
ture plate was mistakenly contaminated with a blue mold. Fleming noticed that the 
growth of staphylococci was inhibited in a zone surrounding the contaminating blue 
mold, and he concluded that the contaminating micro-organism was producing a 
substance that could inhibit the growth of the inoculated S. aureus.4,5 The antibiotic 
derived from this mold (Penicillium notatum) was named ‘penicillin’. Fleming did not 
get to the stage of purifying and testing the effects of this agent against human bacte-
rial infections, and penicillin did not come into immediate clinical use after its discov-
ery. It was not until the early 1940 s that the true potential of penicillin was realised 
and was put to practical use.

In 1935, the first commercially available antibacterial drug, Prontosil, which was a 
brilliant orange-red compound primarily used as an industrial dye, was developed by 
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a research team led by Gerhard Domagk at Bayer Laboratories—part of the German 
IG Farben conglomerate.5 Unlike arsphenamine, Prontosil was effective against several 
types of bacteria. In later years, it was found that its antibacterial activity resulted from 
sulfonamide, which was generated from Prontosil in the human body.6 However, Bayer’s 
Prontosil was a synthetic compound and had limitations in terms of safety and efficacy.

Around the same time, the German-born British biochemist Ernst Chain and the 
Australian pharmacologist Howard Florey investigated Fleming’s original discovery 
while at the University of Oxford.5,6 In 1940, their research group succeeded in puri-
fying the first penicillin (penicillin G), and demonstrated its therapeutic effect through 
animal experiments and clinical trials. Development of penicillin is historically signifi-
cant as it was the first antibiotic and medicine to be effective against many ‘life-threating’ 
infections with minimal toxicity. By this time, the Second World War had broken out 
and penicillin was being mass-produced in the United States and saved many wounded 
Allied soldiers.6 After the end of war, penicillin became widely available outside the 
military.

The development of penicillin led to renewed interest in the search for antibiotic 
compounds with similar efficacy and safety. In 1943, the American microbiologists 
Selman Waksman and Albert Schatz discovered streptomycin (the first aminoglyco-
side) from the soil organism Streptomyces.6 The term ‘antibiotic’ was actually coined by 
Waksman. Subsequently, chloramphenicol, tetracycline, macrolides, glycopeptides and 
polyenes (antimycotics) were developed from these soil micro-organisms. The first- 
generation cephalosporin agents were developed during the 1960 s.7 Since that time, 
many new antibiotics with improvements in safety and pharmacodynamics, in addi-
tion to enhancement of antimicrobial spectrum and activity, have become available for 
clinical use.

With the development and use of antibiotics has come recognition of the capacity 
of micro-organisms to acquire resistance to antimicrobial agents, and this has been sig-
nificant. Because bacteria have the ability to rapidly change and adapt to different envi-
ronments, they often become resistant to new antibiotics soon after their production. 
For example, S. aureus was initially susceptible to sulfonamides and penicillin. However, 
it rapidly acquired resistance to sulfonamides when the agent was available for clinical 
use, and the prevalence of strains resistant to penicillin by production of penicillinase 
increased during the 1950 s.7

Although meticillin, a penicillin-class agent that was stable to penicillinase, was 
developed in 1960, as early as the following year, meticillin-resistant S. aureus (MRSA) 
was isolated in the United Kingdom.7 Bacteria can acquire resistance even against the 
latest antibiotic that overcomes pre-existing antibiotic resistances. The vicious circle of 
antibiotic-resistant bacteria appearing shortly after release of a new antibiotic is a mat-
ter of serious concern for human healthcare.
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PRINCIPLES OF ANTIBIOTIC THERAPY

The concepts of antibiotic pharmacology and antibiotic therapy, including the 
mechanisms of action, spectra of activity and important pharmacologic properties are 
discussed in the following subsections.

Mode of Antibiotic Action
Although animals, plants and fungi are eukaryotic organisms, bacteria are prokaryotic 
and thus there are fundamental differences in their cellular structure and biochemis-
try. In addition to lacking a defined nucleus and other membrane-bound organelles, 
the bacterial cell also differs from the human cell with respect to its chromosomal and 
ribosomal structure. Bacteria also differ from human cells through the possession of 
a distinct peptidoglycan cell wall outside the cell membrane which protects the cell 
from adverse environmental conditions. Many micro-organisms, including bacteria, 
biosynthesise folate, which is required for nucleic acids synthesis, while humans lack 
this function and acquire folate through their diet. Several of these distinctions from 
animal cells provide the basis for selective antimicrobial action. Most antibiotics act by 
selectively interfering with the synthesis of one of the large-molecule constituents of 
the cell‒cell wall, proteins or nucleic acids (Figure 13.1).

Figure 13.1 Sites of action of different antibiotic types. Antimicrobial agents act by interfering with 
cell wall synthesis, nucleic acid synthesis (DNA replication or folate synthesis) or ribosomal function 
(protein synthesis). 
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Bactericidal and Bacteriostatic Properties
Antimicrobial properties are divided into bactericidal and bacteriostatic activities. 
Bactericidal activity directly kills bacteria, while bacteriostatic activity interferes with 
bacterial reproduction and it is the host immune system that subsequently eliminates 
the bacteria.8 In general, the activity of antibiotics that inhibits bacterial cell wall syn-
thesis is bactericidal. Although the majority of antibiotics responsible for inhibiting 
synthesis of bacterial proteins have bacteriostatic activity, some of them exhibit bacteri-
cidal activity (Table 13.1).

Antimicrobial Activity/Antimicrobial Susceptibility
In vitro antimicrobial activity and in vitro antimicrobial susceptibility are synonymous 
terms. These terms are commonly expressed as the ‘minimum inhibitory concentra-
tion’ (MIC). The MIC is the lowest concentration of an antimicrobial that inhibits the 
growth of a particular bacterial species in vitro. An antibiotic that exhibits a low MIC 
value is generally regarded effective against the target organism, as the growth of the 
bacteria should be inhibited by low antibiotic concentrations. A micro-organism with 
growth that is inhibited by a low antibiotic MIC is generally regarded to be highly sus-
ceptible to the antibiotic.

The susceptibility of individual strains of the same bacterial species to an antibiotic 
can be highly variable. A large difference in susceptibility results in a wide, but not nor-
mal, MIC distribution. Therefore, when addressing the susceptibility of bacterial strains, 
the terms MIC50 and MIC90, which indicate the antibiotic concentrations that inhibit 
50% and 90% of the tested strains, respectively, are often employed as indices of evaluation.

Table 13.1 Antibacterial Properties  
of Antibiotics
Drug Property

Penicillins Bactericidal
Cephalosporins Bactericidal
Carbapenems Bactericidal
Monobactams Bactericidal
Macrolides Bacteriostatic
Clindamycin Bacteriostatic
Tetracyclines Bacteriostatic
Aminoglycosides Bactericidal
Fluoroquinolones Bactericidal
Glycopeptides Bactericidal
Metronidazole Bactericidal
Sulfonamides Bacteriostatic
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Antimicrobial Spectrum
The antimicrobial spectrum describes the range of microbes that are susceptible to a par-
ticular antimicrobial agent. The antibiotic may be classified as narrow-spectrum or broad-
spectrum based on the range of bacterial types that it is effective against. Narrow-spectrum 
antibiotics are effective against a relatively restricted range of bacterial types, whereas 
broad-spectrum antibiotics are active against a wider range.

Bacteria are commonly classified by their morphology (i.e., bacilli, cocci and spiro-
chaetes), reaction to Gram stain (Gram-positive or Gram-negative) and oxygen needs 
for respiration (i.e., aerobic, facultative and anaerobic) (Table 13.2). Such classifications, 

Table 13.2 Classification of Clinically Significant Bacteria
Gram stain Morphology Organisms

Positive Cocci Staphylococcus
Streptococcus pyogenes
Streptococcus pneumoniae
Viridans streptococci 

(α-Streptococcus)
Enterococcus

Bacilli Corynebacterium
Bacillus
Mycobacterium
Clostridium⁎

Negative Cocci Neisseria
Moraxella

Bacilli Acinetobacter
Escherichia†

Citrobacter†

Salmonella†

Shigella†

Klebsiella†

Enterobacter†

Serratia†

Proteus†

Vibrio
Pseudomonas
Haemophilus
Campylobacter
Legionella
Helicobacter
Prevotella⁎

Bacteroides⁎

⁎Strict anaerobes (other organisms are aerobes or facultative organisms).
†Members of Enterobacteriaceae.
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especially whether Gram-positive or Gram-negative, are often linked to antimicrobial 
susceptibility. Gram-negative bacteria possess a unique structure—an outer membrane—
which surrounds the peptidoglycan layer of the cell wall. This outer membrane is often 
a permeability barrier to an antibiotic molecule. As a consequence, Gram-negative bac-
teria generally have reduced susceptibility to antibiotics compared with Gram-positive 
bacteria.

Pharmacokinetic and Pharmacodynamic Aspects
Pharmacokinetics is the effect of a body on a drug, whereas pharmacodynamics is the 
effect of a drug on a body. Such pharmacological properties of antibiotics significantly 
influence their in vivo efficacy as well as their in vitro antimicrobial activity.

Pharmacokinetics
Once an antibiotic is administered, it moves from the site of administration into the 
blood’s circulation, and then disperses and disseminates within body fluids and tis-
sues. In general, intravenous administration provides a well-distributed antibiotic with 
high levels of the agent in the plasma. In the case of oral administration, absorption in 
the gut is necessary and is affected by various factors, including stomach and intestine 
 acidity/alkalinity, food in the stomach and the chemical properties of the antibiotic. An 
antibiotic entering the blood may bind plasma protein and, since only a non-protein-
bound antibiotic is pharmacologically active, plasma protein binding (PPB) reduces the 
free fraction of antibiotic available for bacterial killing.9 Therefore, in vivo activity of 
the antibiotic with a higher degree of PPB may be reduced compared with that antici-
pated based on in vitro activity.

Systemically administrated antibiotics are distributed unevenly throughout the 
body. However, the drug concentration in each organ, tissue and fluid is generally in 
proportion to the antibiotic’s blood plasma concentration.10 Consequently, dosage 
and route of administration are often determined based on the antibiotic’s likely con-
centration in the blood plasma. It is important to recognise that many antibiotics are 
restricted in their penetration into specific organs and tissues, including the central 
nervous system (CNS), bone, prostate and urinary tract.10 In the treatment of infec-
tions in these organs, a specific antibiotic with good tissue penetration should be used.

After distribution in the tissues and body fluids, metabolising enzymes in the body 
may degrade the antibiotic. The liver is the principal organ of metabolism, although 
any biological tissue can metabolise drugs. By metabolic processes, the drug is inacti-
vated and converted into a more readily excreted substance. However, not all antibiot-
ics are readily converted into metabolites and, on occasion, the metabolites may retain 
activity.

Both unchanged antibiotics and antibiotic metabolites are removed from the body 
by excretion pathways. Excretion from the kidneys (as urine) is a major route of drug 
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elimination; excretion into the bile (as feces) from the liver is another. With regards to 
the time course of drug concentration in the body following administration, once the 
concentration has reached maximum (peak concentration), the drug is gradually elimi-
nated from the bloodstream by the process of metabolism and excretion.

The half-life of a drug is the time it takes for its plasma concentration to reach 
half of its maximum concentration (Figure 13.2). As described previously, the anti-
biotic concentration at an infection site generally correlates with its blood plasma 
 concentration. Therefore, the half-life of a drug may be available to estimate how long 
it takes for half of it to be eliminated from the infection site. Drugs with a short half-
life need frequent dosage, whereas long half-life drugs may be suitable for twice- or 
once-daily dosing. The decline speed of the drug concentration from the blood pri-
marily depends on the metabolism and excretion function. Therefore, impairment of 
metabolism or excretion can lengthen the half-life of a drug. It should be noted that 
drugs with a long half-life lengthen the duration of not only antimicrobial effects but 
also any adverse effects.

Pharmacodynamics
Antimicrobial pharmacodynamics is the relationship between the concentration of an 
antibiotic and its ability to inhibit the growth of micro-organisms. The principle phar-
macodynamic parameter is the MIC of the target organisms for a drug.

Figure 13.2 Time course of antibiotic concentration in the bloodstream following administration of a 
dose of antibiotic. The half-life of a drug is the time it takes for its plasma concentration to reach half 
of its maximum concentration. Although antibiotics inhibit the growth of a causative organism at the 
concentration above the MIC for the organism, some antibiotics have prolonged persistent effects 
(post-antibiotic effect, or PAE) in which the antibacterial action continues for a period of time after 
the antibiotic level falls below its MIC. 
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The antibiotic concentration at the site of the infection must exceed the MIC for 
the target bacteria in order to obtain an antimicrobial effect. Interestingly, some antibi-
otics have prolonged persistent effects (post-antibiotic effect) in which the antibacterial 
action continues for a period of time after the antibiotic level falls below its MIC.11 
The ability of an antibiotic to induce a PAE is an attractive property, as antibiotic con-
centrations can fall below the MIC for the bacterium yet retain effectiveness in sup-
pressing microbial growth.

Pharmacokinetic/Pharmacodynamic Modelling
During antimicrobial therapy, the concentration of the antibiotic, the time that it 
remains at the infection site (pharmacokinetic factors) and the MIC of the antibiotic 
against the target organism (pharmacodynamic factors) primarily determine in vivo 
efficacy. Although dosage regimens previously were made empirically, it has become 
apparent that those determined based on pharmacokinetic (PK) and pharmacody-
namic (PD) properties of an antibiotic can provide optimal therapeutic effect while 
minimising the likelihood of drug toxicity and the risk of drug resistance developing 
during treatment.11 

The parameters created by combining the PK and PD properties (PK/PD param-
eters) are currently used to predict the in vivo effects of antimicrobial chemotherapy. 
Figure 13.3 shows these parameters, which include the ratio of the peak antibiotic  

Figure 13.3 Pharmacokinetic/pharmacodynamic predictors of efficacy. Cmax/MIC, the ratio of peak 
antibiotic concentration and MIC; AUC/MIC, the area under the concentration-time curve and MIC 
ratio; T > MIC, the time that free antimicrobial concentrations remain above the MIC for the organism. 
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concentration and MIC (Cmax/MIC),2 the area under the concentration-time curve 
and the MIC ratio (AUC/MIC), and3 the time that free antimicrobial concentrations 
remain above the MIC for the micro-organism (T > MIC).12

The action of an antibiotic is either time- or concentration-dependent. In the case 
of agents that exhibit time-dependent bactericidal activity, antimicrobial efficacy cor-
relates with the percentage of time within a dosing interval that the concentration of 
the antimicrobial remains above the MIC for the organism. This type of agent has little 
relationship to the magnitude of concentration, as long as the concentration is above 
a minimally effective level. In the case of agents that exhibit concentration-dependent 
bactericidal activity, a high concentration relative to the MIC is important for anti-
microbial efficacy and thus dose size is critical. Significantly, concentration-dependent 
antibiotics usually have relatively large PAE, while time-dependent antibiotics have 
various PAE sizes and lengths.11 Depending on the antimicrobial action of an anti-
biotic and the PAE length, specific PK/PD parameters may correlate with in vivo 
efficacy13 (Table 13.3).

Safety
Although antibiotics are designed to exert selective toxicity against only the target 
pathogen, they may provide a range of toxicity or cause unwanted effects in the host 
even when administrated properly. The harmful and undesired effects of antibiotics are 
referred to as being ‘adverse’ and range from mild to fatal. All antibiotics carry the pos-
sibility of adverse effects. Sometimes they interact with other administered drugs, and 
this interaction can result in harmful and undesired outcomes. Antibiotics that have a 
minimum risk of adverse effects and drug interactions are largely regarded as safe agents.

Almost all antimicrobial agents are capable of crossing the placenta and exhibiting a 
range of teratogenic effects. Further discussion of adverse effects, drug interaction and 
teratogenesis is provided in a later section.

Table 13.3 Pharmacodynamic Properties of Antibiotics
Pattern of activity Antibiotic Goal of therapy PK/PD parameter

Concentration-dependent 
killing and prolonged 
persistent effects

Aminoglycosides 
Fluoroquinolones

Maximise 
concentrations

AUC/MIC 
Cmax/MIC

Time-dependent killing  
and minimal persistent  
effects

β-lactams
Erythromycin

Maximise duration 
of exposure

T > MIC

Time-dependent  
killing and moderate  
to prolonged persistent  
effects

Clindamycin
Azithromycin
Tetracyclines
Vancomycin

Maximise amount 
of drug

AUC/MIC

Source: Adapted from Akita.13
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CLASSES OF ANTIBIOTICS

Antibiotics are usually classified based on chemical structure. The following sub-
sections describe antibiotics that are considered to have significance in clinical practice.

β-Lactams
β-lactam antibiotics have been widely used in the prevention and treatment of a 
variety of human bacterial infections. Although they can be classified into penicillin, 
cephalosporin, carbapenem and monobactam subclasses, all have a chemical structure 
called a β-lactam ring and carry out bactericidal activity through binding to penicillin-
binding proteins and inhibiting synthesis of the bacterial peptidoglycan cell wall.14,15

Some types of bacteria can produce β-lactamases, which are enzymes capable of 
destroying and inactivating β-lactam antibiotics. Production of β-lactamases is one of 
the prime mechanisms for bacterial resistance to β-lactam antibiotics. β-lactamases have 
different properties and preferred substrates (antibiotics). For example, some are specific 
for penicillins (i.e., penicillinases) and some preferably destroy cephalosporins (i.e., ceph-
alosporinases). To date, more than 200 different β-lactamases have been described.  The 
molecular classification based on their amino sequences is presented in Table 13.4.16,17

Table 13.4 Molecular Classification of β-Lactamases
Class Notable characteristics

A Serine-based hydrolytic mechanism (serine-β-lactamase)
Inactivate primarily penicillins
Capable of hydrolyzing early-generation cephalosporins
Generally incapable of inactivating the third or later generation of cephalosporins, 

carbapenems, and monobactams
Extended spectrum β-lactamases (ESBLs) primarily belong to this class as  mutant-types; 

unlike standard types of class A enzyme, inactivate most cephalosporins, including 
third- and fourth-generation cephalosporins and monobactams

Susceptible to β-lactamase inhibitors
B Require zinc ions for catalytic activity; therefore, usually called ‘metallo-β-lactamases’

Able to hydrolyze most β-lactam agents, including carbapenems
Resistant to β-lactamase inhibitors

C Serine-β-lactamases
Inactivate primarily cephalosporins
Capable of hydrolyzing penicillins
Generally unable to inactivate fourth-generation cephalosporins and carbapenems
Resistant to β-lactamase inhibitors

D Serine-β-lactamases
Similar to class A enzymes
Inactivate not only penicillins, but also oxacillin—a penicillinase-resistant penicillin agent
Can become ESBL by mutation

Source: Adapted from Ambler.17
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β-lactam antibiotics are generally regarded as safe agents because they target the 
bacteria’s cell wall, which does not exist in human cells. However, hypersensitivity to 
antibiotics should be considered. The most likely form of hypersensitivity is dermato-
logical reaction. Anaphylactic reaction is rare but can, under certain conditions, be seri-
ous and even fatal.

Penicillin
The penicillin subclass of β-lactam antibiotics has a long history and remains one of 
the most important groups of antibiotics. Penicillin agents are derived directly or indi-
rectly from strains of fungi of the genus Penicillium and other soil-inhabiting fungi. 
Penicillin antibiotics are generally divided into two categories: natural (biosynthetic) 
and semi-synthetic. Natural penicillins include penicillin G and penicillin V.1 These are 
not expensive and are still widely used in clinical practice.

The natural penicillins are not stable to penicillinase and have a narrow spectrum 
of activity. They are active mainly against Gram-positive bacteria including penicillin-
susceptible staphylococci, Streptococcus pneumoniae, Streptococcus pyogenes and oral strep-
tococci.1,10,14,15,18,19 Among the Gram-positive organisms, however, enterococci are 
resistant, and the increased prevalence of penicillin-resistant isolates of S. pneumoniae 
is also a matter of concern. Many aerobic and facultative Gram-negative bacilli are 
also resistant to penicillin. The natural penicillins are the drugs of choice for syphi-
lis. Penicillin G is incompletely absorbed, so it is used mainly as an intravenous drug. 
Penicillin V is tolerant to gastric acid and is the preferred oral form.

Semi-synthetic penicillins have greater resistance to penicillinases or an extended 
spectrum of activity. Penicillinase-resistant penicillins include meticillin, nafcillin and 
oxacillin.1,10,14,15,18,19 These are primarily used in the treatment of infection caused by 
penicillinase-producing staphylococci. Ampicillin was the first broad-spectrum penicil-
lin and has a broader antibacterial range of action than that of penicillin G. Ampicillin 
is effective against many Gram-negative bacilli including Escherichia coli, Haemophilus, 
Shigella and Proteus. However, it is not effective against Pseudomonas, Klebsiella and 
Serratia. Similar to natural penicillins, ampicillin is not resistant to penicillinase. 
Although amoxicillin has a similar spectra of activity to those of ampicillin, it is better 
absorbed and provides a higher plasma level, with a longer duration of action, follow-
ing oral administration, compared with other oral penicillins.

Some semi-synthetic penicillins have anti-pseudomonal activity; carbenicillin and 
piperacillin are included in this type.1,10,14,15,18,19 These agents generally possess the 
same spectrum of activity as ampicillin with additional activity against aerobic Gram-
negative bacteria, including Klebsiella, Enterobacter and Pseudomonas, although they are 
not stable to penicillinase.

Penicillin antibiotics are generally well distributed throughout the body with a suf-
ficiently high concentration for therapeutic purposes in many organs and tissues; how-
ever, they do not cross the blood–brain barrier unless the meninges are inflamed with 
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a resulting decline in barrier function.10,19 Penicillin antibiotics are excreted into the 
urine from the kidneys in a non-metabolite form.10

Members of the penicillin group have minimal direct toxicity. Hypersensitivity 
reactions are the most common adverse effect. In general, penicillin agents are regarded 
as the safest antibiotics to receive during pregnancy.

Cephalosporin
The cephalosporin subclass is another important group of β-lactam  antibiotics; these 
antibiotics have the same mechanism of action as penicillins. However, they have a 
wider antibacterial spectrum with increased stability to many types of β-lactamase and 
have improved pharmacokinetic properties.

The cephalosporin antibiotics include various types of agents, and at present they 
are often classified into four generation classes by their antimicrobial spectrum proper-
ties15 (Table 13.5). In general, later generations are more resistant to β-lactamases and 
are characterised by extended spectra.

Table 13.5 Classification of Cephalosporins by Generation
Generation Characteristics Antibiotics

1 Good activity against Gram-positive bacteria 
(e.g., streptococci, staphylococci); relatively 
modest activity against Gram-negative  
bacteria

Cefazolin
Cephalothin
Cephapirin
Cephalexin
Cefadroxil
Cephradine

2 Somewhat increased activity against Gram-
negative bacteria, but weaker activity against 
Gram-positive bacteria compared with first-
generation agents

Cefamandole
Cefuroxime
Cefoxitin
Cefotetan
Cefmetazole
Cefaclor
Cefprozil
Cefurozime

3 Generally even less activity against Gram-
positive bacteria than second-generation  
agents, but much more active against the  
Gram-negative bacteria including some  
of the β-lactamase-producing organisms  
(e.g., Pseudomonas aeruginosa, Enterobacter)

Cefotaxime
Ceftriaxone
Ceftizoxime
Ceftazidime
Cefoperazone
Cefpodoxime
Cefixime
Cefdinir

4 Similar spectrum to third-generation agents, 
but enhanced activity against Gram-positive 
bacteria and more stable to β-lactamases, 
particularly class C β-lactamases

Cefepime
Cefpirome
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Although pharmacological properties vary between agents, cephalosporin antibi-
otics are generally well distributed to many body sites; however, rarely penetrate the 
blood–brain barrier.10 Most cephalosporin agents are excreted primarily in the urine, 
although cefoperazone and ceftriaxone have significant biliary excretion.10

The toxicity level of cephalosporin antibiotics is low and, as with penicillin, hyper-
sensitivity is the most common adverse effect. The majority of allergic reactions to 
cephalosporins are rashes, although anaphylaxis can occur. Because of the similarity in 
structure of the penicillin and cephalosporin groups, patients who are allergic to one 
class of them may manifest cross-reactivity when a member of the other class is admin-
istered. It has been reported that 5 to 10% of penicillin-allergic patients also have aller-
gic reactions to cephalosporins.20 The use of cephalosporin antibiotics in patients with 
possible penicillin allergy requires careful consideration.

Carbapenem
The carbapenems have an extremely broad spectrum of antimicrobial activity and are 
highly resistant to a variety of β-lactamases. Antimicrobial activity of carbapenem anti-
biotics is extremely high.1,10,14,15,18,19 Many multi-drug-resistant hospital-acquired bac-
teria are often sensitive to carbapenems. However, expanded use of carbapenems has 
resulted in some carbapenem resistance in Gram-negative organisms such as certain 
Enterobacteriaceae and Pseudomonas.18 The carbapenems are distributed widely in the 
body and are mostly excreted by the kidneys.10

The adverse effects of carbapenems are similar to those of other β-lactam antibiot-
ics. As carbapenem antibiotics are structurally related to penicillin, caution should be 
used when administering them to a penicillin-allergic patient.

Monobactam
Monobactam agents have a narrow and characteristic spectrum of activity. They work 
only against Gram-negative bacilli, including Pseudomonas aeruginosa, and are not active 
against Gram-positive bacteria and anaerobes.1,10,14,15,18,19

Monobactam agents are relatively stable to β-lactamases.19 However, the emergence 
of resistant organisms is an increasing problem with their frequent use. Monobactam 
is widely distributed in body tissues and fluids. It is regarded as a safe agent and has 
a similar toxicity profile to that of other β-lactam antibiotics.15 Because there are no 
cross-hypersensitivity reactions with penicillin, these agents can be administered to 
patients who have a penicillin allergy.

β-Lactamase Inhibitors
The β-lactamase inhibitors bind to β-lactamases and inactivate them. Commercially 
available inhibitors include clavulanic acid, sulbactam and tazobactam. The β-lactamase 
inhibitors themselves have little direct antimicrobial activity; however, when combined 
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with an antibiotic they extend the antibiotic’s spectrum of activity and increase sta-
bility against β-lactamases.14 Augmentin® is a product of amoxicillin combined with 
clavulanate, while Unasyn® comprises ampicillin and sulbactam. Tazocin® and Zosyn® 
are combination antibiotics containing piperacillin and tazobactam. Unfortunately, the 
available β-lactamase inhibitors do not inhibit all types of β-lactamases.16,21

Macrolides
The macrolide antibiotics have the common structure of a macrocyclic lactone ring to 
which are attached one or more deoxy sugars. The macrolide antibiotics are bacterio-
static agents that inhibit bacterial protein synthesis by binding reversibly to 50S ribo-
somal subunits of sensitive micro-organisms. The prototypic macrolide is erythromycin; 
other clinically important macrolides include clarithromycin and azithromycin.

The antimicrobial spectra of the macrolide agents are similar to those of penicil-
lin.10,19 These agents are active against Gram-positive cocci, including streptococci 
and staphylococci and spirochaetes, but are not active against enterococci, penicillin-
resistant staphylococci and most Gram-negative bacteria with the notable exception 
of Neisseria gonorrhoeae. Erythromycin has weak activity against Haemophilus influenzae, 
but clarithromycin and azithromycin exhibit considerably better activity against this 
micro-organism. Consequently, macrolides are often used in the treatment of infec-
tions caused by Gram-positive bacteria as alternatives for patients who are allergic to 
penicillin.

The macrolide antibiotics are generally active against strict anaerobes. They are also 
effective against chlamydia, Legionella pneumophila and mycoplasma, against which many 
types of antibiotics, including β-lactams, are ineffective.18,19 Macrolides are commonly 
administrated orally, although erythromycin can be given parenterally. Erythromycin is 
somewhat unstable in the presence of gastric acid, while clarithromycin and azithro-
mycin are more acid-stable.10,19 Macrolides diffuse readily into most tissues, but do not 
cross the blood–brain barrier.

The plasma half-life of clarithromycin and azithromycin is 3 times and 8 to 16 
times longer than that of erythromycin’s 90 minutes, respectively.19 The macrolides 
enter and are concentrated within phagocytes.19 Especially in the case of azithromycin, 
phagocytes may act as important vehicles for delivering the antibiotic to the infection 
site and sustaining its high concentration in the tissue. Because of this unique prop-
erty and the extremely long elimination half-life, the clinical effects of this agent, with 
once-daily dosing for only 1 to 3 days, can be maintained for 7 days or more.22

The macrolides are inactivated in the liver, and the major route of elimination is in 
the bile. They have low toxicity, and serious untoward effects are rarely encountered. 
Possible adverse effects include hypersensitivity reactions, hepatitis, elevation of liver 
enzymes and gastrointestinal disturbance (e.g., diarrhea, nausea, vomiting).1,10,19
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Clindamycin
Clindamycin binds exclusively to the 50S subunit of bacterial ribosomes and sup-
presses protein synthesis. The spectrum of activity for clindamycin is generally similar 
to that of macrolides. Importantly, clindamycin is highly active against oral streptococci 
and strictly anaerobic bacteria, although resistance has emerged among these organ-
isms in some regions.15,23,24 Therefore, clindamycin is used primarily to treat anaero-
bic infections, including acute dental abscess, acute sinusitis and aspiration pneumonitis. 
Clindamycin is not active against aerobic and facultatively anaerobic Gram-negative 
bacilli.

Clindamycin can be administrated orally or parenterally and is widely distributed 
in body fluids, organs and tissues, including bone, but it does not cross the blood–
brain barrier.19,24 This agent is also concentrated within phagocytes.19 Clindamycin is 
metabolised in the liver and is excreted in both bile and urine.19

The common adverse effect of clindamycin is gastrointestinal disturbance and, in 
particular, diarrhoea. Pseudomembranous colitis is the most striking adverse effect. 
Significantly, however, it has been reported that there is not a notable difference in the 
risk of antibiotic-related colitis between clindamycin and other antibiotics such as the 
β-lactams.25 One other possible adverse effect is skin rash.

Tetracyclines
The tetracyclines have a moderate broad-spectrum antimicrobial activity that is gener-
ally bacteriostatic by inhibition of bacterial protein synthesis through reversible bind-
ing to the 30S ribosomal subunit. The members of tetracyclines include tetracycline, 
doxycycline and minocycline.

Tetracyclines are active against many Gram-positive and Gram-negative bacteria, 
mycoplasma, rickettsia, chlamydia and spirochaetes.1,10,19 However, their general use-
fulness has declined because of widespread resistance, although they remain the first-
line agent for treatment of some specific infections such as rickettsial infection.19 
Tetracycline agents are often used in patients allergic to β-lactams and macrolides.

Frequently, tetracyclines are given orally, but parenteral administration is available. 
Dairy products; antacids containing calcium, aluminum, zinc, magnesium or silicate; 
and vitamins with iron can all interfere with the absorption of tetracyclines in the gas-
trointestinal tract when taken simultaneously with the drug.19

Tetracyclines are widely distributed in tissues except the cerebrospinal fluid.19 
They cross the placenta and are incorporated into fetal bone and teeth. Tetracyclines 
are metabolised by the liver and excreted primarily in the urine, but doxycycline is 
excreted via the biliary tract.19

Possible adverse effects include gastrointestinal irritation and photosensitivity.10,19 The 
effects on teeth may be the most recognisable as a result of systemic administration of  
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tetracyclines to children (≤8 years). In these situations a permanent brown discoloration 
of the teeth can occur.1,10,19 In the case of pregnant women receiving tetracyclines, tooth 
discoloration may subsequently occur in their babies. As a consequence, members of the 
tetracycline group of antibiotics should not be prescribed to pregnant women or children.

Aminoglycosides
Structurally, aminoglycosides contain two or more amino sugars linked by glycosidic 
bonds to an aminocyclitol ring nucleus.1 They are bactericidal inhibitors of protein 
synthesis through binding to the 30S subunit of the bacterial ribosome; however, the 
majority of bacterial protein synthesis inhibitors are bacteriostatic. These antibiotics 
include streptomycin, neomycin, kanamycin, amikacin, gentamicin and tobramycin.

The aminoglycosides carry out high antimicrobial activity against a wide range of aer-
obic and facultative Gram-negative bacteria, staphylococci and mycobacteria.1,10,15,18,19,26 
They are used primarily to treat infections caused by aerobic and facultative Gram-
negative bacteria (e.g., P. aeruginosa, Acinetobacter and Enterobacter) which tend to be resistant 
to multiple antibiotics.

