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Chapter 7
Epidemiology and Ethics of Antimicrobial 
Resistance in Animals

Lisa Boden and Dominic Mellor

Abstract Despite a large and rapidly growing volume of research activity and out-
put, primarily on the biological bases of antimicrobial resistance (AMR), epidemio-
logical understanding of the causal mechanisms at play behind the apparent recent 
global rise in prevalence of AMR has, arguably, progressed very little. Despite this 
inconvenient fact, political imperative and expedience, among other drivers, have 
given substantial impetus to an interventionist approach against what are considered 
to be the culprits for the apparent growing prevalence of AMR and its impacts. 
Concern about the rise in prevalence of microbial infections that are resistant to 
therapeutic agents designed to kill them has arisen almost exclusively in relation to 
human health. (Public awareness and concern about antihelmintic resistance, for 
which the impacts are much more substantial for animal health, at least in developed 
temperate countries, are trivial by comparison). Nevertheless, antimicrobial drugs 
have been, and are, widely used in animal health and production throughout the 
world, and the contribution of this diverse usage to the ‘global AMR problem’ has 
historically been controversial. There is growing acceptance, notwithstanding the 
limitations in causal understanding noted previously, of AMR as an ecological prob-
lem of competing populations of microorganisms experiencing both natural and 
anthropogenic selection pressures in compartments that transcend species and other 
boundaries. Typifying what is described as a ‘One Health’ problem, AMR is there-
fore considered to be most amenable to conjoint mitigation efforts in all compart-
ments: i.e. interventions in human health, animal health, food and the environment 
in a coherent manner.

In animals, this calls into question the motivations and practices for antimicro-
bial drug usage, the majority of which are justified on the basis of promoting animal 
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health and welfare and securing a food supply for a growing human population. Not 
surprisingly, there are great differences in animal husbandry and food demand, and 
in availability, access and regulation of antimicrobial usage in animals, and in 
 surveillance of AMR, which are likely to be starkest between developed and devel-
oping countries. Thus, it is unlikely that the impacts of AMR, and the impacts of 
efforts to mitigate AMR that are directed to the ‘animal compartment’ of the ecosys-
tem, will be felt equally across the world.

Keywords AMR · Ethics · One Health · Veterinary · Animal · Causality

7.1  Introduction: Evolutionary History of Antimicrobial 
Resistance as a Natural Phenomenon

Antimicrobial resistance has occurred as a natural phenomenon for millennia, as a 
response to inhibitory substances produced by microbial populations competing for 
resources in different ecosystems (Hall and Barlow 2004). Human discovery of the 
existence of these substances was exploited in the early twentieth century leading to 
the development of the first antibacterial drugs for therapeutic use. The rapid dis-
covery and development of both natural and synthetic antimicrobial drugs (active 
against bacteria, fungi, viruses, and protozoa), and their widespread use to treat and 
prevent human and animal infectious diseases, took place throughout the latter half 
of the twentieth century. As predicted by Alexander Fleming himself, as therapeutic 
use of antibiotics grew there closely followed the emergence of untreatable strains 
of organisms that had hitherto responded to treatment.

Any microorganism that isn’t inhibited or killed by appropriate, effective antimi-
crobials is classified as resistant (Ridge et  al. 2011). This phenomenon is now 
widely explained in terms of a ‘selection pressure’ being exerted on the populations 
of microorganisms which are exposed to antimicrobial agents. Such microbial pop-
ulations are usually comprised of an almost unimaginable number and diversity of 
individual organisms, amongst which the target ‘pathogen’ population for antimi-
crobial therapy may constitute only a fraction of those exposed to the agent. Under 
these circumstances, those organisms susceptible to the agent are inactivated, and 
cease to compete for resources, and those that are equipped with mechanism(s) to 
resist the effects of the agent thrive through access to the resources no longer con-
sumed by the inactivated organisms (Levin et al. 2000). In the case of therapeutic 
use of antimicrobial agents, if the organisms equipped with mechanism(s) to resist 
the effects of the agent are members of the ‘pathogen’ population, the result is likely 
to be treatment failure and prolonged clinical disease for the patient. If the organ-
isms equipped with mechanism(s) to resist the effects of the agent are members of 
the non-pathogen population (usually referred to as commensals), the effect is to 
select for populations that carry resistance mechanisms, but is unlikely to result in 
treatment failure at that time. Nevertheless, and especially for bacteria, many of the 
mechanisms to resist the effects of antimicrobial agents are coded for by genes 
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carried on transmissible genetic elements which can be passed between organisms 
of the same or different species or genera. Thus, selection for resistance in members 
of the non-pathogen population could subsequently lead to transfer to ‘pathogen’ 
populations and increased likelihood of subsequent treatment failure.

