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This is a revision of the original Antimicrobial Resistance Empirical and Statistical Evidence-
Base published in December 2014, which provided a broad overview of the current situation of
antimicrobial resistance (AMR) in bacteria, and which now includes AMR in both viruses and
fungi. Its original aim was to bring together the evidence upon which scenario-based analytical
work could be undertaken to assess the impact of emerging AMR in specific pathogens or
groups of pathogens, or in particular types of infection or patient groups. The literature on many
aspects of AMR is vast and impossible to encapsulate in its entirety in this report.

While aimed at the general reader, some sections of the report are necessarily of a somewhat
technical nature, and relevant knowledge will give a better appreciation of the significance of the
evidence here.



Antimicrobials have been at the forefront in the battle to reduce infectious diseases for much of
the past century. They are primarily used to treat infectious diseases in humans and animals,
but are also of great value in the prevention of infections when used as prophylaxis, such as in
the prevention of infections at the site of a surgical incision or in the prevention of neutropenic
sepsis in patients undergoing chemotherapy treatment for cancer.

Antimicrobial (particularly antibiotic) use has increased to such an extent that resistance to
these drugs has emerged and spread too many organisms. Infections with resistant organisms
now occur in both community and hospital populations, with the latter accounting for the
majority of deaths; it is estimated that more than 25 000 patients die annually in the EU due to
multidrug-resistance (MDR) in bacterial infections [1]. It is believed that at some point
antimicrobial resistance (AMR) may reach the stage of threatening certain medical procedures
by making them too risky to perform.

In a keynote address at the conference on Combating Antimicrobial Resistance: Time for Action
held in Copenhagen, Denmark on the 14™ March 2012, Dr Margaret Chan, Director-General of
the World Health Organization stated “If current trends continue unabated, the future is easy to
predict. Some experts say we are moving back to the pre-antibiotic era. No. This will be a post-
antibiotic era. In terms of new replacement antibiotics, the pipeline is virtually dry, especially for
Gram-negative bacteria. The cupboard is nearly bare.” “A post-antibiotic era means, in effect,
an end to modern medicine as we know it. Things as common as strep throat or a child’s
scratched knee could once again Kkill.” [2]

Gram-negative bacteria, a class of bacteria including Enterobacteriaceae, are of particular
concern, as resistance to multiple drugs is now accumulating in these species. While the most
serious MDR infections are in healthcare settings, where vulnerable patients are subject to a
high antibiotic selective pressure, these resistant bacteria are now also spreading within the
community.

The emergence and spread of resistant, particularly MDR, organisms is more concerning now
than it has been in the past because it coincides with a decline in the development of novel
therapies to take the place of those antimicrobials being rendered ineffective due to this
resistance.

The recent European Centre for Disease Prevention and Control/European Medicines Agency
(ECDC/EMEA) Joint Technical Report [1] identified that there were 15 systemically-
administered antibacterial agents either with a new mechanism of action, or directed against a
new bacterial target, but most of them were in early phases of development and were being
developed primarily for use against bacteria, such as MRSA, for which treatment options are
currently available, although indeed resistance may develop in the future. It was also noted that
there was a striking lack of new antimicrobial agents active against MDR Gram-negative
bacteria in particular.

Boucher [3] provides a more recent update to the status of development and approval of
systemic antibiotics in the United States as of early 2013. Only two new antibiotics had been
approved for use since the Infectious Diseases Society of America's 2009 pipeline status report
[4], and the number of new antibiotics approved for marketing in the United States continues to
decline annually. Only seven drugs were identified in clinical development that could be used in
the treatment of infections caused by resistant Gram-negative bacteria.



The subject of genetic mutations that occur within microorganisms rendering them resistant to
antimicrobials is complex. This technical section provides an overview of the mechanisms by
which AMR develops, and is included for completeness.

Different classes of antibiotics possess specific modes of action by which they inhibit the growth
or kill bacteria. These include inhibition of bacteria cell wall synthesis, inhibition of protein
synthesis, inhibition of DNA synthesis, inhibition of RNA synthesis, competitive inhibition of folic
acid synthesis and membrane disorganization. In all cases these effects involve the binding of
antibiotics to specific bacterial molecular targets such as enzymes or the organelles. Bacteria
can thus become resistant by developing mechanisms to prevent antibiotics binding to their
molecular target. The four main methods by which bacteria achieve this are: inactivating or
degrading antibiotics, modifying the target site, decreasing cell wall permeability (reducing
antibiotic entry into bacterial cells) or active efflux, and metabolic bypass. Bacteria often
possess multiple resistance mechanisms making them resistant to several classes of
antibacterial agents.

There is a range of mechanisms by which an organism can acquire resistance, the simplest
being genetic mutation. Resistant mutants will have a strong survival advantage in the face of
antibiotic exposures, giving rise to the often seen association between the total usage of
antibacterial agents in a population and the increased proportion of isolates that exhibit
resistance to those agents. The indiscriminate and inappropriate use of antibiotics is being
tackled by increased awareness of antimicrobial stewardship with the general aim of conserving
the effectiveness of currently available antibiotics. Resistance genes can also be transferred
between organisms via mobile genetic elements (MGEs) such as plasmids, and transferable
resistance is often more important clinically in MDR Gram-negatives than is resistance arising
from mutation. There is ample evidence that MGEs are able to transfer resistance mechanisms
between genera; for example, Hegstad et al [5] describe MGEs of enterococci being transferred
to Staphylococcus aureus. This ability of bacteria to transfer resistance mechanisms provides a
major challenge to preventing the emergence of resistance.

Antiviral therapy is frequently used in the setting of intensive immunosuppression, targeted at
cytomegalovirus (CMV), herpes simplex virus (HSV), Hepatitis B virus (HBV) and varicella-
zoster virus (VZV). The variety of resistance mechanisms that these viruses have acquired are
thoroughly documented by Strasfeld and Chou [6].

The use of highly active antiretroviral therapy (HAART) has dramatically reduced the morbidity
and mortality from human immunodeficiency virus (HIV) infection. The failure of antiretroviral
therapy can result in the emergence of drug resistant forms of HIV. Resistance to the drug
classes: nucleotide reverse transcriptase inhibitors (NRTIs), non-nucleoside reverse
transcriptase inhibitors (NNRTIs), protease inhibitors (Pls) and integrase inhibitors (INIs), have
now appeared through a number of genetic mutations in the targeted viral genes. Detailed
descriptions of the current identified mutations are provided at Stanford University HIV Drug
Resistance Database [7]

There are two antiviral drugs used to treat seasonal influenza; oseltamivir and zanamivir, with
the recommended treatment being dependent upon the circulating stain. Treatment prevents
serious infection and lessens the duration of symptomatic iliness. Both are neuraminidase (NA)

9



inhibitors, binding to the virus’s NA surface protein and inhibiting enzymatic activity. This
prevents flu viruses from spreading from infected cells to other healthy cells. Resistance can
emerge through one of numerous mutations in the NA that reduce inhibitor binding efficiency to
the enzyme. These mutations differ between type and subtype of influenza virus and in their
impact on the two inhibitors, but the most prevalent is an H275Y mutation, known to confer
oseltamivir resistance in 2009 H1N1 flu viruses [8].

Treatment of chronic hepatitis C virus (HCV) infections has changed dramatically since the
introduction of direct acting antivirals (DAA). The treatments telaprevir and boceprevir have
been supplemented by new NS3 protease inhibitors, simeprevir and faldaprevir, a non-
nucleoside polymerase inhibitor, sofosbuvir and NS5a replication complex inhibitors daclatasvir
and ledipasvir. Used in combination, these have greatly increased the treatment options for
chronic HCV with high efficacy and improved safety. Naturally occurring mutations such as the
Q80K variant conferring resistance to simeprevir has been observed in proportions ranging from
9%-48% of untreated HCV genotype 1a-infected patients. Resistant variants are detectable in
the majority of patients with treatment failure to NS3 protease inhibitor- or NS5a inhibitor-based
antiviral therapy. Long-term follow-up studies by population-based sequence analysis have
shown the disappearance of resistant variants in the majority of affected patients, with median
times to the disappearance of these types of mutations of 4-64 weeks [9].

Despite the development of new antifungal drugs, resistance continues to grow and evolve, and
complicates patient management. As with antibacterial agents, in-vitro susceptibility testing is
used to select treatments for a given infection. Reliable in-vitro antifungal susceptibility testing
has been developed in the USA, the Clinical and Laboratory Standards Institute (CLSI), and in
Europe, the European Committee on Antimicrobial Susceptibility Testing (EUCAST). A variety
of mechanisms can lead to acquired resistance of Candida species to azole drugs, the most
common being induction of the efflux pumps encoded by the MDR or CDR genes, and
acquisition of point mutations in the gene encoding for the target enzyme (ERG11). Acquired
resistance of Candida species to echinocandins is typically mediated via acquisition of point
mutations in the FKS genes encoding the major subunit of its target enzyme. Antifungal
resistance is associated with elevated minimum inhibitory concentrations, poorer clinical
outcomes, and breakthrough infections during antifungal treatment and prophylaxis. [10]
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The use of antibiotics in a population is the primary driver of the development of resistant
bacteria. However, the factors underlying the development of resistance in pathogens is often
more complex than simply using increasing amounts of a certain antibiotic - see section 2. For
certain pathogens, resistance to a particular antimicrobial is never seen. For example, group A
streptococci have never developed resistance to penicillin; the reasons are unknown.