Moreover, although not intrinsically active against enterococci, an aminoglycoside 
added to penicillin or vancomycin induces antibacterial synergy and results in strong 
bactericidal activity to these organisms.1 Due to the synergistic effects, aminoglycosides 
are often administrated in combination with penicillin in the treatment of severe infec-
tions caused by Gram-negative bacteria. In contrast, since the aminoglycosides enter 
bacterial cells via an oxygen-dependent transport system, they have minimal action 
against anaerobic bacteria.26

Since aminoglycosides are not absorbed from the gut, they are usually adminis-
tered intravenously and intramuscularly.1,19,26 Some are used in topical preparations for 
wounds. After intravenous administration, aminoglycosides are freely distributed in the 
extracellular space, but poorly penetrate the cerebrospinal fluid, the vitreous fluid of the 
eye, the biliary tract, prostate and tracheobronchial secretions.19 The pharmacodynamic 
properties of aminoglycosides include concentration-dependent activity and signifi-
cant post-antibiotic effect. As a result of these properties, once-daily dosing is advocated 
instead of divided doses.27 Aminoglycosides are excreted primarily by the kidney.19

Aminoglycosides are relatively toxic compared with the other classes of antibio- 
tics, having two major toxicities: nephrotoxicity (renal toxicity) and ototoxicity 
(damage to the inner ear).1 The risk of these is both dose- and duration-dependent. 
Nephrotoxicity is more common, but it can be reversed if use of the drug is stopped.1 
The likelihood of nephrotoxicity is enhanced in patients with pre-existing renal 
impairment. Ototoxicity can affect not only the cochlea (hearing) but also the vestibu-
lar (balance) system. It is often permanent and may occur even after discontinuation of 
the agent; it is cumulative with repeated courses of the agent.15
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Fluoroquinolone
The first generation of quinolones is of relatively minor interest now because of their 
limited antimicrobial spectrum and therapeutic use, and the rapid development of bac-
terial resistance. However, the introduction of fluorinate 4-quinolones extended the 
antimicrobial activity and resulted in a particularly important therapeutic advance.  The 
term quinolone usually refers to fluoroquinolone.

Fluoroquinolones exhibit concentration-dependent bactericidal activity through 
inhibiting bacterial DNA replication and transcription. As was mentioned earlier, the 
quinolone antibiotics have a broad antibacterial spectrum and are effective against 
both Gram-positive and Gram-negative organisms, which include Enterobacteriaceae, 
Haemophilus, Moraxella catarrhalis and, in the case of ciprofloxacin, P. aeruginosa.1,15,18,19

Fluoroquinolones have become an increasingly popular class of antibiotics for use 
for a variety of infections—in particular, infections due to aerobic and facultative anaer-
obic Gram-negative bacilli that are not susceptible to other agents. However, MRSA 
is usually resistant to these antibiotics.15,18,19 The majority of fluoroquinolone agents 
are not highly active against streptococci and anaerobes. As their use has increased, 
resistance has developed among Enterobacteriaceae, Pseudomonas, S. pneumoniae and 
Neisseria.15,18 However, newer fluoroquinolones have improved activity against strepto-
cocci, including S. pneumoniae, with reduced penicillin sensitivity and anaerobes.1 These 
agents are often called ‘respiratory fluoroquinolones’ and include moxifloxacin.

The fluoroquinolones are well absorbed after oral administration, although par-
enteral administration is available for some agents. They are widely distributed in 
most extracellular and intracellular fluids, particularly in the kidneys, the prostate and 
them.19 Aluminum and magnesium antacids interfere with the absorption of them.19 
Newer fluoroquinolones tend to have a longer half-life. The majority of fluoroqui-
nolones are metabolised in the liver. They are primarily eliminated via the kidneys, 
although some are excreted in bile.

Unwanted effects occur infrequently; the most common include gastrointestinal, 
skin and central nervous system reactions (e.g., headache, dizziness, confusion, insom-
nia, mood alteration and agitation).19 Despite being controversial, use of non- steroidal 
anti-inflammatory drugs during therapy with fluoroquinolones may enhance the 
agent’s CNS stimulatory effects.14,19 It has also been suggested that arthralgias and joint 
damage can develop in children receiving fluoroquinolones.19 Therefore, clinical use of 
them for pre-pubertal children and pregnant women is not advocated.

Glycopeptide
A glycopeptide antibiotic is composed of glycosylated cyclic or polycyclic non-ribosomal 
peptides. Vancomycin is among the most important glycopeptides, although teicoplanin 
is also available. Glycopeptide antibiotics act primarily by inhibiting cell wall synthesis of 



Antimicrobial Chemotherapy 227

bacteria. Vancomycin and teicoplanin have antimicrobial activity against almost all types 
of Gram-positive organisms including MRSA although their spectra of activity tend to 
be limited to Gram-positive organisms.1,10,15,18,19

Glycopeptide antibiotics—in particular, vancomycin—were historically regarded 
as the last effective line of defense. However, there are increasing reports of resistant 
enterococci strains.28 Moreover, glycopeptide-resistant staphylococcal strains have 
increasingly been isolated from clinical specimens.29,30 Nevertheless, vancomycin plays 
a significant role in the treatment of serious, life-threatening infections by Gram-
positive bacteria which are unresponsive to other, less toxic antibiotics. Vancomycin 
is also indicated for treating pseudomembranous colitis caused by Clostridium difficile, 
against which a limited number of antibiotics are effective.15

The glycopeptide antibiotics are primarily eliminated via the kidneys.15 Although 
vancomycin has traditionally been considered a highly nephrotoxic agent, it has 
recently been suggested that renal impairment caused by use of this agent is less likely 
than previously postulated.31 However, the risk of nephrotoxicity is enhanced when 
vancomycin is administered to patients with impaired renal function/critical illnesses, 
when administered with concomitant nephrotoxic agents, or when patients are under-
going prolonged therapy.32

Vancomycin and teicoplanin can cause two types of hypersensitivity reactions: ‘red 
man syndrome’ and anaphylaxis.33 Red man syndrome may be associated with rapid 
infusion of the first dose of the drug.33 Patients typically develop symptoms 5 to 10 
minutes after administration. The syndrome is characterised by itching and flushing of 
the face, neck and torso. It is not a true allergy but a non-specific mast cell degranula-
tion, despite symptoms being similar to an allergic reaction. Slow intravenous adminis-
tration should minimise its risk.

Metronidazole
Although metronidazole is used as an anti-protozoan agent, it is also available for the 
treatment of infections involving anaerobic bacteria.15,18,19 Metronidazole exhibits 
high antimicrobial activity against almost all anaerobic bacteria, although it is not active 
against aerobes and facultative bacteria.15,18,19 Therefore, metronidazole is effective for 
the treatment of anaerobic infections. This agent is often used as an adjunct to antibiot-
ics with an aerobic spectrum of activity in treatment of a mixed aerobic (or facultative) 
and anaerobic infection. Metronidazole is active against C. difficile; therefore it is often 
used as the first-line agent in treatment of pseudomembranous colitis.27

Occurrences of serious adverse effects are rare. The most common complications 
are gastrointestinal symptoms (e.g., nausea and diarrhoea) and an unpleasant metallic 
taste (with oral therapy).15 Metronidazole has a disulfiram-like affect, resulting in some 
patients experiencing abdominal distress, vomiting, flushing or headache if they drink 
alcohol during this drug therapy.
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Trimethoprim/Sulfamethoxazole
Sulfonamides were the first modern anti-infective drugs. These agents competitively 
inhibit conversion of p-aminobenzoic acid to dihydropteroate in the process of micro-
bial folate synthesis, and their effect is bacteriostatic.1,19,34 Sulfonamides are relatively 
toxic.1 Moreover, since many bacteria readily acquire resistance, sulfonamides have 
been supplanted by more effective and less toxic antibiotics for many bacterial infec-
tions. However, although sulfonamides alone are no longer recommended, they are still 
used in combination with dihydrofolate reductase inhibitors (especially trimethoprim) 
in treating several infections, as this combination has a synergistic antimicrobial effect 
and prevents bacterial resistance to either component alone.1,34

The antibiotic preparation trimethoprim/sulfamethoxazole (that is, co-trimoxazole,  
TMP-SMZ) combines trimethoprim and sulfamethoxazole (a sulfonamide-class agent) 
at a ratio of 1:5. TMP-SMZ blocks two different steps of the folate biosynthetic path-
way; sulfamethoxazole acts as a folate synthesis inhibitor, and trimethoprim blocks 
bacterial nucleotide synthesis that is achieved in the presence of folate. This prepa-
ration is active against many Gram-positive and Gram-negative organisms, although 
it has poor activity against P. aeruginosa and strict anaerobes.1 Moreover, this agent 
effectively inhibits the growth of some types of protozoa and fungi. TMP-SMZ is 
very active against Pneumocystis jirovecii, so it is significant in the prevention and treat-
ment of Pneumocystis pneumonia.1,34 It is also the first-line agent in the treatment of 
Stenotrophomonas maltophilia and Burkholderia cepacia infections.

TMP-SMZ is available in both oral and intravenous formulations. It is well absorbed 
from the gastrointestinal tract and widely distributed in tissues and fluids. In particular, 
it concentrates in the urinary tract and the prostate.19 For these reasons, TMP-SMZ is 
usually the drug of choice for urinary tract infections and prostatitis.1,19,34

Adverse effects of TMP-SMZ are not common but are more likely to occur in 
patients with acquired immune deficiency syndrome.34 The common adverse effects 
include gastrointestinal disturbances (e.g., nausea, vomiting, anorexia) and allergic skin 
reactions.35 Other possible adverse effects include Stevens-Johnson syndrome, toxic epi-
dermal necrolysis, haematologic toxicities and disorders (e.g., agranulocytosis, aplastic 
anemia, thrombocytopenia, leukopenia, neutropenia), hepatic and renal impairments and 
significant electrolyte disturbance (e.g., hyponatremia and hyperkalemia).34,35 Clinical 
use of TMP-SMZ in pregnant women, neonates and infants should be avoided.27

MICROBIOLOGICAL EXAMINATION

Microbiological examination plays an important role in the diagnosis and  control of 
infectious disease. As such examination identifies micro-organisms likely to be involved in 
the disease and their susceptibility to chemotherapeutic agents, case-specific antimicrobial 
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regimens can be made based on the results. However, results obtained with improper col-
lection, poor technique, inappropriate transport and inadequate management of the speci-
men may contribute to misdiagnosis and inappropriate antimicrobial therapy.

Collection of Specimen
Clinical material for microbiological testing should be collected from a site representa-
tive of the active disease process. Sites of inflammation that are free of contaminating 
micro-flora are optimal. Since large numbers of micro-organisms reside in the human 
body, specimens often may be contaminated with indigenous micro-organisms that are 
not involved in the infection. To reduce this risk, any contact with surrounding tissues 
and fluids during collection must be avoided or minimised. In addition, avoid contami-
nation of specimens with any micro-organisms colonising the hospital environment 
and associated healthcare workers. Collection of specimens must be in accordance with 
the principles presented in Table 13.6.

When collecting specimens, the site of sampling, visual features (e.g., color, turbid-
ity and viscosity if the material is a liquid), odor, status of the collection site (e.g., in the 
case of an abscess, whether or not it has drained), method of collection, patient condi-
tion, suspected diagnosis and details of the present antimicrobial chemotherapy must 
be recorded. Such information can be helpful for preliminary diagnosis. For exam-
ple, a green purulent exudate often suggests involvement of P. aeruginosa. A ‘rotten’ or 
gangrene-like odor indicates likely involvement of anaerobes.

Transport of Specimen
Specimens should be transported to the laboratory as soon as possible. Excessive delay 
or exposure to extreme temperatures can compromise results and must be avoided.

Some micro-organisms are sensitive to in vitro environments. For example, oxy-
gen kills strictly anaerobic micro-organisms, and drying kills most bacteria when left 
exposed to the air. Conversely, some types of aerobic organisms can multiply when 
stored for several hours at room temperature. For these reasons, inadequate management 

Table 13.6 Principles of Specimen Collection for Microbiological Examination

Select the proper anatomic site for collection
Avoid contamination with indigenous flora
Disinfect surface; then aspirate and biopsy tissue
Collect sufficient volume of material to enable all test requests to be performed satisfactorily 
Insufficient volume may yield false-negative results
Use a specimen container designed to promote survival of pathogenic bacteria, eliminate 

leakage and allow safe handling during transport and processing

Source: U.S. Food and Drug Administration.40
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of specimens after collection or delayed transport to the laboratory may result in dete-
rioration and/or overgrowth of micro-organisms within specimens and may produce 
incorrect results. An insufficient sample volume may also provide inaccurate results.36

Detection and Identification of Bacteria
Once a specimen is collected and sent to the laboratory, it is incubated on an agar 
medium to culture any bacteria or fungi present for subsequent isolation of  microbial 
colonies. Aerobic and facultative bacteria and fungi may grow relatively rapidly on 
agar media, while sufficient growth of strictly anaerobic organisms requires at least a 
few days. Therefore, microbiological examination, particularly involving the culture of 
anaerobic organisms, usually takes several days.

Colonies of bacteria or fungi grown on agar plates are identified at the genus or 
species level. Identification is usually based on growth characteristics under various 
conditions, the results of biochemical tests and/or the results of commercial identifica-
tion kits, together with microscopic determination of colony and cellular morphology.

Automated instruments for bacterial identification and antimicrobial susceptibility 
are currently available. These instruments culture the micro-organism and identify it 
once a sufficient quantity is present to generate a detectable biological signal. Despite 
limited flexibility due to significant costs for installation, automated instruments can 
provide a dramatic reduction in labor and time for examination compared with tradi-
tional manual methods.

Antimicrobial Susceptibility Test
The prime objective of susceptibility testing is to predict the likely outcome of treat-
ment with tested antibiotics. The results of this test also provide a guide to evaluate the 
effectiveness of the patient’s present antimicrobial chemotherapy.

Susceptibility tests are either quantitative or qualitative. The quantitative tests pro-
vide MIC values for antibiotics against isolates. In general, the lower the MIC, the 
greater the in vitro activity of an antibiotic. However, an MIC cannot be interpreted 
based on absolute values alone. Interpretive criteria are required to determine whether 
the antibiotic is likely to work for a given patient’s specific infection. An antibiotic 
breakpoint is a maximum MIC threshold for predicting successful antibiotic therapy; 
these have been established by regulatory authorities such as the US Clinical and 
Laboratory Standards Institute (CLSI).

Breakpoints for each antibiotic are established using many parameters, includ-
ing microbiological, pharmacokinetic, pharmacodynamic and clinical data. Thus, the 
breakpoint differs for drug, target organism type and species. Based on the break-
point, the MIC for a tested micro-organism is interpreted as susceptible, intermediate 
or resistant. The implication of a ‘susceptible’ result is that the infection caused by the 
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micro-organism is likely to respond to treatment with antibiotic therapy at the recom-
mended dosage.37 Conversely, the ‘resistant’ result implies that an infection will not be 
successfully treated with that antimicrobial agent. An ‘intermediate’ result suggests that 
the infection is possibly treatable with a high concentration of the antibiotic but not at 
the recommended dosage.

It should be noted that selected breakpoints for a given drug against a given micro-
organism differ among countries because of differences in drug dosing, laboratory 
methods for determining susceptibility and philosophies surrounding breakpoints.38

In practice, the disk diffusion method, which is not quantitative but qualitative, is 
often employed to determine antibiotic susceptibility because of its relatively good 
flexibility and cost effectiveness. In the disk diffusion test, commercially prepared paper 
antibiotic disks of fixed antibiotic concentrations are placed on an agar surface inocu-
lated with the test isolate.

After incubation, the diameters of growth inhibition zones around each of the 
antibiotic disks are measured to the nearest millimeter (Figure 13.4). The diameter of 
the zone is related to the susceptibility of the isolate. The lower the MIC, the larger 
the zone of inhibition. The zone diameters of each drug are interpreted as susceptible, 
intermediate or resistant, using the criteria, which were originally determined by regu-
latory authorities, provided by disk manufacturers.

Interpretation of Results
Specimens often may be contaminated with indigenous micro-flora or micro-organisms 
colonising the local environment, while opportunistic infections usually involve com-
mensal or environmental organisms. Therefore, it is sometimes difficult to identify the 
exact causative organism. In general, in cultures of specimens from sites likely to be 
contaminated (e.g., sputum, urine and those of superficial wounds), potential pathogens 
should outnumber contaminated organisms.

Figure 13.4 The disk diffusion method. The paper antibiotic disks produce a range of zones of bacte-
rial growth inhibition. A large zone of inhibition indicates high susceptibility of bacteria. 
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In circumstances where culture results are far from the clinical picture of the 
patient, or where clinicians feel that the results may be unreliable, the sample site 
should be retested at a subsequent time point. Good communication between the cli-
nician and the microbiologist is essential to ensure appropriate sample collection and 
interpretation of results.

In biofilm infections, interpretation of susceptibility results needs to be made with 
caution. Biofilm formation provides micro-organisms with enhanced tolerance to anti-
biotics. It has been reported that the MICs for bacteria living in biofilms can exceed 
1000-fold those of their free-living counterparts.39 It should be emphasised that in vitro 
susceptibility results are only one aspect of a complex picture and should be considered 
with all other factors when planning antimicrobial chemotherapy regimens.

INDICATION AND SELECTION OF ANTIBIOTICS

Although antibiotic therapy plays a significant role in the prevention and man-
agement of bacterial infections, it can also have negative aspects. As mentioned previ-
ously, all antibiotics may exhibit a variety of adverse effects or may interact with other 
systemically administered medicines, and some of these effects are potentially serious 
and fatal. As will be discussed later, inappropriate antibiotic therapy can also increase 
the chances of bacterial resistance. The cost of the antibiotic also might be an impor-
tant matter for consideration. Therefore, antibiotics should be used when it is actually 
necessary, and they must be selected and administered appropriately.

Necessity
Antibiotics must be used only to treat an infection that likely involves bacteria, or to 
prevent bacterial infection in patients with a high risk of developing a serious infection 
(e.g., prevention of surgical site infection in an immuno-compromised host). Certain 
bacterial infections (e.g., abscesses and infections with foreign bodies) require surgical 
intervention and may not respond to antibiotic therapy alone.

Patients could have an underlying debilitation of their normal immune defenses, 
such as is evident in uncontrolled diabetes. Moreover, patients are sometimes debili-
tated with varying degrees of dehydration and/or nutritional and electrolyte imbal-
ances. Since such factors may interfere with the effect of antimicrobial chemotherapy 
and delay recovery, they should initially be assessed and corrected.

Antibiotic therapy works only against bacterial infections. It is therefore important 
to restrict the use of antibiotics to situations where the involvement of bacterial infec-
tion has been confirmed or is highly probable. Regrettably, however, antibiotics are 
often prescribed in cases of viral infection such as common colds and influenza and 
undifferentiated fever and sickness. These are obviously inappropriate uses for antibi-
otic therapy and should be avoided.
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Selection
Once a bacterial infection has been confirmed or is highly suspected, antibiotic selec-
tion and its regimen should be tailored to individual cases. The following subsections 
describe the factors to be considered.

Spectrum
The choice of antibiotic therapy should be based on the result of microbiological 
examination whenever available. However, in practice, such results are often unavail-
able for several days. As a consequence, an initial choice is made on an empirical basis; 
that is, the antibiotic needs to be chosen according to the most likely pathogens before 
laboratory data are available. The likely pathogens are often predictable through careful 
physical examination of the patient and observation of visual features and the odor of 
pus or purulent exudate. Furthermore, statistical probabilities based on the site of the 
infection, details of the host (e.g., age, underlying disease, pre-existing therapy) and sus-
ceptibility trends in the local hospital or community setting might further indicate the 
likely pathogens and their antimicrobial susceptibility.

Since an antibiotic is distributed throughout the body when administered systemi-
cally, it can affect micro-organisms of the normal micro-flora. Therefore, ideal antibiotics 
target only the causative organisms without affecting other commensal ones. Obviously, 
use of broad-spectrum antibiotics is more likely to disrupt such microbial homeostasis and 
is more likely to trigger the development of antibiotic resistance compared with narrow-
spectrum antibiotics. Thus, whether or not chosen according to the results of microbio-
logical examination, those antibiotics with the narrowest spectrum of activity that can 
control the infection should be used. Antibiotics that exhibit a broader antimicrobial spec-
trum should be reserved for situations where narrow-spectrum antibiotics are unsuitable.

Broad-spectrum antibiotics are advocated when the causative bacteria have not 
been identified and there is a wide range of possible causative agents, or when the 
bacteria are resistant to narrow-spectrum antibiotics. Nevertheless, the validity of the 
broad-spectrum agent should be reassessed and the possibility of de-escalation to a narrow-
spectrum antibiotic should be considered during ongoing therapy.

Use of two or more specific antibiotics in combination can provide synergistic 
activity against micro-organisms or can enhance the antibacterial spectrum. Therefore, 
a multi-drug regimen of antibiotics is advocated for management of patients with 
severe infection or a high likelihood of a serious complication. It should be remem-
bered that not all combinations of antibiotics act synergistically. Some are antagonistic 
or have little or no advantageous effects.

Pharmacokinetics and Pharmacodynamics
In vivo effectiveness is influenced by antibiotic concentration achieved at the infected 
site and the time course of antibacterial effects exerted by drug levels in the blood and 
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at the site of infection. Most antibiotics are distributed throughout the body, but their 
transfer to specific organs and tissues may be restricted depending on type. For exam-
ple, only a few antibiotics penetrate the CNS at sufficient concentrations for therapy of 
meningitis or brain abscess. It is essential that the administered antibiotic reach the site 
of infection at a concentration above the MIC of the pathogen. Pharmacokinetics and 
pharmacodynamics of the antibiotic should be considered in selection of the agent.

Safety
All antibiotics have various degrees of toxicity and adverse effects. In general, β-lactam 
antibiotics, especially penicillins, are considered safe. Macrolides, fluoroquinolone and 
metronidazole exhibit minor toxicity with a low incidence of adverse effects. In con-
trast, aminoglycosides exhibit high renal toxicity.

Antibiotics sometimes interact with other drugs and cause harmful and undesirable 
effects. Antibiotics may provide an unwanted enhancement or reduction of the effect 
of systemically administered medicines.

Patient Condition
Almost all antimicrobial agents are capable of crossing the placenta and have a range 
of teratogenic effects. The systemic use of antibiotics in pregnant women involves an 
evaluation of risk versus benefit. Any unnecessary use of medications during pregnancy, 
in particular during the first trimester, must be avoided.

The US Food and Drug Administration (FDA) has established a fetal risk summary 
which divides drugs into categories based on accumulated safety data from animal and 
human studies,40 as shown in Table 13.7. Use of agents in category A or B for pregnant 

Table 13.7 Pharmaceutical Agent Risk Categories during Pregnancy and Usage Criteria
Category Usage criteria

A Adequate and well-controlled studies in pregnant women show no increased risk 
of fetal abnormalities in any trimester

B Animal studies reveal no evidence of foetal harm; no adequate, well-controlled 
studies in pregnant women
Animal studies show adverse effect, but adequate, well-controlled studies in 
pregnant women fail to demonstrate foetal risk

C Animal reproduction studies show adverse effect on fetus; no adequate, well-
controlled studies in humans
No animal studies conducted; no adequate, well-controlled studies in pregnant 
women

D Positive evidence of human foetal risk based on adverse reaction data from 
investigational or marketing experience or studies in humans; potential benefits 
may warrant use of drug in pregnant women despite potential risks

X Adequate, well-controlled or observational studies in animals or pregnant women 
show positive evidence of foetal abnormalities; use is contra-indicated in women 
who are, or may become, pregnant

Source: US Food and Drug Administration.40
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women and infants is recommended. Category C agents should be used only when 
there is no safer alternative, or when the benefit outweighs the risk. Use of category D 
drugs may be advocated for life-threatening or serious infections for which safer drugs 
cannot be used or prove ineffective. Drugs listed as category X are contra-indicated for 
use during pregnancy.

It should be noted that most antibiotics administered to the lactating mother are 
also detectable within her breast milk; this must be considered when administering 
antibiotics to breastfeeding women. Penicillin may be the most suitable candidate dur-
ing pregnancy and for infants and children in the tooth- and skeletal-development 
stages (Table 13.8). In contrast, clinical use of tetracyclines (intrinsic dental staining), 
aminoglycosides (nephrotoxicity and ototoxicity) and fluoroquinolones (chondrotoxic-
ity in growing cartilage) for these patients is not advocated.

The kidneys’ compensatory capacity is relatively restricted, and drugs cleared by 
them in a form retaining strong pharmacological activity may present a significant 
burden. Consequently, when these drugs are administered in patients with renal fail-
ure, impairment of drug clearance by the kidney could result in abnormal accumula-
tion of antibiotic in the body, enhancing the likelihood of adverse effects. Therefore, in 
patients with renal impairment or who are undergoing dialysis, a dose adjustment may 
be required depending on the severity of renal failure and type of antibiotic.27

Antibiotic doses and scheduling may also need to be adjusted for infants and the 
elderly, as the drug metabolism and excretion in these patients may be insufficient (in 
infants) or significantly deteriorated (in the elderly).

Table 13.8 Risk Categories of Antibiotics during Pregnancy
Antibiotic and/or drug Categories

Penicillins B
Cephalosporins B
Carbapenems
 Imipenem C
 Meropenem B
Monobactam B
Macrolides
 Erythromycin B
 Azithromycin B
 Clarithromycin C
Clindamycin B
Aminoglycosides D
Tetracyclines D
Vancomycin C
Fluoroquinolones C
 Metronidazole B
Trimethoprim/sulfamethoxazole C

Source: US Food and Drug Administration.40
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Route of Administration
Antibiotics are commonly administered orally because it is easy, painless and   
cost effective. However, the level of drug absorption in the gastrointestinal tract differs 
greatly between individuals. Intravenous administration may ensure sufficient and con-
sistent levels of antibiotic in the plasma and at the infection site. In the case of severe 
infection or an infection with a high risk of serious complications, antibiotics should 
be administered an intravenously. Intravenous administration is preferred if oral antibi-
otics cannot be tolerated, when oral antibiotics cannot be absorbed because of impair-
ment in intestinal absorbance or when no oral formulation is available.

Continuous intravenous administration of drugs may be difficult with patients who 
arbitrarily remove intravenous access devices (e.g., needle, catheter) that have been 
inserted for antimicrobial therapy. This situation is often encountered in treatment of 
patients with certain types of dementia, mental disorder or severe mental retardation. 
In such cases, intramuscular injection may be the choice for administration, although 
not all injection drugs can be given intramuscularly.

Cost
The cost of therapy may be an important factor in the selection of an antibiotic, and 
less expensive antibiotics are, of course, preferable. Newer drugs (e.g., broad- spectrum 
cephalosporins and carbapenems) tend to be more expensive, while older antibiot-
ics, including penicillin and agents that are available as generics, may be more cost 
effective. It should also be remembered that the cost of antimicrobial chemother-
apy is not merely the expense of the drug itself but also the cost of administration, 
 monitoring (if required) and retreatment in the case of treatment failure. Intravenous 
 administration is generally more expensive than is the use of oral antibiotics.

DRUG INTERACTIONS AND ADVERSE EFFECTS

Many antimicrobial agents can interact with co-administered drugs. Despite the 
fact that some drug interactions are beneficial and available for therapeutic purposes, 
many often result in detrimental effects. In general, ‘drug interaction’ usually refers to 
the unwanted and harmful actions of one drug arising from concomitant administra-
tion of another drug or chemical substance. A home remedy, birth-control pill, alcohol 
and food type can be the cause. Drug interactions commonly result in an undesired 
change in drug concentration in the body due to the affect of a co-administered 
agent on absorption, distribution, metabolism or elimination of the drug; unwanted 
enhancement or reduction of drug activity resulting from synergistic or antagonistic 
effect with a co-administered agent; or physical or chemical incompatibility ( chemical 
inactivation or precipitation) when two agents are mixed in the same intravenous 
fluid.41
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All drugs that provide a proven therapeutic benefit can cause adverse effects, which 
range from mild to fatal. Notable adverse effects associated with antimicrobial chemo-
therapy are described next.

Diarrhoea and Colitis
Antibiotics administrated systemically can affect not only the target bacteria at the infec-
tion site but also the body’s commensal bacterial micro-flora, which are actually benefi-
cial to health. The disruption of the species composition in the commens micro-flora 
can result in undesirable effects. The most common clinical effect is  antibiotic-associated 
diarrhoea, which results from an imbalance in the colonic microbiota caused by anti-
microbial chemotherapy. Any type of antibiotic can be associated with such diarrhoea. 
The majority of cases are not severe and usually appear as loose stools or mild diarrhoea. 
This commonly ends spontaneously once administration of the antibiotic has ceased. 
However, additional treatment may be required depending on the severity of diarrhoea 
and the patient’s underlying condition.

Diarrhoea on rare occasions, is associated with pseudomembranous colitis. This 
type of colitis involves an overgrowth of C. difficile (which is ordinarily a minor mem-
ber of the intestinal flora) caused by a disruption of the normal bacterial content of 
the large intestine resulting in a loss of the normal healthy bacteria because of anti-
microbial chemotherapy.42 Prognosis of this type of colitis is generally good, but in 
severe cases might be fatal. Use of clindamycin, penicillin and cephalosporins for a long 
duration are the most common cause of this condition.42 Although rare, diarrhoea can 
result from an allergic inflammatory reaction to the drug in the intestinal membrane.

Drug Rashes
Drug rashes are an adverse effect of an agent that manifests as a skin reaction. These 
usually result from an allergic reaction. Drug rashes vary in severity from mild redness 
with ‘pimples’ over a small region to complete skin peeling. They may appear suddenly 
within minutes after administration of a drug, or they may be delayed for hours, days 
or weeks.

Although drug rashes may have various clinical appearances, the maculopapular 
(morbilliform) type, characterised by a flat, red rash, which may include pimples similar 
to measles, is the most common.43,44 This rash typically appears one to two weeks after 
starting the medication and begins as discrete red or pink spots on the trunk of the 
body. These spots gradually cluster together and merge to form sheets of flat, blotchy 
rashes that spread to the neck and limbs in a symmetrical pattern.

Hives (urticaria) are another important form of skin rash. They are characterised 
by red, raised spots with a pale center and are commonly ‘itchy’ and swollen and of 
variable size. Hives typically appear within 24 hours of administration of an antibi-
otic and can affect mucous membranes. They sometimes develop as a component of  
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anaphylaxis.43,44 Skin reaction to an antibiotic can also form a fixed eruption—a dark 
red or purple rash that reacts at the same site on the skin.

Any type of antibiotic can trigger a drug rash, although penicillins and cephalo-
sporins are the most common causes. Rashes usually resolve in days to weeks after 
discontinuing the medication; however, they can be part of a more serious, potentially 
life-threatening reaction such as Stevens-Johnson syndrome, toxic epidermal necrolysis 
and anaphylaxis.43

Some antibiotics can cause photosensitivity. Patients with photosensitivity sunburn 
particularly easily or develop exaggerated skin reactions to sunlight. As a result, they 
may have an unexpected sunburn or a dry, bumpy or blistering rash on sun-exposed 
skin, commonly on the face, neck, arms and backs of the hands. Tetracyclines and fluo-
roquinolones are common causes of this type of reaction.44

Anaphylaxis
Despite a very low incidence, anaphylaxis (i.e., anaphylactic shock) is the most seri-
ous and life-threatening adverse effect of antibiotics. Although β-lactam antibiot-
ics and, in particular, members of the penicillin group primarily cause this reaction, 
any type of antibiotic can be the trigger. Clinical signs include diffuse urticaria, stridor 
and angio-oedema. Rapid pulse, reduced blood pressure, weakness, heart arrhythmias, 
mental confusion and various abdominal symptoms (e.g., nausea, vomiting, diarrhoea 
and abdominal pain or cramping) may also occur.45 Airway obstruction due to glottic 
(laryngeal) oedema and bronchospasm is extremely important to recognise because of 
potential fatal consequences.

Anaphylactic reactions usually begin 1 to 15 minutes after administration of the 
trigger agent and require immediate professional treatment. The priority is to transfer 
the patient to hospital as an emergency. The patient’s vital signs must be checked and 
emergency management starts with the ABC (airway, breathing, circulation) of resus-
citation. Adrenaline (1:1000, 0.3‒0.5 ml) should be injected intramuscularly without 
delay to open the airways, to raise blood pressure by constricting blood vessels, and to 
stop the allergic reaction until professional treatment starts.45 If available, corticoste-
roids (e.g., prednisone) should be given to further reduce symptoms after primary life-
saving treatment is administered.

Nephrotoxicity
Antibiotics are excreted either into the bile through the liver or into the urine from 
the kidneys. In the process of drug excretion through the kidneys, they are exposed to 
a potentially toxic agent and nephrotoxic injury can develop by direct damage from 
this agent or because of allergic reaction.

Symptoms of nephrotoxic injury are generally similar to those of renal failure, and 
include proteinuria, haematuria, a range of systemic oedemas and high blood pres-
sure (hypertension). However, in the early stages only the fluctuation of serum enzyme 
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concentrations, related to renal function, to unacceptable levels is detected without any 
visual sign and symptoms.

Although many drugs that are excreted from the kidneys can cause nephrotoxic 
injury, aminoglycosides, glycopeptide (vancomycin), meticillin, some cephalosporins 
and amphotericin B are the most likely to be associated with this effect. Elderly people 
are more likely to have nephrotoxic injury, as their renal functions often have declined. 
Other risk factors include underlying kidney disease or renal insufficiency, diabetes, 
sepsis, severe dehydration and use of multiple nephrotoxic drugs such as NSAIDs.46,47

The outcome of nephrotoxic injury is determined by the severity of the damage. 
In mild cases, kidney function may recover once use of the causative drug is discontin-
ued, whereas significant and permanent damage can result in chronic renal failure or 
even death.

ANTIBIOTIC RESISTANCE

Details of microbial resistance against antimicrobial agents are described in other 
chapters of this book. This section briefly discusses the basic concepts of bacterial resis-
tance to antibiotics.

Antibiotic resistance is the ability of bacteria to resist the effects of an antibiotic 
agent; it is divided into natural and acquired resistance. Natural resistance means that 
the bacteria are ‘intrinsically’ resistant. Not all micro-organisms are susceptible to all 
antibiotics, and bacteria may be inherently resistant to an antibiotic. For example, 
Streptomyces has some genes that are responsible for resistance to the antibiotic pro-
duced by it.

