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Abstract 
 
Antimicrobial resistance is a major and growing concern to human health, as well as animal 
and planetary health. Globally, most antimicrobials used are in the form of antibiotics given 
to food-producing animals. This use is often divided into ‘therapeutic’ (curative) use and 
‘nontherapeutic’ (prophylactic, metaphylactic, growth-promoting) use. The latter is seen as 
unnecessary and irrational - its elimination is often targeted by stewardship initiatives in 
order to reduce the human health burden of resistance. 
 
However, such antibiotics may be important for safeguarding animal health and productivity 
in livestock farms. Further, our understanding of the ecological relationship between 
antibiotic use in animals and antibiotic resistance in humans is poor, and we do not know 
that such reductions in animal antibiotic use will be sufficient to reduce the human health 
burden of resistance. Finally, existing methods for One Health health-economic evaluation of 
AMR are limited, and our ability to capture the holistic effect of AMR interventions in 
agriculture is not sufficient to make such policy decisions with confidence. 
 
This thesis seeks to address these knowledge gaps through a series of papers written as 
part of my work with the SEFASI Consortium. First, I design, present and demonstrate a 
holistic model for the health-economic evaluation of AMR interventions in agriculture (the 
AHHME model). I then analyse survey data from smallholder livestock farms to evaluate the 
effect of antimicrobial use and other practices on animal health and productivity. Finally, I 
analyse AMR surveillance data from humans and livestock animals to investigate the 
ecological relationship between animal antibiotic use and antibiotic resistance in humans. 
 
These works suggest that even nontherapeutic antibiotic use may be important for animal 
health and productivity, and identifies potential complementary interventions which could 
make antibiotic stewardship on farms safer and more acceptable to farmers. While some 
ecological link was identified, reductions in animal antibiotic use alone may be insufficient to 
reduce the human health burden of resistance, especially in the short term. Finally, models 
such as AHHME should be used to capture a wider range of outcomes in our 
health-economic analysis of AMR (and other) interventions, and should feed into a 
participatory and mixed-methods policy decision-making process. 
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Whoever wants to know a thing has no way of doing so except by coming into contact with it, 
that is, by living (practising) in its environment. ... If you want knowledge, you must take part 
in the practice of changing reality. If you want to know the taste of a pear, you must change 
the pear by eating it yourself.... If you want to know the theory and methods of revolution, 

you must take part in revolution. All genuine knowledge originates in direct experience 
 

Máo Zědōng (毛泽东),  
“On Practice”, July 1937  
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Glossary 
 

ABR Antibiotic resistance 

ABU Antibiotic use 

ABS Antibiotic stewardship  

AGPs Agricultural growth promoters  

AHHME  Agriculture Human Health MicroEconomic 
Model 

AHHME-B  Agriculture Human Health MicroEconomic 
Model-Burden 

AMR Antimicrobial Resistance 

AMU Antimicrobial Use 

AMUSE Antimicrobial Use in Livestock Production 
survey tool 

AMS Antimicrobial stewardship 

APHA UK Animal and Plant Health Agency 

ARGs Antimicrobial resistant genes 

CGIAR Consultative Group for International 
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DALY Disability-adjusted life year 

ESBL Extended spectrum beta-lactamase 

FAO United Nations Food and Agriculture 
Organisation 

FPAs Food-producing animals 

GAP Global action plan (on AMR) 

GDP Gross domestic product 

HEA Health-economic analysis 

ILRI International Livestock Research Institute 

IPC Infection prevention and control 

JPIAMR Joint Programming Initiative on 
Antimicrobial Resistance 

KAP Knowledge, attitudes and practices 
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LSHTM London School of Hygiene and Tropical 
Medicine 

MDR Multidrug resistant 

NAPs National action plan (on AMR) 

OH One Health 

OIE Organisation Internationale des Épizooties / 
World Organisation for Animal Health  

QALY Quality-adjusted life year 

RVC Royal Veterinary College 

SEFASI Selecting Efficient Farm-Level Antimicrobial 
Stewardship Interventions from a One 
Health Perspective 

UKHSA UK Health Security Agency 

UNEP United Nations Environment Programme 

WHO World Health Organisation 

WTP Willingness-to-pay 
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Chapter 1 - introduction and literature review 
 