Over the past few years there has been increased attention on improving the understanding of
prescribing data in both the hospital and community settings. The establishment of the English
Surveillance Programme for Antibiotic Utilisation and Resistance (ESPAUR) has enabled a co-
ordinated approach within England to understanding the prescribing of antimicrobials. This
provides a cornerstone for antimicrobial stewardship (AMS) initiatives and the development of
prescribing guidance. Prior to ESPAUR there were some sources of data on antimicrobial
prescribing and usage but they were often less than ideal. Individual patient level data are rarely
readily available, particularly so in the hospital setting.

The ESPAUR report [11], and supplementary materials, provides comprehensive information on
antibacterial prescribing and so only a brief précis of the main finding are presented here.

Total antibiotic consumption in England has increased from 21.6 defined daily doses
(DDD) per 1 000 inhabitants per day in 2011 to 23.0 DDD per 1 000 inhabitants per day
in 2014. Whilst prescribing of many drug classes is increasing, there are decreasing
trends over this time period in the consumption of both cephalosporins and quinolones.
Indeed for these broad spectrum antibiotics England has the lowest use across the EU
member states.

There is also variation between hospital and community prescribing; antibiotic
prescriptions in primary care have declined for the last two years. Prescribing in primary
care can be measured by the number of prescriptions dispensed, adjusted for the age
and sex distributions in the population (STAR-PU). There were 1.18 items per STAR-PU
in 2014 compared to 1.23 items per STAR-PU in 2011. However when measured by
DDD, prescribing in primary care increased over this time, suggesting that longer
courses or higher doses are being used.

Measured by DDD per 1 000 inhabitants, prescribing in hospitals continues to increase,
with an 11.7% and 8.5% increase between 2011 and 2014 in inpatients and outpatients,
respectively.

Total consumption of key antimicrobial agents in England as measured by DDDs per

1 000 inhabitants per day, and trends over the five years 2010 to 2014 are presented in
Figure 1 (adapted from [11]). The predominant antibiotic used in England was penicillins
with around 10 DDDs per 1 000 inhabitants per day. Tetracyclines and macrolides are
both frequently used with around 4 and 3 DDDs per inhabitant per day, respectively.

The 2011 National Point Prevalence Survey [12] collected information on the antimicrobial
usage on a single day for each patient. There were a total number of 25 942 antimicrobial
prescriptions in 18 219 patients from a total of 52 443 patients in the survey. This provided an
estimate that 34.7% of patients in the survey had been prescribed antimicrobials and, at that
time, were prescribed on average 1.42 types of antimicrobial.
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Figure 1: Total antibiotic consumption by key agent, expressed as defined daily doses (DDD)
per 1 000 inhabitants per day, across England 2010-2014
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Table 1 adapted from [12] gives the top nine antimicrobials prescribed by intended treatment.
For the total number of prescriptions recorded in the survey the observed percentages provide a
measure of the use of each antibiotic for treatment, and both surgical and medical prophylaxis.
Co-amoxiclav and piperacillin/tazobactam were the most commonly prescribed antimicrobials
for treating infections, co-amoxiclav and gentamicin were the most commonly prescribed
antimicrobials for surgical prophylaxis, while for medical prophylaxis the most commonly
prescribed antimicrobials were co-amoxiclav, gentamicin and trimethoprim.
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Antimicrobial Treatment  Treatment Surgical Surgical Medical Medical
of infection  of infection | prophylaxis prophylaxis | prophylaxis prophylaxis

No. % No. % No. %

Total (all antimicrobials) 19 411 100 3412 100 2 059 100
Co-amoxiclav 2674 13.8 703 20.60 107 5.2
Piperacillin/tazobactam 2111 10.9 54 1.6 44 2.1
Flucloxacillin 1366 7.0 457 13.4 46 2.2
Gentamicin 815 4.2 583 171 126 6.1
Clarithromycin 1190 6.1 8 0.2 21 1.0
Metronidazole (parenteral) 907 4.7 270 7.9 23 1.1
Amoxicillin 1062 5.5 50 1.5 31 1.5
Trimethoprim 932 48 19 0.6 108 5.2
Meropenem 961 5.0 10 0.3 25 1.2

The increases in the prescribing of carbapenems, co-amoxiclav and piperacillin/tazobactam are
undoubtedly increasing the selection pressure on the microbial population and the usual
consequences of this are emerging with increasing AMR to these antibiotics.

In addition to the human use of antimicrobials, there is a similar amount used in food producing
animals. Consumption of systemic, intramammary and intestinal antibiotics in humans and food
producing animals, in 2013, equated to 135 and 55.6 mg per kg of human and animal weight,
respectively. The recently published One Health Report [13] provides a comparison of the
usage of antibiotics in humans and food producing animals and, for 2013, these data are

summarised in Table 2.
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Table 2: Total systemic antibiotics prescribed in humans from primary and secondary (ATCJO01,

AO07AA) and sold for all animal use, i.e. livestock, companion animals and horses (ATCvet

QJO1, QJ51, QAO7AA), expressed in tonnes active ingredients in the UK, 2013

Antibiotic group Antibiotics ~ Antibiotics Antibiotics  Antibiotics
prescribed in  prescribed sold for sold for
humans  in humans | animaluse animal use
(tonnes active % of total (tonnes % of total

ingredient) active

ingredient)
Penicillins 350.1 63.8 90.8 21.7
Tetracyclines 54.6 9.9 182.0 43.5
Macrolides 51.9 9.5 43.0 10.3
Sulfonamides and Trimethoprim 18.3 3.3 60.5 14.5
1st and 2nd generation cephalosporins 17.7 3.2 4.9 1.2
Fluoroquinolones 12.3 2.2 2.6 0.6
Other antibacterials 9.2 1.7 12.6 3.0
Polymyxins 5.1 0.9 0.7 0.2
Monobactams, Carbapenems 3.5 0.6 0.0 0.0
3rd and 4th generation cephalosporins 3.4 0.6 1.2 0.3
Lincosamides 24 0.4 13.4 3.2
Glycopeptides 1.6 0.3 0.0 0.0
Aminoglycosides 0.9 0.2 4.3 1.0
Amphenicols 0.1 0.1 2.6 0.6
Other quinolones 0.0 0.0 0.0 0.0
Total (including all other antibiotic groups) 531.2 100 418.7 100

While most antibiotic classes are used in both humans and animals, there are no authorised
veterinary medicines which contain antibiotics from the monobactam/carbapenem, glycopeptide
or ‘other quinolone’ classes in order to minimise the risk of resistance developing. Tetracyclines
are the most frequently used antibiotic in food producting animals compared to penicillins in
humans.

Antibiotic usage in humans also varies substantially between countries. The European
Surveillance of Antimicrobial Consumption Network (ESAC-Net) [14], co-ordinated by the
European Centre for Disease Prevention and Control (ECDC), provides comprehensive data on
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antimicrobial consumptions across the EU. The most recent available surveillance report [15]
contains data up to and including 2012. The overall population-weighted EU/EEA mean
consumption was 21.5 DDD per 1 000 inhabitants and per day, and that this has not altered
significantly over the past 5 years. However, certain countries showed a significant increase in
consumption over the five-year period ending in 2012. Of particular note was that Greece,
having the highest figures, showed a considerable decrease in the consumption of
antibacterials for systemic use between 2011 and 2012. Figure 2 illustrates consumption figures
for Europe in 2014.

Figure 2: Consumption of antibacterials for systemic use (ATC group J01) in the community
(primary care sector) in Europe, reporting year 2014

-
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Consumption of antibacterials in the community varied by a factor of 2.8 between the highest
consumption (31.9 DDD per 1 000 inhabitants and per day in Greece) and the lowest (11.3
DDD per 1 000 inhabitants and per day in the Netherlands).

The association between antibiotic use and antibiotic resistance

There is a growing literature attempting to quantify the association between antibiotic use and
antibiotic resistance. Many of these studies assume that simple selection pressure will lead to
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increasing resistance in the face of increasing usage. While this can be demonstrated for
certain drug-bug combinations, for others the association, if any, is not so obvious. It is unclear
whether it is largely due to methodological issues that some studies fail to find the anticipated
association between usage and resistance. For example, there is no agreement regarding how
best to measure antibiotic usage in these studies, and what time lag between usage and
resistance to use. Bergman et al [37] in a paper exploring the association between antimicrobial
usage and resistance in E. coli found that most of the associations they studied failed to reach
statistical significance. Additionally, rates of resistance often fail to decrease after reductions in
use of that relevant antibiotic. In general, there is a lack of understanding of the interactions
between host, bacteria and antibiotic that result in the emergence of resistance. It is believed
that factors such as the ‘clonality’ and virulence of the pathogen are likely to play a role.

There are several papers that have failed to find evidence of the associations between
antimicrobial resistance in E. coli and the use of antibiotics. Only weak associations were found
by Livermore et al [38] for resistance to ampicillin and trimethoprim in E. coli. Hay et al [39] also
found no evidence of an association for amoxicillin and trimethoprim resistance in E. coli in
urine samples in asymptomatic patients. Kahlmeter et al [40] also found no associations
between a range of antibiotics and resistance to these in E. coli isolates in patients with
community-acquired Urinary Tract Infections (UTIs).