Acquired resistance is said to occur when a particular micro-organism resists the 
activity of a particular antimicrobial agent to which it was previously susceptible. In 
general, ‘antibiotic resistance’ is acquired. It can result from the mutation of genes 
involved in normal physiological processes and cellular structures, or from the acqui-
sition of foreign resistance genes, or from a combination of these two mechanisms.48 
The mechanisms of antibiotic resistance are presented in Figure 13.5 and Table 13.9.

Antibiotic-resistant bacteria interfere with an antibiotic’s therapeutic effects. As a 
result, management of infection becomes more difficult and more expensive. A bac-
terium resistant to one antibiotic is not resistant to all of them. However, bacteria that 
acquire resistance to more than one type of antibiotic are referred to as multi-resistant. 
In such cases, treatment may be extremely difficult because very few antibiotics may be 
available that are effective in combating such bacteria.

Healthcare professionals must remember that use of an antibiotic can promote 
bacterial resistance: Sensitive bacteria are killed and resistant ones survive and grow. 
The more antibiotics are used, the greater is this ‘selective pressure’, favouring resistant 
strains. The process is a classic example of Darwinian evolution driven by the principles 
of natural selection.
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Figure 13.5 The prime mechanisms of bacterial resistance to antibiotics. These include enzymatic 
degradation of antibacterial drugs; alteration of bacterial proteins that are antimicrobial targets; 
decreased membrane permeability to antibiotic or creation of efflux systems that prevent the drug 
from reaching its intracellular target; overproduction of target (antibiotics entering the bacterial cell 
cannot bind to all targets, so targets survive). Source: Adapted from Schmieder and Edwards.49

Table 13.9 Mechanisms of Bacterial Resistance to Antibiotics
Mechanism Antibiotics

Antibiotic inactivation β-lactams
Aminoglycosides
Macrolides
Clindamycin
Glycopeptides

Influx decrease β-lactams
Aminoglycosides
Metronidazole

Efflux increase β-lactams
Macrolides
Aminoglycosides
Tetracyclines
Floroquinolones

Target site alteration β-lactams
Macrolides
Clindamycin
Aminoglycosides
Tetracyclines
Floroquinolones
Glycopeptides

Target amplification Sulfonamides/trimethoprim

Source: Data obtained from five references.48–52
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Antibiotic-resistant bacteria can spread through direct contact with a person car-
rying the resistant micro-organism, and the hospital setting is often involved in such 
dissemination. The common ways in which bacteria can be spread in hospitals include 
direct contact with the contaminated hands of hospital staff; contact with contaminated 
surfaces such as door handles, overbed tables and call bells; and contact with contami-
nated equipment such as stethoscopes, blood pressure cuffs and the keyboard and mouse 
of a computer. Nursing care, such as diaper exchange and toilet and bathing care, can 
also be involved. The widespread use of antibiotics in animal husbandry is also creating 
drug-resistant bacteria, which may be transmitted to humans through the food chain.

Antibiotic resistance is ubiquitous, and associated infections may also spread in the 
community at large. In addition, increased globalisation can result in the spread of drug-
resistant micro-organisms. For example, New Delhi metallo-β-lactamase-1 has spread 
from India to Europe and North America probably through increased tourism.53

ANTIFUNGALS

Most fungi are not affected by antibacterial agents. Antifungal agents are drugs that 
inhibit fungal growth. In contrast with bacteria, fungi are eukaryotic cells and therefore 
cytologically have higher similarity with host cells. As a consequence, there are a limited 
number of drugs that can affect fungal cells without significant toxicity to human cells. 
In general, more adverse effects are likely to occur with antifungal agents compared with 
antibiotic therapies.

Polyene
Amphotericin B is the best known of the polyene antifungals. Its mechanism of action 
is by fungal membrane disruption induced by the agent binding to a sterol moiety, pri-
marily ergosterol, in the cell membrane of the fungi. Amphotericin B has high antifun-
gal activity against a variety of fungal species. Its absorption from the gastrointestinal 
tract is very low. Therefore, intravenous administration is employed in systemic therapy. 
Amphotericin B is excreted in the urine over several days. The major acute reaction to 
intravenous amphotericin B is fever and chills,54 with nephrotoxicity another signifi-
cant side effect.54 Topical amphotericin B is a useful candidate for treatment of superfi-
cial candidosis and is considered safe.

Nystatin is another polyene antifungal. It, too, is not absorbed from the gut. 
Nystatin is too toxic for parenteral administration, and its clinical use is limited to topi-
cal applications to the skin and mucous membranes.

Azoles
Azole antifungal agents are frequently used in the prevention and treatment of fun-
gal infection because of their relatively broad spectrum of activity and low toxicity 



Tomoari Kuriyama, Tadahiro Karasawa and David W. Williams242

compared with polyene antifungals. Azoles impair the synthesis of the fungal cell 
membrane by inhibition of sterol synthesis. They include two broad classes: imidazoles 
and triazoles. Miconazole is an imidazole agent that is widely used clinically; flucon-
azole, itraconazole and voriconazole are triazoles. Although both classes share the same 
antifungal spectrum and mechanism of action, the systemic triazoles are more slowly 
metabolised and have lower toxicity to human cells compared with the imidazoles.54

Fluconazole and itraconazole are administered systemically in the treatment of 
various fungal infections. They are readily absorbed from the gastrointestinal tract. 
Voriconazole is a broad-spectrum triazole and is very effective in the treatment of 
Aspergillus infections.55 It is also active against many types of fungi, including those that 
are not susceptible to other azole agents. Oral and intravenous forms are available.

Fluconazole and itraconazole are generally well tolerated. Gastrointestinal distress, 
nausea, vomiting, skin rash and headache are major side effects. Voriconazole is more 
toxic compared with fluconazole and itraconazole. Common adverse effects include 
hepatotoxicity, visual disturbances and dermatologic reactions.56 Miconazole is usually 
used topically, and therapy is considered safe.

Echinocandin
Echinocandins inhibit the synthesis of glucan (an important constituent of the fungal 
cell wall) and have a wide antifungal spectrum of activity. They can be used to treat 
various forms of candidosis, aspergillosis and other mycoses. Serious side effects occur 
rarely, and adverse interactions with other drugs are less frequent compared with other 
types of antifungals.57

CONCLUSION

Antimicrobial chemotherapy plays a significant role in the management of 
infections. Many types of antimicrobial agents with different mechanisms of action, 
pharmacological properties and spectra of activity are available. Use of antimicrobial 
chemotherapy should be tailored to individual cases, with a good understanding of 
each drug’s characteristics. It should be recognised that antimicrobial chemotherapy 
has potential negative effects including adverse ones. Moreover, use of antimicrobials 
provides intense selection pressure on the microbial populations to evolve resistance. 
Antibiotic resistance is currently one of the world’s most pressing public health prob-
lems. It is of great concern that many clinicians still use antimicrobials inappropriately, 
with a poor understanding of the consequences. Proper use of these agents therefore 
remains an ethical duty for all healthcare professionals.
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INTRODUCTION

The interpretation of bacteria as dispersed, independently growing (planktonic) 
cells has dominated the discipline of microbiology since the seminal work of Robert 
Koch and Louis Pasteur in the late nineteenth century. Although valuable, this view 
fails to take into account the complexity with which micro-organisms commonly 
grow. It is now widely claimed that, in almost all natural environments, bacteria grow 
as biofilms—defined as coordinated communities of cells organised at an interface and 
bound within a matrix of extracellular polymeric substance.1,2

The identification of biofilms within prokaryotic fossils,3 deep-sea hydrothermal 
vents and hot springs4 supports their fundamental role as an ancient microbial survival 
strategy. In the healthy human body, micro-organisms grow on many exposed tissue sur-
faces in what has been termed the human microbiome. Such sessile micro-organisms, 
which may be present in a biofilm-like state, serve a number of physiological and eco-
logical roles, including modulation of the immune system5 and colonisation-resistance 
against potentially pathogenic micro-organisms.6

On the other hand, biofilms are often associated with problems, and in this 
respect a notable biofilm characteristic is the ability to survive exposure to antimi-
crobial agents at concentrations lethal to their planktonic counterparts.7,8 This has 
obvious clinical implications through environmental persistence, where, for example, 
disinfection regimens may fail, and in infections, particularly those involving medical 
implants.3,9,10

EVIDENCE FOR CLINICAL RECALCITRANCE

A commonly cited statistic suggests that the biofilm phenotype affords bacteria 
a 10- to 1000-fold decrease in antimicrobial susceptibility.11 In the clinical setting, 
biofilm growth has been demonstrated on urinary catheters,12 ventricular drains,13 
mammary implants,14 cochlear implants15 and in surgical site infections.16 While this 
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list is not exhaustive, case reports have repeatedly emphasised the role of biofilms 
in the colonisation of indwelling medical devices, accounting for up to 50% of the  
healthcare-associated infections (HCAI) reported in the United States.17

Infections involving biofilm growth have been estimated to be as high as 40%  
for ventricular-assisted devices, 4% for cardiac implants (e.g., heart valves) and 2% for 
joint prosthetics.17 With respect to urinary catheters, virtually all patients catheterised 
long term (>28 days) will experience infection as as result of microbial colonisation.18 
It is not the focus of this chapter to discuss the clinical implications of biofilm-associ-
ated infections; however, their recalcitrance makes them a daunting clinical problem 
with symptoms often persisting despite prolonged antimicrobial interventions. For a 
review, see Darouiche.17

Biofilm-associated infections are frequently recalcitrant to a broad range of anti-
biotics and biocides. For this reason, significant research attention has been directed 
toward understanding the mechanisms responsible and the development of improved 
strategies for their management. Biofilm recalcitrance has been attributed to several 
interconnected mechanisms, including
● Reaction diffusion limitation, mediated by the biofilm matrix.
● Development of physiological gradients leading to distinct micro-environments and 

heterogeneity of cell phenotypes.
● Biofilm-specific phenotypes, such as bacterial persistence, whereby a subset of cells 

can tolerate prolonged antimicrobial exposure probably through metabolic dormancy.
This chapter reviews these concepts and in so doing addresses current understand-

ing of biofilm recalcitrance.

CONTRIBUTIONS OF THE BIOFILM MATRIX TO RECALCITRANCE

The biofilm matrix is a heterogeneous layer of enzymes and extracellular poly-
mers accounting for up to 90% of the total organic carbon of the biofilm.19 Figure 14.1 
illustrates a developing Pseudomonas aeruginosa biofilm imaged using an environmental 
scanning electron microscope (SEM). Although it is clear that this structure is attached 
to a surface (in this case a plastic peg), individual cells are difficult to discern because 
they are obscured by the self-produced matrix within which they reside. Using this 
technique, samples can be imaged under high relative humidity, minimising the artifacts 
associated with the desiccation of the highly hydrated constituents of the matrix.

Investigators initially regarded the biofilm matrix as the key contributor to biofilm 
recalcitrance simply because of its function as a barrier to antimicrobials,20 although 
current knowledge gleaned through a variety of means, including mathematical 
modelling,21 suggests that this notion is simplistic. Despite this, the biofilm matrix is 
indeed capable of interacting directly with certain antimicrobials, retarding their rate 
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of ingress in a process termed reaction diffusion limitation. Put simply, the biofilm matrix 
is able to interact with cationic antimicrobials (e.g., biguanides and quaternary ammo-
nium compounds) and cationic antibiotics (e.g., aminoglycosides), leading to agent 
quenching.22‒25

Functionally the biofilm matrix comprises hydrophobic and hydrophilic domains26 
as well as anchor sites onto which extracellular enzymes can attach and thus con-
centrate. In this respect, the biofilm matrix can be regarded not only as a structural 
scaffold within which microbial populations can develop but also as a means of protec-
tion against desiccation and antimicrobials.1 Antimicrobial inactivating enzymes (e.g., 
β-lactamases) can concentrate within the biofilm matrix and confer protection against 
penicillin.27 Similarly, formaldehyde dehydrogenase and formaldehyde lyase may con-
tribute to biofilm recalcitrance against formaldehyde, as demonstrated in pseudomonas 
biofilms.28

The mechanisms by which biofilms achieve recalcitrance to specific agents through 
the production of antimicrobial-inactivating enzymes has been referred to as enzyme-
mediated diffusion limitation. This can explain resistance to short-term antimicrobial 
exposure; however, it cannot account for long-term biofilm recalcitrance since, dur-
ing prolonged exposure, it is likely that the antimicrobial occupies all available reaction 
sites. This renders the enzymes inactive through simple saturation kinetics.

Gilbert and McBain7 suggested that, since the bulk phase can be in the region 
of 40L in the human body, there can be a large reservoir of available antimicrobial 
which is unlikely to be readily depleted. A particularly good example of this was 
demonstrated in an experiment by Huang et  al.29 in which Gram-negative biofilms 

Figure 14.1 Pseudomonas aeruginosa biofilm developing on the tip of a transposable plastic peg 
(Calgary device). The biofilm was allowed to develop over 24 hours in a nutrient-rich broth before 
being imaged using an environmental scanning electron microscope. Individual cells are not visible 
in this image because they are enshrouded by a layer of polymeric substance (matrix). By maintain-
ing the imaging chamber under high relative humidity, desiccation of the highly hydrated matrix is 
minimised. 
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were generated in a continuous-flow laboratory reactor and exposed to the biocide 
monochloramine (produced by adding chlorine to a solution of ammonia). Following 
exposure periods of two hours, a killing effect was observed only at the biofilm 
periphery, with respiratory activity observed in the deeper underlying regions of the 
community, as evidenced using epifluorescent microscopy in conjunction with a flu-
orescent respiratory marker (CTC formazan).29 Such observations have led research-
ers to propose that physiological gradients may play a role in recalcitrance. These 
‘phenotypic mosaics’, as they have been termed, may serve as moderators of biofilm 
recalcitrance and are discussed in further detail in the next section.30

Physiological Gradients in Biofilm Communities
Biofilms exhibit regions of oxygen limitation and nutrient deficiency that, in con-
trast to planktonic cultures, are non-uniformly distributed.31 Bacteria located within 
starvation zones may be metabolically dormant and thus it has been suggested that 
growth-dependent changes in cellular processes may contribute to reduced sensitiv-
ity to many classes of antimicrobial agents.2,7,32,33 For example, Anderl et al.34 demon-
strated reduced susceptibility of Klebsiella pneumoniae colony biofilms to ampicillin and 
fluoroquinolone exposure through nutrient limitation. Importantly, bacteria dispersed 
from these colony biofilms exhibited increased sensitivities to these antibiotics when 
introduced back into a nutrient-complete media.

Transmission electron microscopy (TEM) of colony biofilms following exposure to 
ampicillin showed enlargement and destruction of bacterial cells at the extremities of 
the biofilm but not at the mid-section, despite antimicrobial penetration. This differen-
tial bacteriostatic effect was attributed to limitations in glucose and oxygen diffusion at 
the centre of the colony biofilm.34 Similar observations have been made when grow-
ing Escherichia coli using chemostats. Interestingly, specific growth rates of biofilm com-
munities were able to explain much of the decreased susceptibility of E. coli to both 
cetrimide and tobramycin.35,36

It is now clear that both nutrient and oxygen limitation can contribute to bio-
film resistance via changes in cell physiology; however, while studies have associated 
nutrient limitation with reduced biofilm antimicrobial susceptibility,36,37 physiologi-
cal gradients alone cannot account for biofilm recalcitrance. When outlying cells are 
inactivated during exposure of a biofilm to an antimicrobial, the deeper-lying cells are 
likely exposed to increased nutrients (including the products of lysed cells), oxygen 
and antimicrobial concentrations. In turn, these nutrients support increased bacterial 
growth rates. It is therefore likely that the eventual destruction of the biofilm com-
munity is achieved systematically from the outer layers inward during prolonged dos-
ing with an antimicrobial.38 If the antimicrobial were to be depleted prior to this, the 
biofilm could simply repopulate the substratum, which, if associated with an implanted 
device, would mean a resurgence of the infection.
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Alternatively, during prolonged dosing physiological gradients can only account for 
a delayed killing effect of biofilm populations, as evidenced by mathematical modelling.  
For example, a 300 µm-thick biofilm was shown to have been killed following 52 
hours under conditions of nutrient starvation in comparison to an estimated 2.7 hours 
when modelled as a planktonic culture.39 The authors concluded that long-term bio-
film recalcitrance must be achieved through a combination of protective mechanisms.

The Role of Drug-Resistant Phenotypes
Biofilms are recalcitrant to many antimicrobials through the development of physiologi-
cal gradients and the matrix-mediated diffusion limitation of microbicides. This can be 
supported by the observation that mature biofilms are more recalcitrant to antimicrobial 
dosing than are younger biofilms, simply because the physiological gradients are more pro-
nounced.40 Although these mechanisms may offer a delayed killing effect, long-term biofilm 
recalcitrance likely involves a small subset of bacteria expressing antimicrobial non-susceptible 
phenotypes. These include inducible mechanisms, such as the hyper-expression of efflux 
transporters, as well as temporary biofilm-specific phenotypes such as the dormant persister 
cell. The remaining sections address these factors and how they relate to recalcitrance.

Efflux Pumps
Efflux pumps are transporter proteins found in bacterial membranes and are notorious 
in the clinical setting for their role in antibiotic resistance. Analogous systems contrib-
ute to resistance to cytotoxic drugs in cancer cells.41 There are currently five families of 
efflux pump identified in bacteria:
● The multi-drug and toxic extrusion family42

● The ATP-binding cassette (ABC) family
● The staphylococcal multi-resistance (SMR) family
● The resistance nodulation division (RND)
● The major facilitator superfamily (MFS)43

Although multi-drug efflux pumps are present in a range of Gram-positive bacteria 
including staphylococci and enterococci,44 they are perhaps most frequently associated 
with Gram-negative bacteria. For example, E. coli has been associated with more than 
37 efflux transporters and their potential role in biofilm recalcitrance has been actively 
investigated.45‒47

The role of active drug efflux in biofilm recalcitrance is unclear. Traditionally, 
the efflux mechanisms are associated with resistance in planktonic bacteria, whereby 
the expression of these transporters in cells results in marked decreases in drug 
sensitivity. That is, upon entry into the bacterium, the antimicrobial is rapidly and 
efficiently pumped back out before it can exert any cellular effect. Previously, research-
ers argued that such mechanisms confer no advantage to the biofilm phenotype, with 
no apparent protective effect associated with the major efflux pumps of P. aeruginosa.48
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These data, however, are in contrast to the observations of Gillis et al.,49 who iden-
tified several efflux mechanisms in the extrusion of macrolides (e.g., azithromycin) 
from biofilms. These mechanisms are more specifically referred to as the MexCD-OprJ 
and MexAB-OprM systems.49 It is interesting to note that in this investigation efflux 
mechanisms were expressed in biofilm communities regardless of macrolide exposure, 
in contrast to the constitutive expression observed in planktonic cultures. Similarly, 
induction of mexC expression was observed throughout biofilm development but was 
apparently absent from planktonic cultures.

To support these observations, whole operon deletions in P. aeruginosa elucidated 
a role for a novel efflux system (called PA1874‒1877) in mediating reduced sensitivi-
ties to tobramycin, gentamicin and ciprofloxacin.50 The apparent discrepancies between 
these studies could be a result of varying oxygen concentrations encountered in 
mature and nascent biofilms—in particular, the apparent association between hypoxia 
and the up-regulation of efflux systems in Pseudomonas.51 In the DeKievit study, bio-
films were allowed to develop over a period of six hours prior to testing.48 While more 
complex biofilm communities often take days to fully mature,52 a Pseudomonas mono-
species biofilm grown in micro-titre plates can reasonably develop within this time 
period. Nevertheless, the resultant oxygen gradients will likely be less pronounced than 
those encountered in the Gillis study49 in which biofilms were cultured over a 24-hour 
period. In theory, such variations in oxygen concentration potentially account for the 
marked differences in efflux expression profiles between these studies.

It is arguable that, while efflux pumps are highly expressed in many biofilms, they 
may have a function beyond resistance modulation—that is, waste management.53 
Similarly, in Salmonella enterica serovar Typhimurium, multi-drug efflux expression is 
necessary for bacterial surface attachment and biofilm maturation through curli fibres 
associated with surface attachment formation.54 Current research suggests that efflux 
systems represent an additional mechanism by which biofilms resist antimicrobial kill-
ing, but these effects do not fully explain long-term recalcitrance, as evidenced by the 
two- to three-fold reductions in sensitivity described by Zhang and Mah.50 In addi-
tion, they fail to explain how sensitive bacteria with no known genetic basis for resis-
tance can benefit from reduced susceptibility to antimicrobials through attachment and 
growth at an interface. When these cells are dispersed from the biofilm, they lose this 
reduced susceptibility, suggesting that recalcitrance is conferred not through a specific 
mutation but through a biofilm-specific phenotype.55

BACTERIAL PERSISTENCE AS A BIOFILM-SPECIFIC PHENOTYPE

The concept of bacterial persistence was first described by Bigger,56 who dem-
onstrated the limited bactericidal activity of penicillin toward a sub-population of 
Streptococcus pyogenes cells. ‘As a matter of convenience’, Bigger referred to these 
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abnormal cocci as persisters to ‘denote their power of surviving in the presence of 
sufficient penicillin to be lethal for the normal forms’.56 Although the molecu-
lar mechanisms of bacterial persistence continue to be the subject of scrutiny and 
debate, it is likely that a small sub-population of cells (≈1%) are persisters and utilise a 
multi-faceted cascade to promote limited metabolic activity and to up-regulate stress 
response mechanisms.57‒60 Based on these observations, it has been proposed that after 
removal of the challenging agent, persister cells can repopulate the biofilm, leading to 
relapse of a chronic infection.60

Determining the clinical significance of bacterial persistence has proven difficult. It 
is now clear that the persister phenotype is reversible, making persisters’ direct isolation 
challenging.59 Transcriptome analysis has led to some understanding of the molecular 
mechanisms underpinning persisters, in particular those involving the down-regulation of 
genes associated with biosynthesis and increased expression of toxin/antitoxin (TA) mod-
ules. Under optimal growth conditions, the toxin protein (e.g., HipA) is counteracted by 
the presence of an anti-toxin (e.g., HipB) and the bacterial cell divides normally.61 Under 
certain conditions, however, such as antimicrobial stress, the anti-toxin component of the 
module is degraded, resulting in the release of the toxin. The overall result of this is the 
inhibition of numerous cellular processes, such as DNA production and translation.62 In 
short, persister cells can utilise this relatively simplistic mechanism to exhibit multi-drug 
tolerance through cleavage of mRNA and subsequent induction of cell stasis.63

One of the first mechanisms validated for bacterial persistence involves the SOS-
induced TisB toxin. In the laboratory, much of our understanding of the SOS stress 
response has come from exposure of bacterial cultures to fluoroquinolones. These anti-
biotics specifically target both DNA gyrase and topoisomerase, leading to breakages in 
the bacterial DNA. In response to the breakages, bacteria up-regulate DNA repair func-
tions through induction of the SOS stress response.64 In E. coli, ciprofloxacin dosing has 
been shown to decrease adenosine triphosphate (ATP) by the direct disruption of proton 
motive force. This is achieved through the SOS-linked production of a membrane-associ-
ated peptide called TisB.65 The TisB response is intriguing as it involves the simultaneous 
repair of bacterial DNA (through the SOS response) coupled with the down-regulation 
of ATP production (through the TisB peptide) and the generation of dormant cells.

Lewis argued that the mechanism by which TisB peptides lead to dormancy sug-
gests a link between an array of environmental stresses and the formation of persis-
tence.66 As well as antibiotics and biocides targeted to bacterial DNA, he suggests that 
persistence can be induced by exposure to changes in pH and temperature.66

THE CLINICAL SIGNIFICANCE OF BACTERIAL PERSISTENCE

The routine investigation of antimicrobial resistance involves the screening of 
clinical isolates under nutrient-rich planktonic conditions and thus persister cells have 
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often been overlooked as a cause of biofilm recalcitrance. By definition, persister cells 
are able to survive sustained periods of antibiotic exposure, reverting to a susceptible, 
actively growing phenotype in the absence of environmental stress. The clinical rel-
evance of this is as follows:
● Persister cells may be associated with chronic or recurrent infections, notably cystic 

fibrosis,67 candidiasis68 and tuberculosis.69

● By tolerating therapy with antimicrobials, persisters may be a reservoir for antibiotic- 
resistant mutants.
Even though there is no direct evidence for the latter, it is recognised that bacterial 

pure cultures can become less susceptible to antimicrobials through ‘training’ experi-
ments, whereby the bacterium is exposed to subinhibitory concentrations of antimicro-
bial using gradient plates or disk diffusion assays. Over time, this can potentially result  
in increases in minimum inhibitory concentrations to the antimicrobial.70

Although antibiotics alone are often ineffective against persisters, there is consid-
erable interest in identifying persistence-specific targets against which novel antimi-
crobials or ‘persisticides’ can be developed. Alternatively, antibiotics can be combined 
with agents that maximise effectiveness against persisters. For example, persister cells 
containing knockouts of the global regulator PhoU were found to be markedly more 
sensitive to antibiotic dosing, including ampicillin and gentamicin.71 More recently, the 
killing of persister cells has been demonstrated through the combination of aminogly-
cosides and specific metabolites in an in vivo mouse model, leading to the conclusion 
that these dormant cells are ‘primed for metabolite uptake and respiration’.72 Through 
such approaches, antimicrobials capable of inactivating with even the most recalcitrant 
of bacterial biofilms may be within reach.

CONCLUSION

Biofilms are populations of microbial cells encased in a self-produced layer 
of polymeric substances. Overall, the lack of any single unifying theory for biofilm 
recalcitrance may suggest a multi-faceted model of biofilm resistance, as illustrated in 
Figure 14.2. Physiological gradients and matrix-mediated diffusion limitations offer a 
degree of resistance to sublethal or short-term antimicrobial exposure. During pro-
longed antimicrobial exposure, these mechanisms can temporarily retard diffusion 
into deeper underlying layers, where resident cells exhibit altered metabolic states and 
therefore reduced sensitivities to antimicrobial dosing. Despite this, mathematical mod-
elling suggests that these growth-dependent phenotypes provide only a delayed eradi-
cation of the biofilm community. A key concept in recalcitrance, therefore, is bacterial 
persistence. It is these cells that represent the least susceptible genotype; thus, they are 
likely able to recolonise a surface in the absence of further environmental stresses.
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INTRODUCTION

The availability of safe and effective antimicrobials is relatively recent. Many of 
the infections that we now can cure once caused considerable morbidity and mortality. 
In his Nobel Prize acceptance speech in 1945, Alexander Fleming stated,

It is not difficult to make microbes resistant to penicillin in the laboratory by exposing them to 
concentrations not sufficient to kill them.…There is the danger that the ignorant man may easily 
underdose himself and by exposing his microbes to non-lethal quantities of the drug make them 
resistant.1

By 1947, clinicians had observed penicillin resistance to Staphylococcus aureus, and 
the subsequent antimicrobial introductions have frequently been closely followed by 
acquired resistance in clinical practice.2 Many bacteria have adapted in the face of the 
widespread use and abuse of antimicrobials; multi-drug-resistant (MDR) phenotypes  
are thus frequently encountered. Meticillin-resistant Staphylococcus aureus (MRSA) has 
been the exemplar of the MDR virulent pathogen. It has spread successfully in hos-
pitals in many parts of the world and is now a growing cause of community-acquired 
infections.3,4

During the past decade, multi-drug-resistant Gram-negative organisms have 
become much more common, largely as a result of the spread of broad-spectrum 
β-lactamases which have compromised the use of extended-spectrum penicillins and 
cephalosporins.5,6 Enzymes capable of hydrolysing carbapenems, formerly the drugs of 
last resort, have been increasingly identified. In a few cases, strains have been identified 
which are resistant to all clinically useful antimicrobials.7,8

Some experts warn that we may be heading towards a post-antibiotic era.5,8 Such 
dire warnings may be premature, but the control of antimicrobial resistance and the 
development of novel therapies need to be addressed as top priorities for medicine 
during the twenty-first century.

In this chapter, we discuss how antimicrobial resistance is defined and the mecha-
nisms and associated genetic changes that underlie it. We then introduce some of the 
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MDR bacterial “superbugs” which are currently considered to be of clinical impor-
tance. The chapter does not consider antibiotic resistance in mycobacteria or the chal-
lenges of drug resistance of fungi or viruses.

DEFINITIONS OF ANTIMICROBIAL RESISTANCE

The concept of antimicrobial resistance arose from our need to predict whether 
an antimicrobial is effective in the treatment of specific infections/pathogens. Hence, 
clinical definitions, such as those from the European Committee on Antimicrobial 
Susceptibility Testing (EUCAST), have been developed (Table 15.1). The EUCAST 
definition specifies an organism as susceptible, intermediate or resistant to an antimi-
crobial according to whether the minimum inhibitory concentration (MIC) of the 
antimicrobial for that organism is above or below published breakpoints.

Such breakpoints are derived from the study of pharmacokinetic/pharmaco-
dynamic determinants of clinical efficacy and are published according to standard 
methods by different groups around the world, including EUCAST, the British Society 
for Antimicrobial Chemotherapy (BSAC) and the Clinical and Laboratory Standards 
Institute (CLSI). It should be noted that the clinical breakpoints may be altered if, for 
example, new dosing regimens are developed or new information emerges on the 
relationship between drug levels and clinical efficacy. Indeed, the breakpoints are not 
always consistent across various standards, because the various groups may interpret 
data differently. Nevertheless, it has been shown that susceptibility testing is useful in 
predicting clinical outcome.9

Some organisms may be inherently susceptible or resistant to a given antimicro-
bial, usually because the antimicrobial target is missing or because of impermeability. 
For example, Gram-positive bacteria are resistant to colistin because they lack its target 
(i.e., an outer cell membrane), and Gram-negative bacteria are resistant to glycopep-
tides, such as vancomycin, because these large molecules cannot penetrate the outer 
cell membrane that Gram-negatives have. Organisms that are inherently susceptible to 
an antimicrobial may acquire a resistance mechanism, and this gives rise to the concept 
of microbiological resistance (see Table 15.1).

Wild-type organisms can be defined through examination of the population dis-
tribution of MICs and the application of an appropriate cut-off, termed the epide-
miological cut-off (ECOFF). They may be inherently susceptible or resistant, but do 
not have an acquired mechanism of resistance. If an organism has such a mechanism, 
it should have a raised MIC compared to the wild-type population. However, it is 
important to recognise that the presence of an acquired mechanism of resistance does 
not necessarily confer clinical resistance. For example, wild-type Streptococcus pneu-
moniae have penicillin MICs of ≤0.06 mg/L.
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Strains with altered penicillin-binding proteins (PBPs) may have MICs of 0.12 mg/L 
or more, but it has been shown that pneumonia caused by strains with MICs of 0.12 
to 2 mg/L still respond to treatment with penicillin.10 These organisms are currently 
categorised as clinically intermediate (Figure 15.1). Further complexity occurs when 
there is variable expression of a resistance mechanism or multiple mechanisms (see the 
following section).

Table 15.1 Clinical and Microbiological Definitions of Antimicrobial Susceptibility
Clinical Definition

Clinically 
susceptible

A micro-organism is defined as susceptible by a level of antimicrobial 
activity associated with a high likelihood of therapeutic success.

A susceptible micro-organism is categorized by applying the appropriate 
breakpoint in a defined phenotypic test system. This breakpoint may be 
altered with legitimate changes in circumstances.

Clinically 
intermediate

A micro-organism is defined as intermediate by a level of antimicrobial 
agent activity associated with an uncertain therapeutic effect. This 
implies that an infection due to the isolate may be appropriately 
treated in body sites where drugs are physically concentrated or 
when a high dose of the drug can be used; it also indicates a buffer 
zone that should prevent small, uncontrolled, technical factors from 
causing major discrepancies in interpretations.

A micro-organism is categorised as intermediate by applying the 
appropriate breakpoints in a defined phenotypic test system. These 
breakpoints may be altered with legitimate changes in circumstances.

Crlinically resistant A micro-organism is categorised as resistant by applying the appropriate 
breakpoint in a defined phenotypic test system. This breakpoint may 
be altered with legitimate changes in circumstances.

Microbiological Definition

Wild type A micro-organism is categorised as wild type (WT) for a species by 
applying the appropriate cut-off value in a defined phenotypic test 
system. The value is not altered by changing circumstances. Wild-type 
micro-organisms may or may not respond clinically to antimicrobial 
treatment.

Non-wild type A micro-organism for a species is defined as non-wild type (NWT) by 
the presence of an acquired or mutational mechanism of resistance to 
the drug in question. A NWT micro-organism is categorised as non-
wild type for a species by applying the appropriate cut-off value in a 
defined phenotypic test system. This value is not altered by changing 
circumstances. Non-wild-type micro-organisms may or may not 
respond clinically to antimicrobial treatment.

Source: Taken from the EUCAST website: www.srga.org/Eucastwt/eucastdefinitions.htm.

http://www.srga.org/Eucastwt/eucastdefinitions.htm


14,000

12,000

10,000

8000

6000

4000

2000

0
0.002 0.004 0.008 0.016 0.032 0.064 0.125 0.125

MIC (mg/L)

0.5 1 2 4 8 16

Wild type

Susceptible Intermediate Resistant

Epidemiological
cut off

Non-wild type

N
um

be
r 

of
 is

ol
at

es

16,000

Figure 15.1 Population distribution of MIC of benzylpenicillin for S. pneumoniae (n  =  37,742). Source: Data taken from the EUCAST 
website: http://mic.eucast.org/Eucast2/SearchController/search.jsp?action=performSearch&BeginIndex=0&Micdif=mic&NumberIndex=50
&Antib=-1&Specium=12).