1.1 Introduction 
 
This analytical commentary is submitted for my PhD by Prior Publication, alongside a 
portfolio of four connected publications, all connected to a One Health (OH) analysis of 
antimicrobial use (AMU) in food-producing animals (FPAs). I have authored these 
publications largely as part of my work on the Selecting Efficient Farm-Level Antimicrobial 
Stewardship Interventions from a One Health Perspective (SEFASI) consortium (1). SEFASI 
is a JPIAMR-funded project based at the London School of Hygiene and Tropical Medicine 
(LSHTM), which aims to conduct holistic One Health analysis of farm-level antimicrobial 
stewardship (AMS) interventions in England, Senegal and Denmark, eventually ranking them 
using multi-criterion decision analysis. Until April 2022, I was involved on a similar grant 
funded by the CGIAR (Consultative Group on International Agricultural Research) dedicated 
to evaluating the societal health and economic impact of interventions to reduce agricultural 
antimicrobial use. Prior to this, I trained in development economics and worked in economic 
research and public health policy. I use this background to apply a cross-disciplinary 
approach which uses political economy, statistical and mathematical modelling, and OH 
lenses to address issues in global public health.  
 
Antimicrobial resistance (AMR) is the capacity of microbial pathogens to survive in the 
presence of antimicrobial medicines (antiseptics, antibiotics, antivirals, antifungals, 
antiparasitics)(2). Antibiotic resistance (ABR) refers specifically to the capacity of bacterial 
pathogens to survive in the presence of antibiotics, and is the focus of this commentary. 
Antibiotics are given to food-producing animals (FPAs) for a number of purposes, including 
to cure infection, as a prophylactic or metaphylactic to prevent infection, or added to feed in 
order to promote growth, such antibiotics being referred to as agricultural growth promoters 
(AGPs)(3). Prophylactic, metaphylactic, and (in particular) growth-promoting AMU is often 
referred to as ‘non-therapeutic’, contrasting it with curative use(3,4). 
 
While ABR exists in nature, the use of antibiotics (ABU) can select for resistant bacteria. 
Resistance can spread among hosts through the transfer of resistant pathogens and 
antibiotic-resistant genes (ARGs), collectively referred to as resistomes. Antibiotic 
stewardship (ABS) and antimicrobial stewardship refer to efforts to use antimicrobials in 
optimal and responsible ways, minimising the emergence and spread of resistance while 
maximising the present and future efficacy of antimicrobial drugs.  
 
Questions of AMR and AMS are sometimes approached using the framework of ‘One 
Health’(5), which sees human, environmental and animal health as interlinked and requiring 
interdisciplinary collaboration. AMR can have impacts on health across all three OH 
‘sectors’: most straightforwardly, resistant infections are harder to treat and therefore incur 
greater morbidity and mortality for humans. This incurs a cost to healthcare systems and 
places strain on their resources. The risk of resistant infections can also make other aspects 
of healthcare (chemotherapy for cancer, use of catheters, nosocomial infections, invasive 
surgery) more risky, and the human health burden of resistance affects people’s ability to do 
both marketised and non-marketised work.  
 

https://www.zotero.org/google-docs/?Ddnakg
https://www.zotero.org/google-docs/?TXn2If
https://www.zotero.org/google-docs/?rGejaT
https://www.zotero.org/google-docs/?irPDLl
https://www.zotero.org/google-docs/?3VKjNd
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The presence of resistant infections on farms can also reduce agricultural productivity, 
farmers’ economic security, and broader food security, as can the removal of antibiotics from 
farms(6). Finally, the environment acts as a reservoir for the development and spread of 
resistance, and the presence of antimicrobial residues and other pollutants can select for 
resistance in pathogens in the environment. One way of evaluating these impacts is 
health-economic analysis (HEA), either to assess the burden of resistance or to evaluate the 
cost-effectiveness of interventions combating AMR.      
 
There has been a global drive to create a coordinated policy response to AMR. Among the 
key actors involved is the ‘Quadripartite’, a coalition of the Food and Agriculture Organisation 
of the United Nations (FAO), the World Organisation for Animal Health (OIE), the World 
Health Organisation (WHO), and the United Nations Environment Programme (UNEP)(5). 
The Quadripartite is a multilateral effort to coordinate a policy response to AMR from a OH 
perspective, and has created a ‘Global Action Plan’ (GAP) on AMR. They work in tandem 
with national governments, many of which have National Action Plans (NAPs) on AMR, as 
well as with other actors.   
 