Ecological data are available that allow associations of resistance rates and usage across
countries to be investigated. ECDC provides data on (mostly community) consumption of
antimicrobials. Figure 3 shows the use of these data for MRSA (meticillin resistant
staphylococcus aureus) suggesting a fairly strong relationship between consumption of
antibacterials for systemic use (ATC group J01) and the degree of resistance reported to
ECDC. From this one can estimate the increase in resistance for every additional daily defined
dose per 1 000 population as 1.1% (95% confidence interval: 0.6-1.9%).
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Figure 4 and Figure 5 show the ambiguous evidence for any relationship between the
consumption of third-generation cephalosporins and the degree of resistance to them in
Klebsiella pneumoniae and E. coli.
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Figure 4: Klebsiella pneumoniae resistance to third-generation cephalosporins by countries
2010
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Figure 5: E. coli resistance to third-generation cephalosporins by countries 2010
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The available evidence and primary analysis presented in this section provide some of the
challenges in understanding how increased prescribing can lead to increased resistance.
Elucidating the association with the available data is challenging, and a better understanding of
the emergence and transmission of resistant pathogens is needed to better preserve the
currently effective antibiotics.
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4. Current trends in resistance

It is important to remember that ‘resistance’ is not in itself a disease entity, but it affects many
organisms that cause a range of infections. It renders many antimicrobial agents ineffective as
treatment options. Available data on the occurrence of AMR are particularly difficult to interpret
and are often in short supply, particularly for developing countries. The assessment of emerging
resistance and temporal trends in the incidence of AMR are most frequently performed using
data from surveillance systems. The number of occurrences of specific AMR reported to
surveillance systems are invariably incomplete, because they require laboratory isolation,
identification and susceptibility testing of a disease-causing pathogen. This is often not
necessary for the clinical management of a patient, and whether a specimen is taken depends
upon the nature of the disease, and the clinician’s propensity to refer specimens for
microbiology. It is usually implicitly assumed that general trends observed in reported isolates
reflect those occurring in the wider population of patients and pathogens, although this has
rarely been assessed. Figure 6 below (adapted from [16]) compares the mandatory and
voluntary meticillin-resistant S. aureus (MRSA) bacteraemia reports from English acute trusts
each year, and provides support for this assumption.

Figure 6: Comparison of annual reports to mandatory and voluntary MRSA bacteraemia
surveillance
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Many infections (particularly those occurring in community settings) are treated empirically
without any specimens being sent for microbiological investigation. Surveillance data are
therefore most complete when they relate to infections for which suitable samples would
commonly be referred for microbiology, such as bacteraemia.

In the remainder of this section some specific examples of current trends are presented. These
represent some of the more noteworthy pathogens where AMR has been a problem or is
currently considered as an emerging problem.
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In England, the observed trends in the numbers of reports of AMR organisms are somewhat
heterogeneous. Significant decreases have been seen in the reported occurrence of certain
AMR organisms. For example figures from mandatory surveillance show that MRSA
bacteraemia reduced by 81% from 4 451 to 862 between 2007/08 and 2012/13. This year on
year reduction is shown in Figure 7.
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Staphylococcus aureus is also an important causative organism in the development of surgical
site infections (SSls). Reports to the Surgical Site Infection Surveillance System (SSISS) have
shown a decreasing trend commencing in 2006/7 when it accounted for 39% of cases, to being
the reported pathogen for 16% of cases of inpatient SSls in 2013/14.

Whilst there has been a reduction in the occurrence of MRSA bacteraemia, increases in isolates
of MRSA producing the Panton-Valentine Leukocidin (PVL) toxin have been observed among
submissions to PHE’s national reference laboratory, with 117 isolates in 2005 increasing to

1 049 isolates in 2010 [17]. MRSA strains producing the PVL toxin have been associated with
an increased ability to spread and cause severe infection. A recent study in North London [18]
observed a particular PVL-MRSA clone, CC5 which has exhibited a rapid increase, even though
the absolute numbers are relatively small. Of further concern, the results of a national study
highlighted the emergence of multiply-resistant PVL-MRSA clones causing clinical disease
throughout England [19]. However, it is difficult to understand precisely the reasons for the
observed trends in PVL-producing MRSA. This could reflect ascertainment bias with increased
testing for PVL over recent years or increased PVL-MRSA carriage in the general population.

Extended-spectrum B-Lactamases (ESBLs) are an example of a resistance mechanism that is
causing particular concern. These enzymes confer resistance to cephalosporin antibiotics,
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which in the past were widely used in many UK hospitals. Worryingly, the British Society for
Antimicrobial Chemotherapy (BSAC) bacteraemia surveillance data found that bacteria with
ESBLs are commonly multidrug-resistant, with 83% of ESBL-producing E. coli exhibiting
ciprofloxacin non-susceptibility and 40% gentamicin non-susceptibility [20]. Furthermore, ESBLs
are frequently encoded on mobile plasmids, which can transfer this resistance between different
strains or even to other species and genera of bacteria. These plasmids often carry other
resistance genes, limiting the treatment options for infections caused by ESBL-producing
organisms. Data from voluntary laboratory reporting to PHE and from BSAC bacteraemia
surveillance showed the rates of non-susceptibility to cephalosporins and quinolones rose
amongst E. coli and Klebsiella spp. until the mid-2000s, but showed a slight decline thereafter.
These reversals in trend occurred whilst the incidence of E. coli bacteraemia was rising, the
incidence of Klebsiella bacteraemia was stable and the incidence of Enterobacter bacteraemia
was falling. This slight decline was not paralleled in EARS-Net data for continental Europe and
did not reflect the displacement of a single mechanism of resistance. Rather it coincided with
large reductions in hospital cephalosporin and quinolone use, owing to concern about
Clostridium difficile [21].

Carbapenemase-producing Enterobacteriaceae (CPE) are gram-negative bacteria that are
nearly resistant to the last-line carbapenem class of antibiotics and have emerged in the UK
over the past decade. There have been reported occurrences in Klebsiella spp. (79%), E. coli
(12%), and Enterobacter spp. (7%). These data are based on voluntary referrals made to PHE’s
national reference laboratory, and indicate an emerging and growing UK problem as shown in
Figure 8.
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Prior to 2007 the few CPE isolates detected were often imported into the UK, however, the
increase in occurrence observed since 2007 has included cases of disease where transmission
occurred within the UK. Strains of E. coli offer the perfect vehicles for taking these highly
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worrying carbapenemases out of hospitals and establishing them in community settings with the
potential to impact on primary care.

In response to the growing numbers of CPE isolates, an electronic reporting system for the
enhanced surveillance of carbapenem resistance in Gram-negative bacteria has been
implemented by Public Health England. The background to this is described in the Health
Protection Report published in January 2015 [22].

For tuberculosis (TB), the emergence of strains resistant to first-line antibiotics over the past two
decades has been observed. Resistance in TB arises from mutations that are not transferable
between strains. The total number of TB cases occurring in those born in the UK has remained
reasonably static over the past decade at just under 2 000 cases reported each year as shown
in Figure 9 (adapted from [23]). In contrast, reports of TB in those born outside of the UK rose
steadily, from 3 329 reports in 2000 to 6 019 in 2011. However, reported cases of these
infections have declined over the past few years to 4 610 in 2014 [23].
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The Tuberculosis in England 2015 report [23] contains comprehensive data on the reports of
drug resistant TB, and multidrug-resistant (MDR) TB in particular. The key messages with
regard to drug resistance in this report are presented below. Excluding MDR-TB, the proportion
of cases with initial resistance to the first-line antibacterial isoniazid has remained fairly stable
over the past decade, at around 6%. This initial resistance to isoniazid occurred most frequently
in those with a previous history of TB and a high proportion (18%) of cases with resistance had
at least one social risk factor. There has been a small decrease since the 2011 peak in the
number of initial MDR and rifampicin resistant (RR) TB cases, with 56 (1.4%) in 2014 and 88
(1.8%) in 2011. Of the combined MDR and RR-TB cases 89% were non-UK born, the majority
of cases coming from Eastern Europe and the Indian subcontinent, with only six being born in
the UK. The numbers of extensively drug-resistant (MDR-TB that responds to even fewer
available medicines) TB isolates remain low with three cases reported in 2014 which is similar
to the numbers reported over the past six years.
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Another disease where resistance has been of concern for a number of years is gonorrhoea.
Surveillance in England is performed with a sentinel system: Gonococcal Resistance to
Antimicrobials Surveillance Programme (GRASP), and voluntary reports to the surveillance
system AmSurv, within the Second Generation Surveillance System (SGSS). The 2014 GRASP
report [24] provides a comprehensive view of resistance in this pathogen. The key findings were
that there were no gonococcal isolates resistant to ceftriaxone, the first-line treatment, reported
in GRASP in 2014, and 0.3% of gonococcal isolates routinely tested in primary diagnostic
laboratories and reported to SGSS in 2014 were resistant to ceftriaxone. Resistance to
azithromycin in GRASP isolates has decreased from 1.6% in 2013 to 1.0% in 2014. Of concern
is that in 2015, the Sexually Transmitted Bacterial Reference Unit (STBRU) reference service
detected an outbreak of 14 cases of high level azithromycin resistant N. gonorrhoeae in
heterosexual patients which emerged in Leeds, but with all isolates susceptible to ceftriaxone.

Resistance to cefixime has declined across all sexual orientation sub-groups from 5.1% in 2013
to 1.4% in 2014, with 0.4% of isolates reported in SGSS being resistant to cefixime in 2014.
Ciprofloxacin resistance remains high with 37.3% of isolates in GRASP and 29.6% of isolates
reported in SGSS resistant in 2014. No isolates in GRASP and 0.4% of isolates reported in
SGSS were resistant to spectinomycin in 2014.