260

http://mic.eucast.org/Eucast2/SearchController/search.jsp?action=performSearch%26BeginIndex=0%26Micdif=mic%26NumberIndex=50%26Antib=-1%26Specium=12
http://mic.eucast.org/Eucast2/SearchController/search.jsp?action=performSearch%26BeginIndex=0%26Micdif=mic%26NumberIndex=50%26Antib=-1%26Specium=12


Microbial Resistance and Superbugs 261

MECHANISMS OF ANTIMICROBIAL RESISTANCE

There are four main mechanisms by which bacteria can overcome the effects of 
antibiotics and become resistant; they are shown in Table 15.2 with examples. Other 
mechanisms exist but are much less common; these include, among others, target site 
protection (e.g., qnr proteins that protect the fluorquinolone-binding site) and failure 
to form active drug. For example, reduction of metronidazole by pyruvate dehydroge-
nase is required for activity; reduced pyruvate dehydrogenase expression leads to met-
ronidazole resistance.

Table 15.2 Principle Mechanisms of Antimicrobial Resistance
Mechanism Example

Target site 
modification

Target is modified so 
that the drug binds less 
efficiently.

Mutations in the RNA polymerase target of 
rifampicin confer resistance.

The erm gene (acquired in Staphylococci 
and Streptococci) encodes an enzyme that 
methylates a specific adenosine residue 
located in the binding site of macrolides and 
lincosamides on the 23S rRNA.

The mecA gene (acquired in Staphylococci) 
encodes an altered PBP2a. β-lactams cannot 
bind, leading to the MRSA phenotype.

Antibiotic-
modifying 
enzymes

Aminoglycoside- 
modifying enzymes 
inactivate or modify the 
antibiotic.

β-lactamases produced by Gram-positive or 
Gram-negative bacteria inactivate β-lactam 
antibiotcs. Different β-lactamases have 
different substrate specificities that determine 
which antibiotics they are active against.

There are many types of acetyltransferases, 
posphotransferases and 
nucleotidyltransferases with different 
activities against different aminoglycosides.

Impermeability Bacterial envelope is 
modified so that the 
antibiotic cannot penetrate 
to its site of action.

Reduced expression of the outer membrane 
porin protein, OprD, in P aeruginosa confers 
reduced susceptibility to carbapenems, 
especially imipenem.

Efflux Antibiotic is actively 
removed from the  
bacterial cell through an 
efflux pump.

Overexpression of the MexAB-OprM tripartite 
efflux pump in P. aeruginosa confers reduced 
susceptibility to β-lactams, fluoroquinolones, 
tetracyclines, chloramphenicol, macrolides 
and trimethoprim.

Overexpression of the NorA efflux pump in 
S. aureus confers reduced susceptibility to 
fluoroquinolones.
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In certain cases, the presence of a resistance mechanism correlates directly with a 
predictable level of resistance. For example, mutations in the gene for the RNA poly-
merase target of rifampicin give predictable resistance. However, in most cases the situ-
ation is much more complicated and the resistance phenotype results from a complex 
interplay of factors.

Resistance mechanisms may be expressed to a greater or lesser extent, perhaps 
because of coordinated control of expression in response to the environment, such as 
for efflux pumps, or because of loss of control due to mutations within control systems, 
leading, for example, to overexpression of efflux pumps or underexpression of porins. 
β-lactamases may be expressed at different levels depending on the number of gene cop-
ies present or the presence or otherwise of upstream gene promoters (see Table 15.3).

In addition, bacteria may possess and express a multitude of different resistance 
mechanisms directed against the same agent. For Gram-negative bacteria such as E. coli, 
then, the phenotypic level of resistance to a β-lactam antibiotic is a summation of 
the number, expression and specificity of β-lactamases; the expression or otherwise of 
porins; and the expression of efflux pumps. For example, for a collection of E. coli that 
possess the CTX-M gene that encodes a β-lactamase active against cefotaxime, the 
MICs of cefotaxime range from 1 mg/L (clinically susceptible) to >256 mg/L (clini-
cally resistant) (Figure 15.2).

The complex interplay of resistance mechanisms to determine resistance pheno-
type is particularly pertinent in the case of biofilms. In the classic model of biofilm 
infection, chronic pseudomonal lung infection in patients with cystic fibrosis, hyper-
expression of chromosomal β-lactamase and hyper-expression of a range of efflux 
pumps combine with the mucoid alginate biofilm matrix (which provides a barrier to 
antimicrobial diffusion) and the mutator phenotype (which leads to more profuse bio-
film growth) to cause significant resistance to multiple classes of antimicrobials.11 This 
phenotypic resistance not only compromises the ability to treat the infection but also 
reduces the ability to predict antimicrobial efficacy through susceptibility testing, as the 
biofilm conditions cannot be readily reproduced in the diagnostic laboratory.

GENETICS OF RESISTANCE

As can be seen from some of the examples already given, much of the genet-
ics of antimicrobial resistance is determined by chromosomal genes and their regula-
tory networks. These may, like constitutively expressed efflux pumps and chromosomal 
β-lactams, contribute to the intrinsic resistance of the organism.12 Resistance can 
increase because intrinsic genes mutate, gene expression is altered or genes are disrupted.

However, much of the increase in resistance in recent years is attributed to resistant 
genes acquired on mobile genetic elements from other bacteria.5,13,14 For example, the 
class of extended spectrum-β-lactamases, CTX-M, which results in resistance to most 



Table 15.3 Classification of β-Lactamases

Functional 
Classification

Molecular 
Class 
(Subclass)

Inhibited by

Defining Characteristic(s) Representative Enzyme(s)
CA or 
TZBa EDTA

1 C No No Increased hydrolysis of cephalosporins than benzylpenicillin; 
hydrolyzes cephamycins

E. coli AmpC, P99, ACT-1, 
CMY-2, FOX-1, MIR-1

1e No No Increased hydrolysis of ceftazidime and often other 
oxyimino-β-lactams

GC1, CMY-37

2a A Yes No Increased hydrolysis of benzylpenicillin than cephalosporins; 
predominant enzymes in Gram-positive cocci, including 
S. Aureus

PC1

2b Yes No Similar hydrolysis of benzylpenicillin and cephalosporins TEM-1, TEM-2, SHV-1
2be Yes No Increased hydrolysis of oxyimino-β-lactams (cefotaxime, 

ceftazidime, ceftriaxone, cefepime, aztreonam)
TEM-3, SHV-2, CTX-M-
15, PER-1, VEB-1

2br No No Resistance to clavulanic acid, sulbactam, and tazobactam TEM-30, SHV-10
2ber No No Increased hydrolysis of oxyimino-β-lactams combined with 

resistance to clavulanic acid, sulbactam and tazobactam
TEM-50

2c Yes No Increased hydrolysis of carbenicillin. PSE-1, CARB-3
2ce Yes No Increased hydrolysis of carbenicillin, cefepime and cefpirome RTG-4
2d D V No Increased hydrolysis of cloxacillin or oxacillin OXA-1, OXA-10
2de V No Hydrolyzes cloxacillin or oxacillin and oxyimino-β-lactams OXA-11, OXA-15
2df V No Hydrolyzes cloxacillin or oxacillin and carbapenems OXA-23, OXA-48
2e A Yes No Hydrolyzes cephalosporins;inhibited by clavulanic acid but 

not aztreonam
CepA

2f V No Increased hydrolysis of carbapenems, oxyimino-β-lactams, 
cephamycins

KPC-2, IMI-1, SME-1

3a B (B1) No Yes Broad-spectrum hydrolysis, including carbapenems but not 
monobactams

IMP-1, VIM-1, NDM-1

B (B3) L1, CAU-1, GOB-1, FEZ-1
3b B (B2) No Yes Preferential hydrolysis of carbapenems CphA, Sfh-1

Source: Adapted from Bush K, Jacoby GA. Updated functional classification of beta-lactamases. Antimicrob Agents Chemother. 2010. 54(3):969–76.
Note: V–Variable; CA–Clavulanic acid; TZBa–Tazobactam.
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β-lactams other than carbapenems, has become widespread internationally in E. coli 
and Klebsiella spp.; this is true although these genes are likely to have originated in 
environmental organisms of the genus Kluyvera.15 This may have important implica-
tions for infection control because of the potential for the spread of resistance mecha-
nisms among organisms.

Although most bacteria replicate by binary fission so that daughter cells are almost 
genetically identical to the parent cell, a number of strategies exist by which bacte-
ria can acquire new genetic information. Some bacteria can take up and incorporate 
naked DNA from the environment—transformation.16 Certain bacteriophages (i.e., 
viruses which target bacteria) can incorporate their DNA into the chromosome of 
a bacterial host and with it introduce foreign DNA acquired from previous hosts—
transduction.17 Bacteria can also directly share genetic information by conjugation, in 
which conjugative elements mediate the formation of a channel between bacterial 
cells through which the cells can pass to the new host.

Probably the most important of these elements in terms of the spread of resistance 
genes are plasmids—genetic elements which replicate independently of bacterial chro-
mosomes.18 Integrative and conjugative elements (ICEs) can also transfer resistance 
genes by conjugation, but differ in that they replicate while integrated in the bacterial 
chromosome.19

Insertion sequences (ISs) are elements that can move themselves from one genetic 
location to another. In so doing they increase resistance by moving strong promoter 
sequences upstream of some genes and directly disrupting others by inserting them-
selves into them. Transposons are formed by two IS elements close to each other 
which can move together and transfer the intervening DNA with them to a new 
genetic location. In this way, genes normally found on the chromosome can integrate 
into other elements, such as plasmids or ICEs, and transfer to a new host.

Integrons are also important to the evolution of antimicrobial resistance. These are 
genetic elements that code for a site-specific recombinase (integrase) and an integra-
tion site in which one or more mobile gene cassettes can be incorporated. Gene cas-
settes consist of a single gene and a recombination site. Although integrons themselves 
are not mobile, they can acquire and express multiple resistance genes as cassettes. If 
the transposons and/or plasmids incorporate the entire integron structure, they can act 
as potent vehicles for the rapid spread of resistance.14,20

Many of the resistance determinants currently causing the greatest concern are 
associated with several of these mobile elements. For example, the gene coding for the 
NDM-1 enzyme, which leads to resistance to almost all β-lactams except aztreonam, 
is usually found on plasmids and is associated with many different insertion sequence 
elements/transposons.18 These plasmids often also have other resistance genes, includ-
ing some on integrons. The combination of genetic elements and resistance genes has 
almost certainly contributed to the broad range of Gram-negative species found to 
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produce NDM-1 and to a situation in which most of these bacteria are resistant not 
simply to β-lactams but to most classes of antibiotic currently available.21,22

SUPERBUGS

The term superbug has become common in the media to reflect the concern 
expressed by the medical community regarding certain bacteria. It is usually applied 
to bacteria that are resistant to multiple classes of antimicrobials (or, more specifi-
cally, susceptible to very few) and those that display evidence of transmissibility and 
so cause outbreaks in healthcare facilities or those that have a particular pathogenicity. 
Over time, as more antimicrobials have been developed, some threats have dimin-
ished. For example, epidemic gentamicin-resistant S. aureus was a concern during the 
1970s,11 but it is not a prominent problem now because more alternative antimicrobi-
als are available.

The key superbugs of current concern are described in the following subsections. 
They include bacteria of relatively low pathogenicity, such as Enterococci, which may 
be resistant to almost all antimicrobials, and bacteria, such as E. coli, which are major 
causes of human morbidity and mortality and are developing an extremely worrying 
level of resistance. The particular concern at present is the lack of novel antimicrobials 
in the development pipeline; this is causing real apprehension that we may be entering 
a post-antibiotic era.

More informative terms for describing antimicrobial resistance in bacteria have 
recently been defined by expert consensus for the key resistant pathogens S. aureus, 
Enterococci, Enterobacteriaceae, Pseudomonas aeruginosa and A. baumannii.23 Definitions 
are based only on agents to which these organisms are not intrinsically resistant.

The term multi-drug-resistant is applied to bacteria not susceptible to at least one 
antibiotic out of three or more of the antimicrobial categories used for treating that 
organism. Extensively drug-resistant (XDR) is the term proposed for organisms not 
susceptible to at least one antibiotic of all but two or fewer antimicrobial categories 
used for treating that organism. Finally, pan-drug-resistant (PDR) bacteria are resistant 
to all agents available to treat the organism. The preceding terms generally are pre-
ferred for communicating information regarding antibiotic resistance to healthcare 
professionals and for use in the scientific literature. They are adopted throughout the 
rest of this chapter.

S. aureus: MRSA, VISA, VRSA
S. aureus causes a wide range of infections, most commonly those involving simple 
skin and soft tissue, known as SSTIs (e.g., cellulitus, impetigo and furuncles). It can also 
cause a range of invasive infections, including osteomyelitis, septic arthritis, peritoni-
tis, pneumonia and endocarditis.24 In the pre-antibiotic era, the majority of S. aureus 
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bacteraemia cases resulted in death,4 and mortality remains in the range of 20 to 30% 
in modern times.24,25

S. aureus is inherently susceptible to many antimicrobials, such as β-lactams (e.g., 
penicillins, cephalosporins and carbapenems), glycopeptides (e.g., vancomycin), mac-
rolides (e.g., erythromycin), clindamycin, tetracycline and aminoglycosides (e.g., gen-
tamicin). However, the mainstay of therapy has been β-lactams and, for patients with 
β-lactam allergy, macrolides. When penicillin was first introduced, it was effective 
against S. aureus infections, but resistance rapidly emerged. Most clinical isolates are 
now penicillin-resistant. This is secondary to the production of a β-lactamase, which 
hydrolyses the β-lactam ring and renders the drug inactive.2

Many of the β-lactams that have been developed since pencillin are stable to the 
S. aureus β-lactamase. They include the cephalosporins, the carbapenems, β-lactam/ 
β-lactamase inhibitor combinations and the penicillinase-resistant isoxazoylpenicillins 
such as flucloxacillin.26 Because of their potency, relatively narrow spectrum of activity 
and favourable side effect profile,27 the latter drugs are the drugs of choice for treating  
mild to severe invasive infections caused by S. aureus.

Unfortunately, shortly after the introduction of meticillin in 1960, resistant strains 
of S. aureus were isolated in vitro28 and subsequently from clinical infections.29 Since 
meticillin was the first of the isoxazoyl penicillins to enter clinical practice, resistance to 
it and to related agents has been termed meticillin-resistant S. aureus (MRSA), although 
β-lactam-resistant S. aureus would be a more informative name. In MRSA an altered 
penicillin-binding protein, PBP2a, for which most β-lactam antibiotics have poor 
affinity, is the mechanism of resistance.

PBP2a is encoded by the mecA gene, thought to have been horizontally acquired 
from another bacterial species, on a genetic element called the staphylococcal cassette 
chromosome mec (SCCmec).4,30 Until the recent development of cephalosporins with 
some MRSA activity, this meant that no available β-lactams were considered effective. 
In August 2012, the European Medicines Agency approved ceftaroline fosamil; it is the 
first β-lactam agent with activity against MRSA approved in Europe.31

Prevalence rates for healthcare-acquired MRSA (HA-MRSA) vary, from greater 
than 50% in the United States and parts of South America to less than 1% in some 
Northern European countries.4 The United Kingdom, the same as much of the rest of 
Europe, has seen a relatively high prevalence, which has fallen in recent years. Results 
for invasive S. aureus infections submitted to the European Antimicrobial Resistance 
Surveillance System (EARSS) show that the percentage of meticillin-resistant isolates 
fell from a high of 47.3% in 2001 to 13.6% in 2011.32

The success of MRSA in spreading widely around the world is due to the epi-
demiology of S. aureus colonisation, imprudent use of antimicrobials in hospitals and 
lapses in basic infection control procedures. About 25 to 35% of normal healthy indi-
viduals are colonised with S. aureus, providing a reservoir of infection for the colonised 
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individual and his or her contacts.33 Sites of colonisation are the nose, the skin (espe-
cially if broken or damaged), the throat and the groin.33

S. aureus is a prominent cause of both community-acquired and healthcare-
acquired infections, with MRSA being one of the most frequently identified resistant 
pathogens in hospitals in many parts of the world.4 The organism can survive for sig-
nificant periods of time in the environment and on the skin and hands of patients, visi-
tors and healthcare workers, so it can readily spread in the hospital environment.34

Conventional cleaning regimens do not always eradicate the organism from the 
environment.34,35 The success of some MRSA strains in causing hospital infections is 
a likely result of selection pressure from the large number of hospitalised patients on 
antibiotics, which reduces the growth of or kills the competing bacterial flora to a 
greater extent than the more resistant strains.36,37

S. aureus can form biofilms on prosthetic devices such as cannulas, long lines, pros-
thetic joints and prosthetic heart valves. In the biofilm, the organism is protected from 
both the immune system and antimicrobials,38 making treatment a challenge if it is not 
straightforward to remove the device.

In the 1990s cases of community-acquired or community-associated MRSA 
(CA-MRSA) began to emerge in the United States. CA-MRSA cases are not linked 
to hospitalisation and are more likely to affect younger, previously well patients, espe-
cially those from certain groups such as participants in team sports or intravenous drug 
users.39 The strains responsible are more sensitive to antimicrobials than HA-MRSA, 
and typing methods show them to be distinct from HA-MRSA strains.39,40

CA-MRSA has since become endemic in the United States and has been reported 
in many countries, including the United Kingdom,39 where the prevalence of the 
CA-MRSA strains has been estimated at less than 1% of all MRSA isolates. However, for 
various reasons this prevalence is likely to have been significantly underestimated.40 The 
boundaries between HA- and CA-MRSA have become blurred as strains previously 
associated with community infections have displaced the traditional HA-MRSA strains 
and as antibiotic resistance to other agents has increased in CA-MRSA strains.4,39–41

Effective and safe treatments for MRSA infections are quite limited, although the 
proportion of isolates sensitive to alternative antibiotics varies considerably according 
to strain (i.e., HA-MRSA or CA-MRSA) geographic area and time. Ideally empiric 
therapy decisions take into account up-to-date local resistance trends.27 Earlier in 
Figure 15.1 the 2001–2011 resistance rates for MRSA bacteraemia isolates in the 
United Kingdom are shown, as published by the British Society of Antimicrobial 
Chemotherapy.42

For severe infections with MRSA, vancomycin has been the treatment of choice,25 
although its efficacy has been questioned. For MSSA bacteraemia, most studies suggest 
that β-lactams are more effective.43–45 Several studies have also shown that outcomes 
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with vancomycin are worse, with relatively modest MIC increases against it. This is 
despite the fact that the MICs are below resistance breakpoints and that vancomy-
cin dosing achieves optimal trough blood levels.25,43,46 Some studies, mainly from the 
United States, suggest that there has been a steady ‘creep’ upward in MICs to vanco-
mycin.47–49 In response, treatment guidelines have advised aiming for higher vancomy-
cin levels to maintain the drug’s effectiveness.50

A discussion of vancomycin resistance in S. aureus is complicated by the chang-
ing definitions and breakpoints applied. The term vancomycin-intermediate S. aureus 
(VISA) has been commonly used to refer to an organism with MICs that are just above 
the breakpoint. A phenotype with lower MICs but with sub-populations able to grow 
at much higher vancomycin concentrations has been termed heteroresistant-VISA  
(hVISA).48 The mechanism of resistance for these phenotypes is not fully understood, 
but there is cell wall thickening which is thought to limit penetration of the large van-
comycin molecule to the site of action.48,51 Both hVISA and VISA were first isolated 
in Japan in 1996 and 1997, respectively,52,53 and have since been encountered in many 
countries but remain uncommon.48,51

In 2002 the first case of high-level vancomycin-resistant S. aureus (VRSA) was 
identified in the United States, in this instance resulting from the vanA gene cluster 
previously responsible for vancomycin resistance in some Enterococci.54 The effect of 
vanA is that the affinity of vancomycin for its target is reduced and so it is less effective 
at blocking the cross-linking which gives the bacterial cell wall its strength.48,55

Most reports of vanA-mediated resistance have been from the United States, but 
reports from India and Iran have also been published and an isolate from Portugal has 
been reported.48,51,54,56,57 Many of the cases in these studies have been of questionable 
clinical significance, and colonisation has often been successfully eradicated with other 
antimicrobials.54

Of the more recently available drugs used to treat severe MRSA infections, both 
linezolid and daptomycin have been shown to be non-inferior to vancomycin for the 
management of some infections.25,58 Clinical trials suggest that linezolid is a good 
alternative to vancomycin in regimens for SSTIs and pneumonia, but the evidence that 
outcomes are superior is at present unconvincing.58 Daptomycin is licensed for both 
complicated skin and soft tissue infections; it is also licenced for bloodstream infections, 
including right-sided endocarditis.

In a controlled comparative study between daptomycin and standard therapy for 
staphylococcal bacteraemia and endocarditis, daptomycin met non-inferiority criteria 
but outcomes for left-sided endocarditis were disappointing.27,25 Resistance has been 
encountered occasionally for both linezolid and daptomycin. In both cases this occurs 
through mutational changes, which have been observed to arise during therapy.58,59 
The hVISA/VISA-resistance phenotypes also seem to be correlated with increased 
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resistance to daptomycin.60 Other recently developed agents active against MRSA are 
discussed in the section on newer antimicrobials.

Enterococcus spp.
Enterococci are part of the normal flora of the lower gastrointestinal tract of most 
healthy adults; the common species found are E. faecalis and E. faecium, and indeed 
these are the typical species causing infections. It is often suggested that entero-
cocci are not very virulent. However, they are an important cause of endocarditis, 
being responsible for 10 to 15% of native-valve cases. Non-endocarditis enterococcal 
bacteraemia usually arises from urinary tract infections (UTIs) or intra-abdominal,  
biliary or pelvic infections as part of a polymicrobial infection; it is associated with 
significant mortality often due to an underlying condition.61 Enterococci have 
emerged as important nosocomial pathogens largely because of their resistance to 
many antimicrobials (to be discussed later) and subsequent selection during antimi-
crobial therapy.

Enterococci are inherently resistant to multiple antimicrobial classes, and they have 
acquired resistance to many more. It is important to note that they are resistant to 
all cephalosporins and have reduced susceptibility to penicillin, amoxicillin and car-
bapenems, compared with other streptococci because of the production of low-affinity 
penicillin-binding proteins such as PBP5.62 MICs of these penicillins and carbapenems 
are 4-fold higher for E. faecium than for E. faecalis and are higher than the breakpoint; 
therefore, E. faecium is considered resistant.

Enterococci also have low-level inherent resistance to aminoglycosides so that these 
agents are not active as monotherapy. However, synergy is observed between active 
β-lactams (e.g., amoxicillin and aminoglycosides), and this combination is a mainstay 
of therapy for enterococcal endocarditis. High-level resistance is present in some strains 
because of the acquisition of an aminoglycoside-modifying enzyme. At this level of 
resistance, synergy with β-lactams does not occur.

Inherently, enterococci are resistant to clindamycin, but also have very commonly 
acquired erm genes that encode a ribosomal methylase and confer resistance to mac-
rolides (e.g., erythromycin), lincosamides (e.g., clindamycin) and streptogramin B (i.e., 
the MLSB phenotype). They are also usually resistant to chloramphenicol because of an 
acquired chloramphenicol acetyl transferase.63

Given the inherent and acquired resistance of enterococci, the mainstays of therapy 
were at one time amoxicillin for E. faecalis and vancomycin for E. faecium; they were 
also used for patients with penicillin allergy. Therefore, it was a significant concern 
when, in 1988, enterococci’s resistance to vancomycin was reported.64 Vancomycin 
usually acts by binding to the terminal D-alanyl-D-alanine (D-ala-D-ala) amino acids 
of the pentapeptide responsible for cross-linking of the bacterial cell wall.
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In the archetypal resistance phenotype (VanA), there is a change in the terminal 
amino acids of the pentapeptide from D-ala-D-ala to D-alanyl-D-lactate, to which 
vancomycin cannot bind. This is achieved not only by genes encoding acquired ligases 
(e.g., VanA) that produce the different terminal amino acids but also by acquired genes 
encoding enzymes to convert pyruvate to D-lactate (e.g., vanH) and dipeptidases 
(e.g., VanX) that cleave any D-ala-D-ala dipeptide that is formed.

These genes, together with regulatory genes, are located on transposable elements: 
Tn1546 in the case of VanA, which may be plasmid or chromosomally located.65 There 
are at least six types of acquired vancomycin resistance in enterococci (i.e., VanA, VanB, 
VanD, VanE, VanG and VanL) as well a similar inherent resistance mechanism seen in 
E. gallinarum and E. casseliflavus (VanC); in the latter the terminal amino acids are altered 
to D-alanyl-D-serine.66 These mechanisms all confer full resistance to vancomycin but 
variable resistance to teicoplanin.

Since 1988, vancomycin resistance has spread widely. In 2011, the prevalence 
of resistance in E. faecalis across European countries was 0 to 1.8% in the United 
Kingdom and 6.2% in Greece; for E. faecium it was 0 to 8.9% in the United Kingdom 
and 34.9% in Ireland (see www.ecdc.europa.eu/en/activities/surveillance/EARS-Net/
database/Pages/tables_report.aspx).

In the United States much higher rates of resistance have been reported: 9.6% 
for E. faecalis and 72.4% for E. faecium.67 Vancomycin-resistant enterococci (VRE) are 
primarily nosocomially acquired, and there have been numerous reports of hospitals 
outbreaks. It is now clear that spread within and between hospitals is clonal and that 
there are particular strains that have the ability to spread and cause infection outbreaks. 
Multi-locus sequence typing (MLST) has revealed that isolates from a particular group 
of related sequence types (i.e., clonal complex-17, or CC17) is hospital-adapted and 
multiply-resistant, plus it has a putative pathogenicity island.68

During the 1990s, the options for treatment of VRE were extremely limited. 
Quinupristin-Dalfopristin, a combination of streptogramins, had some activity against 
E. faecium but was ineffective against E. faecalis. Treatment options have been signifi-
cantly improved by the introduction in the last few years of linezolid, tigecycline and 
daptomycin, and rates of resistance remain low—US isolates of enterococci collected in 
2011 show susceptibility of 99.7%, 99.7%, and 99.9%, respectively.69 However, resis-
tance to all of these agents has been described in enterococci and therefore is likely to 
spread in the future.

Enterobacteriaceae
The Enterobacteriaceae are a large group of Gram-negative bacilli which are part 
of the commensal flora of human and animal guts. Several species are opportunistic 
pathogens in humans. Escherichia coli is the most common cause of UTIs and has also 

http://www.ecdc.europa.eu/en/activities/surveillance/EARS-Net/database/Pages/tables_report.aspx
http://www.ecdc.europa.eu/en/activities/surveillance/EARS-Net/database/Pages/tables_report.aspx
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become the most frequently identified and significant organism from blood cultures in 
many parts of the world, including the United Kingdom.5,70

Other species frequently associated with infections are Klebsiella spp., Enterobacter 
cloacae, Serratia marcesens, Citrobacter spp. and Proteus mirabilis. All enterobacteriaceae can 
cause a wide range of infections other than urinary tract ones, including wound infec-
tions, pneumonia, peritonitis and infections of prosthetic medical devices. However, 
most require a profound breach in normal host defences to become established.

Being Gram-negative, Enterobacteriaceae have an outer membrane that prevents 
the penetration of many agents such as vancomycin, macrolides, linezolid, and dapto-
mycin. The degree of drug susceptibility is thus determined by permeability via porin 
channels and extent of clearence by efflux pumps. In general, Enterobacteriaceae outer 
membranes are more permeable and their drug clearance is less efficient than other 
potentially MDR Gram-negative pathogens (e.g., Pseudomonas aeruginosa).

Nevertheless, all Enterobacteriaceae are resistant to antimicrobials which are too large 
to cross the outer membrane (e.g., vancomycin, daptomycin) and several of the penicil-
lins (e.g., benzylpenicillin, flucloxacillin, penicillin V).5,12E. coli are intrinsically sensitive to 
most other β-lactams, including amoxicillin, piperacillin, β-lactam/β-lactamase inhibitor 
combinations (BL/BLI), cephalosporins and carbapenems. Klebsiella pneumoniae intrinsi-
cally contains a β-lactamase, SHV-1, which confers resistance to amoxicillin.

The situation with β-lactams is more complicated for Enterobacter cloacae, Citrobacter 
freundii, S. marcesens and other species. All of these organisms have constitutively 
expressed AmpC-type β-lactamases for which expression is inducible following 
β-lactam exposure. These inducible AmpC enzymes confer resistance to other peni-
cillins and BL/BLIs because they are not substrates for clinically available inhibitors 
and first-generation cephalosporins. Extended-spectrum cephalosporins remain active; 
however, they are considered unreliable for treating Enterobacteriaceae with inducible 
chromosomal AmpC enzymes, since mutations can readily arise. This can lead to the 
expression becoming permanently elevated and causing resistance to these agents.71

Many other classes of antibiotics are potentially active against Enterobacteriaceae, 
including aminoglycosides, fluorquinolones, tetracyclines, sulphonamides, trimetho-
prim and nitrofurantoin. Resistance to all of these antibiotics has been encountered in 
Enterobacteriaceae as acquired traits.72–74

Resistance to fluoroquinolones has risen substantially in most Enterobacteriaceae, 
mainly through mutations in the genes gyrA, gyrB and parC, which code for the enzy-
matic targets of fluorquinolones, but more recently are secondary to the spread by 
plasmids of resistance genes qnr (target protection), AAC(6′)-Ib-cr (enzymatic inac-
tivation) and various efflux pumps.75 The recent association of fluoroquinolone use 
with overgrowth of Clostridium difficile in the gut has also prompted many hospitals 
in Europe and the United States to limit its use as much as possible. Resistance to 
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nitrofurantoin, which should only be used for treating UTIs, is less common in most 
Enterobacteriaceae, although Proteus spp. are intrinisically resistant to this agent.73

The major shift in antimicrobial resistance in the past two decades in Entero-
bacteriaceae has been the rapid rise of resistance to β-lactams, which has been paral-
leled by increasing resistance to aminoglycosides. In both cases resistance is largely a 
result of horizontally acquired resistance genes, often identified on plasmids.5,18 A clas-
sification of β-lactamases are given in Table 15.2 earlier in the chapter.

Early examples of horizontally acquired β-lactamases were SHV-1 and TEM-1, 
found on plasmids in E. coli and other Enterobacteriaceae, which resulted in rela-
tively narrow-spectrum resistance to β-lactams, including amoxicillin and first-
generation cephalosporins.5 Variants of both enzymes—mainly found in E. coli and 
K. pneumoniae—that increase MICs to extended-spectrum cephalosporins and aztreo-
nam as well as penicillins are referred to as extended-spectrum β-lactamases (ESBLs); 
these are inhibited by β-lactamase inhibitors (e.g., clavulanate), although MICs against 
the amoxicillin‒clavulanate combination are usually significantly raised.

Other BL/BLIs (e.g., piperacillin-tazobactam) are generally active in vitro unless 
additional resistance mechanisms are present even though there are concerns about the 
clinical effectiveness of these agents for treating invasive infections with ESBL produc-
ers. TEM and SHV ESBLs, however, remained fairly infrequent.

From around the turn of the century onward, a new group of ESBLs, CTX-M 
enzymes, became prevalent globally, but there are large geographic differences.76 For 
example, data from intra-abdominal infections collected for the worldwide Study for 
Monitoring Antimicrobial Resistance Trends (SMART) reported rates of 17.9% and 
11.6% ESBL positivity in K. pneumoniae and E. coli, respectively.77 The equivalent rates 
reported by SMART for India were 55% and 67%.78 It is common for strains with 
ESBLs to be resistant to many other classes of antibiotics by other mechanisms, includ-
ing aminoglycosides and fluoroquinolones; thus, many are MDR.5

Over the same period, a number of horizontally acquired AmpC-type β-lactamases 
became increasingly identified in Enterobacteriaceae, including organisms which either 
lack or usually express chromosomal AmpCs at a low rate. These enzymes are closely 
related to the chromosomal AmpCs described previously; however, they are often 
found on plasmids and their expression is often sufficient to result in a resistance phe-
notype similar to that seen with ESBLs. Because AmpCs are not susceptible to inhibi-
tors (e.g., clavulanate) BL/BLIs are also compromised.71

Although several treatments are available for treating ESBLs or acquired AmpC 
producers, it is often the case that carbapenems (e.g., meropenem and imipenem) 
are the most clinically reliable and safe agents available.79 The recent emergence in 
Enterobacteriaceae of various β-lactamases capable of hydrolysing carbapenems is 
therefore a substantial cause for concern. These include metallo-β-lactams (MBLs) 
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mainly of the vimentin (VIM) and NDM groups, KPC enzymes and the carbapenem-
hydrolysing oxacillinase, known as OXA-48.80

The epidemiology and phenotypes associated with each of the enzymes just men-
tioned differ somewhat. In Northern Europe and most of the United States, carbape-
nem resistance remains rare in Enterobacteriaceae, the exception being KPC enzymes, 
which first emerged in K. pneumoniae in the United States. Figure 15.3 summarises 
the current global spread of the most common carbapenemases in Enterobacteriaceae. 
These are found most often in K. pneumoniae and E. coli; although, particularly in the 
case of NDM, they have been identified in a wide range of GNBs, including many 
Enterobacteriaceae.80,81

KPC producers are probably the most clinically relevant at present, with the ST258 
strain of K. pneumoniae having demonstrated its potential to spread globally and cause 
significant local outbreaks.5,81 During 2009–2010 ST258 was estimated to be present 
in ~40% of K. pneumoniae bloodstream isolates in Greece.82

According to several studies, NDM appears to have emerged recently in South Asia, 
where its prevalence is already worryingly high. However, the studies have been hotly 
contested by some scientists in India, clinicians and politicians. VIM has been most 
prevalent in Greece, although rates are now reported to be declining.81 OXA-48 was 
first identified in Turkey, from where it has spread to North Africa, the Middle East and 
parts of Europe.