7.2  Drug Resistance as an Animal or Public Health Concern

Treatment failure and prolonged and/or more serious clinical disease for the patient 
are probably much more widely recognized consequences of drug resistance in 
human than in veterinary medicine. In efforts to mitigate these principally public 
health effects of antimicrobial resistance in the developed world, much attention has 
been focussed on human healthcare settings, particularly hospitals and care homes 
(Edwards et al. 2012). Efforts to improve infection prevention and control (IPC) in 
these settings are paramount, because they are needed not only to reduce the trans-
mission between people of infectious agents likely to require drug therapy, but also 
the transmission of antimicrobial resistance genes. Principles of IPC form the main-
stays of current strategies to combat antimicrobial resistance and are coupled with 
measures to promote ‘better’ prescribing of antimicrobial agents through guidelines 
and audit, and initiatives to educate the healthcare profession and the public. Judicial 
antimicrobial use (i.e. “better prescribing”) is based on evidence which supports 
using a particular agent against a particular organism in a particular patient for a 
particular reason and period of time (e.g. British Veterinary Association 2015).

The contribution and nature of veterinary use of antimicrobial agents to the prob-
lem of antimicrobial resistance on a global scale has been a controversial issue for 
many years, with conflicting, polarized views espoused by different respected 
research groups (Aarestrup et al. 2000; Collignon 2013; Mather et al. 2013; van 
Bunnik and Woolhouse 2017). Much has been made of the widespread and varied 
use of antimicrobial agents in veterinary medicine and the potential for this to con-
tribute to the (largely) public health problem posed by antimicrobial resistance. In 
this, it is noteworthy that, with few exceptions, relatively little is made of treatment 
failure and prolonged and/or more serious clinical disease for animal patients. The 
use of the broad term ‘antimicrobial’ has been unhelpful in this regard as it is inclu-
sive of agents such as anti-coccidials, which are important for animal health and 
food security, but have no effect on other organisms (such as bacteria or fungi) 
which drive resistance in humans (Mendelson et al. 2017). Mendelson et al. (2017) 
argue for more precision in the language around drug-resistant infections, and for 
more specific terms such as “antibiotic” or “antifungal” to be used in preference to 
‘“antimicrobials” when referring to medicines against a specific type of organism.

There is a growing acceptance that drug-resistant infections are a ‘One Health’ 
problem that transcends species (and other) barriers (Karesh et al. 2012). Expanding 
on this, it is obvious that agents that carry resistance determinants exist very well 
and evolve outside animal or human hosts. There is increasing recognition of the 
need to consider environmental reservoirs, and inanimate vehicles of transmission, 
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not least among which are foods of animal origin – home produced and imported – 
and integrate these into thinking about the ecology and epidemiology of resistance 
(Wellington et al. 2013). Resistance genes may spread directly from people to ani-
mals and from animals to people through food-borne and environmental contamina-
tion (via wastewater, soil and the spread of contaminated manure from livestock and 
wild animals) (Casey et al. 2013; Kim et al. 2013; Davis and Rutkow 2012; Johnson 
and Becker 2010; Cantas et al. 2013; Roe and Pillai 2003; Soonthornchaikul and 
Garelick 2009; Levy et al. 1976; Thanner et al. 2016; Literak et al. 2011). However, 
the relative importance of these routes of transmission is uncertain; exposure is 
complex and not unequivocally in one direction (Carlet et al. 2011; Mather et al. 
2013; Zhu et  al. 2013). Additionally, there are other epidemiological pathways 
(such as transmission of resistance via irrigation and waste-water, plant production 
and the disposal or presence of disinfectants and heavy metals in the environment) 
that have been shown to be associated with the emergence of drug resistance. These 
are not well researched due to the lack of analytical methods to monitor contami-
nants in waste, surface and drinking water and soil (Thanner et al. 2016). Thus, the 
epidemiological drivers associated with the selection for and against resistant organ-
isms in animals are unlikely to be different to the causal mechanisms believed to 
exist in humans or the environment. There are important caveats to this assertion: 
(1) many parts of the relevant ecosystem are ignored by surveillance approaches 
adopted to date, notably the environment and food (home produced and imported), 
(2) it is difficult to partition antibiotic resistance into that which arises naturally 
from bacterial competition in various ecological niches and that which is selected 
for anthropogenically through therapeutic or other use of drugs and/or biocides. Of 
course, the relative intensity of the various selection pressures for the emergence of 
drug-resistant infections is itself driven in part by broader socio-economic issues 
(e.g. poverty, sanitation, hygiene and public health resources) which are harder to 
quantify and even more difficult for governments to address. These caveats arise 
due to the limitations of the evidence provided by surveillance for drug-resistant 
infections, which has largely focused on trying to compare observations of antibi-
otic resistance in bacterial isolates from human patients to those of antibiotic resis-
tance in animal populations (often using different methods of antimicrobial 
resistance determination) in developed countries.

