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Surveillance involves the collection and analysis of data for the detection and
monitoring of threats to public health. Surveillance should also inform as to
the epidemiology of the threat and its burden in the population. A further
key component of surveillance is the timely feedback of data to stakeholders
with a view to generating action aimed at reducing or preventing the public
health threat being monitored. Surveillance of antibiotic resistance involves
the collection of antibiotic susceptibility test results undertaken by microbiology
laboratories on bacteria isolated from clinical samples sent for investigation.
Correlation of these data with demographic and clinical data for the patient
populations from whom the pathogens were isolated gives insight into the
underlying epidemiology and facilitates the formulation of rational interven-
tions aimed at reducing the burden of resistance. This article describes a
range of surveillance activities that have been undertaken in the UK over
a number of years, together with current interventions being implemented.
These activities are not only of national importance but form part of the
international response to the global threat posed by antibiotic resistance.

1. Background

Antibiotic resistance poses a major threat to clinical medicine and public health,
not only in the UK but internationally [1-3]. Antibiotics are not only essential
for the treatment of classical infections such as bacterial pneumonia, sepsis or
meningitis, tuberculosis (TB) or gonorrhoea, but also opportunistic infections
that may occur in patients predisposed to infection, particularly in hospital. It is
an interesting paradox that many advances in medical care have as an unintended
consequence, the fact that patients become more prone to contracting infections,
often caused by pathogens of low virulence that pose little threat to healthy
people. For example, oncology patients may suffer bouts of neutropenia due to
the cytotoxic drugs they receive as part of their cancer therapy, whereas organ
transplant recipients are immunosuppressed and hence less able to fight off infec-
tion due to the drugs they receive to prevent organ rejection. Similarly, many
medical procedures such as insertion of intravascular or urinary catheters, intuba-
tion or surgery breach the body’s natural barriers to infection and allow
pathogens direct access to sites such as the bloodstream, urinary tract, lung or
abdominal cavity. As an added complication, patients requiring medical care
are clustered together in hospital wards, with the result that individual patients
who develop infections readily serve as a source of cross-infection to other
patients. Hence, many aspects of modern medical care rely on the therapeutic
or prophylactic use of antibiotics to minimize the morbidity and mortality associ-
ated with opportunistic healthcare-associated infections. The emergence and
widespread occurrence of bacteria that are resistant to antibiotics thus threatens
not only the treatment of common bacterial infectious diseases but also the
management of patients in diverse clinical settings.

2. The need for surveillance of antibiotic resistance

Successful treatment of serious infections requires timely administration of
effective chemotherapeutic agents. While some infections (e.g. TB, whooping
cough and gonorrhoea) are caused by a single pathogen, the majority of infec-
tions, such as those affecting the skin and soft tissues, the upper and lower
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respiratory tracts, the urinary tract, meningitis and sepsis are
caused by a range of pathogens. Hence, clinical decisions
about empirical treatment require knowledge of the likely
pathogen(s) and the likely susceptibility of these pathogens
to antibiotics. Such knowledge is gained in part by clinical
experience over time, but more objectively and robustly
through surveillance. The US Centers for Disease Control
and Prevention (CDC) have defined surveillance as ‘The on-
going systematic collection, analysis and interpretation of
health data essential to the planning, implementation and
evaluation of public health practice, closely integrated with
the timely dissemination of these data to those who need to
know’ [4, p. 164]. Put more succinctly, surveillance is the gener-
ation and timely provision of information to inform decision-
making and action. Implicit in these definitions is the fact that
undertaking surveillance requires a readily available source of
data. For surveillance of antibiotic resistance, the essential core
data are generated by microbiology laboratories that routinely
identify and determine the susceptibility or resistance of bacteria
isolated from clinical specimens. These results are stored in the
laboratory computer system and if accessed, collected and ana-
lysed, can inform as to the degree of antibiotic resistance seen in
different bacterial species or isolates from different types of
infection. Changes or variation in antibiotic resistance either
geographically or over time can also be monitored. The remain-
der of this article will focus primarily on examples of
surveillance activities undertaken in the UK, and in particular
in England, although comparison with data from other parts
of the world will be made, as the problem of resistance is one
of global dimensions [2].

3. Surveillance of antibiotic resistance in England

The voluntary reporting of microbiological diagnoses by
hospital laboratories to Public Health England (PHE) and its
predecessors, the Health Protection Agency and the Public
Health Laboratory Service, has been a mainstay of infectious
disease surveillance in England for many decades. Since 1989,
clinical microbiologists working in laboratories in England
have been encouraged to report both the identification and
antibiotic susceptibility of blood culture isolates to a national
database called LabBase2. Initially, reporting was on paper
forms but moved to electronic transmission of results in
the 1990s [5,6]. The outputs from this surveillance system
have tended to focus on national trends in resistance in
common pathogens including Staphylococcus aureus, entero-
cocci, Streptococcus pneumoniae, Escherichia coli, Klebsiella
pneumoniae, Enterobacter spp. and Pseudomonas aeruginosa
[7-13]. Strengths of this surveillance system include wide geo-
graphical coverage, the large amount of data collected and the
fact that the data are readily available on a continuous basis
as routine outputs from laboratories. There are some weak-
nesses, however, including incomplete data collection as
reporting is done on a voluntary basis, variation in laboratory
testing methods and the fact that different laboratories may
test and report on different antibiotic panels for the same
pathogens. With regard to the variation in testing methods, it
should be borne in mind, however, that all hospital micro-
biology laboratories in England must be accredited and that a
requirement of accreditation is participation in the assessment
scheme run by the UK National External Quality Assessment
Service. As part of this scheme, pathogens with defined