Carbapenem-resistant Enterobacteriaceae (CRE) are usually multi-drug-resistant 
by virtue of their presence in strains with other resistance determinants, and many 
examples are XDR.5,80 There is some variation in resistance profiles, however. In the 
absence of additional resistance mechanisms, carbapenem MICs may not be above 
resistance breakpoints; moreover, the fact that they are carbapenemase producers may 
be missed in routine microbiology laboratories. This is especially true for OXA-48, 
which does not significantly hydrolyse carbapenems and has very little activity against 
cephalosporins.81

It is important to note that the production of several of these β-lactamases has been 
associated with a number of adverse outcomes for patients with bloodstream infec-
tions. This has been shown for ESBL, VIM and KPC producers.79,83,84 For example, in 
a cohort study performed in the United States, mortality associated with K. pneumoniae 
bacteraemia was 32.1% for those infected with KPC producers compared to 8.9% for 
those infected with non-KPC producers.83

In all cases, this effect may partly derive from the fact that MDR Enterobacteriaciae 
infections are more likely to occur in the most severely ill patients; however, it is also 
the case that it takes longer on average for these patients to receive appropriate antibi-
otic therapy. Although the clinical impact of producers of some other β-lactamases has 
not been studied to the same extent, we can hypothesise that their impact is likely to 
be similar if they become established in strains with significant pathogenic potential.



Key:
High prevalence, proposed source of NDM-
producing Enterobacteriaceae

Low prevalence or sporadic cases linked to travel

No cases reported, often no data available

(a)

Figure 15.3 Global spread of Enterobacteriaceae with (a) NDM and (b) KPC. 
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Therapeutic options in XDR Enterobacteriaceae–producing carbapenemases are 
often quite limited. Although phenotypes are variable, the agents most likely to remain 
active are aminoglycosides, tigecycline, colistin and fosfomycin.5,84 As mentioned pre-
viously, aminoglycoside resistance genes are commonly found in these bacteria, often 
on the same plasmids harbouring the β-lactamase genes.5,18 However, aminoglycoside-
modifying enzymes have varying activity against different agents. Enterobacteriaceae 
producing 16s RNA methylases are resistant to all currently available aminoglycosides 
but are most often identified in Asia.

Gentamicin often retains activity against KPC and VIM producers, while most 
NDM producers are resistant to all aminoglycosides, probably because of co-
production of RNA methylases.5,81 Colistin resistance is infrequent in many XDR 
Enterobacteriaceae, but some of these organisms (e.g., S. marcesens and Proteae spp.) are 
intrinsically resistant to this agent. The mechanisms of colistin resistance are not fully 
understood, but probably involve multiple genetic and regulatory changes. Use of both 
aminoglycosides and colistin is associated with a significant nephrotoxicity.81,85

Many XDR Enterobacteriaceae remain susceptible to tigecycline, but resistance 
is encountered at variable rates depending on the species.74,86 Susceptibility in the 
Proteae is reduced, at least in part, because of their resistance-nodulation-division  
(RND) efflux pumps. Cases of resistance in other species are thought to be related to 
increased expression of efflux pumps, especially pumps in the RND family. Low levels 
of tigecylcine achieved in the bloodstream relative to resistance breakpoints have raised 
concerns that these agents may not be terribly effective for treating bacteraemia.72,86

As renal excretion of tigecycline is limited, it is also unlikely to be useful as a treat-
ment for UTIs.72 Many strains are sensitive to fosfomycin, but this antibiotic has been 
predominantly used for uncomplicated UTIs in most countries, and there are concerns 
that resistance may arise readily during treatment. The clinical utility of fosfomycin for 
treating XDR Enterobacteraiceae, either in UTIs or systemic infections, is uncertain.87

Pseudomonas aeruginosa
The opportunistic pathogen P. aeruginosa is widespread in the environment, particu-
larly where there is moisture. Its ability to survive and grow in the presence of limited 
nutrients and over a wide range of environmental conditions, added to its inherent 
resistance to many antimicrobials, makes it ideal as a nosocomial pathogen. It is also 
one of the first organisms for which the importance of biofilm growth was established 
with respect to both infections, as in the lung in cystic fibrosis, and the environment, as 
in colonisation of water pipes.88

P. aeruginosa possesses mechanisms for resistance to many antimicrobials. As noted 
earlier, its outer membrane provides a barrier to the penetration of many agents. In the 
case of β-lactams, P. aeruginosa is intrinsically resistant to most penicillins and cephalo-
sporins because of a combination of reduced permeability,89 low-affinity PBPs, basal 
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production of an AmpC chromosomal β-lactamase, intrinsic β-lactamase PBP590 activ-
ity and efflux. Thus, it is susceptible only to a limited number of anti-pseudomonal 
penicillins (e.g., piperacillin), third- and fourth-generation cephalosporins (e.g., ceftazi-
dime, cefepime), and carbapenems (e.g., meropenem). While P. aeruginosa is intrinsically 
susceptible to aminoglycosides, fluoroquinolones and colistin, acquired resistance to the 
these agents has become commonplace.

Although acquisition of resistance mechanisms through horizontal gene transfer is 
important in some situations, particularly the acquisition of potent β-lactamases, resis-
tance to many antimicrobials in P. aeruginosa is mediated through chromosomal muta-
tions that alter the expression of intrinsic resistance mechanisms. Notable among these 
are efflux pumps, the most important of which, in terms of antimicrobial resistance, are 
the RND (resistance nodulation division) pumps. These tripartite structures typically 
have an inner membrane portion, a periplasmic fusion protein (MFP) and an outer 
membrane protein (known as the outer membrane factor, or OMF); also, they accom-
modate a broad range of unrelated molecules, including most classes of antimicrobials, 
biocides, dyes, toxic fatty acids, bile salt and homoserine lactones (associated with quo-
rum sensing).91

The first of the RND pumps to be characterised was MexAB-OprM, which has 
β-lactams, fluoroquinolones, sulphonamides, chloramphenicol, trimethoprim and tige-
cycline among its substrates. Other pumps (e.g., MexEF-OprN) can efflux amino-
glycosides. P. aeruginosa is notable in having many efflux systems. From analysis of the 
genome, 10 putative RND pumps (compared with 4 in E. coli) and 20 in the Major 
Facilitator Superfamily (MFS) group have been identified.92 Expression of the RND 
pumps is regulated and inducible in the presence of their substrates, contributing to 
resistance to many antimicrobials. Mutations in their regulatory controls lead to hyper-
expression and thereby multi-resistance.

The multi-factorial nature of resistance arising in the genome of P. aeruginosa is 
exemplified by a study that screened a comprehensive library for mutants with increased 
or decreased susceptibility to ceftazidime, imipenem and meropenem. This study identi-
fied 41 gene mutations with reduced susceptibility and 37 with increased susceptibility.89

In addition to resistance that is mediated through intrinsic mechanisms that are 
constitutive, inducible or hyper-expressed and through mutational target site changes, 
P. aeruginosa achieves resistance by its acquisition of exogenous genes. Notable are the 
aminoglycoside-modifying enzymes, of which the most common are AAC(6')-I and 
APH(3')-II.93 P. aeruginosa is also able to acquire β-lactamases, including TEM, SHV, 
OXA and a number of carbapenemases, including VIM, IMP, SPM and GIM.94,95

Both intrinsic and acquired-resistance mechanisms contribute to the increasing 
number of MDR and XDR strains of P. aeruginosa. The susceptibility of any given 
strain is unpredictable without formal testing, and even when testing is performed 
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in vitro the results may not reflect the resistance phenotype expressed in vivo. The only 
agent that maintains fairly consistent activity is colistin (polymyxin E), which acts 
primarily on the outer membrane. Unfortunately, P. aeruginosa can develop resistance 
because of lipid alterations, reduced magnesium and calcium contents and alterations 
in specific proteins in the outer cell membrane.96–98

Acinetobacter baumannii
Acinetobacter baumannii is an opportunistic pathogen or coloniser of hospitalised patients, 
especially severely unwell patients on intensive care units. Its ability to survive in the 
hospital environment likely contributes to its ability to spread nosocomially and to its 
association with hospital outbreaks. A. baumannii is implicated in a range of infections, 
the most common of which is ventilator-associated pneumonia.99 MICs to many com-
monly used antibiotics, including β-lactams, are high relative to, for example, E. coli.89

Intrinsic resistance mechanisms have not been well studied, but the outer mem-
brane of A. baumannii is much less permeable than that of E. coli. This is likely con-
nected to porins which do not allow antibiotics to readily cross the outer membrane, 
together with constitutive expression of efflux pumps.100 Several different classes of 
these pumps have been found to contribute to resistance to antimicrobials including 
β-lactams, aminoglycosides, chloramphenicol, quinolones, tetracyclines and tigecycline. 
In addition, all A. baumannii contain chromosomal genes coding for β-lactamases of the 
ADC (acinetobacter-derived cephalosporinase) and OXA-51-like types, but the level of 
gene expression is usually low.101

A. baumannii has been particularly successful at accumulating acquired-resistance 
mechanisms. Intrinsic resistance mechanisms, outlined previously, can be increased by 
various genetic modifications. IS elements can move upstream of both of the chro-
mosomal β-lactamses genes and provide a strong promoter, resulting in raised MICs 
to broad-spectrum β-lactams, in the case of OXA-51-like enzymes, including the car-
bapenems.102,103 Down-regulation or disruption by IS elements of several outer mem-
brane proteins has been associated in several reports of β-lactam resistance. Acquired 
OXA-type enzymes can be plasmid-associated or chromosomal and can lead to raised 
MICs to β-lactams, including carbapenems.

Other β-lactamases are fairly infrequent, although A. baumannii–producing metallo-
β-lactamases of the NDM family are increasingly recognised in some parts of the 
world.101 Some efflux pumps (e.g., those specifically targeting tetracycline) are likely 
to be acquired mechanisms of resistance.104 Many types of aminoglycoside-modifying 
enzymes are common in drug-resistant isolates.105 Quinolone resistance arises readily, 
predominantly by point mutations in gyrA and parC genes, as in other GNBs. Most 
isolates remain susceptible to colistin, although resistance has been described occasion-
ally and, as in other GNBs, is not completely understood.101
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PREVENTION AND CONTROL OF MDR ORGANISMS

The prevention and control of MDR ‘superbugs’ requires controlling the trans-
mission of resistant organisms and reducing the selective pressure provided by inap-
propriate antimicrobial use in the environment. Control of transmission is a major 
element in infection control procedures in hospitals. It is discussed in detail elsewhere 
in this book; however, it should be remembered that, while the prevalence of most 
superbugs has been ‘amplified’ by the conditions of high selective pressure seen in hos-
pitals, superbugs have in some cases ‘escaped‘ into the community. When this happens, 
infection control procedures should be tailored to the particular situation (e.g., nursing 
homes), where ESBL-producing Enterobacteriaceae are a problem,106 or other institu-
tions, where PVL-producing CA-MRSA may be more prevalent.107

Antimicrobial stewardship is the term that has been globally adopted to describe 
activities to reduce inappropriate antimicrobial use. It is estimated that physicians use 
antimicrobials inappropriately about 50% of the time, and many strategies have been 
suggested to improve this situation.108 At the governmental level, WHO has recognised 
the importance of antimicrobial resistance as a global threat to public health; more 
locally, the European Commission has urged member states to promote appropriate 
antimicrobial use.

CONCLUSION

The antibiotic ‘golden age’ was during the 1970s and 1980s. Since that time sig-
nificant resistance has emerged, first in Gram-positive organisms (e.g., S. aureus and 
enterococci) and then in Gram-negative organisms. We are now faced with organisms, 
such as E. coli, P. aeruginosa and A. baumanii, that are resistant to most or all available 
agents. The development pipeline of new agents includes a few members of existing 
antimicrobial classes but very few are really novel. New strategies that target viru-
lence expression rather than growth inhibition are being explored,109 but it is likely to 
be many years before these enter clinical practice. In the meantime, the best defence 
against superbugs is good infection control and effective antimicrobial stewardship.
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INTRODUCTION

Urinary tract infection (UTI) is one of the most important healthcare-acquired 
infections (HCAI), and it is estimated that 70 to 80% of these infections can be attrib-
uted to use of an indwelling urethral catheter.1,2 A small number of catheter-associated 
urinary tract infections (CA-UTIs) occur following introduction of organisms into 
the bladder at the time of catheter insertion. However, most healthcare-acquired UTIs 
result from biofilm formation along an indwelling urethral catheter.3,4 Biofilm devel-
opment is consistent for all indwelling urinary devices—that is, urethral and suprapu-
bic catheters, ureteric stents and nephrostomy tubes. This chapter addresses only the 
indwelling urethral catheter, but much of the discussion is also relevant to these other 
devices.

Indwelling urethral catheters remain in place for variable durations, from a few 
minutes to years. A catheter in situ for less than 30 days is considered a short-term 
indwelling catheter and if present for over 30 days is a long-term (chronic) indwelling 
catheter. The term ‘catheter acquired urinary tract infection’ refers to a symptomatic 
UTI occurring in an individual with a current or recently removed indwelling urethral 
catheter.1 When significant bacteriuria is present in the urine without symptoms, this 
is referred to as catheter-associated asymptomatic bacteriuria (CAASB). Asymptomatic 
bacteriuria is far more common than symptomatic urinary infection. Many early stud-
ies addressing catheter-acquired infection did not, however, differentiate between 
symptomatic UTI and bacteriuria, and the term CA-UTI was used to encompass any 
positive culture, irrespective of symptoms.1

EPIDEMIOLOGY

An estimated 12 to 16% of acute care hospital in-patients have a urinary cath-
eter placed at some time during their hospital stay.4 The daily risk of acquisition of 
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bacteriuria varies from 3 to 7% while the catheter remains in situ.1 The duration of 
catheterisation is the most important determinant of CAASB. Being female and of an 
increased age are also consistent associations of acquisition of bacteriuria.

Clinical
The determinants of symptomatic infection are not well described.5 While CAASB is 
common in patients with indwelling urethral catheters, CA-UTI is relatively uncom-
mon. However, given the large number of patients for whom catheters are used, the 
impact of CA-UTI on the healthcare system is substantial.1,6

The frequency of CA-UTI in recent reports is 4.32/1000 device days for acute care hos-
pitals.2 In 2007, CA-UTI occurred in 2 to 3/1000 urine catheter days in US adult inten-
sive care units (ICUs) participating in the CDC National Healthcare Safety Network.7 At a 
Veterans hospital, 0.3% of catheter days involved a symptomatic UTI.8 From 1990 to 2007, 
the incidence of CA-UTI in US critical care units declined, with a proportional decrease 
varying from 18.6% in cardiothoracic units to 67% in medical/surgical units. The CA-UTI 
infection rate in 398 intensive care units in Shanghai over a five-year period was 6.4/1000 
catheter days, and varied from 0 in burn ICUs to 12.8/1000 in coronary care units.8

CA-UTI may be a source for bacteremia, but this complication occurs in less than 
1% of patients with short-term catheters.5 Catheter obstruction or bladder mucosal 
trauma with bleeding increases the risk of bacteremia. During a three-year period, 21% 
of all bloodstream infections, acquired 48 hours or longer after hospitalisation in 61 
Quebec acute care hospitals, were from a urinary source: 1.4 episodes/10,000 patient 
days.9 Of these, 71% were associated with urinary catheters. The all-cause mortality at 
30 days was 15% for a urinary source of bacteremia, but attributable mortality was not 
reported. CA-UTI also has been associated with increased mortality and prolonged 
length of hospital stay,1 although recent studies of critical care unit patients suggest the 
reported associations are largely attributable to confounding by unmeasured variables.10

Between 3 to 5% of residents of long-term care facilities are managed with chronic 
indwelling catheters.1,4 The incidence of CA-UTI varied from 0 to 7.3/1000 catheter 
days (mean 3.2/1000) in Idaho long-term care facilities, compared to 0 to 2.28/1000 
resident days for all urinary infections (mean 0.57/1000). Episodes of fever from a 
presumed urinary source are three times more common in residents with a chronic 
urethral catheter, with an estimated incidence of 0.7 to 1.1/100 catheter days.4,11 An 
autopsy study reported that histological evidence of acute pyelonephritis was eight 
times more frequent for residents with chronic indwelling catheters compared to 
bacteriuric residents without catheters. CA-UTI is the source of more than 50% of 
episodes of bacteremia in long-term care facilities.1,4,12

The risk of bacteremia is 3 to 36 times higher for residents with an indwelling 
catheter compared with those with a positive urine culture but without a catheter.13 
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Residents with chronic indwelling catheters are also reported to have increased mor-
tality, but this is likely due to confounding by patient characteristics.14 When chronic 
indwelling urethral catheters were routinely used for voiding management of patients 
with spinal cord injuries, urosepsis, renal failure and other complications of infection, 
they were the major cause of death. Mortality from UTI and its complications are now 
uncommon following the introduction and widespread use of intermittent catheteri-
sation for voiding management of spinal cord injured patients. Symptomatic UTI is 
reported as 2.72/100 person days for patients with spinal cord injuries managed with a 
chronic indwelling catheter, compared with 0.41/100 days for those with intermittent 
catheterisation.4

Local infections attributed to use of a chronic catheter include urethritis, Bartholin’s 
gland and urethral gland abscesses, and prostatitis in men. A chronic indwelling catheter 
is a risk factor for urolithiasis. The indwelling urethral catheter also is associated with 
non-infectious adverse outcomes. Genito-urinary trauma is the most important of these 
and is reported to occur in 1.5% of catheter days.15 Bacteriuria is frequently treated with 
antimicrobials, inappropriately, as symptomatic infection. This contributes to the devel-
opment of antimicrobial resistance and Clostridium difficile colitis.16 The catheter drainage 
bag is often colonised with a high concentration of organisms and may be a reservoir for 
resistant organisms that are transmitted to other catheterised patients in the facility.1

Microbiology
The organisms most frequently associated with CA-UTI in acute care facilities are 
Escherichia coli, Candida species, Enterococcus species, Pseudomonas aeruginosa and Klebsiella 
species. In long-term care facility residents with chronic catheters, the most common 
bacteria are E. coli, Klebsiella pneumoniae, Proteus mirabilis, P. aeruginosa, Providencia species 
and Enterococcus species (Table 16.1). For bacteremic CA-UTI in these residents E. coli, 
P. mirabilis and Enterococcus species are most frequently isolated.12

The initial episode of bacteriuria or CA-UTI in a patient with a short-term cath-
eter is often with a single organism. Escherichia coli is most common, but a broad range 
of other organisms, including Staphylococcus epidermidis and Enterococcus faecalis may be 
involved depending on host colonisation, prior healthcare and antimicrobial exposures 
(see Table 16.1).

As duration of catheter use increases, and for all chronic indwelling catheters, mul-
tiple organisms, usually 3 to 5 species at any time, can be isolated.19 These may include 
P. aeruginosa, P. mirabilis, Providencia stuartii, Morganella morganii, K. pneumoniae and other 
Gram-negative bacteria, as well as less pathogenic organisms such as coagulase-negative 
staphylococci or enterococci.21,22 Micro-organisms are difficult to eradicate with anti-
biotics when the catheter is in place.22,23 When a patient receives antimicrobial therapy, 
organisms of increased resistance, including yeast, are more likely to be present.24
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The polymicrobial microbiology of long-term catheters is dynamic, with continu-
ous acquisition and loss of organisms in the biofilm. Different species appear to persist for 
variable time periods and new organisms can be isolated at a rate of 3 to 7% per day.12 
Urease-producing organisms, particularly P. mirabilis, persist for a longer time compared 
with E. coli, K. pneumoniae and P. stuartii,19 and the adherence and persistence of both K. 
pneumoniae and P. stuartii is associated with the presence of the MR/K adhesins.25 Proteus 
mirabilis swarms rapidly over all catheter types.26 Enterococcus species tend to persist only for 
a few weeks and coagulase-negative staphylococci may persist for only a few days.

BIOFILM ON THE URINARY CATHETER

Biofilm growth is a basic survival strategy used by bacteria in a wide range of 
environmental, industrial and clinical settings.27 Biofilms are defined as a microbial-
derived sessile community, characterised by cells attached to a substratum or inter-
face, or to each other; they are enclosed in an extracellular polysaccharide, which the 
micro-organisms themselves produce.28 Non-cellular material may also be found in 
the biofilm, depending on the environment in which it was formed.29

Biofilms exhibit an altered phenotype with respect to growth rate and gene 
transcription compared to planktonic cells,30 and cells in biofilm communities are pro-
tected from environmental stresses by their extracellular polysaccharide matrix. This 
protection has particular advantages for the bacteria in biofilms that develop in vivo. 

Table 16.1 Range of Micro-organisms Isolated from Patients  
with Indwelling Urethral Catheters
Catheter Short term Long term (chronic)

Source references 17,18 19, 20

Escherichia coli 24–52% 10–37%
Klebsiella species 8.1–24% 3–21%
Enterobacter species 4.5% 8.4%
Serratia species 3% –
Citrobacter species

3–7.2%
10–60%

Proteus mirabilis 9–36%
Morganella morganii 9.9–24% 5–61%
Providencia stuartii – 50%
Pseudomonas aeruginosa 9.9–24% 5–30%
Other Gram-negative bacteria 1–2% 7–16%
Enterococcus species 21% 1–28%
Other Streptococcus species 8.1% 8.5%
Staphylococcus aureus – 4.7%
Other Gram-positive bacteria 26–23% 1–20%
Candida species 32–17% NS

Note: Shown in % of total isolates.
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Micro-organisms sensitive to antibiotics and antiseptics using conventional labora-
tory testing methods may exhibit resistance or tolerance when present as an in vivo 
biofilm.31

Biofilm formation consists of several steps: the first involves the deposition of the 
micro-organisms on a surface, followed by their attachment by microbial adhesion and 
anchorage to the surface by exopolymer production.32 Each bacterial cell has an array 
of adhesins within their cell walls, which allow colonisation of many types of substrate. 
The subsequent production of exopolysaccharides secures the attachment of the bio-
film. Following production of exopolysaccharides, bacteria multiply to form micro-
colonies, which subsequently spread over the colonised surface forming populations 
embedded in a gel-like polysaccharide matrix.31

Biofilm Formation
Biofilms formed on indwelling urinary catheters and other urinary devices differ from 
biofilms on non-urinary devices (e.g., indwelling vascular lines or endotracheal tubes) 
because of the incorporation of urine components.13,32 These include Tamm-Horsfall 
protein, as well as magnesium and calcium ions. Urease-producing organisms, particu-
larly P. mirabilis, may produce higher amounts of exopolysaccharide.

In patients who develop bacteriuria during short-term catheterisation, bacterial colo-
nisation of the catheter occurs but the biofilms are generally sparse and, because the cath-
eter is removed after a few days, these biofilms cause few problems.33 Mature biofilms 
develop on all chronic catheters; they contain mixed bacterial communities of up to five 
species, the most common of which are E. faecalis, P. aeruginosa, E. coli and P. mirabilis.31

Biofilms form on both the interior and exterior surfaces of the indwelling catheter1,3,4 
following ascension of organisms colonising the urethral meatus along the catheter‒mucosa 
interface or with intraluminal spread to the bladder when the collecting tube or drainage 
bag is contaminated. The risk of bacteriuria is related to the length of time a catheter is in 
place. Because catheterisation allows external bacteria easy access to the bladder, the lon-
ger a patient is catheterised the greater the likelihood that bacteriuria will occur.18,34 The 
higher rate of acquisition of bacteriuria in women is attributed to shorter urethral length 
relative to men. Patients with pre-existing bacteriuria presumably can have biofilm initiated 
anywhere along the catheter. Biofilm development begins immediately following catheter 
insertion and continues as long as the device remains in place. Extensive biofilm formation 
may be visible to the naked eye.

Immediately following insertion of the catheter, a conditioning layer of host pro-
teins is laid down on the catheter surface.3,34,35 Bacterial or yeast adhesins recog-
nise host cell receptors on the mucosa or catheter and initiate attachment. Following 
attachment, organisms transform phenotypically with subsequent production of exo-
polysaccharides. The bacteria or yeast grow within this mucoid glycocalyx substance, 
forming micro-colonies and mature biofilm. Sessile colonies in the biofilm are in an 



Rachael P.C. Jordan and Lindsay E. Nicolle292

environment where there is limited access to host defences such as leukocytes, or anti-
microbials. Biofilm-originating cells typically migrate to the bladder within a few days 
of catheter insertion.3 Some organisms within the biofilm may break away in small 
clumps or as single organisms and establish bacteriuria or colonisation and thus biofilm 
further along the device.

Crystalline Biofilms
Crystalline biofilms within urinary catheters are formed by bacterial species, which 
have the ability to produce the enzyme urease.36,37 Urease hydrolyses urea leading to 
the formation of ammonium and carbonate ions and this leads to an increase in uri-
nary pH.38,39 As the pH of the urine becomes more alkaline, magnesium and calcium 
phosphate crystals are precipitated and aggregates of this crystalline material accu-
mulate in the urine and biofilm on the catheter surface, leading to catheter block-
age.26,35,40,41 This is similar to the material found in urolithiasis, and forms crusts along 
the catheter. It is the major cause of obstruction of indwelling catheters.

Crystalline biofilms can form on the outside of the catheter, around the retention 
balloon and catheter tip and can cause trauma to the bladder and urethral epithelium. 
After deflation of the retention balloon, crystalline debris from the biofilm can shed 
from the catheter and enter the bladder, possibly initiating stone formation. The main 
complication, however, is blockage of the flow of urine through the catheter as a result 
of the accumulation of crystalline material in the catheter lumen. This can lead to 
incontinence, retention of urine in the bladder, reflux of infected urine, pyelonephritis 
and septicaemia if the blockage is not detected.42,43 Approximately half of all patients 
who undergo long-term catheterisation will suffer catheter blockage at some time and 
some patients are prone to very frequent and early blockage.44–46Proteus mirabilis is iso-
lated from more than 80% of catheters obstructed by encrustations.35

The crystalline deposits on catheters have a similar composition to infection-inducing 
bladder and kidney stones. Struvite and a poorly crystalline form of apatite are the prin-
ciple crystalline components.47,48 Microscopy has shown that large numbers of bacilli are 
associated with the crystals and culture techniques have confirmed the persistence of a 
range of bacteria, notably species capable of producing urease. Species that may be able 
to produce urease and have been isolated from catheter biofilms include P. aeruginosa, 
K. pneumoniae, M. morganii, Proteus species, some Providencia species and some strains of 
Staphylococcus aureus and coagulase-negative staphylococci.

Proteus mirabilis is the most common species isolated from urine of patients suffering from 
recurrent catheter encrustation and blockage.49,50 This species is also the most common spe-
cies recovered from patients’ encrusted catheters.39 Urease-producing bacteria, which do not 
produce alkaline urine (e.g., M. morganii, K. pneumoniae and P. aeruginosa), also do not produce 
appreciable encrustation on catheters.51 Based on epidemiological and experimental 
data, P. mirabilis is primarily responsible for the formation of crystalline biofilms.52
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Physical forces can also initiate the development of a crystalline biofilm. Latex-
based catheters have uneven surfaces and irregularities are common around the eye-
holes of silicone catheters.53 Within two hours, bacterial cells become trapped in these 
uneven surfaces and micro-colonies develop.53 Once the urinary pH rises sufficiently, 
crystals begin to form and spread down the catheter lumen, initiating blockage.54 The 
chemical environment also has a role to play as colonisation is increased in alkaline 
urine.55

Proteus mirabilis
Proteus mirabilis is not usually found during early colonisation of the catheterised uri-
nary tract, so is uncommon in patients undergoing short-term catheterisation.56 The 
longer a catheter is in place, however, the more likely it is that P. mirabilis will be iso-
lated from the urine. In patients with long-term catheterisation, P. mirabilis has been 
isolated from 40% of urine samples.57 Genotyping of P. mirabilis isolated from catheter-
ised urinary tracts suggests that strains are remarkably stable, with the same genotype 
persisting in the patient’s urinary tract despite many catheter changes, courses of anti-
biotics and even catheter-free periods.58

Genotyping also determined that the P. mirabilis strains isolated from bladder stones 
and encrusted catheters of the same patient were identical, and that the majority of 
patients were infected with genetically distinct strains.59 Proteus mirabilis is an enteric 
organism and subsequent analysis showed that bacteria isolated from faecal mate-
rial and catheter biofilms of the same patient were identical, indicating that catheter 
encrustation of long-term catheterised patients occurs from P. mirabilis originating 
from their own faecal flora.60

All types of Foley catheters are vulnerable to P. mirabilis biofilms. Several different 
adhesins have been identified on P. mirabilis which can facilitate adherence to catheter 
surfaces.35,61 Although the ability of P. mirabilis to bind to the catheter is an important 
factor in the development of crystalline biofilms, the most important factor seems to 
be synthesis of a potent urease. Urease from P. mirabilis can hydrolyse urea several times 
faster than urease produced by other species.62 Experimental work has shown that  
urease-negative P. mirabilis mutants fail to form crystalline biofilms; whereas urease-
positive strains, which lack flagella or the ability to swarm, are still able to encrust and 
block catheters, similar to wild-type parent strains.55,63

Proteus mirabilis also exhibits a type of motility referred to as ‘swarming’, in which 
multi-cellular rafts of elongated, hyperflagellated swarmer cells form with the ability 
to move rapidly over solid surfaces. It has been suggested that swarming is important 
in the pathogenesis of CA-UTI and is essential for migration of P. mirabilis over all- 
silicone catheters. Swarming-deficient mutants were attenuated for migration over 
hydrogel-coated latex catheters, but those capable of swimming motility were able to 
move over and colonise these surfaces. The flagellar filaments of P. mirabilis are highly 
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organised during raft migration and are interwoven to form helical connections 
between adjacent swarmer cells. Mutants lacking organised flagellar structures fail to 
swarm successfully, suggesting these structures are important for migration and forma-
tion of multi-cellular rafts.

In addition, the highly organised structure of multi-cellular rafts enables P. mirabilis 
to initiate CA-UTI by migration over catheter surfaces from the urethral meatus into 
the bladder.64 The transformation of P. mirabilis from small swimming bacilli into elon-
gated, highly flagellated swarmer cells is accompanied by a substantial increase in the 
production of urease. This may accelerate the generation of alkaline urine and increase 
the deposition of crystalline material into the bladder and onto urinary catheters.65,66 
Additional studies show that P. mirabilis has the ability to migrate successfully across 
sections of hydrogel-coated latex, hydrogel/silver-coated latex, silicone-coated latex 
and all-silicone catheters.67

DIAGNOSIS

A positive urine culture is necessary to confirm a diagnosis of urinary infection in 
every patient.

Urine Culture
The microbiological diagnosis of bacteriuria or urinary infection requires a urine 
specimen with bacteria or yeast isolated with a quantitative count ≥105 colony form-
ing units (cfu)/ml. It has been suggested that lower threshold counts of ≥103 cfu/ml 
are sufficient for indwelling catheter specimens for diagnosis of CA-UTI.1 However, 
the validity of lower counts has not been critically evaluated. When a lower count is 
obtained, critical review of the clinical circumstances is necessary before diagnosing 
CA-UTI. Lower counts could be relevant in a few selected patients, such as individuals 
undergoing diuresis or receiving antimicrobials.

For most patients, however, ≥105 cfu/ml should be isolated as a small pool of urine 
remains undrained in the bladder due to the catheter balloon, allowing bacteria in this 
pool to achieve high quantitative counts.1 Following insertion of an indwelling cath-
eter in subjects without pre-existing bacteriuria, organisms are initially isolated in low 
numbers of ≥102 cfu/ml.17 The quantitative count increases to ≥105 cfu/ml within 48 
to 72 hours of an initial positive culture if antimicrobial treatment is not initiated and 
the catheter remains in place. The initial low count likely reflects early biofilm forma-
tion along the catheter rather than bladder bacteriuria.

For chronic indwelling catheters, the biofilm incorporates a greater number of 
organisms than are present in bladder urine.68 Organisms in the biofilm contaminate a 
urine specimen obtained through the biofilm of the catheter lumen, which may not be 
present in the bladder. Escherichia coli and K. pneumoniae, if isolated, are more likely to 
be present in the bladder, while urease-producing and Gram-positive bacteria are more 
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likely to be associated only with the biofilm.68 When a clinical specimen is required, a 
catheter that has been in situ for two weeks or longer should be removed and replaced 
by a fresh one, and a urine specimen obtained for culture through the new catheter to 
sample only bladder urine and not biofilm.1,68 Organisms isolated at <105 cfu/ml fol-
lowing catheter replacement tend not to persist.69

Other Laboratory Tests
CA-UTI may be accompanied by bacteremia.9 A positive blood culture is helpful in 
determining which organisms are most likely clinically relevant if multiple organisms 
are isolated from the urine specimen. This is useful for optimal antimicrobial selection, 
particularly when resistant organisms are present.

Pyuria is common in patients with an indwelling urinary catheter irrespective of 
the presence or absence of bacteriuria.5 Pyuria is universal in patients with a chronic 
indwelling catheter and does not differentiate CAASB from CA-UTI.4 Thus, pyuria is 
not a useful diagnostic test for CA-UTI in bacteriuric patients.