High rates of drug-resistant infections are found in densely populated, develop-
ing countries where there is corruption and unreliable enforcement of laws and 
regulations pertaining to the practice of human and veterinary medicine (Collignon 
et  al. 2015). Individuals who are exposed to resistant bacteria or fungi in these 
hotspots through international travel and medical tourism can subsequently import 
resistance into other countries, resulting in rapid global spread (World Health 
Assembly Resolution 51.9 1998).

There is still a need to convince some sectors that this is a shared problem with 
shared accountability and shared responsibility, but that principle is pretty much 
implicit in nationally and internationally agreed accords (e.g. Department of Health 
2013; O’Neill 2016). Based on experience from the UK, plans to implement the 
recommendations of such accords, whilst all claiming to be taking a ‘One Health’ 
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approach, can vary even among devolved administrations. In this sense, creation of 
a bespoke ‘One Health’ agency, with appropriately balanced multidisciplinary rep-
resentation (and buy-in and trust), acting in a collegiate manner to coordinate a 
collective and coherent response seems intuitively more likely to succeed than sim-
ply hoping that separate agencies will be able to work in parallel towards a common 
aim without ‘funding the arrows’ (Campbell 2006).

In conclusion, considering the epidemiology of drug-resistance in animals in 
isolation is missing the point.

7.3  Antimicrobial Use in Animals

Similar to antimicrobial use in humans, there is substantial variation throughout the 
world in the availability, regulation, control and administration of antimicrobials to 
animals. Whilst these factors themselves are not expected to alter the postulated 
causal mechanisms by which drug use affects drug resistance in microorganisms, 
they are likely to modify the extent to which these mechanisms have the opportunity 
to act. Simply put, it appears that greater usage of particular antimicrobial drugs, in 
a relevant time and place, is positively correlated with greater proportions of isolates 
tested for susceptibility in that time and place being designated as resistant. Thus, 
greater control over the quality and supply of antimicrobial drugs and greater regu-
lation and professionalism over their administration should correlate with reduced 
proportions of resistant isolates.

It is worthy of note that this general observation appears also to be true of anthel-
mintic drugs, although the ecology of macroparasites is of course different to 
microbes. However, in the developed world, the problem of anthelmintic resistance 
is more of an immediate issue for animals than humans, which means that it has 
received much less attention from a public health point of view. Nevertheless, 
sophisticated guidance on control of parasitic infestations, based on understanding 
their ecology, and seeking to preserve the efficacy of anthelmintic drugs, are seen as 
critical to future food security (e.g. see Sustainable Control of Parasites in Sheep 
(http://www.scops.org.uk/)).

A range of antimicrobial drugs is used widely to treat disease in domestic ani-
mals through a large and internationally varying number of preparations and through 
a number of different routes of administration. In most developed countries of the 
world, the classes of antimicrobial drug available for animal administration, and the 
preparations and routes by which they can be administered, have to be specifically 
licensed for animal use and are highly regulated, especially for animal species likely 
to enter the human food chain. In these countries, there are also strictly enforced 
‘withdrawal periods’ which define for how long an animal must be ‘off’ treatment 
before products form that animal can be used for human consumption. In some parts 
of the world, so-called ‘off-label’ use (i.e. an unlicensed product and/or an unli-
censed route of administration) is sometimes permitted under derogation for the 
treatment of companion animals. Lists of critically important antimicrobials (CIAs) 
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in humans and animals have been agreed, and are periodically updated, by the OIE 
and WHO and others, and the use of these drugs should be restricted to treating 
infections that have been demonstrated to be susceptible (and resistant to less 
important, so-called first-line, drugs) (OIE list of antimicrobials of veterinary 
importance 2007; WHO list of Critically Important Antimicrobials (CIA) 2017). In 
developing countries, due to limitations in infrastructure, such regulations, where 
they exist, are much more difficult to make effective. Coupled with a very high 
demand due to a high disease burden and often high population densities, and issues 
such as uncontrolled, unauthorized markets and counterfeit drugs, the conditions 
appear likely to favour intense selection for antimicrobial resistance and subsequent 
dissemination, though there are few reliable data to provide firm evidence of this.