One Health, as a concept, is sometimes difficult to define. Discourse on OH from influential 
organisations makes mention of zoonoses, the link between human and animal health and 
food security, the impact of climate change and environmental degradation of food systems 
and human health, and the ability of AMR pathogens to spread between the three OH 
compartments(5). This approach sees efforts to safeguard animal, human and 
environmental health as connected and interdependent, requiring a coordinated effort from 
stakeholders and practitioners within these spheres and beyond(7,8). This framework, 
outlined by the WHO and by the Quadripartite more broadly, identifies a set of five key 
principles (equity, sociopolitical and multicultural parity, sociological equilibrium, stewardship, 
and transdisciplinary and multisectoral collaboration) underpinning One Health efforts(7). 
 
While OH can be taken to mean simply ‘human, animal and environmental health are 
connected’, there are drives to generate a deeper and more transformative definition of 
health(9,10). Some authors, notable Raj Patel and Rupa Marya, write about conceptions of 
‘deep medicine’ which see these three healths as a single ecology, rejecting the rationalist 
desire to separate ‘self’ from ‘environment’ and seeing the human body itself as an 
ecosystem which is not discretely separable from the broader ecosystem that we inhabit(10). 
I use ‘One Health’ throughout this thesis to refer to efforts to consider human, environmental 
and animal health together, while acknowledging that this falls short of a truly integrative 
approach. 
 
1.1.1 Thesis angle 
 
During my time working in the OH AMR space, I identified several assumptions (which I refer 
to in this thesis as ‘themes’) that were prevalent in the policy and research discourse but 
which I felt were potentially inaccurate and not sufficiently founded in existing evidence. 
Thus, throughout this thesis and the work presented here, I have chosen to review the basis 
for these assumptions, to interrogate them, and to propose alternative lines of thinking where 
relevant.  
 
These assumptions are namely: 

https://www.zotero.org/google-docs/?Nf2N6Z
https://www.zotero.org/google-docs/?v5lu4H
https://www.zotero.org/google-docs/?t3Oz8l
https://www.zotero.org/google-docs/?uRKbye
https://www.zotero.org/google-docs/?hKM9c3
https://www.zotero.org/google-docs/?MIOfAx
https://www.zotero.org/google-docs/?Xgddab
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1)​ The notion that ‘nontherapeutic’ AMU in FPAs, particularly in the Global South1, is 

inappropriate and unnecessary 
2)​ The tendency to view AMR as primarily a human health concern, and to apply a 

human health perspective to health-economic evaluations of AMR and related 
interventions 

3)​ The notion that reducing AMU in FPAs is an effective way to bring the human health 
burden of resistance down to desired levels 

 
In section 1.2, I review the prevailing discourse on AMR and agriculture, highlighting the 
presence of these three assumptions and elaborating on them. In section 1.3, I then review 
existing knowledge about these three themes, before presenting my work in Chapter 2, and 
concluding in Chapter 3. Throughout this thesis, when talking about agricultural AMU and 
AMU in animal health, I focus on antibiotic use in food-producing animals. While 
non-antibiotic antimicrobials are used in agriculture, and antimicrobials are used in plant 
production and other forms of agriculture, these fall outside of the scope of the work 
presented here. 
 
1.2 Discourse around AMR and agriculture 
 
1.2.1 Nontherapeutic antibiotic use in livestock 
 
AMR, the ‘silent pandemic’, is increasingly acknowledged as one of the greatest threats to 
human health; estimated to have contributed to five million deaths in 2019 with this number 
projected to grow considerably(12–15). There is widespread acknowledgment of the need 
for a globally coordinated One Health approach to fighting AMR, as manifested in the 
FAO-OIE-WHO-UNEP Quadripartite Global Action Plan on AMR(5,16,17).  
 
Most global AMU is in animal health(18), and the centering of a One Health approach to 
AMR has led to increasing policy attention on the role of animal AMU(5,19–21). This AMU is 
assumed to be a major contributor to the human health burden of AMR(6,21–30), and there 
is a global policy drive to improve animal antibiotic stewardship(22,31–35). 
 