The proportion of highly sensitive isolates, organisms whose growth is inhibited by a Minimum
Inhibitory Concentration (MIC) of £0.002 mg/L, has slightly increased compared to the previous
year. However, the 2014 MIC distribution remains higher than was seen from 2007 to 2012
(Figure 10).
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Figure 10: Percentage of gonorrhoea inhibited by ceftriaxone Minimum Inhibitory Concentration
(MIC) (mg/L); 2007-2014
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This figure shows that in 2007 about 52% of gonorrhoea isolates were inhibited by a MIC dose
of ceftriaxone of concentration less than .002, whereas by 2014 the figure was only about 27%.
In 2007 less than 5% of gonorrhoea isolates were inhibited by a MIC of .03 or greater but this
has increased to around 10% in 2014.
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HIV

Increased use of antiretroviral drugs has led to an increase in the incidence of infections that
have developed resistance. Virological failure, defined by a viral load criterion, occurring in HIV
patients receiving antiretroviral therapy (ART) is often the point at which testing for mechanisms
for drug resistance occurs. These individuals can transmit their drug resistant virus to others, an
event which is known as transmitted drug-resistance (TDR). TDR is of particular concern as it
reduces the options available for first-line treatment.

The total HIV-1 TDR rate estimated from treatment-naive individuals in the UK has steadily
declined from its peak in 2002 at 13.6% (95% confidence interval: 11.3-16.3%) to 6.6% (95%
confidence interval: 5.8-7.5%) in 2013 as shown in Figure 11 (adapted from [26]). The
prevalence of TDR has always been higher in men who have sex with men (MSM) than
heterosexuals. Of the mutations observed in 2013, 3.2%, 3.0%, and 1.6% had one or more
mutations associated with the inhibitors NRTI, NNRTI, and PI, respectively. However, most of
the recently observed TDR mutations, especially against NRTIs and Pls, are against old drugs
no longer used for first-line therapy. These mutations result from sustained transmission among
treatment-naive individuals and have little impact on current recommended first-line therapy [97;
98].
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The persistence of mutations within individuals has been studied by Castro et al [27]. They
studied 313 patients in whom TDR mutations were detected at their first resistance test and who
had a subsequent test performed prior to receiving ART. They found that the estimated rate of
loss of mutations was 18 (95% confidence interval: 14—23) per 100 person-years of follow-up.
(Equivalently one patient with a mutation will on average take 6 years to lose that mutation).
However, there was considerable variation in persistence between mutations.
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Hepatitis C Virus (HCV)

For HCV there is limited available literature of mutations causing drug resistance, those
available being small studies in treatment naive patients. A paper by Beloukas et al [28]
provides estimates of the prevalence of the Q80K polymorphism in the HCV NS3 enzyme which
reduces susceptibility to novel protease inhibitors. The polymorphism occurred in 44 of 238
subjects (18.5%, 95% confidence interval: 13.6-23.4%), with an estimated prevalence of 27.1%
in North West England compared to 14.9% in the South East. Among the 44 subjects with
Q80K, four had one additional major NS3 resistance associated mutation, these being V36L
and V55A.

A study by McCormick [29] investigates mutations in the non-structural 5A (NS5A) protein of
HCV. This is a multifunctional phosphoprotein involved in regulation of viral replication and
virion assembly. NS5A inhibitors targeting domain | of NS5A protein have demonstrated high
potency and pan-genotypic antiviral activity, however they possess a low genetic barrier to
resistance. The authors found that amino acid substitutions associated with moderate to high
level resistance to NS5A inhibitors were detected in 2/42 (5%) HCV-1a, 3/23 (13%) HCV-1b,
4/26 (15%) HCV-2, 1/24 (4%) HCV-3 and 1/23 (4%) HCV-4 infected patients who had not been
treated with NS5A inhibitors. They concluded that primary resistance mutations associated with
resistance to first generation NS5A inhibitors were observed in all genotypes, albeit at low
frequencies.

Influenza

Takashita et al [30] provide a comprehensive view of antiviral resistance to neuraminidase
inhibitors (NAls) used for the treatment and prophylaxis of influenza. The report contains results
supplied by four World Health Organization (WHO) Collaborating Centres for Reference and
Research on Influenza and one WHO Collaborating Centre for the Surveillance, Epidemiology
and Control of Influenza (WHO CCs). A total of 10 641 viruses collected by WHO-recognized
National Influenza Centres between May 2013 and May 2014 were examined to determine 50%
inhibitory concentration (IC50) data for the NAls: oseltamivir, zanamivir, peramivir and
laninamivir. Approximately 2% (n = 172) showed highly reduced inhibition (HRI) against at least
one of the four NAls, commonly oseltamivir, while 0.3% (n = 32) showed reduced inhibition (RI).
Those showing HRI were A(H1N1)pdm09 with NA H275Y (n = 169), A(H3N2) with NA E119V
(n = 1), B/Victoria-lineage with NA E117G (n = 1) and B/ Yamagata-lineage with NA H273Y

(n =1). Conversely, approximately 98% of circulating viruses tested during the 2013-2014
period were sensitive to all four NAls.

Figure 12 (reproduced from [30]) shows the specimen collection timing and geographic
distribution of 169 neuraminidase (NA) H275Y containing A(H1N1)pdmO09 viruses. Figure 12A is
the proportion of the total 5 152 NA H275Y containing A(H1N1)pdmO09 viruses tested
phenotypic at the WHO CCs by week and region. Figure 12B is the distribution of NA H275Y
containing A(H1N1)pdmO09 viruses tested phenotypic and genotypic by country.
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Figure 12: Specimen collection timing and geographic distribution of 169 neuraminidase (NA)
H275Y containing A(H1N1)pdmO09 viruses
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In 2008, prior to the 2009 A(H1N1) pandemic, the former seasonal H1N1 virus acquired the
H275Y mutation associated with oseltamivir and circulated globally, with 100% of H1N1
detections being resistant by early 2009 [93]. A(H1N1)pdmO09 viruses with this same mutation
have emerged without link to treatment, and caused small outbreaks on several occasions in
the past 5 years [94; 95] raising the concern that oseltamivir resistant A(H1N1)pdmQ9 are
transmissible and could circulate more widely.

A previous report [31] of resistance testing to oseltamivir in influenza viruses isolated in the
United Kingdom indicated a higher proportion of resistance than found in Europe [30]. This
study found around 1% of isolates to be resistant (Table 3).
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Setting May 09 — May 09 — May 09 — May 10 — May 10 — May 10 —
Apr 10 Apr 10 Apr 10 Jan 11 Jan 11 Jan 11
Tested Resistant % resistant Tested Resistant % resistant
Community 1098 0 0.0 364 3 0.8
Hospital 4 489 45 1.0 2 500 24 1.0
Total 5 587 45 0.8 2 864 27 0.9

The first comprehensive analysis of antifungal resistance by PHE was made available at the
IDWeek 2015 conference. Previously reporting of invasive mycoses in England has been limited
to candidaemia, specific patient subgroups (e.g. neonates) and ad hoc reviews. The widespread
introduction of antimicrobial susceptibility testing together with new guidelines on testing for
resistance to antifungal agents (AF) [32; 33] is increasingly facilitating resistance testing through
routine laboratory surveillance.

Specific Total | Amphotericin Amphotericin Azole Azole | Echinocandins Echinocandins
Genera B B % % % tested % resistant
% tested % resistant tested resistant
Aspergillus 353 3 9 3 0 1 0
Candida 5211 14 2 19 15 14 2
Cryptococcus 52 33 12 44 22 4 100
Mucor 2 50 0 50 100 0 ---
All Genera 5684 13 3 17 16 12 3

The number of reported invasive fungal infections (defined as isolates taken from a normally
sterile site) and the proportion identified to species level in the Second Generation Surveillance
System (SGSS) increased from 4 869 (57% identified to species level) to 6 231 (59%) between
2010 and 2014. Candida spp. (20 745; 88%) was the most commonly reported genus across
the five years, followed by Asperqgillus spp. (1 492; 6%), Pneumocystis spp. (495; 2%) and
Cryptococcus spp. (275; 1%). There has been an increasing number of laboratories reporting
AF susceptibility test results over the past five years from 77% in 2010 to 81% in 2014. The
proportion of invasive mycoses reported with AF test results has also increased from 10% in
2010 to 17% in 2014. In 2014, the highest number of AF tests were reported for Candida spp.
(983; 19%), Cryptococcus spp. (23; 44%) and Aspergillus spp. (11; 3%) isolate reports. Table 4
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presents the results of AF testing for invasive fungal isolates reported to SGSS. These results
are heavily dominated by testing of Candida isolates and for most genera the numbers tested
are currently too small to obtain any meaningful understanding of antifungal resistance. Table 5

and

Table 6 show the antifungal susceptibility of isolates from candidaemia and C. albicans
fungaemia cases in England, Wales and Northern Ireland between 2010 and 2014.

A more detailed analysis of the reported Candida spp. is provided in the Health Protection

Report weekly [34]. Over the last five years, the proportion of candidaemia reports with
susceptibility testing data has increased in England, Wales and Northern Ireland, from 20% in

2010 to 44% in 2014. However the proportions varied geographically, with reporting for one of
the five listed antifungal agents ranging from 14% in the Thames Valley region (5/36) to 80% in
Cheshire and Merseyside (63/79).