Much of the controversy around use of antimicrobials in animals has concen-
trated on their use as growth promoters. It has been considered that routine addition 
of some antimicrobial compounds (usually antibacterial drugs and often at sub- 
therapeutic concentrations) to livestock feed increases food conversion efficiency 
by more than enough to outweigh the cost of adding the drugs, though this is dis-
puted (Graham et al. 2007). However, other agents, such as anti-coccidials used by 
the poultry sector, are also included in this broad classification (Mendelson et al. 
2017). Use of antibiotic growth promoters is considered by many to be particularly 
undesirable due to the selection pressure being applied in an almost unrelenting way 
to the populations of microorganisms colonizing these animals, especially in 
instances in which drugs are used at sub-therapeutic concentrations, as this is 
thought to select more strongly for antimicrobial resistance. Much research has 
sought to investigate the impact of the use of antimicrobials for growth promotion 
and has been interpreted by most as demonstrating a positive association with 
increased prevalence of resistant organisms in exposed microbial populations 
(O’Neill (2015)). On the basis of this evidence, their use as growth promoters has 
been banned in many parts of the world, notably Europe, yet still persists in others.

In the EU, “the use of agents from classes which are or may be used in human or 
veterinary medicine (i.e. where there is a risk of selecting for cross-resistance to 
drugs used to treat bacterial infections)” as growth promoters has not been permit-
ted since 2006 (Regulation (EC) No 1831/2003/EC) and withdrawal periods for 
antimicrobial use prior to animal slaughter are designed to ensure that there are no 
antimicrobial residues in food. In the USA, non-therapeutic use is still widespread 
in industrial farming. The USA FDA has historically been slow to respond to calls 
to reduce antimicrobial use and unwilling to exert its authority over the antimicro-
bial approval process (see Natural Resources Defense Council, et  al. v. United 
States Food and Drug Administration, et al.). Until recently, the FDA implemented 
a voluntary approach to antimicrobial conservation that encouraged drug companies 
to withdraw approvals for antimicrobials for non-therapeutic use and replace them 
with approvals for other uses such as chemoprophylaxis (USDA 2012a, b). However, 
this policy has had little real effect on antimicrobial usage because, in many cases, 
the doses and durations of drug use for chemoprophylaxis and growth promotion 
are the same (Outterson 2014).
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In emerging economies, such as the BRICS and MINT countries, it is anticipated 
that non-therapeutic use of antibiotics in animals may exponentially increase 
because of increasing intensification of agriculture/aquaculture, high prevalences of 
production and endemic diseases (which are likely to be better controlled in other 
countries) and lack of resources to ensure appropriate governance over antimicro-
bial use (Carlet et al. 2011; Van Boeckel 2015). In some of these countries, AMR 
and antimicrobial conservation aren’t on the “political agenda” at all (Grace 2015 at 
p 11–12) because addressing other issues such as poverty, starvation, malnutrition 
through (un)sustainable livestock and farmed fish production are more urgent for 
the current population. The impact of antimicrobial use on accessibility of animal 
food sources hasn’t been quantified for most countries, partly due to the variability 
and uncertainty regarding the quantities of antimicrobials used even in similarly 
intensive systems elsewhere (Rushton et al. 2014), and there is no agreement on the 
desired levels of antimicrobial consumption. Even if an enforced ban on the non- 
therapeutic use of antimicrobials were to be introduced, in some places, the absence 
of national R&D investment means that there are few alternative mechanisms (such 
as vaccines) to concurrently improve animal husbandry and avoid production losses 
which could paradoxically increase AMR prevalence through off-label or unpre-
scribed use of poor quality or counterfeit antimicrobials. The relative costs of not 
using antimicrobials on the security of the global food supply and the success of the 
Sustainable Development Goals (in eradicating poverty and hunger in the current 
generation) have not been compared to AMR treatment failure in people (in future 
generations). Although developed countries arguably have sufficient means to assist 
developing countries address some of these issues, they have so far focussed on 
their own national priorities in order to achieve wider international societal benefits 
(Clift 2013).