antibiotic resistance profiles are distributed to laboratories,
which must blindly test the isolates and report back their find-
ings. Laboratories that report incorrect results are notified so
that they may take remedial action to improve the quality of
their testing methodology [14]. Another consideration is that
the majority of the data from microbiology laboratories are for
isolates from hospitalized patients, as the on-site availability
of pathology services means that infections in such patients
can be readily investigated. By contrast, infections in the
community are commonly treated empirically, with general
practitioners (GPs) tending to limit microbiological investi-
gations to more complex patients or those failing antibiotic
treatment. As a likely cause of treatment failure may be anti-
biotic resistance, analysis of test results for isolates referred for
investigation by GPs may over-estimate the burden of resistance
due to sample bias. Despite these caveats, susceptibility data
routinely generated by hospital microbiology laboratories are
an informative, valuable and cost-effective source of infor-
mation, with such surveillance being undertaken not only in
the UK, but in many other parts of the world [3,15].

In addition to the collection of routinely generated labora-
tory results, surveillance systems have also been established
that involve the collection of bacterial isolates from sentinel lab-
oratories for testing in a centralized facility, typically a national
Reference Laboratory. In the UK, two such schemes, one for
respiratory isolates, the other for bacteraemia isolates, are spon-
sored by the British Society for Antimicrobial Chemotherapy
(BSAC) and have been running continuously since 1999 and
2001, respectively [16]. In addition, since 2000, PHE has under-
taken surveillance of resistance in Neisseria gonorrhoeae via
the Gonococcal Resistance to Antimicrobials Surveillance Pro-
gramme (GRASP), where sentinel genitourinary clinics submit
isolates for centralized susceptibility during a three-month
period every summer [17]. In contrast to most of the above
surveillance schemes that collect data continuously, GRASP
is an example of point prevalence surveillance, as data are col-
lected for a fixed time period each year. Regular temporal trend
analysis can still however be undertaken as surveillance is
repeated each year. Point prevalence surveys can also be under-
taken at longer time intervals, an example being two national
point prevalence surveys of resistance in S. pneumoniae that
were undertaken in 1990 and 1995 by the Public Health Labora-
tory Service [18]. In these two surveys, all pneumococci
isolated during the same two calendar weeks in each survey
year were collected from a national network of 52 microbiology
laboratories and tested in the national Reference Laboratory.
The use of an identical study design in the two surveys
meant that the change in the susceptibility of pneumococci
over the 5-year period could be assessed. Although these
sentinel schemes which involve collection of isolates generally
produce smaller datasets than schemes that collect routinely
generated test results, they have the advantage that all isola-
tes are tested using the same methods and standardized
panels of antibiotics and that resistant isolates can be investi-
gated with regard to the mechanisms of resistance and strain
distribution. The two approaches to surveillance should of
course be viewed as being complementary to each other, and
it is reassuring to note that for bacteraemia, cross tabulation
of the data obtained by centralized testing of referred isolates
with routinely generated antimicrobial susceptibility test data
obtained from hospital laboratories has shown a good corre-
lation in terms of the trends in resistance in individual
pathogens [8-11,13].
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Figure 1. Proportion of Staphylococcus aureus isolated from blood that were methicillin-resistant (MRSA) in England and Wales in 1992—-2001.

To provide more detailed insight into the sort of data pro-
vided by these national surveillance schemes, two examples,
one with a Gram-positive pathogen (S. aureus) and one with
Gram-negative pathogens (E. coli and other Enterobacteriaceae)
follow below. For both groups of pathogens, the role of strain
typing in enhancing our understanding of the underlying
epidemiology is also discussed.

(a) Surveillance of resistance in Staphylococcus aureus
Analysis of blood culture isolates of S. aureus voluntarily
reported to LabBase2 showed a dramatic year-on-year increase
in the proportion of isolates that were methicillin-resistant
during the 1990s, rising from 2% in 1990 to a peak of 43% in
2001 (figure 1) [19]. The problem appeared widespread with
increases in methicillin-resistant S. aureus (MRSA) noted in
all health regions in England, as well as in Wales and Northern
Ireland. In addition, data from the Scottish Centre for Infection
and Environmental Health (now part of Health Protection
Scotland), indicated a similar situation in Scotland, with 41%
of S. aureus being methicillin-resistant in 2000—-2001 [19].

The dramatic rise in MRSA generated considerable public
and media interest, with the result that MRSA became the
subject of political debate, with opposition politicians criticiz-
ing the government of the day regarding their management
of the health service [20]. By way of response, in 2001, the
Department of Health in England made a reduction in rates
of MRSA a public health priority. It is noteworthy that one
of their first actions was to improve the robustness of surveil-
lance by making the reporting of MRSA bacteraemia
mandatory for all English acute hospital Trusts [21], which
serves to underline the crucial role of surveillance in efforts
to improve public health.