Specifically, there is a tendency to divide animal AMU into ‘therapeutic’ and ‘nontherapeutic’ 
use(36,37). The latter is viewed as irrational2 and inappropriate, and much policy discourse 
explicitly targets ‘excessive’ or ‘unnecessary’ use, often defined with respect to what is 
deemed ‘medically necessary’ for curative purposes (19,23,29,30,35,36,38–47). 
Conventionally, the spread of AMR has been attributed to the ‘abuse and misuse’ of 
antibiotics, despite the role of other factors(48): the influential 2015 O’Neill report explicitly 
references ‘unnecessary’ use in its title, even claiming that AMU reductions in agriculture 
can be done without damaging animal health or productivity, and referencing the ‘real of 

2 To elaborate, different conceptions of ‘irrationality’ exist. Referring to ABU, ‘irrational’ can mean 
antibiotics used which ‘[exceed] medical use(38). In economics, ‘rational’ may describe any behaviour 
which an actor has a material incentive to do. Thus, (medically) irrational antibiotic use may be 
(economically) rational, depending on the material incentives faced by farmers and other stakeholders 

1 Throughout this thesis, I use the terms ‘Global South’ and ‘Imperial Core’ as used in world-systems 
theory(11), rather than terms such as ‘high-income and low-income countries’ 

https://www.zotero.org/google-docs/?1J6kLD
https://www.zotero.org/google-docs/?9hdXEE
https://www.zotero.org/google-docs/?TkV0RW
https://www.zotero.org/google-docs/?DG8XPg
https://www.zotero.org/google-docs/?2loXRl
https://www.zotero.org/google-docs/?P4nLUG
https://www.zotero.org/google-docs/?hvFxlb
https://www.zotero.org/google-docs/?egiGbK
https://www.zotero.org/google-docs/?DgJDub
https://www.zotero.org/google-docs/?rGPe90
https://www.zotero.org/google-docs/?3krslM
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perceived’ need for agricultural AMU to imply that much agricultural AMU is simply not 
needed(47).  
 
Such claims differ in their treatment of countries in the Global North and Global South. There 
is frequent reference to rising meat consumption in the Global South driving the growth of 
global AMR(25,27,28,38). The influential O’Neill report explicitly references agricultural AMU 
in the Global South, and mentions that excessive AMU is a problem ‘in many areas’(47), with 
other studies referencing high levels of AMR in the Global South and claiming that AMU in 
those settings drives global AMR by ‘[exceeding] medical use’(38). The Global South is seen 
as lagging in terms of antimicrobial stewardship, seen as having less awareness(49), with 
claims that stewardship efforts have been less successful there(33) due to differing 
priorities(49) and ‘less developed hygiene and production practices’(27). 
 
There is, nonetheless, acknowledgement in the literature of the necessity of AMU on farms, 
the lack of proven alternatives, and the potential dangers of removing them(50). There is 
some acknowledgment of the need for better knowledge and practice on infection prevention 
and control (IPC), biosecurity, husbandry, and antibiotic alternatives in reducing the need for 
antibiotics and allowing safer ABU reduction on farms(24,32,34,45,51,52). Removing 
antibiotics without these assurances could endanger animal welfare, worsen farmers’ 
economic precarity, harm food security, and lead farmers to resort to more deleterious 
counterfeit antibiotics(24,32,45,53). This picture is complicated by the fact that the line 
between therapeutic, prophylactic and growth-promoting AMU is blurred and these uses are 
often employed concurrently(37). It is also uncertain if any level of AMU can be sustainable 
in the long run(50).  
 
Despite a widespread desire to reduce agricultural AMU, knowledge gaps exist on how 
antibiotics are used on farms(42), the precise role of different kinds of AMU in determining 
farm-level outcomes(4,36), optimal or safe levels of use(50), strategies for reducing 
AMU(36,54), understanding farm IPC from a OH perspective(52), and the safety and efficacy 
of antibiotic alternatives(32,34,50). Taken together, these factors undermine the idea that the 
dangers of agricultural AMU to human health can be avoided by straightforwardly reducing it 
to some ‘medically necessary’ quantity (theme 1). 
 