Table 5: Antifungal susceptibility of isolates from candidaemia cases (England, Wales and

Northern Ireland); 2010 to 2014

Antifungal agent 2010 2010 2011 2011 2012 2012 2013 2013 2014 2014

No. % res. No. %res. No. % res. No. %res. No. % res.

tested tested tested tested tested

Total 1712 -| 1758 -| 1726 - 1712 -| 1638 -
Amphotericin B 237 1% 377 1% 477 1% 539 1% 557 2%
Caspofungin 138 5% 185 6% 339 3% 474 4% 533 2%
Fluconazole 316 15% 430 18% 568 10% 621 1% 694 14%
Flucytosine 226 5% 326 3% 418 5% 458 3% 472 3%
Voriconazole 264 2% 396 4% 513 3% 564 4% 594 5%

Table 6: Antifungal susceptibility of isolates from C. albicans fungaemia cases (England, Wales
and Northern Ireland); 2010 to 2014

Antifungal agent 2010 2010 2011 2011 2012 2012 2013 2013 2014 2014

No. % res. No. % res. No. Y% res. No. % res. No. % res.

tested tested tested tested tested

Total 847 - 828 - 807 - 825 - 732 -
Amphotericin B 112 <1% 158 <1% 212 <1% 255 1% 244 1%
Caspofungin 56 0% 73 1% 150 <1% 228 0% 230 <1%
Fluconazole 165 1% 189 3% 257 1% 294 2% 312 3%
Flucytosine 111 <1% 18 4% 188 4% 221 2% 210 1%
Voriconazole 126 0% 169 0% 231 <1% 278 <1% 265 1%
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Resistant pathogens threaten healthcare in every country, every day, and the risk of emergence
and spread of the multiplicity of resistant pathogens needs to be continually assessed to
minimise this threat. This assessment requires knowledge of how global spread occurs in order
to understand how effective control can be maintained. For example, spread can occur by:
international travel, inter-hospital transfers both within and between countries, victims from
conflict zones and non-human reservoirs such as foodstuffs and animals. The effect of these
threats is potentially different depending upon the pathogen, its propensity to colonise, and its
mode of transmission.

A recent Nature article [35] describes the emergence and spread of a CPE across the globe.
These resistant pathogens have spread to a number of countries over the past decade and it is
likely that the vast maijority, if not all countries across the globe have Enterobacteriaceae that
exhibit resistance to carbapenems. In 2000, laboratory analysis of a Klebsiella isolate from a
North Carolina hospital from 1996 identified a resistance gene that conferred resistance to
carbapenems. By 2007 over 20% of Klebsiella isolated from New York hospitals had this
particular resistance gene. In 2005 carbapenemase-producing bacteria had spread to Israel
from where it spread to other Mediterranean and European countries. In a recent US paper [36]
carbapenem resistance was seen in 4% of E. coli and over 10% of K. pneumoniae isolates
associated with certain device-related infections.

The European Antimicrobial Resistance Surveillance Network (EARS-Net) collects data on
antimicrobial resistance via a European-wide network of national surveillance systems. From
information presented in [1], differences in numbers of resistant isolates across European
counties are evident, with the proportion of resistance reported tending to be greater in southern
European countries, potentially the result of differences in prescribing practices across Europe.
Notable temporal trends include a decline in the proportion of S. aureus resistant to methicillin
(MRSA) in many EU member states between 2004 and 2007 (and continuing since then), and a
steady rise in E. coli isolates resistant to third-generation cephalosporins since 2002.
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Figure 13: Proportion of Methicillin Resistant Staphylococcus aureus (MRSA) isolates in
participating countries in 2014
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Figure 13 illustrates the variation in the observed proportion of MRSA resistance in specimens
tested at laboratories within the EU and reported to ECDC (reproduced from [14]). This enables
a comparative analysis of the levels of resistance to chiefly invasive bacteria across countries
and time. Figure 13 and Figure 14 provide an illustration for MRSA, comparing the UK with
other countries. These figures demonstrate the large variation in meticillin resistance in S.
aureus observed across the countries of the EU and progress made in the United Kingdom at
reducing the incidence of MRSA.

Figure 15 shows the variation across the EU and the growing resistance of E. coli to third-
generation cephalosporins, with the UK usually lying within the median and upper quartile of the
EU countries.

Figure 14 and Figure 15 below show the range of different countries’ resistance rates across the
years. The median rate across countries within a year is shown with amber bars and the UK
values are shown by the red line. The box O in each year shows the inter-quartile range of the
resistance rates. So for each year approximately half the countries have a value within the box,
a quarter are above the box and a quarter are below the box.
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Figure 14: MRSA resistance rates across Europe 1999 to 2014
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Figure 15: Third-generation cephalosporin resistance rates in E. coli across Europe 1999 to
2014
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Figure 16 provides a visual summary of the variation in resistance for the UK for 26 drug-bug

combinations. For most of them the estimated proportion of resistant isolates in the UK is similar
to or below the EU median, with the notable exception of vancomycin resistance in E. faecium

31



median across countries

Antimicrobial Resistance Empirical and Statistical Evidence-Base
UK

where the UK is far above the median and MRSA where in the past the UK was well above the

median.
Figure 16: Median Resistance levels across Europe in comparison with the UK for years in

which at least 10 countries provided data on the bug drug combination shown 1999 to 2013
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The emergence and spread of infections caused by AMR pathogens has to be set in the context
of the totality of infections. Certain organisms have a greater propensity to cause infections and
these commonly isolated pathogens are of particular concern as they have the potential to
cause a large burden of AMR infections.

In England, Wales and Northern Ireland, the majority of microbiology laboratories voluntarily
report clinically relevant infections to the Second Generation Surveillance System (SGSS). This
provides some measure of the relative frequency of disease-causing pathogens. Over the
period 1991 to 2011, inclusive, more than 9 million individual bacterial isolates were reported
from 3 303 different organism phenotypes. Table 7 is an update from one published in [41] and
provides the average weekly counts for the most commonly reported bacterial pathogens, for all
specimen types, over the past five years.
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Table 7: Mean weekly counts of top 10 most frequently report organisms received by the
Second Generation Surveillance System Communicable Disease Reporting; 2011 to 2015,
England, Wales and Northern Ireland

Organism name Mean weekly count
Total (incl. all other organisms) 39 565
Chlamydia trachomatis 2814
Escherichia coli 2337
Staphylococcus aureus 2152
Campylobacter sp 1128
Haemophilus influenzae 1118
Candida sp 595
Neisseria gonorrhoeae 576
Staphylococcus coagulase negative 543
Pseudomonas aeruginosa 432
Streptococcus pneumoniae 425
Enterococcus sp 380
Trichophyton rubrum 352
Coliform 347
Candida albicans (stellatoidea) 328
Hepatitis C 327

Table 8 is adapted from a recently published manuscript [42] and provides the frequency of
reports to the voluntary laboratory reporting system (LabBase2) between March 2007 and May
2012 of selected organisms more likely to cause healthcare associated infections (HCAI). S.
aureus made up nearly 30% of reported laboratory isolates and E. coli just over 20%. However,
selective reporting of particular specimen types is likely to result in under-reporting of urinary
tract infections where E. coli are the most frequent causative pathogen.
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Table 8: Frequency of bacterial isolates reported to LabBase2 that are most likely to cause
healthcare associated infections between March 2007 and May 2012 (England, Wales and
Northern Ireland)

Organism group description Frequency %
Staphylococcus aureus 510 600 29.95
Escherichia coli 367 304 21.54
Clostridium difficile 160 157 9.39
Enterococcus spp. 107 624 6.31
Streptococcus pneumoniae 100 221 5.88
Pseudomonas aeruginosa 73 925 4.34
Klebsiella spp. 51410 3.02
Streptococcus Group B 46 251 2.71
Pseudomonas spp. 43 114 2.53
Mycobacterium spp. 42 288 248
Proteus spp. 40 912 2.4
Streptococcus Group A 34 451 2.02
Streptococcus Group C, D, G 26 950 1.58
Enterobacter spp. 23 465 1.38
Streptococcus - other beta haemolytic 21722 1.27
Serratia spp. 8978 0.53
Citrobacter spp. 8415 0.49
Stenotrophomonas spp. 6 243 0.37
Bacillus spp. 4 986 0.29
Morganella spp. 4 441 0.26
Acinetobacter baumannii 2617 0.15
Burkholderia spp. 1209 0.07
Total (all organisms) 1705126 100

A National Point Prevalence Survey (PPS) was conducted in 2011 [12] to determine the burden
of HCAI and antimicrobial usage in acute hospitals in England. A total of 52 443 patients were
included, with 3 360 of these having a HCAI, a prevalence of 6.4% compared to 8.2% in 2006.
Prevalence was highest in patients in the intensive care units (ICUs) (23.4%) followed by
surgical wards (8.0%), as shown in Table 9 (adapted from [12]).