An essential component of surveillance is the feedback of
analysed data to relevant stakeholders. Hence, the Health
Protection Agency (and subsequently PHE) was tasked
from the outset with reporting rates of MRSA bacteraemia
for individual hospital Trusts (expressed as total cases per
1000 occupied bed days) [21]. A subsequent enhancement
of the mandatory surveillance programme required Trusts
to report the number of cases where MRSA bacteraemia
was likely to have been acquired while patients were in

their care, based on positive blood culture being taken more
than or equal to 2 days after the date of admission [21].
Surveillance is commonly referred to as information for
action, and having established a surveillance system for
monitoring rates of MRSA bacteraemia in hospital Trusts,
the government announced in late 2004 that it was setting
Trusts a target of reducing these infections by 50% by 2008
[22]. Although there were some doubts that such a reduction
in MRSA rates could be achieved in the designated timescale
[23], national data from the mandatory surveillance scheme
showed a 56% reduction in the number of reports of MRSA
bacteraemia between 2004 and 2008 (figure 2) [24]. Moreover,
it is noteworthy that the decline has continued since 2008
with 862 cases reported in the financial year 2013/2014,
reflecting an overall reduction of 80.6% from the number of
cases (4451) reported in 2007-2008 [25]. Despite this success
in reducing the numbers of MRSA bacteraemias, the govern-
ment has continued to pursue a policy of zero tolerance
towards MRSA, with the introduction in April 2013 of Post
Infection Reviews for all cases of MRSA bacteraemia, the
objective being to identify why an infection occurred and to
learn how future cases of infection can be avoided [26,27].

(i) Enhanced surveillance of methicillin-resistant Staphylococcus

aureus bacteraemia in children
Although MRSA bacteraemia is seen predominantly in older
patients, analysis of data in LabBase2 showed an increase in
the proportion of such infections that occurred in children
between 1990 and 2001 [28]. This trend was viewed with con-
cern by the paediatric subgroup of the Specialist Advisory
Committee on Antimicrobial Resistance, whose role was to
advise the Chief Medical Officer and government ministers
on problems relating to antibiotic resistance [29]. To investi-
gate this issue further, a 2-year programme of enhanced
surveillance covering the UK and Ireland was initiated. In
this study, which pre-dated the introduction of mandatory
surveillance in England, cases of paediatric MRSA bacterae-
mia were not only ascertained through voluntary laboratory
reporting but also through a system of clinical case reporting
implemented by the British Paediatric Surveillance Unit
(BPSU) via the monthly ‘orange card’ reporting system [30].
This involved requesting paediatricians in the UK and Ireland
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Figure 2. Cases of MRSA bacteraemia in England reported via the mandatory surveillance scheme between 2004 and 2013.
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Figure 3. Design of enhanced surveillance for cases of MRSA bacteraemia in children. BPSU, British Paediatric Surveillance Unit.

to report any children with MRSA bacteraemia to the BPSU,
with reporting physicians then being sent a questionnaire
regarding the patient’s demographics and clinical presentation
(figure 3) [31]. In addition, MRSA isolates were collected and
characterized using molecular and phenotypic techniques.

Overall, the study found a low incidence of MRSA bacter-
aemia in children in the UK (one case per 100000 children),
with little inter-country variation [31]. Paediatric infections
were predominantly seen in very young children, often those
receiving neonatal or paediatric intensive care. This was sub-
sequently confirmed when mandatory surveillance of MRSA
bacteraemia was introduced in England, with only 2% of
MRSA bloodstream infections involving children [32]. Molecu-
lar investigation of the clinical isolates showed that MRSA
bacteraemia in children predominantly involved the well-
documented epidemic strains associated with nosocomial
infection (described below).

Finally, an important aspect of surveillance is dissemina-
tion of accurate information. However, as shown here, this is
not always a straightforward process. Although this study
found a low incidence of MRSA bacteraemia in children, it
is noteworthy that its findings came to the attention of the

media, with one national newspaper reporting paediatric
MRSA cases as being ‘out of control” [33].