Despite the emphasis placed on simply reducing agricultural AMU, there exists a body of 
literature which takes a whole-system approach, recognising the complicated political 
economy of farm AMU. This includes recognising the role of creditors and landlords in 
influencing farmers’ decision-making(20) and the need to involve animal health professionals 
in stewardship policy(26), recognising that economically precarious farmers may not invest 
in stewardship without demonstrable cost-effectiveness(55). Woolhouse and colleagues 
argue the need for an intergovernmental body on agricultural AMS, marrying scientific 
research with economics, social science and law; and the involvement of industrial 
stakeholders, government, animal health professionals, farmers, pharmacists, and patients 
in decision-making(50).  
 
1.2.2 Health-economic methods in the OH AMR space 
 
Policymakers face the problem of optimally allocating scarce resources to improve public 
health, weighing the costs and benefits of interventions and policy decisions using 

https://www.zotero.org/google-docs/?UaZND6
https://www.zotero.org/google-docs/?zQrMHd
https://www.zotero.org/google-docs/?RUjVbN
https://www.zotero.org/google-docs/?V34kd7
https://www.zotero.org/google-docs/?CrIjrr
https://www.zotero.org/google-docs/?IbuX4V
https://www.zotero.org/google-docs/?ekzupe
https://www.zotero.org/google-docs/?eBCkr9
https://www.zotero.org/google-docs/?augj5P
https://www.zotero.org/google-docs/?9gRR0j
https://www.zotero.org/google-docs/?q8hd9n
https://www.zotero.org/google-docs/?kxQoJj
https://www.zotero.org/google-docs/?Nx1HDG
https://www.zotero.org/google-docs/?xCE0Wa
https://www.zotero.org/google-docs/?QrC5b3
https://www.zotero.org/google-docs/?9tFMy7
https://www.zotero.org/google-docs/?LdTQRq
https://www.zotero.org/google-docs/?vT4Kt4
https://www.zotero.org/google-docs/?aei65i
https://www.zotero.org/google-docs/?WhKnkW
https://www.zotero.org/google-docs/?FIvA0z
https://www.zotero.org/google-docs/?UNeg05
https://www.zotero.org/google-docs/?FIUAHY
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health-economic analysis. There is a widely acknowledged need for health-economic 
evaluation in AMR by national governments and multilateral organisations(56). This includes 
quantification of the costs and burden of AMR(56–58) as well as cost-effectiveness 
evaluation of AMR interventions(57). It is acknowledged that this is needed in order to 
effectively allocate public resources(57,59) as well as to demonstrate the economic 
acceptability of agricultural stewardship interventions to farmers and to promote uptake(55).  
 
That being said, an evidence gap exists in health-economic analysis (HEA) of AMR. For 
many AMR interventions, no cost-effectiveness evidence exists(23), and cost-effectiveness 
evidence is limited even for major intervention types such as hospital AMS programmes(60) 
or vaccines as a tool to combat AMR(61). Economic evaluations of antibiotics rarely include 
the cost of resistance(62). There is also a lack of evidence on the economic burden of AMR 
at the societal level, in the Global South, and in primary care(63). 
 
Where analysis of the burden of AMR takes place, it has generally been limited to human 
health outcomes and costs to the healthcare system, failing to capture the societal impact of 
AMR and with no OH costing of AMR(14,56,57). The WHO’s large-scale expert consultation 
on the health burden of AMR in 2018 suggested comparing disability-adjusted life years 
(DALYs) to policy implementation costs: of the 8 projects included in the report, only two 
mentioned healthcare costs and none included cost-effectiveness analysis(59).  
 
Another group of economic evaluations have taken the approach of estimating the effect on 
gross domestic product (GDP) through the reduction in ‘labour supply’ arising from AMR 
mortality and (sometimes) morbidity, including the 2017 World Bank report(64), the 2015 
O’Neill report(47), and the 2014 KPMG report(65). This approach does not place value on 
the loss of human life, but estimates its effect on economic output. The 2013 report by the 
US CDC simply included extra illnesses and deaths from AMR, as well as healthcare 
expenditure(66).  
 