The next PPS survey will be conducted during 2016. Data collection will be undertaken in the
latter part of the year with the report on the PPS due to be published in November 2017.
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Ward/specialty No. % No. HCAI Prevalence %
patients (95% confidence (95% confidence

interval) interval)

Total 52 443 100.0 3 360 6.4 (4.7-8.7)
ICU 1351 2.6(2.3-2.8) 316 23.4 (17.3 - 31.8)
Surgery 11 088 21.1(19.4 - 23.1) 893 8.0 (5.9- 11.0)
Other specialty 1133 22(2.0-24) 82 7.2(4.9-10.7)
Paediatrics 2742 5.2(4.8-5.7) 185 6.7 (4.9-94)
Combination of specialties 10 639 20.3 (18.6 - 22.1) 614 5.8(4.2-7.9)
Geriatrics 3845 7.3 (6.7 -8.0) 218 5.7 (4.1-7.9)
Medicine 17 010 32.4 (29.8 - 35.3) 942 5.5 (4.1-7.6)
Unknown 291 0.6 (0.5-0.6) 13 4.5 (2.4 -8.36)
Psychiatry 39 <0.1 (0-0.1) <5 -
Obstetrics and gynaecology 4 305 8.2(7.5-9.0) 96 22(1.5-3.2)

The most frequent HCAIs detected were respiratory tract, urinary tract and surgical site
infections, as shown in Table 10 (adapted from [12]). One obvious limitation of prevalence
studies is that many pathogens exhibit seasonality, particularly those affecting the respiratory
and gastrointestinal tract. Indeed in the 2006 national prevalence survey 22.8% of all HCAI
were gastrointestinal infections. The 2011 survey was performed in September to November,
compared to February to May for the 2006 survey. However, the impact of C. difficile control
measures between the two surveys will also have impacted on the reduction observed in
gastrointestinal infections.

Translating these national HCAI prevalence estimates to an overall burden is problematic. In
order to estimate the clinical and economic burden of infections in hospitals, it is primarily the
outcomes of mortality and additional stay associated with these infections that are of interest
and that require quantification [43; 44]. However, such quantification studies tend to be for
particular organisms and in single centres, thus necessitating meta-analyses to estimate any
statistically significant impact [45; 46]. In addition, there are a number of methodological issues
with these methods of estimations.
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Type of HCAI group Number HCAI Prevalence %

(95% confidence interval)

Total 3 506 -
Pneumonia/LRTI 798 1.5(1.4-1.6)
Urinary tract infections 605 1.2(1.1-1.2)
Surgical site infections 551 1.1(1.0-1.1)
Clinical sepsis 367 0.7 (0.6 - 0.8)
Gastrointestinal infections 309 0.6 (0.5-0.7)
Bloodstream infections 255 0.5(0.4-0.5)
Unknown 232 0.4 (0.4-0.5)
Skin and soft tissue infections 152 0.3(0.2-0.3)
Eye ear nose or mouth infections 98 0.2(0.2-0.2)
Bone and joint infections 50 0.1 (0.1-0.1)
Catheter-related infections 26 <0.1 (0.0-0.1)
Cardiovascular system infections 24 <0.1(0.0-0.1)
Reproductive tract infections 20 <0.1 (0.0-0.1)
Central nervous system infections 19 <0.1 (0.0-0.1)

The true global burden of healthcare-associated infections (HCAI) remains unknown because of
the difficulty in gathering reliable data; many countries lack surveillance systems, especially for
monitoring HCAI, and those that have them struggle with the complexities and lack of uniformity
associated with diagnosis [47].

The WHO produced a report on the burden of endemic HCAI worldwide in 2011, reporting
available data on HCAI endemic burden in high, middle and low income countries and their
impact [48]. From this, the following findings can be highlighted: prevalence in hospitalised
patients was 7% in developed countries and 10% in developing countries; urinary tract infection
is the most frequent HCAI in high-income countries; surgical site infection is the leading
infection in settings with limited resources, affecting up to one-third of operated patients which is
up to nine times higher than in developed countries; in high-income countries approximately
30% of patients in intensive care units (ICU) are affected by at least one healthcare-associated
infection.
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The Burden of Resistance and Disease in European Nations Project (BURDEN), which ran from
January 2007 to December 2009, provides information on the burden of disease and the costs
attributable to resistant infections caused by antimicrobial pathogens in member states and
accession countries of the European Union. Clinical studies carried out as part of BURDEN
estimated the impact of antibiotic resistance associated with S. aureus and E. coli. Specifically,
this research estimated the excess bed days and deaths associated with MRSA and strains of
E. coli resistant to third-generation cephalosporins in 13 European hospitals [49; 50].

Further research using trends established by EARS-Net extrapolated the impact of AMR
infection in these clinical studies within specific hospitals to a regional level using nationally
reported rates of AMR bacteraemia [51]. For the 31 participating countries overall they
estimated that in 2007, 27 711 episodes of MRSA bloodstream infections (BSIs) were
associated with 5 503 excess deaths and 255 683 excess hospital days. Similarly, 15 183
episodes of bacteraemia caused by cephalosporin-resistant E. coli were associated with 2 712
excess deaths and 120 065 excess hospital days.

These data were used to estimate the trajectories for MRSA and third-generation
cephalosporin-resistant E. coli prevalence until 2015, using these trajectories the authors
suggested that the number of BSIs caused by third-generation cephalosporin-resistant E. coli
were likely to rapidly increase, outnumbering the number of MRSA BSls in the near future. In
2014 there were reported 35 646 E. coli bacteraemias reported to the mandatory data collection
system [99]. For 2014, E. coli resistance level to cephalosporin was estimated as 11.6% ([11]
web appendix 1). These figures combine to estimate about 4 100 bacteraemias caused by
cephalosporin resistant E. coli. This figure is 5 times the 784 MRSA bacteraemia for 2014 [99].

In 2014 there were 107 000 bacteraemia reported by laboratories in England, Wales and
Northern Ireland [100]. An estimated 57.5% of these were gram-negative [101]. From the

114 276 bacterial isolates reported in the voluntary system [101], and the 32 196 E. coli blood
isolates reported in [102] we estimate that 30% of bacterial isolates from blood samples were
from E. coli. E. coli was the most common cause of bloodstream infections in 2014 [11].
Resistance was common with, for example, resistance to third-generation cephalosporins seen
in 11-12% of E. coli and Klebsiella spp ([11] web appendix 1). Resistance to carbapenems is
also now being seen, with resistance reported in 11.5% of Pseudomonas ([11] web appendix 1)
and for the specific carbapenem, ertapenem, 9% of Enterobacter spp [103].

The prevalence of AMR in the community is largely unknown, as the majority of infections seen
by GPs are treated empirically. GPs may, on occasion, submit specimens to the hospital
laboratory for microbiological investigation, including antibiotic susceptibility testing, but this
usually involves patients who have failed one or more courses of antibiotic treatment. Although
rates of resistance among bacteria isolated from specimens referred by GPs can be assessed,
the rates are likely to be artificially high due to biased referral patterns.

Many of the studies of AMR in the community are focussed on particular groups of at risk
individuals such as those in care homes or from a particular ethnic group. The findings, while
providing some evidence of reservoirs of AMR in the population, may not apply to the general
population. For example, Wickramasinghe [52] studied the community faecal carriage rates of
CTX-M ESBL-producing E. coli in Birmingham. This study found a prevalence of CTX-M
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carriage in the study population of 11.3%. They also found significant differences in carriage
between European (8.1%) and the Middle Eastern / South Asian ethnic groups (22.8%), with
software used to impute ethnicity from names.
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The costs and economic impact of infections caused by AMR organisms and the costs and
benefits of any successful interventions are challenging to estimate. Basic epidemiological
questions surrounding transmission and the efficacy of interventions have yet to be answered
robustly, particularly for Gram-negative AMR bacteria, making it difficult to provide useful health
economic assessments, given that both sides of the cost-effectiveness equation are uncertain.
Direct costs associated with AMR infections are likely to arise through additional length of stay,
loss of bed days through ward closures, additional or more costly antibiotic treatment, additional
investigations, and health losses (or quality of life) due to hospital stay, infection and mortality.

A number of studies have attempted to estimate the additional cost and resource use of
resistant organisms, most commonly through comparison of infections with resistant and
susceptible strains. Twenty-five such studies were reported by Smith and Coast [53; 54], where
a variety of drug/bug combinations were represented. In addition to these, there were found:
one study examining Pseudomonas aeruginosa [55]; three examining E. coli BSI alone [51; 56;
57]; two studies examining ESBL Klebsiella spp. [58; 59]; and five examining mixed species of
Enterobacteriaceae including E. coli, Klebsiella spp., or Proteus spp. infections [57; 60-63].
Overall Smith and Coast [53] reported that estimates of the additional cost of resistance varied
widely, from less than £3 to more than £20 000 per patient episode in hospital.

There are a number of issues associated with investigating the economics of AMR, and in
particular AMR HCAI. A fundamental issue is that estimating the economic burden of resistance
requires prevalence estimates (to translate cost per patient episode or per AMR infection to an
overall burden), but these are often not as easy to obtain as might be suspected: definitions are
often not clear cut, and the bug/drug combinations to be measured are also unclear. Many
studies, particularly those using findings from surveillance of AMR, present the proportions of
resistant pathogens, and while this has some utility, it cannot be easily converted into the
number of incident or prevalent cases of infections with an AMR pathogen.

As suggested by Graves et al [64], estimating the number of bed-days saved (through
preventing infection or not closing wards) and valuing them in monetary terms is a powerful
method for describing much of the economic cost (to hospitals) of HCAIs. Quantifying excess
hospital stay is essential for assessing how many bed-days might be gained from prevention,
and subsequent health economic analyses that inform the allocation of resources to infection
control programmes or to get a grasp on the overall burden of resistant organisms [57].
However, there are problems associated with the estimation of additional length of stay and,
similarly, with attributable mortality.

Many studies that attempt to estimate the clinical and economic impact of healthcare infections
(including those associated with AMR) fail to account appropriately for length of stay and risk of
death [65]. This is an extremely important methodological issue that can severely bias
estimation of these key economic drivers. Blot et al [66] found that the data on the impact

of drug resistance in nosocomial infections were conflicting and depended on the way
confounding variables were accounted for. For example, additional length of stay due to
infection has been most extensively studied for MRSA yet estimates range from 3-20 days due
to differences in accounting for confounders, time-dependent effects and endogeneity.