Clinical Considerations
CA-UTI appears to be substantially overdiagnosed and overtreated. In a prospective 
cohort study of patients following insertion of a short-term indwelling catheter, the 
prevalence of symptoms potentially attributable to UTI and the mean daily tempera-
ture were similar for patients with and without bacteriuria.9 The most common clini-
cal presentation of CA-UTI is fever without localising findings.4,11,70

Acute hematuria, catheter obstruction or costovertebral angle pain or tenderness, 
when present, supports a urinary source. However, there is no definitive way to diag-
nose CA-UTI in a catheterised patient with bacteriuria and non-localising fever unless 
a blood culture is positive with an organism also isolated from the urine culture. Thus, 
the clinical diagnosis of CA-UTI is usually a diagnosis of exclusion; the urine speci-
men is positive and no alternate source is apparent. For residents with an indwelling 
catheter in long-term care facilities, consensus guidelines suggest initiation of antimi-
crobial therapy for CA-UTI is appropriate if there is new costovertebral tenderness or, 
if no other source is apparent, rigours or new onset delirium.71

CA-UTI PREVENTION GUIDELINES AND RECOMMENDATIONS

Evidence-based guidelines have provided recommendations for prevention of 
CA-UTI in healthcare facilities. Guidelines for preventing infections associated with 
the insertion and maintenance of short-term indwelling urinary catheters in acute care 
were published by the Department of Health in Great Britain in 2001 and updated 
in 2006.72 The US Health and Human Services, Health Care Infection Control and 
Prevention Advisory Committee (HICPAC), published guidelines in 2009 to update 
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the 1981 CDC guidelines.73 In 2009, the Infectious Diseases Society of America, in 
collaboration with other international organisations, published international clinical 
practice guidelines addressing the diagnosis, prevention and treatment of CA-UTI in 
adults.1

Recommendations in all guidelines are generally similar, with some variation 
whenever new evidence has become available. The HICPAC document is the most 
comprehensive and addresses strategies for avoidance of catheter use, catheter choice, 
policies for catheter insertion and maintenance, surveillance of CA-UTI and catheter 
use, program implementation and recommended quality indicators. A 2008 compen-
dium published by The Society for Healthcare Epidemiology of America (SHEA) and 
other US healthcare organisations provides a concise summary of recommendations to 
assist acute healthcare facilities in implementation of programs to limit CA-UTI.74

Avoidance of Catheter Use
The most effective intervention to prevent CA-UTI is to avoid use of an indwelling 
catheter and prompt removal of necessary catheters once the indication for use is no 
longer present.1,73 Approaches to limit catheter use include restricted criteria for use 
and alternate approaches to voiding management, such as a condom75 or intermittent76 
catheter, whenever possible. The limited indications for an indwelling urinary catheter 
include the presence of urinary obstruction; a requirement for output monitoring in 
critically ill patients; for selected surgical procedures; and, rarely, end-of-life care for 
patient comfort (Exhibit 16.1).73 The indication of assisting with healing of sacral pres-
sure ulcers in incontinent patients should be individualised depending on the patient’s 
characteristics.

EXHIBIT 16.1 Indications for Indwelling Urethral Catheter Use
● Acute urinary retention or obstruction
● Accurate measurement of urinary output in critically ill patients
● Selected peri-operative use

● Surgery on contiguous structures of the genito-urinary tract
● Anticipated prolonged duration of surgery
● Large volume infusions or diuretics during surgery
● Intra-operative monitoring of urine output

● To assist in healing open sacral or perineal wounds in incontinent patients
● When prolonged immobilisation is necessary (e.g., unstable thoracic or lumbar spine, pel-

vic fractures)
● To improve comfort for end-of-life care, if needed

Source: Adapted from Gould et al.73
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Indwelling urinary catheters should not be used as a substitute for nursing care of 
the patient or resident with incontinence, as a means of obtaining urine for culture 
or other diagnostic tests when the patient can voluntarily void, for prolonged post-
operative duration without appropriate indications, or routinely for patients receiving 
epidural anaesthesia/analgesia.73 Previously, insertion of an indwelling urethral catheter 
was routine for many surgical procedures, with the catheter often remaining in place 
for a prolonged period post-surgery. However, there are only a few surgical procedures 
for which an indwelling catheter is essential and maintaining the catheter following 
surgery is seldom appropriate.1,73 For instance, a routine indwelling urinary catheter is 
not required for Caesarean section77 or when epidural analgesia for pain control is pro-
longed in thoracic surgery patients.78 Early post-surgical removal for most procedures 
has not resulted in excess recatheterisations or other morbidity. Following removal of 
the urethral catheter post-surgery, monitoring of bladder volume by ultrasound can 
identify the few patients who may require further assistance with bladder emptying.

Studies consistently report that healthcare providers are often unaware that a patient 
has a urinary catheter in place.1,73,79 This results in unnecessarily prolonged catheteri-
sation for many patients. Strategies to limit the duration of catheterisation include 
daily review of all catheterised patients to confirm a continued need for the catheter 
and automatic nursing stop orders when criteria for discontinuation are met. A meta-
analysis of the effectiveness of reminder systems prompting catheter reassessment and 
removal, if no longer required, reported a 52% reduction in CA-UTI with use of a 
reminder or stop order and a 37% decrease in the mean duration of catheter days.79

Selection of a Urinary Catheter
Urinary catheters are made of latex or silicone; silicone catheters should be used for 
individuals with latex allergies. There is, however, no evidence to date of a decreased 
frequency of bacteriuria or CA-UTI with silicone compared to latex catheters.1 The 
decreased frequency of catheter obstruction observed with a silicone catheter is attrib-
uted to the larger bore size of silicone compared with latex catheters. Thus, silicone 
may be preferable to reduce the frequency of obstruction from catheter encrustation in 
long-term catheterised patients where frequent obstruction has been a problem.73

Hydrogel-coated (hydrophilic) catheters have a surface which decreases the likelihood 
of mucosal trauma from their use.1 These catheters have not been shown to decrease bac-
teriuria or CA-UTI compared to catheters without hydrogel. Antibacterial coatings also 
have been developed to prevent CA-UTI. Previously developed silver oxide-coated cath-
eters did not prevent bacteriuria or CA-UTI.1 Subsequently, silver alloy-coated catheters 
were reported to decrease bacteriuria, but not CA-UTI, during the first week of use.1,80

A meta-analysis reported that while a short-term benefit of silver alloy silicone cath-
eters compared to latex catheters was reported in early trials, later studies, which com-
pared silicone catheters with silver alloy silicone catheters, showed little or no benefit. 
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It was suggested that silicone, rather than the silver alloy, might have contributed to 
reported differences in the acquisition of bacteriuria in the earlier studies.81

A large, prospective randomised US trial of hydrogel-coated silver alloy silicone 
catheters compared with hydrogel-coated silicone catheters showed no differences 
between the two catheters for bacteriuria or CA-UTI.82 Another recent large, ran-
domised British study reported no clinical benefit with silver alloy latex compared 
with plain latex catheters for CA-UTI.83 Thus, evidence does not support the use of 
silver alloy catheters to decrease bacteriuria or CA-UTI.

Nitrofurazone, an antimicrobial related to nitrofurantoin, has also been used as an 
antimicrobial coating for urinary catheters. In vitro studies report a delay in the onset of 
E. coli adherence and biofilm formation of up to five days with these catheters, but less 
impact with other organisms.4 Clinical trials with trauma patients in critical care84 and 
Korean medical and surgical patients85 reported that the nitrofurazone catheter delayed 
acquisition of bacteriuria or funguria for catheters in place longer than five days; how-
ever, these trials did not report the frequency of CA-UTI. The previously mentioned 
British study included a nitrofurazone silicone catheter arm and reported a small but 
significant decrease in CA-UTI with this catheter compared to the plain latex or sil-
ver alloy latex catheters.83 It is not clear, however, whether the reported benefit was 
attributable to the silicone or the nitrofurazone, and the nitrofurazone catheter was 
associated with an increased frequency of adverse effects. The benefit observed with  
the nitrofurazone silicone catheter was not attractive from a cost-effectiveness perspec-
tive for uniform use of the catheter. None of the current antimicrobial catheters have  
a role for use in patients using chronic indwelling catheters.1

Other technical modifications of urinary catheter systems, referred to as ‘complex 
urinary catheter systems’ have been developed with the aim of decreasing infection.73 
These include systems with filters placed in the line to prevent ascension of biofilm 
and antiseptic-releasing cartridges at the urine collection bag drain port. Evidence from 
clinical trials does not suggest a benefit of any of these systems over simple closed-
drainage systems.73 Clinical trials of systems with the catheter and tubing junction 
sealed so that they cannot be disconnected have reported contradictory results with 
decreased bacteriuria in one study and no benefit in another.1 Catheter valves have also 
not been shown to decrease bacteriuria or CA-UTI.69 Thus, none of these catheter sys-
tem modifications are currently recommended for routine use to prevent CA-UTI.

Catheter Insertion and Maintenance
Evidence-based practices recommended for catheter insertion and maintenance are 
summarised in Exhibits 16.2 and 16.3. Catheter insertion should use aseptic technique 
and sterile equipment. Drapes, gloves, catheter and meatal cleaning and lubrication 
solutions for catheter insertion should all be sterile. Following insertion, the catheter 
must be anchored to the skin to prevent urethral trauma.
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EXHIBIT 16.2 Proper Techniques for Urinary Catheter Insertion
● Only properly trained persons who know the correct technique of aseptic catheter inser-

tion should perform this procedure.
● Perform hand hygiene immediately before and after insertion or any manipulation of the 

catheter device or site.
● In the acute care hospital setting, insert urinary catheters using aseptic techniques and 

sterile equipment :
● Sterile gloves, drape, sponges and appropriate antiseptic or sterile solution for periure-

thral cleaning and a single-use packet of sterile lubricant jelly for insertion
● Unless otherwise clinically indicated, use the smallest bore catheter possible, consistent 

with good drainage, to minimise urethral trauma.
● Properly secure indwelling catheter after insertion to prevent movement and urethral traction.

Source: Adapted from Hooton et al.1 and Gould et al.73

EXHIBIT 16.3 Proper Techniques for Catheter Maintenance
● Maintain a sterile continuously closed drainage system:

● If breaks in aseptic technique, disconnection or leakage occur replace the catheter and 
collecting system using aseptic technique and sterile equipment

● Consider using urinary catheter systems with pre-connected sealed catheter tubing 
junctions

● Maintain unobstructed urine flow:
● Keep the catheter and collecting tube free from kinking
● Keep the collecting bag below the level of the bladder at all times
● Do not rest the bag on the floor
● Empty the collecting bag regularly using a separate container for each patient and 

avoid contact with drainage spigotte with a non-sterile collecting container
● Use standard precautions, including the use of gloves and gowns, as appropriate, during 

any manipulation of the catheter or collecting system.
● Unless obstruction is anticipated, bladder irrigation is not recommended.

Source: Adapted from Hooton et al. 1 and Gould et al.73

The benefits of a closed-drainage system for decreasing the incidence of bacteriuria 
and CA-UTI have been repeatedly documented.1,73 Urine specimens should be col-
lected by aspiration through the sampling port or catheter tubing so that the junction 
is not disconnected. Unobstructed urine flow should be ensured and the drainage bag 
must be below the level of the bladder at all times. Urine collecting containers should 
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be dedicated to individual patients to limit cross-transmission of organisms among 
catheterised patients.

Some practices evaluated in clinical trials are not effective and not recommended.1,73 
Daily meatal cleaning with antiseptic solutions or sterile saline in patients with long-term 
catheters does not prevent bacteriuria and may, in fact, increase its risk. Catheter irrigation 
with saline or antiseptics should be avoided unless necessary to prevent obstruction for 
post-surgical patients with bleeding. Routine catheter irrigation was associated with an 
increased bacteriuria, presumed to be due to interruption of the closed system.

Installation of antiseptic or antimicrobial solutions into urinary drainage bags is not 
effective in decreasing bacteriuria or CA-UTI. Systemic antimicrobial therapy delays 
the onset of bacteriuria for short-term catheters and decreases the prevalence of bac-
teriuria at the time of catheter removal, but when infections occur the organisms iso-
lated are of increased resistance. Thus, antimicrobial therapy should not be given to 
prevent CA-UTI in patients requiring catheterisation.

CA-UTI Prevention in Long-Term Care Facilities
In long-term care facilities, programs should focus on limiting the use of chronic indwell-
ing catheters.1,73 For patients managed with chronic indwelling catheters, practices must 
limit catheter trauma and support early identification of catheter obstruction or other 
malfunction. Other recommendations such as maintaining a closed drainage system as 
much as possible and avoiding kinking or other obstruction of urine flow are also appro-
priate. Residents with chronic catheters may use a leg bag for drainage. The facility should 
have policies in place addressing reuse and cleaning or replacement of these leg bags. 
Catheters should not be changed routinely.1,73 Chronic indwelling catheters should 
be changed only when they are obstructed or malfunctioning, or prior to initiating 
antimicrobial therapy for urinary tract infection to allow collection of a specimen of 
bladder urine without biofilm contamination. Antimicrobial therapy does not decrease 
the frequency of bacteriuria or CA-UTI for residents using chronic catheters but will 
increase numbers of resistant organisms.

CA-UTI Prevention in Acute Care Facilities
All acute care facilities require programs to limit CA-UTI. Worldwide experience 
reports improved outcomes following implementation of suggested programs (see86–90). 
Further investigation is required to characterise the optimal institutional program for 
preventing CA-UTI, including specific components.

To be effective, any program should be individualised to be relevant to local expe-
rience, population characteristics and resources. Essential components of an effec-
tive program are leadership at the senior management level; collaboration among 
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professional groups; and continuing surveillance of catheter use, catheter indica-
tions, and CA-UTI together with timely feedback of this information to relevant 
professionals.91

Implementation
There must be adequate infrastructure to support a prevention program.73 This should 
include policies for catheter indications, catheter selection, insertion and manage-
ment. Adequate staffing and education, and appropriate supplies must be provided. 
There should be appropriate guidelines addressing perioperative catheter management 
to minimise catheter use wherever possible. These should include recommendations 
for early removal and monitoring with ultrasound bladder scanners, where available, 
to identify retention of urine. There should be documentation of urinary catheter use, 
including dates of insertion and removal. Electronic patient records, when available, 
can facilitate data collection and notification. This may also be useful for automatic 
reminders.73,74 There should be a means to ensure that patients with indwelling cath-
eters are identified and reviewed on a continual basis.

A qualitative study identified four main themes relevant to use of preventive prac-
tices in US hospitals.91 These were, recognition of the importance of early catheter 
removal; a focus on non-infectious complications, together with a clinical ‘champion’ 
on the ward area who promotes the prevention program; the availability of hospital-
specific pilot studies for devices; and external forces such as public reporting. The 
development of such programs has been advanced by the institution of ‘bundles’ for 
prevention of device-associated HCAI.

This approach implements a number of simultaneous interventions, and requires 
explicit documentation of adherence through the use of checklists.92 A US statewide 
initiative in Michigan describes a program to introduce a bladder bundle using a col-
laborative model with strategies to facilitate implementation described under concepts 
of ‘engage and educate’, ‘execute’ and ‘evaluate’ (Table 16.2).92

Monitoring
Effective programs for prevention of HCAI require continuous monitoring and timely 
reporting of outcomes. Surveillance of catheter use, including indications and duration, 
as well as incidence of CA-UTI and catheter-associated bacteremia, are recommended 
outcomes.73 Obtaining screening urine cultures is not recommended, except prior to 
an invasive procedure. Monitoring laboratory results for bacteriuria, and pharmacy 
for antimicrobial prescriptions, facilitates surveillance by focusing on patients likely to 
have symptomatic UTI. Electronic patient records which document catheter insertion 
and removal are helpful to facilitate surveillance, if available, and as reliable as bedside 
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review.93 There should be a means to ensure that indications for catheterisation are 
included in the patient record.

Facilitywide surveillance is not usually appropriate. Programs should allow inter-
mittent review and identification of groups at high risk. This would normally include 
some continuing measurement of the use of catheters, including whether appropriate 
criteria for catheter use and duration are met. Each facility should use surveillance data 
to identify local rates and to compare these to external rates. Should the rates be high 
in any area in the facility, intensification of programs to decrease CA-UTI should be 
undertaken.

Surveillance requires the use of standardised definitions. The National Healthcare 
Safety Network (NHSN) definitions for CA-UTI are provided in Table 16.3. 

Table 16.2 Components of Catheter-Associated UTI ‘Bundle’ Implemented in Michigan  
Critical Care Units

Concise Summary 
of Guideline 
Recommendations 
(Bundle Components)

Adherence to general infection control principles (e.g., hand hygiene,  
surveillance and feedback, aseptic insertion, proper maintenance,  
education) is important.

Bladder ultrasound may avoid indwelling catheterisation.
Condom catheters or other alternatives to an indwelling catheter  

(e.g., intermittent catheterisation) should be considered in  
appropriate patients.

Do not use the indwelling catheter unless you must.
Early removal of the catheter using a reminder or nurse-initiated  

removal protocol appears warranted.

Bladder Bundle Practices and Outcome Measures
Key practices Measures (all pre- and post-interventions)

Nurse-initiated urine catheter 
discontinuation protocol

Prevalence rate of urinary catheter utilisation (urinary  
catheter days/total number of patient days during a  
period of time)

Urinary catheter reminders and 
removal prompts

Indication for each insertion

Alternatives to indwelling urinary 
catheterisation

Prevalence rate of unnecessary urinary catheter use  
(number unnecessary urinary catheter days/total  
number of patient days)

Portable bladder ultrasound 
monitoring

Rate of discontinuation of unnecessary urinary  
catheters (number of unnecessary catheters  
discontinued/number of urinary catheters evaluated  
for which no indication was found)

Insertion care and maintenance

Source: Adapted from Saint et al. (2009).92
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Bacteriuria is not an outcome, and criteria for identifying symptomatic urinary tract 
infection are restrictive. Despite this, the definitions lack specificity as they allow over-
diagnosis of symptomatic UTI, where CA-UTI is diagnosed in the absence of localis-
ing signs or symptoms (i.e., fever and positive cultures).

Each facility should identify specific performance measures to monitor pro-
cesses and outcomes relevant to CA-UTI (Exhibit 16.4). CA-UTI is reported with 
a denominator of /1000 catheter days.1,73 However, the most effective means of 
preventing infection is to avoid use of a catheter or limit duration of use. If there 
is optimal use of indwelling urethral catheters, patients who require a catheter are 
likely to be more ill and at greater risk of infection than patients for whom cath-
eters are avoided. Using catheter days rather than patient days for the denominator 
of CA-UTI or bacteremia may then underestimate or obscure an effective program 
as this metric does not incorporate reductions in catheter use.94,95 Thus, a denomina-
tor of patient days may be considered in addition to catheter days. The most useful 
surveillance outcome for long-term care facilities is bacteremia-attributed CA-UTI 
in patients with chronic catheters. Continued surveillance of antimicrobial use may 
also identify problems with inappropriate use of antibiotics for bacteriuria in these 
patients.

Table 16.3 NHSN Criteria for UTI for Patients with Indwelling Catheters
Criterion

1a Patient has an indwelling catheter in place and at least one of fever (>38 °C), 
suprapubic tenderness, or costovertebral angle pain or tenderness and no other 
recognised source and urine culture ≥105 cfu/ml with ≤2 species.

2a Patient has an indwelling urinary catheter in place with symptoms as in 1a and a 
positive urinalysis based on:

a: positive dipstick for leukocyte esterase and/or nitrite
b: pyuria (urine specimen with ≥10 white blood cells/cubic millimetre or  
≥3 white blood cells per high-power field of unspun urine)
c: micro-organism seen on gram stain of unspun urine and a positive urine  
culture of ≥103 and <105 cfu/ml with no more than two species of 
micro-organisms

3 Patient ≤1 years of age (with or without an indwelling catheter) at least one of 
fever >38 °C, hypothermia (<38 °C core), apnea, bradycardia, dysuria, lethargy 
or vomiting and a urine culture ≥105 cfu/ml with no more than two species of 
micro-organisms.

4 Clinical criteria as in 3, and a positive urinalysis demonstrated by one of the 
criterion in 2a.

Source: Adapted from Gould et al. (2010).73
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EXHIBIT 16.4 HICPAC Proposed Quality Indicators (Performance Measures) 
for Programs to Limit Catheter-Acquired UTIs

1. Process Measures
a. Compliance with educational program: calculate percent of personnel who have proper 

training
- Numerator: number of personnel who insert urinary catheters and who have proper 

training
- Denominator: number of personnel who insert urinary catheters

b. Compliance with documentation of catheter insertion and removal dates: conduct ran-
dom audits of selected units and calculate percent compliance rate
- Numerator: number of patients on unit with catheters with proper documentation 

of insertion and removal dates
- Denominator: number of patients with catheters in place at some point during 

admission
c. Compliance with documentation of indication for catheter placement: conduct random 

audits of selected units and calculate percent compliance rate
- Numerator: number of patients on unit with catheters with proper documentation 

of indication
- Denominator: number of patients on the unit with catheter in place

2. Outcome Measures
a. Rates of CA-UTI/1000 catheter days: use NHSN definitions

- Numerator: number of CA-UTIs in each location monitored
- Denominator: total number of urinary catheter-days for all patients who have an 

indwelling urinary catheter in each location monitored—that is, with bloodstream 
infections

b. Rate of bloodstream infection secondary to CA-UTI/1000 catheter days: Use NHSN 
definitions
- Numerator: number of episodes of bloodstream infections secondary to CA-UTI
- Denominator: total number of urinary catheter-days for all patients who have an 

indwelling urinary catheter in each location monitored

Source: Adapted from Gould et al.73

FUTURE DIRECTIONS

Development of biofilm-resistant catheters would largely obviate the prob-
lem of CA-UTI. Despite substantial interest and investigations into different catheter 
materials, including antimicrobial catheters, nothing developed to date has provided a 
substantial breakthrough. Continuing development and evaluation of potential biofilm-
resistant biomaterials for urinary catheters is important. In addition, the unique role of 
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P. mirabilis in chronic catheters and catheter obstruction suggests interventions targeted 
specifically to this organism should be pursued.

The guidelines in this chapter identify a number of specific practice questions 
which require further critical evaluation.1,73 Continued evaluation of alternatives to 
catheters is needed. This includes optimal use of condom catheters in male long-term 
care facility residents, and characterisation of the optimal role for supra-pubic catheters 
and urethral stents.

Other prevention methods that require study include the role of irrigation with 
antiseptic solutions or oral urease inhibitors to prevent catheter encrustation. Studies 
evaluating the utility and reliability of portable ultrasound for bladder volume assess-
ment are also necessary for selected clinical settings. Finally, use of spatial separation 
of patients with urinary catheters to prevent transmission of organisms and CA-UTI 
needs to be explored. Other prevention strategies, such as bacterial interference to 
induce bacteriuria with avirulent organisms, are in preliminary evaluation and the 
potential role is not yet clear.
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INTRODUCTION

Government legislation states that water supplied for drinking, washing and food 
preparation must be ‘wholesome’ at the time and point of supply, meaning it must not 
contain any micro-organism, parasite or substance at a concentration ‘which would con-
stitute a potential danger to human health’.1 Public water supplies are closely controlled 
and monitored and water companies must demonstrate that the treatment processes they 
use effectively achieve, maintain and/or restore the wholesomeness of their water.

Most health-related water-quality issues are the result of microbial contaminants. 
Contamination of water by faecal material containing pathogenic organisms (e.g., 
Escherichia coli O157, Shigella spp. and Cryptosporidium) has caused numerous disease 
outbreaks.2–6 The disinfection of water has played a major role in reducing the inci-
dence of waterborne disease7; in the United Kingdom all public drinking water is 
disinfected before being supplied, usually by the addition of a chemical oxidant such 
as chlorine or chlorine dioxide. Demonstrating the absence of coliforms, more spe-
cifically E. coli, in water indicates that the system is neither contaminated with faecal 
organisms nor vulnerable to faecal contamination.1,8

The susceptibility of the coliform bacteria to chlorine has been demonstrated9–11; 
however, maintaining a free residual chlorine concentration within a distribution net-
work does not completely inhibit the growth or regrowth of micro-organisms.12,13 In 
addition, the absence of traditional microbial indicators of water quality (coliforms) 
may not reflect the disinfection response of other more opportunistic pathogens.11,14

Water and water systems harbour a diversity of micro-organisms.15,16 Microbial 
resistance to chlorine and other disinfectants differs depending on the type of organism 
and its physiological state. Resistance is enhanced in the presence of organic and 
inorganic molecules which protect micro-organisms from the action of biocides by 

Presence and Control of Legionella 
pneumophila and Pseudomonas 
aeruginosa Biofilms in Hospital 
Water Systems
Ginny Moore and Jimmy Walker

CHAPTER SEVENTEEN

http://dx.doi.org/10.1016/B978-0-12-397043-5.00017-7


Ginny Moore and Jimmy Walker312

physically shielding them from disinfection17 and/or by reacting with the antimicrobial 
agent, reducing its bioavailability.18 Such organic and inorganic molecules also provide a 
nutrient source for bacterial growth.19–21

In comparison to any bulk fluid, nutrient molecules are likely to be at a higher 
concentration on or in close proximity to a surface.22 Organic and inorganic molecules 
rapidly adsorb to water distribution surfaces. Pipe linings may also leach nutrients.23,24 
The ability of bacterial cells to achieve a close association with such surfaces enables 
them to readily scavenge available nutrients. Once cells are attached and under favour-
able conditions, they can multiply, form biofilm micro-colonies and produce extracel-
lular polysaccharides. Surface-associated bacteria are more resistant to disinfectants than 
corresponding planktonic cells, and biofilms growing at the water–pipe material inter-
face facilitate the survival and growth of pathogens.25,26

In a water distribution network, the continuous flow of water through large diam-
eter pipes limits biofilm formation. However, as the water passes into pipes of smaller 
diameter, longer residence times, resulting from variable flow rates and usage levels, 
allow microbial contaminants to accumulate.27 Biofilms can harbour large numbers 
of micro-organisms.28 Nonetheless, it is the bacteria that detach from the biofilm and 
leave the water system that pose the greatest risk in terms of waterborne infection.

To colonise new surfaces, individual cells must be able to disperse from a mature 
biofilm and reattach elsewhere.29 Some organisms (e.g., Pseudomonas aeruginosa) produce 
enzymes30 that cleave constituents of the extracellular polymeric matrix releasing cells 
from the surface.22 Detachment is also caused by physical forces such as shearing—the 
continual removal of small portions of the biofilm via fluid dynamic forces—and abra-
sion caused by the collision of particles from the bulk fluid.22 Detachment of biofilm 
aggregates can lead to high levels of local contamination in the water phase.31 If these 
aggregates contain pathogens, the water leaving and/or the aerosols generated from 
local outlets represent a risk factor for onward transmission.

Many of the bacteria that make up the basic water distribution biofilm occur natu-
rally in aquatic and soil environments. Although mostly harmless to healthy individu-
als, they can cause serious opportunistic infections, particularly in infants, the elderly 
and individuals with a weakened immune system. Consequently, hospitals and other 
healthcare facilities are high-risk environments. The susceptibility of the patients, cou-
pled with the complexity of hospital water systems, mean biofilms can play an impor-
tant role in waterborne nosocomial infection.

In the United Kingdom, nosocomial (healthcare-associated) infections cost 
the National Health Service £1 billion per annum, affect 8% of all hospitalised 
patients—23% in intensive care units (ICUs)—and are responsible for 5000 deaths 
annually.32 The contribution that water supplies make to disease burden remains 
a subject of debate.33,34 Nonetheless, a number of nosocomial outbreaks have been 
described in which a waterborne transmission route has been implicated (Table 17.1).



Table 17.1 Outbreaks Associated with Different Types of Waterborne Micro-organisms
Source/reservoir Location Organism Likely mode of transmission Details of outbreak/infection Ref

Taps

Hot water supply Military treatment 
facility (Texas, USA)

Mycobacterium 
simiae

Ingestion of, or showering with, 
contaminated water

14 identified cases over a 
15-month period; 1 death

146

Hot water supply Operating theatre 
(Paris, France)

Mycobacterium 
xenopi

Use of contaminated water to rinse 
surgical instruments

58 infected patients (spinal 
infection) over a 10- year period

147

Tap aerator Paediatric oncology 
unit (Freiburg, 
Germany)

Acinetobacter junii Contamination of staff hands 
during hand washing

3 infected patients (bacteraemia) 
over a 3-month period

148

Tap faucet Intensive care unit 
(Barcelona, Spain)

Serratia marcescens Consumption of contaminated 
water when taking oral medication

19 cases over a 12-month period; 
10 infections and 9 colonisations

149

Tap faucet Haematology ward 
(Haifa, Israel)

Stenotrophomonas 
maltophilia

2 deaths (mucocutaneous and soft 
tissue infection)

150

Tap aerator Neonatal intensive 
care unit (Nijmegen, 
Netherlands)

Stenotrophomonas 
maltophilia

Use of contaminated water to wash 
pre-term infants

5 identified cases over a 2-month 
period; 1 death

151

Tap water Intensive care unit 
(California, USA)

Legionella dumoffii Direct wound contact—use of 
contaminated water to bathe 
patients

3 identified cases; 2 deaths (sternal 
wound infection)

152

Tap faucet Haematology ward 
(Lyon, France)

Legionella 
pneumophila SG 5

Aspiration of (cold) water when 
washing

1 death (multi-organ failure) 153

Tap water Intensive care unit 
(New York, USA)

Legionella 
pneumophila SG 6

Aspiration of nasogastric tube 
solutions diluted with tap water

2 identified cases in same week 154

Tap faucet Intensive care unit 
(Ulm, Germany)

Pseudomonas 
aeruginosa

Washing, tooth brushing, or 
cleaning of dental prostheses

5 infected patients during a 
7-month surveillance period

155

Sink taps and traps Intensive care unit 
(Clichy, France)

Pseudomonas 
aeruginosa

Use of contaminated water to rinse 
re-usable enteral feed containers

36 identified cases over a 
16-month period; 27 infections, 9 
colonisations, 1 death

156

Tap rosette Neonatal unit 
(Belfast, Northern 
Ireland)

Pseudomonas 
aeruginosa

Use of contaminated water to wash 
babies during nappy change

15 identified cases over a 
2-month period; 5 infections, 10 
colonisations, 3 deaths

116

(Continued)313
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Source/reservoir Location Organism Likely mode of transmission Details of outbreak/infection Ref

Showers

Shower hose Bone marrow 
transplant unit 
(Minnesota, USA)

Mycobacterium 
mucogenicum

Contamination of central venous 
catheters during bathing.