There is some acknowledgment of the need for a OH societal-level analysis of the impact of 
AMR and AMR interventions. Several papers propose frameworks for doing so, e.g. Morel et 
al.(56), Naylor et al.(67), and Noyes et al.(31). While some recent literature has expanded to 
include costs such as labour productivity, trade outcomes and livestock productivity(56), truly 
One Health analyses of the AMR burden remain elusive, driven in part by a lack of available 
data on the AMR burden(59).  
 
1.2.3 The ecological relationship between animal AMU and human AMR 
 
The design, evaluation and prioritisation of AMS policies requires an understanding of how 
AMU relates to AMR at the ecological level(68–71). While it is intuitive that the quantity of 
AMU in animals should influence the level of human AMR(37,38,70,72,73), a knowledge gap 
exists in terms of quantifying the extent of that relationship at the ecological 
level(17,36–38,70–72,74,75), due in part to a lack of available and appropriate 
data(36,38,50,70).  
 
Little attention has been paid to this ecological relationship, and the assumption that it exists 
often rests on consensus rather than evidence(37) - some publications (e.g. O’Neill, 

https://www.zotero.org/google-docs/?NLtswu
https://www.zotero.org/google-docs/?LAREcl
https://www.zotero.org/google-docs/?voQZKt
https://www.zotero.org/google-docs/?QZoips
https://www.zotero.org/google-docs/?N7BWex
https://www.zotero.org/google-docs/?0YWclh
https://www.zotero.org/google-docs/?ShGyV9
https://www.zotero.org/google-docs/?PFKLFq
https://www.zotero.org/google-docs/?uOk2oY
https://www.zotero.org/google-docs/?RzdIya
https://www.zotero.org/google-docs/?UnJa0p
https://www.zotero.org/google-docs/?Y9nYuH
https://www.zotero.org/google-docs/?GUiKz6
https://www.zotero.org/google-docs/?dzBQA8
https://www.zotero.org/google-docs/?DrvoHF
https://www.zotero.org/google-docs/?7kBgRt
https://www.zotero.org/google-docs/?GdTIVL
https://www.zotero.org/google-docs/?0Kz8q1
https://www.zotero.org/google-docs/?Xv2jik
https://www.zotero.org/google-docs/?vRA5Sl
https://www.zotero.org/google-docs/?XHNjOf
https://www.zotero.org/google-docs/?ie94Zg
https://www.zotero.org/google-docs/?DSXnt5
https://www.zotero.org/google-docs/?XNtsod
https://www.zotero.org/google-docs/?ckA12y
https://www.zotero.org/google-docs/?LsVIbO
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2015(47) take the correlation between human AMU and human AMR as evidence that the 
same must be true between humans and animals as well. 
 
The transmission of resistomes between animal, human and environment is poorly 
understood and controversial(17,75). There are also reasons to believe that changes to 
animal AMU may have a very limited impact on human AMR for certain drug-pathogen 
combinations, at least in the short run(70). Once resistance has emerged and resistant 
strains become endemic, they may cease to be dependent on continuous selective pressure 
from AMU by humans and may therefore become decoupled from the quantity of AMU(47). 
AMR is also determined by factors other than AMU, including socioeconomic and public 
health factors and non-antibiotic environmental conditions, leading to an overestimation of 
the role of AMU(48,73).  
 
Finally, we don’t yet know if any amount of antibiotics can be used sustainably without 
leading to unacceptably high levels of AMR(50). Understanding the ecological relationship is 
therefore essential as it tells us if we should target a specific level of AMU or focus more 
heavily on other factors which determine AMR. 
 
Where does this leave us?  
 
In summary, the importance of AMR to human (as well as environmental and animal) health) 
is widely acknowledged, leading to a coordinated global policy initiative. This has led to 
initiatives to reduce animal AMU, especially nontherapeutic AMU which (particularly in the 
Global South) is thought of as irrational and unnecessary. Such AMU reductions are 
assumed to be beneficial for human health. Despite these assumptions, there is insufficient 
evidence on what impact such stewardship efforts would have on farm outcomes, and the 
extent to which they would be successful in reducing the human health burden of AMR. 
When HEA of AMR and AMR takes place, it is generally from a human health perspective. 
There is a sometimes-acknowledged need for a more comprehensive OH HEA of AMR, but 
efforts to do so have been limited. 
 