Alternative modelling and statistical techniques (which account for the time dynamic nature of
the process) have been applied to hospital data to quantify additional length of stay or
attributable mortality associated with nosocomial pathogens [65; 67-70].
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Of note are the studies from the aforementioned BURDEN project [49-51; 71] because they
marked an important development in the estimation of the impact of AMR infections as their
design and analysis accounted for confounding demographic and health characteristics
associated with AMR BSI. Through these studies the total costs attributable to excess hospital
stays were estimated to be EUR 44 million for MRSA and EUR 18.1 million for strains of E. coli
resistant to third-generation cephalosporins.

In the previously mentioned rapid review by Smith and Coast [53], the authors demonstrated
that studies typically limited their estimates to the cost of extra treatment of a resistant infection
compared with susceptible infection, and that none considered the costs (to society) in a worst
case scenario setting where antibiotics are no longer a viable option. The authors suggest that
the true extent of the problem of antibiotic resistance remains unrecognised because it ‘has
fallen victim to evidence-based policy making, which prioritises health problems by economic
burden and cost-effectiveness of interventions’. With current estimates of economic burden
failing to consider the cost of the worst case scenario, the true cost of resistance remains a
severe underestimate.

The ECDC/EMEA Joint Technical Report [1] estimated that in 2007 MDR in bacterial infections
in the EU, Norway and Iceland resulted in extra healthcare costs and productivity losses of at
least EUR 1.5 billion each year. To arrive at this figure, extra in-hospital costs were estimated at
more than EUR 900 million, based on the number of extra hospital days, with outpatient care
costs estimated at about EUR 10 million. The productivity losses due to absence from work of
infected patients were estimated at more than EUR 150 million, each year, and productivity
losses due to patients who died from their infection were estimated at about EUR 450 million
each year.

In the US, the Estimates from the Impact of antibiotic resistant bacteria: A report to the U.S.
Congress in 1995 [72] estimated the annual additional cost for treating HCAIs caused by six
species of AMR bacteria to be at least US $1.87 billion in 2006.
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There are few reliable studies of the effect on patient outcomes following an infection with an
AMR pathogen. A recent letter [73] describes a patient case study where a transrectal
ultrasound (TRUS)-guided prostate biopsy was planned. A pre-biopsy rectal swab grew a
fluoroquinolone-resistant E. coli that was also resistant to penicillins, extended-spectrum
cephalosporins, carbapenems, piperacillin / tazobactam, aztreonam, aminoglycosides and
trimethoprim/sulfamethoxazole. The limited treatment options had an infection occurred, along
with the patient’s advanced age and the low-grade nature of his carcinoma led to a decision not
to proceed with biopsy. This is an extremely common procedure, with over 1 000 000 such
biopsies performed each year in the USA.

A study of uncomplicated urinary tract infections caused by E. coli in the community by McNulty
et al [74] found that the median time to resolution of symptoms increased from four to seven
days in women with a trimethoprim-resistant strain. In this study, approximately 50% of women
who reconsulted their GP had a pathogen resistant to the empirical trimethoprim prescription.

A recent study of carbapenem- and multiply-resistant Acinetobacter baumannii by Livermore et
al [75] reviewed clinical outcomes in relation to antibiotic treatment for 166 consecutive patients
infected or colonised with these organisms at 18 London hospitals. Survival rates among
infected and colonised patients were similar at 68% and 67 %, indicating little attributable
mortality. Poorer outcomes were observed among ICU-infected patients and those with
pulmonary infection or bacteraemia, whereas unexpectedly trauma patients had significantly
better outcomes. There was little association between outcome and therapy with colistin and/or
tigecycline except that, among patients with respiratory infection, 12 of 15 treated with
intravenous colistin alone had a poor outcome compared with 1 of 8 whose therapy included
nebulised colistin.

Estimating deaths attributable to AMR is problematic. Patients most susceptible to AMR
infections are often those with co-morbidities. Whether the death was directly attributable to an
AMR bacterial infection or other co-existing conditions, complicated by the AMR, is often
unclear.

Results from multiple studies have been pooled in meta-analyses to estimate attributable
mortality estimates: Cosgrove et al [45] for MRSA and Schwaber & Carmeli [46] for ESBL E. coli
infection. Three original studies estimated the impact of AMR on mortality (Lautenbach et al [55]
de Kraker et al. [51]; Schwaber & Carmeli [46]), of these only the previously described study by
de Kraker et al [51] used rigorous statistical analysis of 30-day and in-hospital mortality to
estimate the excess risk of mortality due to an AMR infection.

The ECDC/EMEA Joint Technical Report [1] estimated in 2007 that around 25 000 patients die
each year in the EU, Norway and Iceland due to MDR in infections caused by five specific
bacteria. Given the relative population size of the UK to the whole of Europe, an estimate of

3 000 deaths from AMR in the UK for these bacteria could be extrapolated from this report.

Much of the published literature describes studies performed in specific high-risk patient groups
where it is not surprising that most find little attributable mortality. A recent Australian study [76]
described a strong association between elevated vancomycin MIC and mortality for MRSA
bacteraemia, the estimated odds ratio of mortality being 2.59.
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Interventions against AMR bacteria may aim to reduce the transmission of existing resistant
strains, or prevent the development of further resistance. Arguably, hand hygiene has been the
primary strategy employed aiming to reduce transmission, and antibiotic stewardship the
cornerstone for the slowing or prevention of resistance development.

While many HCAI and AMR infection prevention and control strategies exist (primarily for the
hospital setting), evidence of their effectiveness from well conducted trials is lacking. There
remains uncertainty over the efficacy of infection control strategies for a number of reasons.
Results from trials may be contradictory, and often evaluate different and therefore
incomparable, intervention strategies. The effectiveness of strategies may differ between
settings, for example by prevalence or specialty, and it is not obvious how findings should be
generalized. In addition, often many infection prevention and control interventions are employed
at the same time, making it difficult to determine which components are having an effect.

It is extremely rare that interventions are rigorously assessed in clinical trials, and those that
have been are for general infection prevention measures not specifically targeted against AMR
pathogens. However, while there are few clinical trials of specific interventions against AMR and
HCAI, the overall infection prevention and control literature is vast. Selected examples from the
published literature, many of which are systematic reviews across the broad range of
interventions, are provided in this section.

Antimicrobial stewardship programmes are increasingly being advocated as a means of
improving the quality of prescribing [77]. Recent Cochrane reviews evaluating stewardship
interventions include: that by Davey et al [78] assessing the evidence for interventions aiming to
improve antibiotic prescribing practices for hospital inpatients; the assessment of evidence on
prophylactic use of antibiotics to reduce morbidity and mortality in ventilated newborn infants by
Inglis et al [79]; and the assessment of antibiotic prophylaxis to reduce respiratory tract
infections and mortality in adults in intensive care by Liberati et al [80].

In order to address the need for increased understanding of both antibiotic usage and
resistance patterns, the English Surveillance Programme for Antimicrobial Utilization and
Resistance (ESPAUR) was established in 2013. The Programme is bringing together
antimicrobial surveillance in both primary and secondary care settings, developing quality
measures and methods to monitor unintended outcomes of antimicrobial stewardship and
behaviour-based interventions.

Hand hygiene as an intervention has been subject to many studies and therefore has a large
literature. Stone et al [81] attempted to assess the effect of increased hand hygiene
procurement used in NHS trusts in England and Wales, on the observed reduction in MRSA
bacteraemia and C. difficile infection (CDI), accounting for other interventions. Associations
between increased alcohol hand rub and reduced MRSA bacteraemia, and increased liquid
soap use and reduced CDI were found. However, there were a number of limitations in this
ecological study, particularly the inability to obtain data on mupirocin usage for decolonization of
MRSA and antimicrobial prescriptions data, which is clearly associated with CDI. In an
assessment of a behavioural intervention to improve hand hygiene compliance, Stone et al [82]
found peer group audit and feedback significantly improved compliance, however effects waned
towards pre-study levels over time. Both national and international guidance identifies hand
hygiene as a key component in the reduction of HCAI [83; 84].
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The majority of evidence for the importance of cleaning the healthcare environment in
prevention of HCAIls (whether or not resistant) is observational; the systematic review by
Dettenkofer et al [85] failed to show lower infection rates associated with routine disinfection.

Primarily due to the problems associated with MRSA over recent years, much of the evidence
for intervention effectiveness focuses on staphylococcal infection prevention and control. For
example, van Rijen et al [86] reviewed evidence for infection prevention through mupirocin use
in nasal carriers. The authors concluded that prophylactic intranasal mupirocin significantly
reduced the rate of post-operative S. aureus infections among surgical patients who were S.
aureus carriers. Cooper et al [87] provide a systematic review of isolation measures in the
management of MRSA and concluded that insufficient evidence existed to allow the role of
isolation measures alone to be assessed.

There is a particular paucity of evidence of the effectiveness of interventions against Gram-
negative bacteria, which arguably represent the most worrisome organisms currently [88; 96].