(i) Molecular investigation of methicillin-resistant Staphylococcus

aureus strains
Complimentary to the surveillance activities outlined above,
typing of MRSA isolates has yielded considerable insight
into the epidemiology of MRSA infections by elucidating
the dynamics of strain transmission. Typing methods have
evolved over the years and have moved from phenotypic
tests such as phage typing and biochemical profiling to mol-
ecular techniques, including multi-locus sequence typing
(MLST), spa typing and, most recently, whole genome
sequencing (WGS). A finding of particular importance from
analysis of MRSA isolates submitted to the national Reference
Laboratory was that the year-on-year increase in MRSA
among S. aureus isolated from blood during the 1990s
coincided with the emergence and spread of two particular
epidemic MRSA (EMRSA) strains, designated EMRSA-15
and EMRSA-16, which were subsequently shown by MLST
to belong to sequence types (ST) ST22 and ST36, respectively
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[34,35]. To investigate the epidemiology of MRSA strains in a
more structured way, blood culture isolates of MRSA were
collected from 26 geographically diverse hospital laboratories
between late 1998 and the second quarter of 2000. Analysis of
591 MRSA isolates showed that these two epidemic strains
accounted for 95.6% of the isolates; 60.2% were EMRSA-15
and 35.4% were EMRSA-16, with EMRSA-15 found in 25 of
the 26 participating hospitals and EMRSA-16 found in 19
[36]. At present, the biological basis underpinning the epide-
mic potential of EMRSA-15/16 is not understood, although
some risk factors for colonization or infection with these
strains have been documented. Phenotypically, isolates of
both strains were commonly resistant not only to B-lactams
but also to ciprofloxacin and macrolides. Investigation of
the spread of MRSA in one hospital affected by these epi-
demic strains showed that exposure of patients to these
antibiotics was a risk factor for subsequent colonization or
infection [37]. Related to this, pharmacokinetic studies have
shown that ciprofloxacin is excreted in sweat onto the skin
where it may act to eliminate quinolone-susceptible com-
ponents of the normal bacterial skin microflora [38]. The
resulting reduction in competing skin flora may facilitate the
colonization of skin by quinolone-resistant MRSA such as
EMRSA-15/16. Further, laboratory studies have shown
that exposure of quinolone-resistant isolates of MRSA to sub-
inhibitory concentrations of ciprofloxacin results in induction
of fibronectin-binding proteins that may result in increased
binding to fibronectin in host tissues, and thus promote
colonization [39].

Intriguingly, during the 2000s when the rates of MRSA bac-
teraemia stabilized and then underwent a significant decline,
typing of isolates showed that there was a disproportionate
decline in isolates of EMRSA16 [40,41]. This led some investi-
gators to argue that it is difficult to determine how much of
the decline in MRSA was due to infection control measures
versus intrinsic (albeit currently undefined) biological proper-
ties of the MRSA strains and that randomized or nested study
designs rather than interrupted time-series studies may be
better to elucidate the effectiveness of interventions based on
improved infection control [42].

(b) Surveillance of resistance in Escherichia coli and
other Gram-negative bacteria

The last 50 years have seen the continuous development
of resistance to a succession of first-line antibiotics in E. coli.
Ampicillin, the first broad-spectrum B-lactam antibiotic with
activity encompassing Gram-negative bacteria was introduced
in 1961. However, this was followed just 4 years later by the
report of an ampicillin-resistant E. coli isolated from the blood
of a patient in Greece, the resistance being mediated by pro-
duction of a B-lactamase enzyme designated TEM-1 (derived
from the patient’s name, Temoniera) [43]. This was not entirely
a surprise as the existence of B-lactamases had been identi-
fied some 25 years earlier, with the first B-lactamase in fact
having been found in an isolate of E. coli in 1940 [44]. What
was striking about the clinical isolate from Greece however,
was that the resistance was transferable (due to the resistance
gene being located on a mobile plasmid) not only between
strains of E. coli but also to other Enterobacteriaceae as well
as Haemophilus influenzae, N. gonorrhoeae and P. aeruginosa
[45-47]. In the early 1970s, the occurrence of ampicillin resist-
ance due to TEM-1 in H. influenzae type b, which at that time

was a significant cause of bacterial meningitis, was a major
public health concern, as was the adverse impact of TEM-1 on
the use of penicillin for the treatment of gonorrhoea. Over
subsequent decades, new classes of antibiotics that were
active against ampicillin-resistant E. coli and other bacteria
were discovered and introduced into clinical use, but in all
cases, this was followed by emergence of resistance.

Probably the two most clinically important classes of
antibiotics with good activity against E. coli and other genera
of Gram-negative bacteria (including strains resistant to
ampicillin) were the quinolones, notably ciprofloxacin, and
the third-generation cephalosporins, cefotaxime and ceftazi-
dime, which although B-lactams, were resistant to hydrolysis
by TEM-1 B-lactamase. However, analysis of national surveil-
lance data reported to LabBase2 by hospital microbiology
laboratories during the 1990s and 2000s showed that there
were year-on-year increases in the proportion of blood culture
isolates of E. coli that were resistant to ciprofloxacin, rising from
approximately 1% in 1993 to a peak of 23% in 2006—2007
(figure 4) [13,48,49]. A similar but lower rising trend in resist-
ance to third-generation cephalosporins was also seen over
the same time period (approx. 1% in 1993 rising to a peak of
12.5% in 2006-2007). Thereafter, following a slight decline,
rates of resistance to ciprofloxacin and third-generation cepha-
losporins stabilized at approximately 19% and approximately
10%, respectively. These temporal trends were broadly mir-
rored by data from the national sentinel bacteraemia
surveillance programme sponsored by the BSAC [13]. Interest-
ingly, both the LabBase2 data and the sentinel bacteraemia
surveillance data showed a similar temporal trend for resist-
ance in Klebsiella and Enterobacter spp. [13]. In Klebsiella spp.,
resistance to ciprofloxacin and third-generation cephalosporins
both peaked at approximately 17% in 2006, and following a
decline, stabilized at 8—10% between 2009 and 2013 [50]. In
Enterobacter spp., ciprofloxacin resistance fluctuated between
14% and 17% between 2001 and 2006, then fell steadily to 5%
by 2012, while cephalosporin resistance peaked at approxi-
mately 44% in 2006, then declined to 29% in 2012 [51]. The
higher levels of cephalosporin resistance in Enterobacter spp.,
relative to E. coli and Klebsiella spp., reflects the well-recognized
ability of enterobacters to mutate to constitutive production of
ampC B-lactamase [52]. It has been suggested that these tem-
poral resistance trends reflect decreased selective pressure for
resistant strains following a reduction in hospital and commu-
nity prescribing of quinolones and cephalosporins, probably
due to concerns about the use of these antibiotics promoting
infections with Clostridium difficile [13]. It is important to
note, however, that although the proportions of isolates of
E. coli and K. pneumoniae from blood that were resistant to
ciprofloxacin or cephalosporins remained relatively stable
between 2010 and 2013, the increasing incidence of bacterae-
mia caused by these pathogens during this time meant that
the total numbers of resistant isolates nonetheless continued
to increase [53].