From here, I draw out the three key assumptions described in section 1.1.1. For each 
assumption, there is a connected knowledge gap. Namely: 
 

1)​ Assumption: the notion that ‘nontherapeutic’ AMU in FPAs, particularly in the Global 
South, is inappropriate and unnecessary  
 
Knowledge gap: we are uncertain what impact antibiotics (especially nontherapeutic 
antibiotics) have on farm outcomes, and on the impact of alternative interventions  
 

2)​ Assumption: the tendency to view AMR as primarily a human health concern, and to 
apply a human health perspective to health-economic evaluations of AMR and 
related interventions 
 
Knowledge gap: there is a lack of One Health HEA of the societal impact of AMR and 
AMR interventions 
 

https://www.zotero.org/google-docs/?DwremJ
https://www.zotero.org/google-docs/?iRHko4
https://www.zotero.org/google-docs/?ta9e9x
https://www.zotero.org/google-docs/?xJXUDw
https://www.zotero.org/google-docs/?EvqnJa
https://www.zotero.org/google-docs/?q1RbhQ
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3)​ Assumption: the notion that reducing AMU in FPAs is an effective way to bring the 
human health burden of resistance down to desired levels 
 
Knowledge gap: we are uncertain how (human and animal) AMU relates to human 
AMR at the ecological level, and therefore of the likely human health impact of AMU 
reductions 

 
The papers in this portfolio aim to assess the validity of these assumptions and to fill the 
associated knowledge gaps. Before presenting these papers, I present a brief literature 
review scoping the current state of knowledge on these three questions (chapter 1.3). 
Specifically, it aims to answer 1) what is our current knowledge about the role of AMU and its 
alternatives on farm outcomes?, 2) what health-economic methodologies exist in the AMR 
space?, and 3) what is our knowledge on the ecological relationship between (animal and 
human) AMU and human AMR?  
 
This review is more a narrative review than a full systematic literature review which, given 
the breadth of the topics reviewed, would greatly exceed the scope of this commentary. The 
purpose of the review is to scope out the state of our knowledge on these three questions, to 
situate my work in the context of the existing literature, to justify the existence of the 
research gaps to which my work responds, and to help understand the contribution of the 
papers I present in chapter 2. 
 
1.3 Literature review 
 
1.3.1 Search terms 
 
Prior to conducting a literature search on databases, I searched through my Zotero(76) 
library (552 sources) and identified (by title and abstract) any sources which may be relevant 
to these three questions, as well as including any recent relevant reports from the 
Quadripartite organisations.  
 
Subsequently, on 17 - 18 June 2024, I searched PubMed. Sources published in the last five 
years were included. The search was divided into three themes: 1) the role of nontherapeutic 
AMU and its alternatives on farms, 2) health economic methods used in AMR, and 3) the 
ecological relationship between AMU and AMR.  The search terms used, and the inclusion 
and exclusion criteria, are described in table 1. 
 
Table 1 - search terms 

Theme Search terms Inclusion and exclusion criteria 

1) The role of nontherapeutic AMU 
and its alternatives on farms 

Antibiotic use OR antimicrobial use 
OR growth promoters OR biosecurity 
OR antimicrobial replacement OR 
antibiotic replacement 
 
AND 
 
health OR productivity OR disease 

- A trial, data analysis or review which 
describes the impact of AMU, AMS, 
and/or other farm practices (which 
could potentially be paired with 
stewardship interventions) on animal 
health and productivity on livestock 
farms 

https://www.zotero.org/google-docs/?MBXLUS
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AND  
 
farm OR animal OR livestock OR 
agriculture OR animal production 

2) Health economic methods used in 
AMR 

AMR OR antimicrobial resistance OR 
ABR OR antibiotic resistance  
 
AND 
 
Cost OR economic OR economics OR 
health economic OR health 
economics OR economic evaluation 

- Actual health-economic analyses of 
AMR problems 
- Guidelines on health-economic 
methods for AMR problems 

3) The ecological relationship 
between AMU and AMR 

AMR OR antimicrobial resistance OR 
ABR OR antibiotic resistance  
 
AND 
 
determinant OR relationship OR link 
OR association 
 
AND 
 
Antibiotic use OR antimicrobial use 
OR AMU OR ABU 

- Quantifies, measures or models the 
ecological link between AMU (in 
humans or animals) and AMR in 
humans 
- Studies otherwise measuring the 
determinants of human AMR or the 
link between human and animal 
resistomes were set aside to help 
describe the state of the literature 

 
 



17 

The first 200 results for each topic, as well as the 552 sources from my Zotero library, were 
screened by title and abstract, leading to the selection process described in Figure 1. The 
sources selected after title and abstract screening were subjected to full-text screening, 
leading to the final body of literature included in the review.  
 