6 infected patients (bacteraemia) 
over a 3-month period

157

Shower head Bone marrow 
transplant unit 
(Helsinki, Finland)

Pseudomonas 
aeruginosa

Contact with contaminated water 
during bathing

5 infected patients (bacteraemia) 
over a 3-month period

158

Hot water supply General hospital 
(Värnamo, Sweden)

Legionella 
pneumophila SG 1

Inhalation of aerosols generated by 
shower nozzle

31 identified cases (28 patients 
and 3 staff) over a 2-month 
period; 3 deaths

159

Hot water supply Community hospital 
(New York, USA)

Legionella 
pneumophila SG 1

Inhalation of aerosols generated by 
shower nozzle

7 identified cases (6 patients and 1 
employee) over a 7-month period

160

Water supply Transplant unit 
(Oxford, UK)

Legionella 
pneumophila

Inhalation of aerosols generated 
within cubicle of post-op shower 
bath

2 identified cases 161

Baths

Re-circulating hot 
water

University hospital 
(Nagoya, Japan)

Legionella 
pneumophila SG 
10

Inhalation of aerosols generated by 
all-day-running-hot-water bath

1 death (acute respiratory failure) 162

Water supply Delivery room 
(Turin, Italy)

Legionella 
pneumophila SG 1

Aspiration of contaminated water 
during delivery (birthing pool)

1 case of pneumonia in a 7-day- 
old neonate

163

Swimming pool Physiotherapy unit 
(Halifax, Canada)

Pseudomonas 
aeruginosa

Contact with contaminated water 
during hydrotherapy sessions

15 cases of Pseudomonas 
folliculitis(10 patients, 5 staff) over 
a 3- week period

164

Whirlpool bath Haematology unit 
(Iowa, USA)

Pseudomonas 
aeruginosa

Immersion in contaminated water; 
water contaminated by pool drain

7 infected patients (bacteraemia) 
over a 14-month period; 4 deaths

165

Bath toys Paediatric oncology 
ward (Melbourne, 
Australia)

Pseudomonas 
aeruginosa

Contact with contaminated water 
retained within bath toys

8 infected patients 166
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Source/reservoir Location Organism Likely mode of transmission Details of outbreak/infection Ref

Water bath used 
to thaw fresh 
frozen plasma

Neonatal intensive 
care unit (Brussels, 
Belgium)

Pseudomonas 
aeruginosa

Cross-contamination between 
water bath and staff hands

4 colonised or infected new-
borns over a period of 1 week; 3 
deaths

167

Water bath used 
to calibrate 
thermometers

Intensive care units 
(Winnipeg, USA)

Pseudomonas 
(Burkholderia)
cepacia

Cross-contamination between 
ventilator thermometer and tubing; 
inhalation of aerosol

23 colonisations or infections 
over a 10-month period

168

Respiratory equipment

Re-usable oxygen 
humidifier

Post-anaesthesia 
recovery (Valencia, 
Spain)

Legionella 
pneumophila SG 1

Inadequate cleaning/disinfection; 
inhalation of contaminated aerosols

3 infected patients over a 6- week 
period

169

Oxygenhumidifier Cardiology; 
nephrology ward 
(Turin, Italy)

Legionella 
pneumophila SG 1

Use of contaminated water; 
inhalation of contaminated aerosols

5 cases of fatal pneumonia during 
a 12-month period

170

Nebulizer General hospital 
(Quebec City, 
Canada)

Legionella dumoffii Malfunction of water distillation 
system; inhalation of contaminated 
aerosols

5 infected patients over an 
11-month period; 3 deaths

171

Jet nebulizer and 
room humidifier

University hospital 
(Illinois, USA)

Legionella 
pneumophila

Use of contaminated tap water 
to fill reservoir; inhalation of 
contaminated aerosols

5 identified cases over a 5-month 
period

172

Medication 
nebulizer

Community hospital 
(USA)

Legionella 
pneumophila SG 3

Use of contaminated tap water 
to wash nebulizer; inhalation of 
contaminated aerosols

13 identified cases over a 4- year 
period; 4 deaths

173

Room humidifier Neonatal unit 
(Nicosia, Cyprus)

Legionella 
pneumophila SG 3

Use of contaminated tap water 
to fill reservoir; inhalation of 
contaminated [cold mist] aerosol

9 of 32 newborns delivered over a 
17- day period acquired infection; 
3 deaths

174

Ice

Ice machine Veteran medical 
ward (New York, 
USA)

Mycobacterium 
fortuitum

Ingestion of contaminated ice 30 colonisations over a 4-month 
period

175

Ice machine Intensive care unit 
(New York, USA)

Legionella 
pneumophila SG 6

Microaspiration of contaminated 
ice or ice water

1 case of pneumonia 176

(Continued)315
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Source/reservoir Location Organism Likely mode of transmission Details of outbreak/infection Ref

Ice machine Transplant unit 
(Copenhagen, 
Denmark)

Legionella 
pneumophila SG 1

Microaspiration of contaminated 
ice received for moisturising the 
oral mucosa

ice machine implicated in two of 
three infections occurring over a 
2- year period

177

Ice Intensive care unit 
(Hawaii, USA)

Ewingella 
americana

Contamination of the ice bath used 
to cool syringes for cardiac output 
determinations

4 cases of bacteraemia over a 6- 
week period

178

Ice Intensive care unit 
(USA)

Flavobacterium spp. Contamination of catheters 
by syringes cooled in 
contaminated ice

14 cases of bacteraemia over a 
5-month period

179

Water features

Decorative 
fountain

Stem cell 
transplantation unit 
(Maryland, USA)

Legionella 
pneumophila SG 1

Stagnation of water during 
maintenance; inhalation of 
contaminated aerosol

2 neutropenic patients 
developedpneumonia 2 weeks 
after admission to unit

180

Decorative 
fountain

Hospital lobby 
(Wisconsin, USA)

Legionella 
pneumophila SG 1

Inadequate disinfection of 
decorative foam material; 
inhalation of contaminated aerosol

8 cases over a 4- week period. 
Patients were out-patients at time 
of acquisition

181

Cleaning equipment

Cleaning 
solutions, mops 
and cloths

Haematology-
oncology unit 
(Bonn, Germany)

Pseudomonas 
aeruginosa

Contamination of high-contact 
surfaces during cleaning with 
contaminated cleaning materials

6 infections over a 5- week 
period; 2 deaths

182

Dishwasher Neonatal intensive 
care unit (Madrid, 
Spain

Pseudomonas 
aeruginosa

Contamination of feeding bottles 
during washing/preparation

12 infected and 18 colonised 
neonates over a 3-month period; 
2 deaths

183

Mineral water Neonatal intensive 
care unit (La 
Réunion, France)

Pseudomonas 
aeruginosa

Use of contaminated mineral 
water, (contaminated at source,) to 
prepare milk

19 identified cases 184
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End uses of water in hospitals are numerous and varied. Infection can occur by 
ingestion of contaminated water; inhalation of contaminated aerosols; or through con-
tact with skin, mucous membranes, eyes and ears (see Table 17.1). Although a num-
ber of different organisms have been reported to cause infection (e.g., nontuberculous 
mycobacteria and Stenotrophomonas maltophilia), two organisms of particular concern, 
especially in terms of hospital water supplies and biofilm control, are P. aeruginosa and 
Legionella pneumophila.

PSEUDOMONAS AERUGINOSA

Pseudomonas spp. is a common micro-organism that has the ability to survive and 
adapt to nutrient-rich or poor conditions resulting in its colonisation and survival in a 
wide range of internal and external environments.35 P. aeruginosa is able to adapt to dif-
ferent environments partly because of the high percentage of transcriptional regulators 
that allow the cells to adapt rapidly to changing environmental conditions.36 Particular 
strains, such as P. aeruginosa, are part of the endogenous flora of hospital patients 
(2.6–24%) and are able to act as opportunistic pathogens. This is because immuno-
compromised patients are vulnerable to infections as a result of a lowered immunity.37 
As P. aeruginosa is such a ubiquitous micro-organism, it has become a challenge within 
a range of healthcare sectors and outbreaks caused by P. aeruginosa have been reported 
in a variety of settings (e.g., adult ICUs, neonatal ICUs, medical wards, haematology 
units and burns units) where acquisition rates have varied between 6 and 32%.38–46

Pseudomonas spp. Biofilm Formation
Cystic fibrosis (CF) patients often carry P. aeruginosa as part of their lung flora, and it may 
be persistently present as part of the consortia recovered from the lung despite aggressive 
antimicrobial therapy.47,48 The moist lung with its plentiful supply of nutrients is an ideal 
environment for the growth of this adaptable micro-organism because persistence will 
be, in part, due to the ability of these bacteria to form surface-associated biofilm com-
munities enmeshed in an extracellular matrix. The CF lung is initially colonised with 
nonmucoid P. aeruginosa strains, but with time mucoid variants emerge as a result of the 
overproduction of alginate. These variants become the predominant lung pathogen con-
ferring a selective advantage for P. aeruginosa in the CF airway.49

The biofilm matrix is a poorly defined mixture of protein, polysaccharide and 
DNA50,51 but has been visualised as a highly organised and coordinated assembly of 
both polysaccharide and DNA components.52 Two potential polysaccharide biosyn-
thetic loci, psl (polysaccharide synthesis locus) and pel (polysaccharide encoding locus) 
of P. aeruginosa have been identified as loci that are important in biofilm initiation and 
formation in nonmucoid P. aeruginosa strains53–55; their expression has been shown to 
be elevated in variants isolated from aging P. aeruginosa PAO1 biofilms.56
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Locus psl has been shown to play a prominent role during biofilm development by 
promoting cell-surface and intercellular interactions.52 Cystic fibrosis patients who are 
positive for P. aeruginosa may disseminate droplets and aerosols that come in contact 
with a wide range of surfaces; these include those in the patient’s immediate environ-
ment (i.e., bed cabinet, bed rails, TV screen and controller) as well as further afield—the 
handwashing station and their own nebulisers and masks.57 Patients, staff and visitors 
will come into contact with these surfaces thus providing potential transmission routes.

Another area where P. aeruginosa are of concern is in infected wounds, including 
diabetic foot ulcers, pressure ulcers and venous leg ulcers in burns units, where poly-
microbial infections are a major cause of morbidity in burn patients.58 Colonisation, 
which precedes infection, is followed by biofilm formation and this process has been 
shown to start almost immediately after admission (46.5 % within 24 hours) with 90% 
of patients being colonised within 7 days.59

In the biofilm mode of growth, P. aeruginosa expresses two types of quorum-sensing 
(QS) population density-dependent systems: LasI-LasR and RhlI-RhlR. Both QS sys-
tems contribute to the pathology of cutaneous wound infections60,61 and LasI-LasR 
and RhlI-RhlR have been shown to regulate the expression of virulence factors, such 
as exoenzyme S (ExoS) and exotoxin A (ToxA), which can further induce apoptosis in 
macrophages and neutrophils.62,63

Because the treatment of burn patients can often involve regular showering or 
washing of wound areas to debride the skin, micro-organisms are dispersed into the 
environment either on skin cells or in droplets of water that can then contaminate 
environmental surfaces. The larger particles (>10 microns) drop out of suspension and 
contaminate surfaces within a 2 to 3 m range.64 In a wet room environment where 
the debridement would take place, it is difficult to control the dispersal and presence 
of micro-organisms, such as P. aeruginosa, which will grow on a wide range of moist 
surfaces as biofilm. This process often leads to contaminated wet cubical areas, hand-
washing basins, shower hoses and drains; thus a range of microbial biofilms result in the 
contamination of other patients and healthcare professionals. As a consequence of this 
mechanism of dispersal, P. aeruginosa is provided with a vehicle with which to colo-
nise a variety of surfaces. Where moisture is present, biofilm growth persists, potentially 
leading to an ongoing dissemination process as patients arrive and depart.65

Neonatal units are where some of the most vulnerable patients are in augmented 
care units. Babies requiring neonatal surgery or neonatal cardiology services, and 
infants that need therapeutic cooling, are transferred to a neonatal intensive care unit 
(NICU). All neonates of less than 27 weeks gestation and those of longer gestation 
who require ongoing intensive care are centralised in the NICU. Many of the babies 
may not have fully developed antibodies and consequently have poor immune systems 
and as a result are susceptible to infections.66–72

Water has become a recognised route of transfer for P. aeruginosa while selective 
antibiotic pressures also increase acquisition rates in ICUs.73 A number of studies have 
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shown the ubiquity of P. aeruginosa in water samples. In one study P. aeruginosa was found 
in 11.4% of 484 tap water samples taken from patients’ rooms and isolated from 38 
patients.74 Although 11 (52.4%) of the 21 taps were contaminated with a patient strain, 
7 of the P. aeruginosa strains were isolated from the hands of healthcare workers (HCWs); 
these had the same genotype as that from the last patient they had touched in six cases 
and in the seventh with the last tap water sample used. More than half of P. aeruginosa 
carriage in patients in that study was acquired via tap water or cross-transmission.

LEGIONELLA PNEUMOPHILA

Legionellae are Gram-negative bacteria found naturally in freshwater environ-
ments (e.g., rivers, lakes and reservoirs). As such, they may also inhabit the municipal 
water supply and be found in cooling towers75 and industrial, commercial and domes-
tic hot and cold water systems.76–79 Legionellae are normally present in the natural 
environment in low numbers. However, human-made water systems, particularly those 
that are poorly designed, installed or maintained, can provide favourable growth condi-
tions and legionellae numbers can increase rapidly. A colonised water system that is not 
appropriately managed can act as the source of major outbreaks of legionellosis.

Legionellosis, primarily Legionnaires’ disease (a serious form of pneumonia) but 
also including non-pneumonic legionellosis and Pontiac Fever—a self-limiting flu-like 
illness—can result when droplets or aerosols containing legionella bacteria are inhaled 
and deposited in the lungs. Macrophages ingest the bacteria but, rather than being 
destroyed, legionellae create a protective vacuole and replicate within the cell. When 
the host cell is eventually killed, large numbers of bacteria are released, each capable of 
infecting other macrophages and perpetuating the infection.

In the United Kingdom, Legionnaires’ disease is most commonly, but not exclu-
sively, caused by Legionella pneumophila; it is a rare but serious disease. Between 2009 
and 2011, there were 934 confirmed cases in England and Wales, 355 (38%) of which 
occurred while the affected person was travelling abroad.80 It is likely, however, that 
many more cases are unreported and/or undiagnosed. It is estimated that Legionnaires’ 
disease accounts for 3% (6000 cases) of community-acquired pneumonias that occur 
in the United Kingdom each year.80 Community-acquired Legionnaires’ disease has a 
fatality rate of 12%. This increases to 24% if the infection is acquired while in hospital.

Patient exposure to Legionella pneumophila in the hospital can occur while shower-
ing, bathing or drinking (water or ice) or through contact with contaminated medical 
equipment (e.g., medication nebulisers) rinsed with tap water (see Table 17.1). To min-
imise the risk of exposure, measures should be introduced to prevent proliferation of 
the organism, build up of biofilm in the water system and exposure to aerosols.24

The majority of legionellae are biofilm associated.81 A range of plumbing materials 
have been shown to support biofilm development and the persistence of L. pneumoph-
ila.24,82 However, there is limited knowledge about the mediators of Legionella biofilm 
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formation.83,84 A glycosaminoglycan-binding adhesin (Lcl) has been described and is 
thought to play an important role in initial surface attachment and cell–cell interactions.83 
Although secreted by L. pneumophila, this adhesin has not been detected in other Legionella 
species. Since Lcl is also thought to facilitate attachment to human lung epithelial cells,85 
this may be why human legionellosis is primarily associated with L. pneumophila.

Although capable of surface attachment, L. pneumophila, under dynamic flow condi-
tions, does not form a robust biofilm86; however, the organism can be rapidly incorpo-
rated into pre-established biofilms.24,82,87 In addition in the natural environment, the 
attachment and/or detachment of Legionella spp. may be influenced by bacteria likely 
to be present in water systems. Biofilms formed by Flavobacterium spp,84Mycobacterium 
chelonae,88 Acinetobacter lwoffii89 and Pseudomonas putida90 have all been shown to be 
conducive to the attachment and persistence of L. pneumophila.

In contrast, a monospecies biofilm, formed by P. fluorescens or P. aeruginosa, can have 
an antagonistic effect perhaps by producing inhibitory substances—that is, bacteriocin 
(antibacterial)-like substances—or QS molecules that suppress L. pneumophila growth 
and/or biofilm formation.89,91 Legionellae are capable of necrotrophic feeding92 and 
the complex nutrients available within a biofilm may be sufficient to support their 
growth. However, many studies have suggested that although L. pneumophila will sur-
vive and persist within a biofilm, for it to multiply, protozoa must also be present.93,94 
Free-living protozoa are widely dispersed within water distribution systems. They have 
the capacity to establish and stimulate biofilm formation by adhering to surfaces and 
secreting metabolic substances.95 They also serve as vehicles for the multiplication 
and dispersal of bacteria. Legionella is an endoparasite of free-living protozoa such as 
Hartmannella vermiformis28,96 and Acanthamoeba spp.94,97,98

The ability of L. pneumophila to invade amoebae in the same way as it infects human 
macrophages allows the organism to multiply in a nutrient-rich, environmentally buffered 
compartment,99 even in unfavourable conditions. Rupture of the host cell results in large 
numbers of legionellae being released into the water phase, free to be ingested by non-
infected amoebae, incorporated into an existing biofilm or dispersed in aerosols.

Intracellular growth reportedly enhances the infectivity of L. pneumophila.94 This 
and the issues described previously highlight the potential problem in controlling 
L. pneumophila. Should disinfection target Legionella, all bacteria, biofilms or protozoa?99

LEGISLATION AND GUIDANCE FOR CONTROL  
OF MICRO-ORGANISMS

The majority of hospital water supplies will be provided by a third party who 
has a duty to supply water that is wholesome and free of microbial pathogens. The 
Health and Safety Executive’s (HSE) Approved Code of Practice (ACOP) and guidance 
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document—Legionnaires’ Disease: The Control of Legionella Bacteria in Water Systems 
(L8)100—provides practical advice on how to comply with UK Health and Safety law 
with respect to the control of Legionella; that is, specifically, the Health and Safety at 
Work Act 1974 and the Control of Substances Hazardous to Health Regulations 1999 
(COSHH).*

To comply with their legal duties, employers and those responsible for the control 
of premises should:
● Identify and assess sources of risk
● Prepare a scheme for preventing or controlling the risk
● Implement, manage and monitor precautions
● Keep records of the precautions
● Appoint a person to be managerially responsible
Since legionellae are commonly found in almost all natural water sources, it is perhaps 
unrealistic to expect those managing the risk of Legionnaires’ disease to completely 
eradicate the organism from water. Rather, efforts should focus on minimising the pro-
liferation of Legionella spp. within the distribution system.

As well as complying with the HSE’s ACOP, the design, installation and operational 
management of hot and cold water systems in any National Health Service (NHS) 
premises should also comply with recommendations outlined by the Department of 
Health in its Health Technical Memorandum—The Control of Legionella, Hygiene, ‘Safe’ 
Hot Water, Cold Water and Drinking Water Systems (HTM 04-01). However, following the 
death of four babies in Northern Ireland, it was clear that there was insufficient guid-
ance for the sampling and detection of Pseudomonas aeruginosa. As a result in 2013, the 
Department of Health published an addendum to HTM 04-01 which contained spe-
cific guidance on P. aeruginosa and water quality in augmented care.

The addendum introduced the concept of a multidisciplinary, risk-management 
approach to the microbiological safety of water which was first described in Legionella 
control documentation from the World Health Organisation in 2007.101 The HTM 
04-01 Addendum on P. aeruginosa guidance recommends that a multidisciplinary 
Water Safety Group—comprised of the Director of Infection Prevention and Control 
(DIPC), consultant microbiologists, members of both the infection control and estates/
facilities teams, together with senior nurses from relevant augmented care units— 
commission and develop a ‘Water Safety Plan’. The plan should establish good practice 
for local water distribution and supply by identifying potential microbiological hazards 
caused by P. aeruginosa and/or other opportunistic pathogens and consider the practical 
aspects of appropriate infection control.

* Note: As of September 2013, the ACOP and associated guidance are out for consultation and are expected to be 
published in early 2014.
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Colonisation of Hospital Water Systems
Plumbing systems in buildings are generally more contaminated than the main water 
supply. Reasons include a reduced disinfectant residual in the building plumbing net-
work and regions of pipework (e.g., dead legs and blind ends) that facilitate colonisa-
tion by allowing water to stagnate. Hospital water systems are particularly complex and 
the risk of infection is increased during periods of construction and refurbishment. 
Intermittent water use and/or changes in flow rate can lead to periods of stagnation, 
and intermittent pressure differentials can result in intrusion of external contaminants 
and/or descalement, all of which can lead to an increased concentration of potential 
pathogens in the water.102,103

Tap handles, handwashing basins and waste outlets can become contaminated with 
bacteria during use.104–108 The incoming water may be contaminated or bacteria may 
be transferred from a patient to the sink via HCWs’ hands either during handwashing 
or when discarding clinical waste (e.g., water used for bathing patients). If these bacte-
ria include potential pathogens, the residues that develop on sink surfaces represent a 
risk factor for onward transmission.

Automation allows handwashing to be non-touch and sensor taps have been intro-
duced into many hospitals, both for water conservation and in the belief that avoiding 
contact with hands will reduce cross contamination. Evidence for microbially contami-
nated taps is limited and, although the authors have not been able to find any evi-
dence for hospital-acquired infections linked to tap surfaces, one must consider that tap 
handles are touched before performing hand hygiene on many occasions during the 
day.104,105

Sensor taps have been implicated, however, as a source of P. aeruginosa.43,109–111 The 
complex internal configuration of sensor mixer taps, together with the wide range 
of materials used in their manufacture, may lead to points of concentrated bacteria 
growth.112,113 Thermostatic mixer valves (TMVs) mix the hot and cold water supplies 
to produce a temperature-controlled flow at approximately 41°C. They were initially 
introduced to prevent scalding particularly during full-body immersion of high-
risk patients, including young children, the elderly and the mentally and physically 
challenged.100,114

Indeed, there are concerns about the risk of patients, particularly the elderly and 
children, burning themselves on the body of mixer taps incorporating TMV3 thermo-
static mixing valves.115 However, TMVs generally are now used at all outlets. Although 
tap outlets are supplied with water at a safe and comfortable temperature, once the 
hands are no longer near the infra-red sensor, flow rate ceases and water stagnates 
within the faucet at a temperature conducive to bacterial growth.109 Colonisation of 
the outlet may be facilitated by the high surface area to volume ratio associated with 
particular types of flow straightener.116
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Control of Biofilms in Healthcare Water Systems
There are a number of ways in which the presence of micro-organisms in a water sys-
tem can be controlled and Water Safety Plans should incorporate the technical require-
ments that relate to the planning and avoidance of water flow stagnation, temperature 
control and disinfection.27 There is no ‘magic bullet’ and the control of biofilms is com-
plex and may take considerable time to achieve despite using a range of procedures.117

Cleaning Regimes
Based on the national standards (National Patient Safety Agency, 2010), UK hospi-
tals can institute their own cleaning and decontamination policies. The Revised NHS 
Cleaning Manual2009 provides step-by-step instructions on cleaning methods for each 
specific area (e.g., handwashing basins). Disinfectant use is advised and up-to-date 
advice on detergent types is provided. New guidance was issued by Northern Ireland 
in 2012, specifying the use of multiple cloths for the cleaning of handwashing basins 
and the removal of biofilm to reduce the potential for retrograde contamination.118

The cleanliness of clinical handwashing basins should be considered a critical con-
trol point, and it is therefore important to ensure that the cleaning of them, and the 
taps, is undertaken in a way that does not allow cross-contamination from a bacterial 
source.106–108 For example, there is a microbial contamination risk for tap outlets if the 
same cloth is used to clean the bowl of the basin, or surrounding area, before the tap.119

Thermal Control and Disinfection
Water temperatures greater than 60°C are considered inhibitory for Legionella spp. and 
other non-sporulating bacteria.120 Effective thermal disinfection can be carried out by 
raising the temperature of the hot water system and flushing all outlets, faucets and 
showerheads for at least five minutes.121 If temperature is used as the means of control-
ling Legionella spp., the hot water circulating loop should be designed to give a return 
temperature to the calorifier of 50°C or above, with 55°C at the supply to the draw-
off point farthest away in the circulating system.121

For thermal disinfection, the calorifier/heater temperature must be sufficiently high 
to ensure that the temperature in all parts of the circulating system, and at the return 
connection, does not fall below 60°C. Each tap or draw-off point should then be run 
sequentially from the nearest point to the outlet fartherest away for a period of at least 
five minutes at full temperature.121 However, thermal disinfection is a temporary mea-
sure and the water system will become recolonised within weeks of the recirculating 
water returning to baseline temperature.122

Water Outlet Removal and Replacement
Where a water outlet has tested positive for Legionella spp. or P. aeruginosa, there is a 
high likelihood that a biofilm will have formed on a number of the components. The 
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removal and dismantling of the tap allows access for direct manual cleaning and fur-
ther decontamination techniques such as descaling and disinfection.121,123 In addition, 
TMVs should be serviced every six months in accordance with guidelines.121

In central sterile services departments, automated washer disinfectors, commonly 
used to clean surgical instruments, may provide effective microbial decontamination of 
tap components because of the high temperatures achieved (~80°C) and can deliver a 
validated process with each tap being individually bagged and labelled. Heat-resistant 
components allow for a more effective decontamination process. However, some tap 
components cannot withstand the high temperatures of washer disinfector process-
ing or steam sterilisation. Tap manufacturers should be consulted for advice in select-
ing a particular disinfection and decontamination process and the Water Safety Group 
should advise, based on microbiological monitoring where appropriate, when taps 
should be replaced.

A number of tap manufacturers have addressed this issue by manufacturing  
removable tap outlets that can be autoclaved (Figure 17.1) or have disposable spout 
components (Figure 17.2). Traditionally, taps were produced via a process known as 
rough sand casting resulting in the internal lumens being very rough. Other tap manu-
facturers have now produced smooth bore outlets that replace the flow straightener 
(Figure 17.3) or designed the inner surface of the tap to be smooth to prevent bio-
film formation. As yet there is no published scientific evidence that has independently  
evaluated the impact of the smooth surfaces on biofilm colonisation or control.

Chemical Disinfection
Water is usually delivered to consumer buildings with a low concentration of active 
chlorine disinfectant to ensure that it is fit for drinking. Oxidising chemicals, such as 

Figure 17.1 Stainless steel water tap outlet. This type of outlet can be easily removed from the wall 
mounting for cleaning, decontamination or sterilisation. 
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chlorine, are the most commonly used biocides for controlling biofilms in water systems. 
All water systems have a chlorine demand as a result of the soluble oxidisable demand, 
and the greater that demand the less that will be available for biofilm control.124

Chlorine will irreversibly oxidise protein and other organic constituents resulting 
in disruption of the cell membrane that will lead to the loss of cell permeability and 
normal enzyme activity and hydrolysis of organic constituents and, subsequently, cell 
death. The use of chlorine also can be affected by pH and is most effective at pH 6  
to 6.5. It is generally accepted that chlorine is less effective against biofilms than  
planktonic cells.

Figure 17.3 Smooth bore terminal flow straightener. This type of straightener is screwed into the tap 
outlet and is lined with alloys to reduce microbial contamination and biofilm growth. 

Figure 17.2 Two different types of tap. The tap on the left has a smooth internal bore and can be dis-
mounted and decontaminated, while the one on the right has a disposable removable spout. 
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As buildings are constructed and commissioned, there is an advantage to ensuring that 
the building does not become contaminated with micro-organisms that would lead to 
the build-up of microbial biofilms composed of L. pneumophila and P. aeruginosa; disinfec-
tion can assist with that process. Previous publications indicate that once a building’s water 
system has become contaminated, eradication can become very difficult to achieve.125,126 
The majority of hospitals use tanks to store the incoming water to ensure that there is a 
resilient supply in the event of delivery problems. These tanks should have tight-fitting 
lids to prevent the ingress of organic matter and should be kept clean; they should be 
designed to have a turnover that will prevent stagnation and biofilm formation.121

It may be appropriate (e.g., during an outbreak) to provide supplementary disin-
fection, such as hyperchlorination, to cleanse the system of microbiological contami-
nation. This involves injection of a chlorine-based disinfectant at a level that achieves 
50 mg/l free chlorine in the tank and ensures that every outlet is flushed until there is a 
smell of chlorine. Exposure periods would typically be concentration/time-dependent 
(e.g., 50 mg/l for one hour or longer) periods for lower concentrations and then be 
drained and flushed.100,127

Monochloramine
Monochloramine, which is used in low concentrations as a secondary disinfectant 
in water systems, is much more stable and does not dissipate as rapidly as free chlo-
rine. Traditionally, ammonia is added to water first followed by chlorine gas to form 
mononchloramine which is thought to react specifically with nucleic acids but not 
sugars.128 Monochloramine is considered more effective than free chlorine in control-
ling Legionella spp. in biofilms in large distribution systems.129

Chlorine Dioxide
Chlorine dioxide is commonly used as a method of water system disinfection and has 
been used for biofilms and Legionella control over a wide pH range.117,130–132 It is a pow-
erful oxidant that disrupts protein synthesis, making it an efficient antimicrobial. However, 
penetration of biofilms can be challenging and chlorine dioxide can take months to 
achieve microbial control, can corrode pipework and readily decomposes, particularly in 
hot water, though higher concentrations can be used in the hot water supply.130,133,134

Concentrations of 0.5 mg/l are effective against planktonic and sessile Legionella 
in hot water systems. However, The Drinking Water Inspectorate advises a maximum 
of 0.5 mg/l chlorine dioxide in drinking water and concentrations need to be closely 
monitored.100

Ionisation
Silver-copper ionisation of hospital water systems has been used in the con-
trol of Legionella spp. either alone or in combination with other disinfectants, yet 
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eradication is often difficult to achieve.135–139 In vitro ionisation has also been shown 
to be effective at eradicating P. aeruginosa. However, more recently during a European 
review period that ended in September 2011, no manufacturer provided sufficient 
evidence to support copper for use as a biocide in water systems. Consequently, the 
European Commission announced that as of February 1, 2013, marketing and use of 
elemental copper as a biocide will no longer be allowed under the Biocidal Products 
Directive.140 The Health and Safety Executive has since submitted an ‘essential use der-
ogation’ to the European Commission to allow for the continued use of copper in 
Legionella control systems within the United Kingdom.

Ultraviolet Irradiation
Ultraviolet (UV) irradiation has been used successfully as a biocide for a broad spec-
trum of planktonic bacteria in water processing, food and air disinfection and has 
been used for Legionella eradication.141,142 However, the intensity of UV irradiation 
and the amount of time that the micro-organisms are exposed to radiation has a bear-
ing on efficacy.

Exposing incoming water to UV irradiation to reduce the planktonic bioburden of 
the peripheral water system and locating a UV lamp closer to the point-of-use (POU) 
may be beneficial. Showers and taps have been designed and fitted with UV lamps 
located immediately before the outlet for microbial control and are currently being 
installed in a number of hospitals.

UV disinfection leaves no residual chemical agent in the water. In taps it cannot 
prevent the recontamination of water and subsequent colonisation of flow straighten-
ers or the external surface of the tap body, which may become contaminated through 
exogenous sources or subsequent contamination of waste traps.106,143

POINT-OF-USE WATER FILTRATION

In outbreaks where water is implicated as the source, filters can be effective in 
providing P. aeruginosa free water. A long-term pre- and post-POU filtration study car-
ried out in an ICU, where all taps tested positive for P. aeruginosa, concluded that the 
use of POU filtration reduced the risk of patient colonisation by 85% and a reduc-
tion in invasive infections of 56%.144 While filters are often considered to be expensive, 
studies have shown that POU filtering can be cost effective when compared to the 
cost of an outbreak.145

Despite this, filters are considered a temporary solution to be used during out-
breaks or where engineering solutions fail to provide P. aeruginosa free water119; so, the 
origin of the contamination must be investigated and addressed. Continual use may 
result in biofilm formation within the filter outlet itself, as a consequence of hand-to-
filter contact.
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There are some practical considerations that need to be taken into account when 
using filters, including the following:
● Does the tap outlet have a connection that will enable a filter to be fitted?
● Once fitted, is there sufficient flow through the filter to enable effective 

hand-washing?
● Is there sufficient space between the body of the filter and the handwashing basin 

for the hands to be inserted without touching and contaminating the filter body?
Small basins are particularly prone to the latter consideration because of the reduced 
space under the tap once the filter is fitted.

Point-of-use filters should be considered primarily as a temporary measure until 
a permanent safe engineering solution is developed, although long-term use of such 
filters may be required in some cases.123

CONCLUSION

Biofilms are a major challenge in water systems at healthcare premises. Water sys-
tems are not sterile and micro-organisms and pathogens will readily form a biofilm on 
a range of different materials in them. While the use of a biocide can often be success-
ful in a laboratory trial, their use in a water system is more difficult to achieve because 
of the complex nature of the built environment. As a consequence, control of biofilms 
has to be focussed and specifically based on risk assessments to prevent the occurrence 
of infections in healthcare setting. For micro-organisms, such as L. pneumophila, this 
would involve recognising that the highest risk in a healthcare environment would be 
devices that disperse aerosols such as showers. However, taps and other uses of water 
must also be considered.

The presence of Pseudomonas aeruginosa in water in an augmented care unit and 
particularly NICUs should be assessed and control measures put in place accordingly. 
Addressing contamination as a result of L. pneumophila and P. aeruginosa will also pre-
vent contamination by a range of other waterborne Gram-negative pathogens such as 
S. maltophilia.

Biofilms cannot be eradicated, but it is important that appropriate control measures 
be put in place to protect vulnerable patients in healthcare environments. A wide range 
of control measures can be used but those responsible for their implementation must 
be aware of the limitations of the methods and that they should be reviewed regularly 
to ensure that they are still appropriate and effective.
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INTRODUCTION

The cost of treating chronic wounds in the Unites States alone has been esti-
mated at $7 billion per annum, and wound types are documented to be increasing 
at a rate of 10% per year. Non-healing wounds constitute a significant problem to 
the medical profession, and it is now considered that biofilms play a critical role in 
preventing a chronic wound from healing. A wound is described as being ‘the loss of 
continuity of epithelium with or without the loss of underlying connective tissue’.1 
Wound infections develop as a result of a complex association of factors. If the protec-
tive nature of the skin is breached, an inflammatory response is initiated presenting 
clinically in the form of redness, pain, raised temperature and swelling.2 These events 
occur in order to restore homeostasis at the compromised site.

Infection in a wound depends on many variables ranging from pre-, intra- and 
post-operative care to the patient’s pre-existing medical conditions to name but a few; 
this makes predicting the likelihood of which wound will become infected very dif-
ficult. In a 2002 survey by the Nosocomial Infection National Surveillance Service 
(NINSS), it was reported that the incidence of hospital-acquired infections in surgi-
cal wounds was 10%, with a cost to the National Health Service of £1 billion per 
annum.3 It has also been estimated that patients with a surgical site infection require an 
additional 6.5 days in hospital thus doubling the stay’s cost.4

The impact of micro-organisms on wound healing is to date poorly understood, 
but evidence of bacteria within chronic wounds are now documented to be respon-
sible for causing a delay in healing rates.5,6 If this statement is true, reducing a wound’s 
bioburden should help reduce the factors that impede healing. This can be achieved 
with the use of topical antimicrobials which may be helpful in overcoming the deliri-
ous effects of bacteria. It is well documented that chronic wounds are polymicrobial; 
however, it is only recently that microbiologists have begun to address and recognise 
the significance and importance of an interacting biofilm community and its relation-
ship to the disease process.
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It would appear that the wound per se is capable of supporting a biofilm. For a 
biofilm to develop in a wound, a number of stages are required—namely, microbial 
attachment, proliferation, quorum sensing (QS), exopolymer production and dispersal/
detachment. Biofilms are well documented as being recalcitrant and able to withstand 
treatment with antimicrobial therapy. The existence of biofilms in an acute partial-
thickness wound7 and in chronic human wounds8 has been documented and thus 
major advances are being made in this area.5,6

Although the wound-healing process is affected by both intrinsic and extrinsic fac-
tors, it has to be acknowledged that the actual presence of bacteria does not consti-
tute wound infection. This is because microbial colonisation of a wound is a ‘normal’ 
event, with both acute and chronic wounds being inhabited by different populations of 
micro-organisms. The survival and proliferation of bacteria within wounds depends on 
the efficiency of the host’s immune system and the availability of the necessary chemi-
cal and physical factors used to reduce the bacteria’s presence.