Although rates of resistance to ciprofloxacin and third-gen-
eration cephalosporins have stabilized in recent years, the
levels of resistance are such that clinicians remain reluctant
to use these agents for empirical treatment of suspected
Gram-negative sepsis. Hence, they have looked to other anti-
biotic classes, in particular the carbapenems, to fill this role.
Carbapenems are broad-spectrum B-lactams, now commonly
referred to as our last resort antibiotics for the treatment of
severe infections such as life-threatening sepsis. A national
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Figure 5. Isolates of Gram-negative bacteria confirmed as carbapenemase producers by the Antimicrobial Resistance and Healthcare Associated Infections Reference

Unit of PHE, between 2005 and 2013.

point prevalence survey of healthcare-associated infections and
antimicrobial use carried out in England in 2011 showed that
meropenem was the ninth most commonly used antibiotic in
hospitals in England [54]. A subsequent analysis of trends in
antibiotic consumption in England showed that although car-
bapenems accounted for only 0.3% of total antibiotic
consumption in 2013, their use had increased by 31% com-
pared with that seen in 2010 [53]. Given the increased use of
carbapenems, there is concern that the associated selective
pressure will serve to promote the emergence and spread of
carbapenem resistance, particularly in Gram-negative bacteria.
These concerns are not limited to the UK as the CDC has high-
lighted carbapenem resistance as a major threat to healthcare in
the USA [3]. Current UK surveillance data have shown that the
majority of bloodstream isolates of E. coli and K. pneumoniae
remain susceptible to meropenem, with resistance being seen
in 0.1% and 0.9%, respectively in 2013 [49,50]. However,
there are clear signs that resistance is nonetheless emerging,
with the number of isolates of Gram-negative bacteria

submitted to the national Reference Laboratory that have
been confirmed as carbapenemase producers showing a dra-
matic increase from between 2005 and 2013 (figure 5). The
continuing surveillance of carbapenem resistance in Gram-
negative bacteria, particularly Klebsiella spp. and E. coli has
been highlighted as a priority area in the UK strategic plan [55].

(i) Molecular investigation of resistance in Gram-negative

bacteria
Molecular studies have shed light on both the underlying
mechanisms of resistance, particularly to cephalosporins and
carbapenems, and the diversity of strains showing such resist-
ance. Investigation of a number of outbreaks in UK hospitals
during the 1990s showed that cephalosporin resistance was
for the most part seen in different strains of K. preumoniae pro-
ducing different types of extended-spectrum p-lactamases
(ESBLs), predominantly variants of the TEM and SHYV classes
[56-58]. However, a marked epidemiological change was
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noted from about 2000 onwards, with cephalosporin resistance
increasingly being seen in E. coli producing CTX-M type
ESBLs, particularly CTX-M-15 [59-61]. In addition, while
ESBL-mediated cephalosporin resistance seen during the
1990s had primarily occurred in hospitals, many of the CTX-
M-producing isolates of E. coli were initially obtained from
patients in the community [60]. Typing undertaken using
pulsed-field gel electrophoresis (PFGE) showed that over a
third of the isolates of CTX-M-producing E. coli referred to
the national Reference Laboratory from hospitals around the
UK during 2003 and early 2004 were highly genetically related.
These isolates, which were from six different hospitals and a
variety of clinical sources (urine, blood, faeces, sputa and
wounds), all produced CTX-M-15 and were believed to com-
prise a single epidemic strain, designated strain A. Four
other major PFGE clusters of related E. coli isolates producing
CTX-M-15 were also noted and were designated B to
E. Representative isolates of each of the five clusters belonged
to the same serotype (O25) and given their close relationship
by PFGE (78% similarity), the study investigators suggested
they may have had a common ancestry [60]. Subsequent
analysis using MLST showed that strains A—E all belonged
to an extremely successful clone of E. coli of ST131 which is
now known to have disseminated globally [62,63]. It is also
of note that E. coli ST131 is commonly resistant to quinolones
and was a likely contributor to the increase in ciprofloxacin
resistance seen in E. coli during the 2000s [63]. Hence the
increase in resistance to ciprofloxacin and third-generation
cephalosporins in E. coli during this time is probably explained
in large part by clonal expansion following the emergence of
ST131 in the UK. The dynamics of spread still require further
investigation as available data suggest a complex epidemiol-
ogy not only involving hospitalized patients but also patients
in nursing homes and international travellers returning to the
UK, as well as possible water-borne transmission [64-66]. As
an added complexity, plasmid-mediated spread of CTX-M
ESBLs has also been demonstrated [67], although the contri-
bution of this means of spread of cephalosporin resistance is
difficult to quantify.