Distinction is made in veterinary medicine (at least in the developed world) 
between prophylactic (administering antimicrobial drugs to prevent anticipated 
infection) and metaphylactic use of antimicrobials (administering antimicrobial 
drugs to clinically well members of a population in contact with an index case of 
infectious disease to prevent anticipated infection), which is not recognized in 
human medicine. Prophylaxis in veterinary medicine is criticized by many as an 
excuse for poor infection prevention and control (often referred to as ‘biosecurity’ 
in animal production) in a particular animal husbandry system, but presents ethical 
dilemmas to veterinarians who struggle with the notion of withholding treatment in 
the face of what is considered to be almost inevitable disease and associated welfare 
compromise. In many instances, the clinical use of antimicrobials in animals is 
empirical and sensitivity testing of an isolate of the putative causative agent of 
infection is not carried out. The reasons for this are largely to do with cost and expe-
diency in starting treatment to improve the clinical condition of the patient. Thus, 
data that characterize the resistance profiles of clinical isolates from animals repre-
sent a very small proportion of the putative infections treated by veterinarians, and 
their use for epidemiological purposes often appears to overlook this fact. However, 
this is also true of human medicine.
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The notion that antimicrobial resistant organisms somehow ‘arise’ in animals, 
driven by selection pressures applied by veterinary use of antimicrobials, and pass 
to humans, principally through the food chain, has been a popular model of antimi-
crobial resistance ‘acquisition’ for some time. However, some recent research shows 
that transmission is likely to occur in both directions between animals and people 
directly and indirectly through the environment and various fomites (Mather et al. 
2013). As discussed in the introduction, it is probably more reasonable to think of 
animals and people as inextricably linked ‘samplers’ of a shared environmental pool 
of organisms subject to different selection pressures in different compartments.

7.4  Surveillance for Antimicrobial Resistance in Animals

‘Better’ surveillance for antimicrobial resistance in animals is a more or less univer-
sal feature of international concordats, calls to action and other declarations on anti-
microbial resistance (Department of Health 2013; O’Neill 2016). As the bedrock of 
epidemiology, surveillance activity, and the intelligence generated by it, offers the 
greatest potential to understand fully the causal relationships at play within the 
complex landscape ecology underlying the antimicrobial resistance ‘phenomenon’ 
(Singer et al. 2006). Nevertheless, there are a great many limitations, often over-
looked, that can apply to data derived from surveillance of infections in animals 
(and people) for the purposes of exploring causal relationships of relevance to the 
emergence and spread of antimicrobial resistance. Chief among these is the ques-
tion of how well the isolate(s) derived from the sample(s) collected from the 
individual(s) and/or their environment(s) under study represent the actual nature 
and dynamics of the interactions between host and microbial populations and the 
selection pressures experienced by them. Confounding this, in many instances, is a 
lack of standardization of the microbiological methods applied and inconsistent 
definitions of how antimicrobial sensitivity or lack of it is defined for individual 
drug/bug combinations derived from different species (animals and humans).