In wound microbiology the clinician has to distinguish between different levels 
of bioburden evident in a chronic wound (i.e., contamination, colonisation or infec-
tion). Visually this is not possible and requires microbiological sampling in conjunc-
tion with clinical observations of the wounds’ state and condition. Contamination of 
a wound refers to the microbial presence without multiplication, while colonisation 
is the adhered microbes present on and within the wound bed. In contrast, critical 
colonisation refers to microbial multiplication in a wound but without a host reaction 
and obvious clinical signs of infection. Critical colonisation also refers to the inability 
of the wound to maintain a balance between the increasing bioburden and an effective 
immune system—the wound has become compromised but is not yet demonstrating 
overt clinical signs of infection other than not healing. A wound is infected when mul-
tiplication of micro-organisms occurs resulting in a host reaction. At this stage there-
fore, it would be advantageous to assist in the re-establishment of the microbial balance 
or homeostasis in a wound. This can often be achieved with the use of antimicrobials 
that help reduce the wounds microbial load.

It is the intention of this review to address the role that biofilms may play in 
wound healing and highlight methods that can be used to prevent and treat them.

BIOLOGY OF WOUND HEALING

The skin is the human body’s most important line of defence, protecting tissue 
from external factors such as noxious chemicals and micro-organisms. Once there is a 
breach in this defence, the body’s main goal is to reestablish this barrier as quickly as 
possible to limit both the loss of tissue and fluids (e.g., blood) and the invasion of the 
delicate body tissues by particulates and micro-organisms. The wound-healing response 
is a cascade of events that occur as a consequence of a trauma that leads to the physical 
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breakdown of the skin barrier. This healing response has been described as a series of 
overlapping phases (Figure 18.1), with the appearance and resolution of each phase being 
orchestrated by numerous signalling mechanisms that ultimately lead to a healed wound.

One of the earliest—and most important—phases in the healing process is the 
inflammatory response. Inflammatory cells (e.g., neutrophils and macrophages) are 
involved in the removal of tissue contamination and damaged skin components from 
the wound site in preparation for the formation of the granulation tissue—a tissue 
that is essential if the wound is to heal properly. These inflammatory cells also provide 
numerous signalling molecules that promote the influx of other cells that are responsi-
ble for the production of new tissue components such as blood vessels and connective 
tissue. In addition, through bacterial killing mechanisms, inflammatory cells are central 
in preventing the establishment of excessive numbers of micro-organisms within an 
open wound that could lead to infection.

Wounds that do not heal in a timely manner can be an indication of an underlying 
systemic problem of an individual who presents with a non-healing wound. Numerous 
underlying disease processes can play a major role in how effective the wound-healing 
response can be to an injury. Chronic venous insufficiency and diabetes are two examples 
of underlying disease processes that can lead to the formation of debilitating non-healing 
(chronic) wounds, commonly termed ‘ulcers’.

Trauma

Phase I:
Inflammation

Phase IIa:
Granulation Tissue

Formation

Phase IIb:
Re-epithelialisation
(wound coverage)

Phase III:
Remodelling of

Wound Site

Initial wounding

Healed Wound

Figure 18.1 Simplified depiction of the stages of wound healing in which complex biochemical and 
cellular processes are involved. 
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Recent studies have suggested that inflammation—the key phase in the wound-
healing response (see Figure 18.1)—may play a major role in the formation and per-
sistence of ulcers. If uncontrolled, the repeated stimulation of a localised inflammatory 
response at a wound site, particularly in a lower limb, can lead to the formation of a 
non-healing wound (Figure 18.2).

The signals that ensure that inflammatory cells progress through the wound opti-
mally in a normally healing wound, appear to be disrupted in a non-healing wound 
which has important consequences for healing. As stated earlier, inflammatory cells 
play a major role in removing tissue debris from newly formed wound sites. The cells 
release protein-degrading enzymes (proteinases) that are responsible for breaking down 
the protein components of the debris, aiding in debris removal. Proteinases are very 
damaging enzymes and, therefore, they are tightly regulated by (1) being produced 
only where and when they are required and (2) being controlled by specific protein-
ase inhibitors. Because of the nature of the underlying aetiology of the diseases where 
ulceration is seen, there is an elevated and uncontrolled production of these proteinases 
that leads to tissue breakdown or persistence of the wound.

One of the problems with non-healing wounds is the susceptibility of them to 
adhesion and colonisation by micro-organisms. Bacterial colonisation of the beds of 

Trauma

Phase I:
Inflammation

Phase IIa:
Granulation Tissue

Formation

Phase IIb:
Re-epithelialisation
(wound coverage)

Phase III:
Remodelling of

Wound Site

Initial wounding

Healed Wound

Phase IIa:
Granulation Tissue

Formation

Phase IIb:
Re-epithelialisation
(wound coverage)

Phase III:
Remodelling of

Wound Site
Healed Wound

Non-healing
Wound

Repeated
Trauma

Figure 18.2 Wound healing and its association with repeated trauma causing continuing insult to 
the affected tissue. 
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non-healing wounds allows for the establishment of populations of micro-organisms at 
the wound site.

The exact nature of the bacterial populations is of great medical interest, but one aspect 
of the biology of a micro-organism that is likely to be a major force in the maintenance 
of non-healing wounds is the production of microbial-specific protein-degrading enzymes 
(proteinases). Bacterial cells produce their own cocktail of proteinases that are useful for 
their basic physiological processes. However, bacterially derived enzymes together with the 
human-derived enzymes also contribute to the total proteinase levels within a contaminated 
wound site. In ulcers, where there is a sustained contamination of the wound site by micro-
organisms, these proteinases themselves stimulate a further inflammatory response within 
the tissue, leading to—among other things—further proteinase production (Figure 18.3).

Therefore, the level of bacterial contamination of a wound may have profound 
effects on the pathology of non-healing wounds. In addition, if the bacterial popula-
tion within the wound site can establish an environment that can help protect the 
community of micro-organisms from its environment (e.g., by the formation of a bio-
film), then removal of this aspect of the pathology, which has both an indirect and 
direct affect on the persistence of the wound, becomes an important aspect of the 
patient’s non-healing wound care and treatment.

Trauma

Phase I:
Inflammation

Repeated
Local Damage

Uncontrolled
Underlying Aetiology

Trauma

Elevated Inflammatory Cells

Bacterial Protein-
Degrading Enzymes

Ulceration

Bacterial
Colonisation

and
Biofilm

Progression Tissue-derived Protein-
Degrading Enzymes

Figure 18.3 Bacterial involvement in the healing process. 
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MICROBIAL COMMUNITIES

The process of wound healing can be interrupted by a number of factors that 
include contamination with a foreign object or micro-organisms.9 Inhibiting factors 
must be removed in order for healing of a wound to proceed normally.10 When the 
inhibiting agent is a microbial biofilm, its identification and removal is fundamental for 
successful wound healing.9

Clinical biofilms have been identified macroscopically in non-healing human wounds 
as slough, which is often thick and yellow, or as a slimy and shiny layer on the surface of 
the wound bed.11 Such observations can be confirmed using direct or indirect micro-
scopic visualisation. Direct methods involve viewing the intact biofilm using confocal 
microscopy,12 atomic force microscopy13 or scanning electron microscopy (SEM).14–16 
SEM is a useful tool because it allows for a high resolution and a high magnification of 
the biofilm landscape.17 Indirect identification involves manual removal of the biofilm by 
sharp debridement or by sonication, followed by subsequent procedures that quantify the 
removed biofilm.

In previous experiments, direct examination of wound tissue has demonstrated that 
biofilm-residing bacteria can be visualised as clusters of cells18 encased by a visible layer 
of an extracellular polymeric substance (EPS).14 Microscopic examination of wound 
exudates also can be used to confirm the presence of a bacterial biofilm.19 The micro-
scopic distribution of bacteria throughout wound tissue is suggestive of their pheno-
typic state. Evenly spaced bacteria indicate non-biofilm-forming isolates, while clusters 
of single species and multi-species bacteria support the biofilm diagnosis.20 The signifi-
cance of bacterial clustering has been previously reported in human wounds15 and in 
equine wounds.21

A chronic wound environment may consist of devitalised sloughy tissue and a 
mixed community of aerobic and obligate anaerobic bacteria.22 Anaerobes are found 
to be extremely prevalent in wounds23 and work in synergy with aerobic bacteria. In 
fact combinations of anaerobic and aerobic bacteria have been shown to produce levels 
of sepsis or disease that could not be induced by individual species24 in such bacte-
rial species as Prevotella melaninogenicus, Porphyromonas asaccharolytica and Peptostreptococcus 
micros25; Porphyromonas asaccharolytica and Klebsiella pneumoniae22,26; Escherichia coli and 

Key Points
● Wound healing progresses through a series of overlapping stages in which a variety of cellular and 

matrix components act together to regain the integrity of damaged tissue.
● Recent studies have suggested that inflammation is the key phase in the wound-healing response.
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Bacteriodes fragilis22,27; and Staphylococcus aureus.22 Because chronic wounds constitute 
a polymicrobial environment, treatment regimes need to be targeted at all micro-
organisms not individual species and genera of bacteria, when a wound is critically 
colonised5,6 and infected.27

Wound healing and infection are influenced by the relationship between the ability 
of bacteria to create a stable, prosperous community within a wound environment and 
the ability of the host to control the degree of bacterial colonisation. Since bacteria 
are able to rapidly form their own protective biofilm, the ability of the host to control 
these organisms is likely to decrease as the biofilm community develops. Within a sta-
ble, climax biofilm community, interactions between aerobic and anaerobic bacteria are 
likely to increase their net pathogenic effect, thus enhancing their potential to cause 
infection and delay healing.

Communities of bacteria have a direct effect on wound healing through the pro-
duction of destructive enzymes and toxins, which indirectly promote a chronic inflam-
matory state (see Figure 18.4). A prolonged exposure to chronic wound bacteria leads 
to an ongoing inflammatory response; consequentially, numerous lytic enzymes could 
have a detrimental affect on the cellular processes involved in wound healing. Bacteria 
(e.g., Pseudomonas aeruginosa) release proteinases, which are known to affect growth 
factors and many other tissue proteins that are necessary for the wound-healing 
process.28,29 Along with an increase in the bacterial bioburden of a wound comes the 
production of exudate. Exudate is known to degrade growth factors which will affect 
cell proliferation and wound healing.30

Figure 18.4 Diagram summarising the steps in the attachment and development of a bacterial bio-
film on a surface. 
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THE POTENTIAL SIGNIFICANCE OF BIOFILMS IN WOUNDS

Bacteria within a biofilm are reported to be less susceptible to the immune 
defence system when compared to planktonic bacteria. Consequently, a biofilm-associated 
wound infection may persevere and progress from an acute to a chronic infection. It 
has been shown that if antibodies are present at the biofilm interface the polymeric 
matrix generally renders them ineffective. The biofilm matrix is also able to inhibit 
chemotaxis and degranulation by polymorphonucleocytes (PMNs) and macrophages 
and depress the lymphoproliferative response of monocytes to polyclonal activators.

The persistent nature of the biofilm also is known to cause tissue damage. PMNs have 
been shown to be ineffective at engulfing bacteria in biofilms causing them to release 
large amounts of pro-inflammatory enzymes and cytokines. Consequently, this leads to 
chronic inflammation and destruction of nearby tissues.

While a moist wound environment is acknowledged to be able to support the 
development of bacterial biofilms, at present there is very little clinical evidence to 
substantiate this claim. Serralta and colleagues provided some superficial evidence that 
biofilms may form in wounds, suggesting their role in significantly enhancing inflam-
mation and infection and ultimately delaying healing.7

Exogenous and endogenous sources of micro-organisms, in particular the nose, skin, 
mouth and gut, are involved in the advancement of biofilms and subsequent community 
interactions in wounds. It is likely that the early contaminants on a wound’s surface are 
skin flora which adhere to the wound, proliferate and synthesize EPS. Although the host 
would initiate a normal immune response to try and establish and maintain some form of 
‘homoeostasis’, the biofilm would remain firmly attached to the host’s tissue. As a biofilm 
develops on a wound surface, a climax community would develop, implying stable asso-
ciations and integrations of function between microbial populations in the wound bed.

At this stage the micro-organisms, while interfering with the wound-healing pro-
cess, may not necessarily induce any clinical signs of infection. It may be fitting then 
to consider the use of a broad-spectrum topical antimicrobial agent for biofilm con-
trol. Without some form of control of microbial progression, a transition from an early 
‘healthy’ biofilm to a ‘pathogenic’ wound biofilm may develop and ultimately lead to 
clinical infection. If the net pathogenic effect of the biofilm community exceeds the 
host’s immune response, wound healing is likely to be compromised.

Treatment of Wounds
Once a wound has been clinically diagnosed as infected, the main method of treat-
ment is to reduce the bacterial bioburden. This is generally achieved by using an array 
of antimicrobial compounds containing silver or iodine.5,6,31 Routine usage of topical 
antibiotics is not justifiable for colonised or indeed infected wounds32 because of the 
prevalence and possible enhancement of antibiotic-resistant bacteria.
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Biofilms and Wounds
Biofilms are commonly associated with chronic wounds and are far more ubiquitous 
than thought previously. Biofilms are microbial accretions, which form readily on solid 
surfaces (either biological or non-biological), including the skin, and are surrounded 
by a self-produced extracellular matrix of hydrated EPS.33 Indeed, the dermal wound 
provides micro-organisms with an ideal environment in which to flourish and the bio-
film mode of growth offers protection from external environmental stress and inhibi-
tors.34 The biofilm offers a range of benefits to the residing micro-organisms, including 
greater protection from the host immune response, resistance from antimicrobial inter-
ventions and easier gene transfer between micro-organisms; this can lead to the sharing 
of beneficial characteristics such as increased virulence.34,35

Key Points
● A biofilm is defined as a community of micro-organisms irreversibly attached to a surface and 

encased in an EPS, with increased resistance to host cellular and chemical responses.36

● EPS consists of polysaccharides, proteins and nucleic acids making up around 80% of a biofilm.
● Biofilm bacteria are reported to be less susceptible to the immune defence system.

BIOFILM FORMATION

The development of a biofilm community occurs in several phases (refer to 
Figure 18.4), forming within a few hours, and is influenced by its environmental sur-
roundings. Once in a biofilm state, the bacteria have great resistance to antimicrobials 
and prove to be difficult to remove in a clinical setting. Further advantages to being 
in the form of a biofilm are an increased metabolic efficiency, substrate accessibility, 
enhanced resistance to environmental stress and antimicrobials and an overall increased 
ability to cause infection and disease.37

Initial attachment: The first step in becoming a biofilm is the initial attachment 
of the cell-surface of free-floating planktonic micro-organisms to a surface; it can 
be reversible.
Growth and proliferation: Bacterial cells begin to divide and proliferate forming 
a micro-colony. As they colonise, the surface micro-organisms secrete and encase 
themselves with an extracellular polymeric substance.
Maturation: Once established in a biofilm environment, the micro-organisms 
secrete QS molecules, changing the biofilm phenotype related to growth and gene 
transcription.
Detachment: Planktonic bacteria detach from the mature biofilm, which are then 
able to disperse and develop another biofilm in a new location.
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It is now understood that many chronic infections are the result of the bio-
film mode of microbial growth which may delay the healing process. The National 
Institutes of Health estimates that pathogenic biofilms are involved in as many as 80% 
of all human infectious diseases. Therefore, the presence of a biofilm in a wound envi-
ronment is expected to play a role in the delay of wound healing and in the develop-
ment of chronic wounds (Figure 18.5). The first association of biofilms with wounds 
was when bacterial colonisation was discovered on sutures and staples removed from a 
healed surgical incision wound site.39

It is a known fact that micro-organisms contribute to wound infections; however, 
major controversy still exists as to the exact mechanism and their significance in non-
healing wounds. One suggestion is that the density of the micro-organisms is the key 
factor in determining whether the wound heals or not. Another argument is that it is 
not the density, but the presence and interaction of specific micro-organisms within 
the wound, that delays healing. Others argue that micro-organisms have no role in the 
delay of wound healing; in addition:
● Bendy et al. first described the clinical significance of microbial density within wound 

healing. It was reported that healing of decubitus ulcers could only progress when the 
bacterial load was less than 106 CFU/ml (colony forming units/ml) of wound fluid.40

● It has been widely published that the majority of wounds are polymicrobial with 
the presence of both aerobes and anaerobes found in non-healing wounds.

Biofilm

Ability to cause disease
• Quorum-sensing ability between individual bacteria
   within a biofilm
• Interrupt and inhibit the process of wound healing
• Specific virulence factors released from bacteria
  vital for biofilm development

Mechanisms of defence
• Secretion of EPS that acts as barrier against 
   host immune cells
• Inhibition of host defence mechanisms, causing an
   unsuccessful inflammatory response
• Resistance against clinically available antibiotics
   and therapeutics

Persistence
• Ability to alter gene expression, resulting in a
   different bacterial phenotype
• Detachment of planktonic bacteria, allowing
   development of further biofilms
• Bacteria 'persister' cells, with a different phenotype,
   repopulate the biofilm matrix

Figure 18.5 Summary of the different characteristics of a bacterial biofilm. Source: Adapted from 
Seth et al.38
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● Evidence shows that multiple micro-organisms delay wound healing, and if four or 
more species are present, the healing outcome is likely to be very poor.
There is also controversy as to how much bacterial load affects wound healing. 

The first value described to clinically delay healing was colonisation of 106 CFU/ml.40 
Further studies investigating this argue that even smaller amounts of bacteria can cause 
a delay in healing. Work by Robson and Heggers, which has continued for more than 
30 years, demonstrates that infection within acute and chronic wounds is present when 
bacterial load is 105 CFU/g of tissue.41 Then, in more recent studies, it has been dem-
onstrated by Breidenbach and Trager that the critical level of bacterial loading required 
to cause an infection is much lower at a value of 104 CFU/g of tissue.42

The microbial diversity of biofilms found in wounds is very high with a variety of 
species isolated from various wounds. One study showed that an average of 5.4 bac-
terial species were isolated from one chronic wound but the specific species varied 
between each wound.43

Biofilms in Acute and Surgical Wounds
Wounds are categorised simply as either acute or chronic. Acute wounds are caused by 
external damage to the skin and may include surgical wounds, minor cuts and abra-
sions, burns or more traumatic wounds such as lacerations or gunshot injuries. Acute 
wounds are expected to heal within a timely manner even though specific treatment 
for each may vary.

With maximum blood perfusion, surgical wounds heal quickly through delivery of 
oxygen, nutrients and immune cells to the site of injury, allowing minimal opportunity 
for colonisation of micro-organisms. Biofilms are much less likely to be observed in 
acute wounds compared to chronic wounds. Therefore, they do not have such a detri-
mental affect in the process of wound healing and acute wounds can successfully heal 
within a few weeks as expected.

Key Points
● Acute wounds are usually tissue injuries that heal completely and in the usual expected manner, 

within the expected time frame; typically, this is before 8 weeks have passed.
● Biofilms are less prominent in acute wounds.
● Biofilm formation may be a factor in the non-healing observed in chronic wounds.

Biofilms in Burn Wounds
A major complication with burn wounds is microbial infection, around 75% of associated 
burn deaths are as a result of developing sepsis related to the presence of a microbial or bio-
film infection.44 The surface of a wound in both partial-thickness and full-thickness burns 
provides a favourable environment for attachment of micro-organisms and development of 
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biofilms. It is a protein-rich environment with avascular necrotic tissue providing bacteria 
with all the nutrients it requires to form a biofilm.

Kennedy and colleagues also found evidence of biofilm formation in burn wound 
biopsies using light and electron microscopy. Microbiological cultures revealed that 
these biopsies contained a range of micro-organisms, including both Gram-positive and 
Gram-negative bacteria.45 Samples taken from ulcerated areas showed widespread pres-
ence of neutrophils and evidence of microbial invasion. The presence of carbohydrates 
also was found to be associated with those areas with microbial presence, indicating the 
presence of EPSs and the development of biofilms.45

Furthermore, burn wound specimens taken as early as 7 days post-injury were shown 
to be positive for microbial invasion.45 Gram-positive bacteria located deep within the 
sweat glands and hair follicles that survive the initial burn injury will have colonised the 
wound surface within 48 hours, unless antimicrobial agents have been used along with 
primary treatments. Within 7 days burn wounds will be colonised with other micro-
organisms (see Table 18.1). Studies have recently confirmed the implications of biofilms in 
burn wounds. Experimental studies of partial-thickness burn wounds in an animal model 
showed the development of biofilms within 48 to 72 hours. Human strains of P. aeruginosa 
isolated from burn wounds can develop into mature biofilms within 10 hours in vitro.46

Biofilms in Chronic Wounds
A chronic wound is defined as one that does not progress through the usual phases 
of healing and therefore fails to heal in a timely manner. The majority of clinicians 
consider a wound to be chronic when it has not healed within six weeks and shows 
signs of prolonged inflammation, a defective wound matrix and failure of re-epitheli-
alisation. Chronic wounds, unlike acute wounds, in some of the worst cases can persist 
for years. Chronic wounds affect up to 2% of the UK population and are a significant 
burden to the patient in addition to the escalation of healthcare costs. Chronic wounds 
are divided into the following major categories:
● Venous leg ulcers
● Diabetic foot ulcers
● Pressure ulcers

Table 18.1 The Most Prevalent Micro-organisms Isolated 
from Burn Wounds
Aerobes Anaerobes

P. aeuroginsa
S. aureus
Klebsiella spp.
Eneterococcus spp.
Candida spp.

Peptostreptococcus spp.
Bacteroides spp.
Propionibacterium acnes



Wound Infection and Biofilms 351

Direct evidence of the presence of bacterial biofilms within chronic wound tissue 
has been presented in both humans and animals. The 2008 James et al. study found that 
60% of chronic wound specimens from human subjects showed evidence of biofilm 
formation via molecular analyses compared with only 6% of acute wound specimens. 
Furthermore, molecular analyses of chronic wound specimens revealed polymicro-
bial communities.15 The chronic wounds took more than 3 months to heal effectively 
whereas all the acute wounds had fully healed within 3 weeks. This proves that not 
only are biofilms present in chronic wounds but it also suggests that they play a signifi-
cant role in impairment of the healing process.

Westgate and colleagues also presented evidence of bacterial biofilms in equine 
chronic wounds; stained tissue samples showed evidence of biofilms within 8 out of 13. 
Furthermore, those bacterial isolates obtained from chronic and acute wounds showed 
significantly higher biofilm-forming potential (BFP) than those isolates obtained from 
uninjured skin (P < 0.05).10 With the BFP, typically, being described as the average bio-
film concentration within a given area, after an allotted time.

Experimental models of chronic infected wounds have also provided evidence of 
biofilm formation. Schaber et al. demonstrated that Pseudomonas aeruginosa is capable of 
forming biofilms within 8 hours of infection in thermally injured mice.47 The authors 
noted that SEM images revealed matrix-like structures and/or ‘bacterial flocs’ in asso-
ciation with the P. aeruginosa aggregates (Figure 18.6), which provides evidence of bio-
film formation.47

Porcine partial-thickness wounds inoculated with Staphylococcus aureus in an experi-
mental wound model showed evidence of biofilm formation 48 hours after inoculation 
and occlusion.14 Furthermore, this study revealed that the biofilm-like communi-
ties formed in these wounds demonstrated increased antimicrobial resistance com-
pared with their planktonic phenotype.14 Interestingly, polymorphonuclear cells were 
observed on the surface of the biofilm, but not within the biofilm. This suggests that 
neutrophils were unable to penetrate the EPS biofilm matrix, thus offering the bacteria 
residing within the biofilm a survival advantage over their planktonic counterparts.14,35

Serralta et  al. used a porcine wound model to study formation of biofilms;  
partial-thickness wounds were created on three pigs and were challenged with 
P.aeruginosa then covered. Wounds were washed vigorously after 72 hours and wound 
cultures were stained with Congo red dye to look for EPS.7 A thick EPS was detected 
surrounding bacteria, indicating a biofilm.7

Biofilms have been shown to impair cutaneous wound healing in a number of 
ways. One way in which bacteria can cause infection is through the evasion of the 
host’s immune defence system; biofilms offer residing cells protection from such attack. 
Phagocytic cells are less effective at destroying bacteria within a biofilm.48 The bio-
film provides protection from antibodies complement and the cells of the immune sys-
tem.48 There are a number of ways in which the biofilm mode of growth provides 
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a defence mechanism from the host’s immune system. The biofilm matrix has been 
shown to interfere with phagocytic activity49 and the stimulation of the complement 
system also has been shown to be affected by the presence of a biofilm.50 Leid and col-
leagues also demonstrated that leucoytes penetrating the biofilm are unable to engulf 
the residing bacteria in an in vitro S.aureus biofilm model.51

Antibiotic resistance is a characteristic noted in biofilm infections. This resistance 
appears to be a consequence of the close cell–cell contact within the biofilm, allowing for 
the effective transfer of plasmids which can encode antimicrobial resistance.33 Some studies 
have suggested that the biofilm prevents the penetration of the antimicrobial agent to the 
cells within the biofilm matrix.52,53 The slow microbial growth observed within a biofilm 
has also been correlated with a reduction in the efficacy of antimicrobial treatment.54

Biofilms have been shown to impair wound healing by delaying re-epithelialisa-
tion, as demonstrated by the Schierle team.19 Cutaneous splinted mouse wounds were 
inoculated with S. aureus and S. epidermidis and biofilms formed after approximately 
three days post-inoculation. Quantification of the epithelial gap present in the wounds 
revealed that re-epithelialisation was disrupted, with the epithelial gaps significantly 

Figure 18.6 Scanning electron micrograph of a S. aureus reference strain ATCC 25923. This image 
shows evidence of a slime layer. Bacteria were attached to the surface (straight arrows). EPS material 
covering bacteria (dashed arrows) (magnification = × 6000; bar marker = 1 micron). 
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larger in the wounds colonised by bacterial biofilms compared to uninfected control 
wounds.19 Furthermore, with the use of both exogenous and endogenous disruption 
of biofilm signalling, the authors demonstrated that the inhibition of re-epithelialisa-
tion was a result of biofilm formation.19

Unfortunately, there is no simple method to quickly identify the presence of a 
biofilm within a clinical setting. The identification of bacterial aggregates combined 
with an infection in a wound can be made and the most suitable course of treatment 
selected. Even though research into new treatments for cutaneous wound biofilm 
infection is still in its infancy, a number of treatment modalities have been postulated, 
including the use of antimicrobial solutions and wound dressings.

Key Points
● The three catergories of chronic wounds are: venous leg ulcers, diabetic foot ulcers and pressure 

ulcers.
● If a wound has not healed after 12 weeks, it is classified as chronic.
● Identification of biofilms in chronic wounds is difficult.

Debridement
Physical intervention in the form of debridement is one of the most effective meth-
ods to reduce the physical presence of bacterial biofilms in a wound. Debridement of 
necrotic tissue and wound exudate strategies range from the use of simple dressings to 
provide a moist wound milieu conducive to accelerated and progressive healing, to the 
more invasive method of surgical removal of the necrotic tissue. Necrotic tissue pro-
vides a favourable environment for microbial growth; therefore, its removal is vital to 
reducing bacterial load within a wound. Removal of the contaminated tissue exposes 
the healthier tissue and aids wound healing.

Antimicrobials
Various antimicrobial agents have different modes of action, but their overall effects 
on the bacteria are similar. They either exert a microbiostatic effect by stopping or 
reducing cell division and inhibiting growth of the bacteria, or a microbicidal effect by 
directly killing the micro-organisms. The most common antimicrobials used in wound 
care are honey, silver, iodine and related iodophores—that is, povidone iodine (PI) and 
cadexomer iodine (CI). These are often incorporated into dressings for the killing of 
bacteria and to facilitate wound healing.

Antimicrobial Effect on Biofilms
Percival and others assessed the efficacy of a silver wound dressing on biofilms grown 
in vitro. Silver-containing wound dressing samples were applied to 24-hour biofilms 
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composed of P. aeruginosa, Enterobacter cloacae, S. aureus or a mixed bacterial biofilm; then 
bacterial viability was evaluated.55 Visualisation of the biofilms following treatment 
with the silver dressing samples also were conducted using scanning confocal micro-
scopy. Results revealed that following a 48-hour treatment period, total bacterial kill 
was achieved in both the tested mono- and poly-microbial biofilms.55

An earlier study also demonstrated that silver ions can act to destabilise the biofilm 
matrix by reducing the intermolecular forces within the EPS.13 Hill and colleagues 
developed an in vitro model of chronic wound biofilms to test the efficacy of silver-
containing and iodine-containing wound dressings.56 The authors of this study found 
that the iodine-based dressing completely disrupted fully established 7-day-old mixed 
bacterial biofilms; whereas, the silver-containing wound dressings had no effect on 
7-day-old biofilms.56

Light microscopy and SEM has been used previously to identify the susceptibility of 
mixed species biofilms to a number of antibiotic commercial products, including iodine 
dressings. Results showed that a 1% PI solution was capable of biofilm disruption and 
was superior to alternative silver-based dressings; however, this effect was minimal.56

In contrast, the PI-containing dressings (Inadine® and Iodoflex®) demonstrated 
complete and efficient destruction of bacteria in a constant depth film fermentor 
(CDFF)-generated biofilm model. In comparison, an iodine-impregnated dressing 
(Betadine® cream/gauze) showed no significant reduction in P. aeruginosa cell counts 
and only a slight reduction of the S. aureus bacteria counts. This study used a sophis-
ticated in vitro biofilm model which attempted to closely mimic chronic wound 
biofilms.56

Brown and colleagues57 undertook a study to investigate the relationship between 
the glycocalyx matrix secreted by biofilm cells and the resistance of P. aeruginosa bio-
films to PI. Transmission electron microscopy (TEM) showed that, while the amount 
of glycocalyx material per cell was not significantly different between biofilm and 
planktonic cultures, the distribution of glycocalyx around bacterial cells differed 
between cells residing in the biofilm and planktonic states. Addition of alginic acid to 
the planktonic cells resulted in a slight increase in resistance to PI. Interestingly, it was 
concluded that PI resistance of bacteria in the biofilm state is because of the protective 
layering of cells within this glycocalyx matrix, increasing the time needed to detach 
cells required for contact with iodine in the inner biofilm layer.57

A strategy aimed at addressing the problems associated with biofilm infections in 
wounds has been termed ‘biofilm-based wound care’ (BBWC), which incorporates 
aggressive wound debridement alongside a number of anti-biofilm interventions such 
as QS inhibitors and the use of substances that interfere with the interactions within 
the EPS and metabolism or block bacterial attachment.35 The use of such anti-biofilm 
agents in chronic wound management is thought to be more beneficial than the use of 
antimicrobials because they are less cytotoxic.
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The following are the potential anti-biofilm agents:
● Lactoferrin
● Xylitol
● Gallium
● Dispersin B
● Ethylenediaminetetraacetic acid (EDTA)
● Acetyl salicylic acid
● Honey
Honey, at a low concentration of 0.5% (v/v) has been shown by Lee and colleagues to 
significantly reduced biofilm formation in E. coli.58 Interestingly, transcriptome analyses 
showed that honey significantly repressed QS and virulence genes prevalent in biofilm 
associated bacteria.

The effectiveness of such interventions, however, requires further investigation. 
Currently not one single strategy has proved to be effective in suppressing and remov-
ing the entire biofilm from a wound. Clinically, multiple and simultaneous strategies 
must be used to successfully manage and prevent a biofilm infection.

Key Points
● Antimicrobial agents either exert a microbiostatic effect by stopping or reducing cell division or a 

microbicidal effect by killing micro-organisms.
● Both silver and iodine are to a degree effective on some biofilms.
● A multi-factorial approach is still the only way to address biofilms.

CONCLUSION

Open wounds constitute an environment which is moist and one that is condu-
cive to biofilm formation. Evidence of fibronectin, found particularly on the surface 
of venous leg ulcers, are known to be an adhesive site for bacteria, keratinocytes and 
fibroblasts. By aiding bacterial attachment, biofilm formation in a wound environment 
will commence. As the biofilm develops, it is probable that simply the presence of the 
biofilm and the extracellular components released from the sessile bacteria will have 
the capacity to damage the surrounding tissue.

In addition, because the phagocytic cells released from the host are not successful at 
fully penetrating the biofilm evident in the wound bed, the released enzymes during 
the phagocytic process will lead to extensive tissue insult.59 In conjunction with this, if 
there is synergy between the human proteases released during wound healing and bac-
terial proteases further tissue breakdown would be inevitable and wound healing will 
be hindered.
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Non-healing and infected wounds are microbiologically diverse. This diversity 
has a number of advantages to micro-organisms because it is likely to help microbial 
interactions and enhance their survival. However, these interactions are likely to have 
detrimental effects on the host. Wound infections due to these colonising bacteria are 
diagnosed on the basis of clinical signs.60 The objective of infection control and, in 
particular, wound care is to minimise the risk of the transmission of micro-organisms 
and to prevent patients from acquiring an infection. However, despite an array of 
infection-control procedures, this often is not achievable. Failing this, to help reduce 
the risk of the wound becoming infected, the microbial load in the wound bed should 
be significantly reduced to allow the host immune system to prevail.

By reducing the number of micro-organisms, their related interactions and patho-
genicity also can be reduced. Through the correct use of currently available antimi-
crobials, the bioburden can be reduced significantly, and therefore aid in wound 
healing. The development of new treatment interventions aimed at biofilm infections 
in chronic cutaneous wounds, a focal point for future research, provides much promise.
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