Although isolates of Gram-negative bacteria that produce
ESBLs may also show some degree of reduced susceptibility
to carbapenems if they also have reduced permeability due to
loss of outer membrane porins [68], the major mechanism
of resistance to carbapenems involves the production of car-
bapenem-hydrolysing B-lactamases called carbapenemases.
A range of carbapenemases have been identified to date
and include representatives of Ambler B-lactamase classes
A, B (metallo-enzymes) and D (OXA enzymes) [69]. In
terms of the carbapenemases seen in the UK, analysis of car-
bapenemase-producing Gram-negative isolates referred on
a voluntary basis to the national Reference Laboratory
(figure 5) shows that a range of enzymes have been seen
including NDM-1, KPC, IMP, VIM and OXA-48 [70,71].

4. Making use of surveillance data

Surveillance of antibiotic resistance plays a major role in
patient management by providing data that influence clinical
decision-making, particularly the choice of antibiotics to be
used both for empirical treatment of patients with suspected
infections or for prophylaxis in patients at enhanced risk of
infection. Commonly, data on rates of resistance in specific

pathogens contribute to the evidence base used for formu-

lation of national treatment guidelines for different types of
infections. For example, while guidelines for empirical treat-
ment of suspected staphylococcal endocarditis published
in the mid-1980s recommended a combination of penicillin,
flucloxacillin and gentamicin [72], subsequent updated
guidelines have recommended the inclusion of vancomycin
in recognition of the increase in MRSA seen since the initial
guidance was published [73,74]. Similarly, guidelines for
the management of community-acquired pneumonia in
adults, published by the British Thoracic Society, specifically
took account of rates of resistance of pneumococci (the com-
monest cause of community-acquired pneumonia) to various
antibiotics [75]. Surveillance of susceptibility of particular
pathogens has also been used to evaluate the continuing
appropriateness of published guidelines for management of
infections in particular patient groups, for example neonates
presenting with sepsis [76]. In some instances, detection of
rapid changes in resistance of pathogens to critical antibiotics
has resulted in rapid changes to national treatment guide-
lines, a key example being the change in the national
guidance for the treatment of gonorrhoea from ciprofloxacin
to either oral cefixime or intra-muscular ceftriaxone following
a marked increase in ciprofloxacin resistance in gonococci
[77,78]. Following reports of isolation of gonococci with reduced
susceptibility to cefixime and ceftriaxone, the guidelines were
subsequently further amended, with a recommendation to use
a higher dose of ceftriaxone combined with azithromycin [79].

Surveillance also has a key role to play in detecting the
emergence and spread of previously uncommon or completely
novel types of resistance. Surveillance should provide infor-
mation for action, and in the UK a national alert system has
been established for notifying clinical microbiologists of the
emergence of new types of antibiotic resistance. Alerts typically
describe the nature of the resistance, the extent of its known
spread (if any) and how the resistance can be detected in
diagnostic laboratories. Alerts issued to date have highlighted
carbapenem-resistant Enterobacteriaceae (2005), high-level
azithromycin resistance in N. gonorrhoeae (2008), carbapene-
mase-producing Enterobacteriaceae in the UK (2009), New
Delhi metallo-B-lactamase imported into the UK from the
Indian sub-continent (2009) and potentially transferable line-
zolid resistance in Enterococcus faecium in the UK (2012) [80].
In addition, detailed guidance and advice on tackling specific
antibiotic resistance problems have been produced, a recent
example being the production and dissemination of an acute
Trust toolkit for the early detection, management and control
of carbapenemase-producing Enterobacteriaceae [81]. In
order to maximize awareness of both the problem posed by
carbapenem-resistant bacteria and availability of the toolkit, a
letter was sent to the CEOs of all acute care Trusts in England
by the Director of Health Protection at PHE and the NHS
England Medical Director, with the message being reinforced
by NHS England who additionally issued a related national
Patient Safety Alert [82].

Two crucial and inter-related roles of surveillance are to
enhance our understanding of the epidemiology of resistance
and the factors that influence its emergence and spread, with
a view to devising interventions aimed at reducing its
burden, and then to assess the effectiveness of interventions
by monitoring rates of resistance following their implemen-
tation. In 2013, the Department of Health on behalf of the
UK government published a 5-year strategic plan comprising
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(1) improving infection prevention and control practices

(2) optimizing prescribing (through antimicrobial stewardship)

(3) improving professional education, training and public engagement
(4) developing new drugs, treatments and diagnostics

(5) better access to and use of surveillance data

(6) better identification and prioritization of AMR research needs

(7) strengthened international collaboration

Figure 6. The seven key areas for action outlined in the UK 5-year Antimicrobial Resistance (AMR) Strategy.