Enterobacteriaceae present a particular problem for control. While suppression of carriage (in
the colon) may theoretically both reduce risk of infection for the patient themselves, and also
reduce their potential for transmission to others, the beneficial effects of selective
decontamination of the digestive tract (SDD) have largely been demonstrated through meta-
analyses [89; 90], and would require use of the same decolonizing agents that would be used if
therapy was needed e.g. polymyxins. Clearly there are major concerns regarding the non-
therapeutic use of this ‘absolute last resort’ agent. However, in a multi-centre cluster-
randomized cross-over trial [91], comparing SDD to oropharyngeal decontamination with
antibiotics, absolute reductions in 28-day mortality were 3.5% and 2.9%, respectively, when
compared with patients receiving standard care. Moreover, compared with standard care,
decontamination was found to be associated with a 10% reduction in total systemic antibiotic
use.

Figure 17: Model-based cost-effectiveness evaluations of interventions in the control of
healthcare associated infections

® Hand hygiene B Antibiotic stewardship ® [solation H Nurse cohorting
M Screening m Decolonisation Vaccination
12 4

10 -

8 -
Number 6 -
of
publications
4 -
. h_

1993-1997 (n=3) 1998-2002 (n=11) 2003-2007 (n=31) 2008-2011 (n

Note that some publications did not cite any of the 7 interventions here, and some cited
more than one.
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In the absence of evidence from clinical trials, mathematical models have been increasingly
used to evaluate the effectiveness and cost-effectiveness of infection prevention and control
strategies. Between 1993 and 2013 there have been 97 publications utilising model-based cost-
effectiveness to evaluate interventions to control HCAI (Figure 17 adapted from [92]). This
provides an illustration of the proportionate distribution of the seven most commonly
investigated interventions utilising a modelling framework. The number of such studies is
steadily increasing over time with over half being performed in the most recent 4 years. Of
interest is the fact the early studies concentrated predominately on hand hygiene and antibiotic
stewardship, while in recent years similar numbers of studies have been performed across a
wide range of interventions.
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There is a variety of sources of data from which the incidence and prevalence of infection
caused by specific pathogens, the antimicrobial resistance of those pathogens, and the
antibiotic prescribing data are available. At national and sub-national levels, PHE collects
information on a variety of infectious diseases via a range of surveillance systems. Most of the
surveillance systems are pathogen specific and not with the specific objective of understanding
the emergence and spread of AMR. There are however, a few generic surveillance systems that
do routinely collect antibiotic susceptibility test results. Some of the sources of available data for
the study of AMR are listed in Table 11.

Sources Description

England

Public Health England data sources

This system of reporting by laboratories across England
forms the basis of much of PHE’s infectious disease

Communicable surveillance. All laboratories carrying out NHS work should
Disease Reporting | report to the CDR system. Laboratory records are entered
(CDR) onto CoSurv and data is subsequently sent to the Regional

Epidemiology Units where it is validated before being
submitted to LabBase2 (PHE Colindale).

Antimicrobial sensitivity/resistance bacterial isolates data.
Includes both hospital and community samples. Amsurv

AmSurv databases use the AmWeb tool to enable users to obtain
descriptive analysis of the collated data.
SGSS The Second Generation Surveillance System holds both the

CDR and AmSurv data sources.

Modular Open MOLIS is the Laboratory Information Management System

:;,afg:.)::;:z] Svstem (LIMS) at PHE Colindale. This system collects and manages
(MOLIS) y information for all routine reference work.

Web-based reporting tool for hospitals to report mandatory

Data Capture data, such as MRSA, MSSA, GRE and E. coli bacteraemia,

System CDI and denominator data.

Surgical Site

Infection Web-based data entry tool supporting the mandatory and
Surveillance voluntary reporting of SSI.

Service

C. difficile Reference laboratory for C. difficile to refer those isolates

Ribotyping Network | that meet specific criteria.
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Respiratory
DataMart System
(RDMS)

Laboratory-based virological surveillance system in England.
Data collected from routinely tested clinical respiratory
samples for a range of respiratory viruses including
influenza, respiratory syncytial virus, rhinovirus,
parainfluenza, adenovirus and human metapneumovirus
from the reference and regional laboratories, and some NHS
laboratories in England.

General Practice data

sources

RCGP

Since 1998 - “all consultations”, fully automated, >100 GP
practices, covering population of >900 000.

Antibiotic resistance surveillance data - National coverage

Antibiotic exposure - EPR linked records

Clinical Practice
Research Datalink
(CPRD)

Primary care data are available online via CPRD GOLD
(provides powerful disease and drug coding dictionaries and
a fast query tool that DEFINES patient cohorts. An
EXTRACT tool then enables, as specified, cuts of the data
against a cohort or control group.)

Both CPRD GOLD and SILVER will contain the details of all
prescriptions, generics and/or branded products issued in
primary. Information on formulation, strength and dosing
instructions will also be available in both data sources.

EMIS

3 000 practices ‘live’, >39 million patient records
Data Extraction Services

- Selection of standard patient identifiable, pseudo-
anonymised and anonymised extracts if the necessary
approvals have been obtained.

The Health
Improvement
Network (THIN)

Routine practice data. Since 2003, 500+ ‘Vision practices’
have joined. Medical records of 11.1 million patients (3.7M
active patients) covering 6.2% of UK population.

PATIENT, MEDICAL (diagnoses), THERAPY: all
prescriptions along with the date issued, formulation,
strength, quantity, and dosing instructions, indication for
treatment for all new prescriptions, and events leading to
withdrawal of a drug or treatment. ADDITIONAL HEALTH
DATA incl. laboratory results. POSTCODE VARIABLE
INDICATORS CONSULTATION date, time and duration of
consultation, STAFF.

Health and Social Care Information Centre (HSCIC) data sources

Hospital Episode
Statistics

Information on every NHS funded hospital admission and
outpatient attendance in England.
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General Practices
Extraction Services

Information from general practice IT systems, therefore
directly from patient records

iView - select, view
and extract a range
of prescribing data
on online system

From April 2013 details of prescribing at CCG level in
England, for each section of the BNF for each quarter of the
year. Prior to April 2013 (changes to the structure of the
NHS) data were available at PCT level.

The data has three measures: number of items, net
ingredient cost, and actual cost.

Does not include: prescriptions written in hospitals/clinics
that are dispensed in the community, prescriptions
dispensed in hospitals, prescribing by dentists, private
prescriptions.

ePACT

Hospital prescribing based on information systems at NHS
Prescription Services and on data provided by the
commercial company IMS Health. Uses ATC classification.

NHS England data sources

care.data

Care Episode Statistics

Information on every NHS funded hospital admission and
outpatient attendance in England.

NHS Prescription
Services

ePACT.net

Access to previous 60mths prescribing data held on NHS
Prescription Services' Prescribing Database. ePACT
provides data on prescriptions written in primary care /
hospitals but dispensed in the community. Updated on a
monthly basis, includes: Prescribing totals by prescribers at
all BNF levels, Prescribing from non-medical prescribers,
Patient list sizes, Average Daily Quantities and Defined Daily
Doses, Prescribing On Behalf Of PCT/Practice, Dispensing
contractor name and address

Prescription Services Portal: standard reports: Indicators and
(QIPP) comparators,

Measures: Items, ADQs, DDDs, patient weightings.
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IMS Health data

IMS Health collects and collates this data on a commercial
basis.

De-identified patient demographics

Drug name

Dosing information

Whether the prescription is new or a refill
The physician's identity and specialty

Hospital Pharmacy Audit Index (HPAI) : Based on issues of
medicines recorded on hospital pharmacy systems —>IMS
Health each month electronically. HPAI monitors usage
levels (quantities issued (packs)) by hospitals rather than
purchases by Trusts. Uses ATC classification system.

Define / Rx-Info

Developed over 3+yrs. 160 Trusts (135 publishing). Data
ownership remains with Trust, Rx-Info = processors. Data
sources published to system: all hospital pharmacy systems,
FP10 HNC data, Homecare data and outsourced outpatient.
Drug use per inpatient bed is possible with granularity
allowing analysis down to specialty, prescription type and
date filtering

BSAC Bacteraemia
Surveillance

Involves 20-25 sentinel clinical laboratories which each
collect ten consecutive isolates taken from blood cultures
considered to be clinically significant (20 consecutive isolates
for S. aureus and E. coli).

Europe
European Managed by the European Centre for Disease Prevention
Antimicrobial and Control (ECDC). Participating laboratories send data to
Resistance the country’s data manager where it is uploaded onto The
Surveillance European Surveillance System (TESSy), a web-based
Network (EARS- system for collection, validation, cleaning, analysis and
Net) dissemination of data.

Managed by the European Centre for Disease Prevention
European and Control (ECDC). Participating laboratories upload all
Reference influenza surveillance data (weekly detections; antigenic and
Laboratory Network | genetic analyses) including antiviral susceptibility data onto
for Human The European Surveillance System (TESSy), a web-based

Influenza (ERLI-Net)

system for collection, validation, cleaning, analysis and
dissemination of data.
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This report is intended to provide an overview of the current evidence base in the area of AMR,
containing information on relevant data, trends and literature. However, the field is fast-paced
with a quickly emerging and developing evidence base therefore, while illustrating the current
situation, the report is soon likely to become outdated.

While some forms of resistance such as MRSA have declined in the UK, others have been
more difficult to overcome. Antimicrobial stewardship may be one of the key actions required to
prevent increasing resistance. Even given effective stewardship, there is still a pressing need
for the development of new antimicrobials.

For most pathogens there are currently effective antimicrobials, but a key message is the
concern about the growing number of carbapenem resistant pathogens among the
enterobacteriaceae family, including types of E. coli and klebsiella.
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