The World Health Organization (WHO) has led international efforts to develop 
action plans to monitor and reduce drug-resistant infections (WHO Strategy 2001). 
However, without a legally-binding mandate, it has been difficult implement this 
strategy within Member States. Indeed, between 1998 and 2015 (when the WHO 
first published its global action plan), there have been at least seven World Health 
Assembly (WHA) Resolutions promoting surveillance of drug-resistant infections, 
but still no internationally coordinated or standardized AMR surveillance strategy 
within either the human or veterinary sectors. Although collaboration between the 
WHO, Food and Agricultural Organization of the United Nations (FAO) and World 
Organization of Animal Health (OIE) is improving coordination between human 
and animal surveillance, within individual Member States the two sectors remain 
distinct and regulated independently of one another. Surveillance, if undertaken at 
all, has hitherto been implemented separately by each sector, without harmonization 
or standardization of approach.
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Existing national action plans within Member States describe broad strategic 
aims to mitigate, and reduce current rates of drug-resistant infections and resultant 
treatment failures. These include: improvements in infection prevention and con-
trol, education and training initiatives, optimization of prescribing practices (par-
ticularly in animals with respect to critically important antimicrobials) and incentives 
to innovate new, effective therapies. For the most part, these aims have not been 
translated yet into specific actions with explicit timescales for delivery or agreed 
outcome metrics. In some countries, technical and financial constraints, such as lack 
of existing public health infrastructure, access to diagnostic technologies and chang-
ing public attitudes towards public health mean that surveillance is poor (STAG-
AMR 2013; WHO 2011). Accurate inferences (and/or between-country comparisons) 
about antibiotic or antifungal consumption rates aren’t always possible because of 
the scarcity and variability of available information on consumption, species treated, 
routes of administration, dose rate, and pharmaceutical costs (Rushton et al. 2014 at 
p 11). Other important differences, such as husbandry practices, diversity of avail-
able drugs and prescribing habits of veterinarians, mean that comparisons of antimi-
crobial use based on animal demographics are potentially misleading. For example, 
Chile is the second largest producer of farmed salmon and the only important devel-
oping country producer. However, it uses around 300 times more antibiotics than 
the largest salmon producer, Norway because Norway has the resources to access 
and implement vaccination and alternative husbandry measures instead of antimi-
crobials to control diseases (Grace 2015 at page 11). Thus, it is currently not pos-
sible to accurately chart progress towards AMR reduction or identify early-warning 
performance indicators for actions that aren’t effective in achieving these aims.

Despite these limitations, surveillance and research data generated, principally in 
the developed world, are subject to ever more sophisticated epidemiological analy-
ses to infer risk factors and causal relationships for resistance emergence, persis-
tence and spread. Entrenched in this aim is the notion that population patterns of 
drug-resistant infections can be explained by a complex web of multiple intercon-
nected factors, which if identified, can be used to inform and target interventions to 
improve public health (Krieger 1994). Increasingly, these analyses seek to be com-
parative and inferential about the impacts of antimicrobial use in one species (ani-
mals or man) on antimicrobial resistance in the other, as the ‘One Health’ construct 
of drug resistance becomes more widely accepted. However, caution is required in 
the interpretation of these findings. ‘Causal webs’ are not unbiased; they are neces-
sarily hierarchical, focusing “attention on risk factors closest to the outcome under 
inspection”, inevitably prioritizing biological factors (amenable to medical or vet-
erinary intervention) over other broader social or environmental determinants which 
could be addressed through social action (Krieger 1994; Thanner et al. 2016). For 
example, addressing a lack of access to education, sanitation and adequate health-
care (including infection prevention and control, scarcity of new antibiotics, poor 
prescribing practices and absence of concurrent diagnostic tools to ensure appropri-
ate treatment) will affect rates of disease, which will influence subsequent amounts 
of antimicrobial used (Buckland Merrett 2013). Reduction of antimicrobial use may 
reduce selection pressure for resistance, but at the same reduces the numbers of 
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antimicrobial ‘customers’ and thus incentives to innovate new drugs. Equally, eco-
nomic strategies that are driven by sales rewards will inevitably conflict with prin-
ciples of conservation and IPC. Understanding of the epidemiology of AMR (and 
this broader socio-economic and ecological ‘web of causation’) and an appreciation 
for the gaps in communication and coordination between stakeholders and regula-
tors involved across multiple sectors and disciplines at each of these foci is therefore 
necessary to ensure policy decisions are robust and ethical.

7.5  Summary and Conclusion

The epidemiology of antimicrobial resistance in animals seems very unlikely to be 
extricable or distinct from that in people. A powerful epidemiological model of the 
causation and dissemination of antimicrobial resistance as a feature of microbio-
logical ecology among a very complex web of interconnected host and environmen-
tal compartments has emerged and gained widespread acceptance under the 
construct of ‘One Health’. However, the limitations in the quality of the data that 
have been used to build this model leave room for uncertainty about its validity. In 
addition, there needs to be ‘thinking time and space’ to consider and account for 
cognitive biases in such models and to incorporate socio-economic modifiers of 
such biological models in order to inform efficient and effective measured interven-
tions. As rapidly developing scientific advances offer the potential to improve the 
quality (e.g. WGS) and representativeness (e.g. through properly and purposively 
designed comparative surveillance programmes) of data, it is to be hoped that epi-
demiological inference will be able to keep pace and offer better, and what yet may 
be surprising, insights into the problem of antimicrobial resistance and ways in 
which it might be tackled.
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