seven areas for action aimed at controlling and ideally redu-
cing the burden of resistance (figure 6) [55]. It is noteworthy
that the Department of Health subsequently issued a further
document outlining a number of measures to be used to
assess the effectiveness of the strategy [83]. These included:
(i) the list of key human and veterinary pathogens to be
monitored for changes in resistance to critical antibiotics;
(ii) monitoring the levels of antibiotic usage in humans and ani-
mals, both in terms of total usage and use of specific antibiotic
classes over time; (iii) monitoring unintended consequences of
reduced antibiotic prescribing, such as increases in hospital
admissions for suppurative complications of upper respiratory
tract infections; (iv) assessing the attitudes and knowledge of
the public towards appropriate antibiotic use; (v) assessing
the level of professional engagement of healthcare professionals
by monitoring the uptake of the “TARGET Antibiotics’ toolkit
by GPs and the ‘Start Smart Then Focus’ toolkit by hospital
doctors, as well as an annual evaluation of the impact of Euro-
pean Antibiotic Awareness Day activities in the UK; and
(vi) reviewing the actions taken by the UK to garner increased
international collaboration to minimize the global spread of
AMR. Monitoring of a number of these outcome measures
is being undertaken as part of the English Surveillance
Programme for Antimicrobial Utilisation and Resistance [53].

5. Current and future developments in
surveillance

(a) Data linkage

One of the limitations of surveillance based on collection of rou-
tinely generated antibiotic susceptibility test results from
hospital microbiology laboratories is that although basic patient
demographic data are commonly available, other important
data such as clinical details, dates of hospital admission and/
or discharge, treatment received and clinical outcomes are
often not available. Although such data can be collected
through the provision of paper or online questionnaires, this
approach is labour intensive and often requires hard-pressed
hospital staff to spend time and effort trawling through patient
case notes or other records and then manually enter the data.
An alternative tactic that is increasingly being recognized as
an important and cost-effective approach involves linkage
of routine microbiology data with other existing datasets that
contain relevant data [84]. At an international level, data on
antibiotic prescribing across Europe produced by the European
Surveillance of Antimicrobial Consumption Network (ESAC-
Net) have been cross tabulated with rates of antibiotic
resistance in different European countries produced by the

European Antimicrobial Resistance Surveillance Network
(EARSNeEet), with this ecological analysis showing a strong cor-
relation between high levels of prescribing and high levels of
resistance [85]. Datasets available in the UK that have been
used for data linkage to investigate the epidemiology of anti-
biotic resistance, healthcare-associated infections and clinical
outcomes include national Hospital Episode Statistics (HES)
[86,87], death registrations from the Office of National Statistics
[88] and clinical data from the Paediatric Intensive Care Audit
Network (PICANet) [89]. In contrast to the ecological approach
used by ESACNet and EARSNet, which can show strong corre-
lations between data, but cannot prove a causal relationship,
efforts are increasingly being made to link individual patient
records in different datasets to provide large integrated
patient-level datasets. Application of this approach of course
requires stringent information governance to ensure there are
no breaches of patient confidentiality or that surveillance out-
puts do not allow deductive disclosure of patient identity.
However, once appropriate governance is put in place, this
approach allows important public health issues such as anti-
biotic resistance to be investigated in a cost-effective manner
that should yield more robust and informative data than are
obtained from current surveillance systems.

In a pilot study to investigate the incidence and aetiology of
hospital-acquired bloodstream infections in children and the
antibiotic resistance of the causative pathogens, probabilistic
matching methods were used to link records for children
with bacteraemia stored in LabBase2 with hospital admission
data from HES, which contains demographic and clinical
data, dates of hospital admission and discharge and in-hospital
mortality with date of death [86]. This study established
that about 23% of paediatric bacteraemias were hospital-
acquired, equating to a rate of 4.74 infections per 1000 hospital
admissions lasting 2 or more days. It also provided important
insight into the pathogens associated with hospital-acquired
infections and their susceptibility to recommended first-line
antibiotics. A subsequent study using the same linked dataset
quantified the increased length of stay and excess mortality
associated with hospital-acquired bacteraemia [87]. A comp-
lementary approach involving linkage of LabBase2 data with
clinical and demographic data from PICANet has also been
used for monitoring of risk-adjusted bacteraemia trends in
paediatric intensive care [89]. Having established the method-
ology using data for paediatric patients, further work could be
undertaken with other patient populations.

(b) Local surveillance
The systems for undertaking surveillance of antibiotic resist-
ance outlined in this article have frequently focused on the
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national picture. In keeping with one of the action points in the
UK 5-year strategy for controlling resistance, namely better
access to and use of surveillance data [55], systems are being
put in place in England to enhance local and regional access
to resistance data. At the time of writing, PHE is launching a
new surveillance system and database called Second Gener-
ation Surveillance System (SGSS), which will incorporate
previously developed resistance surveillance software called
AMSURY, together with an interactive web tool called AmWeb
[90,91]. This system will allow microbiology laboratories that
submit data to SGSS timely access to their data using user-
configurable reporting tools that will allow a range of outputs
that will meet the needs of their local communities.

(c) Using whole-genome sequencing to investigate

transmission of resistant bacteria
Another key action point in the UK 5-year strategy for con-
trolling antibiotic resistance involves improving infection
prevention and control practices [55]. The rational design of
interventions to reduce the incidence of infections caused
by resistant bacteria requires a detailed understanding of
the mode and dynamics of pathogen spread. As outlined ear-
lier in this article, the application of molecular techniques
such as MLST to characterize the relatedness of clinical iso-
lates of bacterial pathogens has led to the detection and
recognition of successful epidemic clones of resistant bacteria,
such as EMRSA-15/16 [35] and the ST131 clone of E. coli
[62,63]. It is becoming increasingly clear, however, that the
discriminatory power of WGS to differentiate between epi-
demiologically related and unrelated isolates within these
clones is greatly enhancing our ability to investigate clusters
and putative outbreaks of antibiotic-resistant infections. For
example, using conventional outbreak investigation methods,
a hospital infection control team noted a putative outbreak of
MRSA on a special care baby unit (SCBU), where 12 infants colo-
nized with MRSA over a six-month period were suspected but
not categorically proved to be linked. WGS analysis of MRSA
isolates from the SCBU and elsewhere not only confirmed that
the cluster did indeed comprise an outbreak, but that it was
more extensive than originally envisioned, with transmission
of the outbreak strain between mothers on a postnatal ward
and in the community also being found [92]. Conversely, in
another study, apparent instances of patient-to-patient trans-
mission of MRSA in an adult intensive care unit identified by
spa typing of isolates from patients with overlapping stays
were found to have been incorrectly identified when subsequent
WGS analysis showed that the isolates from ‘epidemiologically
linked” patients were in fact genetically distinct [93].

Understanding the epidemiology of colonization and
infection with antibiotic-resistant Gram-negative bacteria is
particularly challenging as the spread of resistance is not lim-
ited to the transmission of bacterial cells but may also involve
the inter-species spread of the genes encoding resistance on
mobile genetic elements such as plasmids. However, studies
are already being published showing that WGS has the
potential to unravel the complex epidemiology of such
infections, including the emerging and critically important
problem of infections caused by carbapenem-resistant organ-
isms [94,95]. With the cost of WGS falling, some investigators
have argued that this methodology has the potential to trans-
form diagnostic and public health microbiology and is now

positioned to become an essential tool in the control of
antibiotic resistance [96,97].

(d) Surveillance of the impact of antibiotic resistance on
morbidity

Analysis of data on patients hospitalized with bloodstream
infections has shown that antibiotic resistance, for example
methicillin resistance in S. aureus and cephalosporin resistance
in E. coli, are associated with increased morbidity, manifest as
extended lengths of hospital stay, as well as increased mortality
[98]. However, while the clinical impact of resistance in the
hospital setting is well documented, there is a relative paucity
of data on the impact of resistance on morbidity in patients pre-
senting with infections in the community. The main problem is
the lack of routinely available data on the aetiology of commu-
nity infections and the antibiotic susceptibility or resistance of
the causative pathogens, as most infections managed by GPs
are treated empirically, based on the clinical history. As the
majority of antibiotic prescribing occurs in the community
[53], this is an important gap in our knowledge of the epide-
miology and public health impact of resistance. The principal
barrier to investigating the prevalence of antibiotic resistance
in the community and the associated clinical and economic
burden is that such studies are extremely resource intensive
and thus very expensive. However, such studies are nonethe-
less feasible, an example being an ongoing clinical trial of a
point-of-care test (POCT) to guide the management of uncom-
plicated urinary tract infection (UTI) in primary care [99]. The
POCT in this study is a simple culture procedure that provides
both a microbiological diagnosis of bacterial UTI within 24 h
and the susceptibility of any identified pathogen to the anti-
biotics most commonly prescribed for UTI in primary care.
The objective is to assess if the test helps GPs to decide more
effectively whether or not to prescribe antibiotics, and if so,
to select the most appropriate drug. The trial also aims to pro-
vide data on patient morbidity including symptoms and rates
of recurrence within a three-month period. The trial should
also inform as to the prevalence of antibiotic resistance in
pathogens isolated from urine (and stool) samples at both
initial presentation and at two-week follow-up. In addition,
the findings from the study will be analysed to assess if this
approach is cost effective, and should this be the case, there
would be an argument for its widespread introduction,
which would in turn provide a source of routinely available
data for ongoing surveillance. With the current impetus to
develop rapid diagnostics for detection of antibiotic resistance
[100] (which is one of the action points in the 5-year UK strat-
egy for controlling resistance [55]) the development of
surveillance systems for monitoring antibiotic resistance in
the community is becoming a realistic option. Such surveil-
lance, coupled with collection of data on patient
consultations from sources such as the Clinical Practice
Research Datalink [101] or the Health Improvement Network
[102] and admissions to hospital (from HES) would inform
as to trends in resistance, antibiotic prescribing and associated
patient morbidity and treatment outcomes.

6. Conclusion

Surveillance programmes not only in the UK, but across the
world, have shown that antibiotic resistance is a major threat
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to global health. Many initiatives are being launched in efforts
to reduce, or at least slow down the rate of increase of resist-
ance. Having served to identify the threat posed by antibiotic
resistance, existing and new surveillance systems must now

be used to assess the effectiveness and impacts of these initiat-

ives and interventions. Timely and targeted dissemination of
surveillance data will continue to be an essential component
of efforts to combat the threat of resistance. Crucially,
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