Figure 1 - literature selection process 
 

 
 
As notes were taken on all sources for which I did full-text screening, many of those sources 
have also been cited in section 1.2, in the discussion (chapter 3), and elsewhere throughout 
this commentary.  
 
1.3.2 The role of nontherapeutic AMU and its alternatives on farms 
 
In accordance with the prevailing narrative (of nontherapeutic AMU being irrational), some 
studies suggest that nontherapeutic AMU in FPAs has little benefit for, or actively harms, 
farm-level outcomes. In smallholder chicken farms in the Mekong Delta, overall AMU was 
not associated with morbidity in one study(77) (although curative AMU guarded against 
mortality). Another study in the same setting found that prophylactic AMU never reduced the 
likelihood of disease, consistently increased the likelihood of diarrhoea, and increased the 
likelihood of disease for some antibiotic classes(4). In Europe and the US, some studies 
found that the economic consequences of removing AGPs have been minor(27,78), 
especially for production systems with stronger biosecurity(27). 
 
That being said, there is a scientific basis for expecting nontherapeutic AMU to be beneficial. 
Antibiotics can bolster growth via modulating intestinal microflora when used at clinical 

https://www.zotero.org/google-docs/?Z83Ugv
https://www.zotero.org/google-docs/?wIJGPX
https://www.zotero.org/google-docs/?ccRxiZ
https://www.zotero.org/google-docs/?QCXFj5
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doses(78), and via other pathways when used below clinical doses, consistently aiding 
growth across species and production systems(79). In addition, many smallholder livestock 
farms exist in a state which necessitates antibiotic use. Economic precarity, lack of access to 
stewardship and biosecurity resources, high risk of infectious disease, and increasing 
demand for animal products may make antibiotics necessary to guard against risk and 
bolster productivity(6,28,38,43,80,81).  
 
Regardless of their financial status, farmers often face strong incentives not to reduce 
antibiotic use. System dynamics modelling of Senegal’s poultry production system revealed 
that ABU can partially compensate for what would otherwise be a lack of profitability(53). 
Antibiotics are often a very small portion of total expenditure, meaning that they may be 
worth keeping as a risk-management tool where profit margins are thin and uncertainty can 
be dangerous(6). After reviewing bans on AGPs in Europe and the US, Laxminarayan and 
colleagues(27) noted a fall in productivity and profitability of US, Swedish and Danish 
livestock. Denmark’s Yellow Card Initiative, which introduced a quota on AMU in pig 
production, reduced profits and increased costs, and Denmark’s earlier ban on AGPs 
reduced profits across livestock types(82). This weakens the narrative that biosecurity and 
stewardship in the Imperial Core are so advanced that antibiotics can be removed without 
consequences for productivity. 
 
That being the case, there is an argument that reductions in AMU could be beneficial in the 
long run. While Denmark’s Yellow Card Initiative did reduce profits, Belay and Jensen 
suggest that it will encourage investment in other production technologies and techniques 
and have long-term benefits(82). Laxminarayan and colleagues(27) make the same claim 
about Denmark’s ban on AGPs.  
 
Despite the potential economic risks of reducing on-farm AMU, there is a strong body of 
evidence suggesting that AMU can be reduced while maintaining or increasing productivity 
when this reduction is combined with complementary interventions in biosecurity, farm 
management, and Water, Air, Sanitation and Hygiene (WASH). Such intervention packages 
reduced AMU while maintaining or improving health and/or productivity in Belgian and Dutch 
broiler farms(24), European pig farms(32,83), Belgian pig farms(54,84), and Vietnamese 
chicken farms(43). In a review of One Health biosecurity and WASH interventions on farms, 
Pinto and colleagues(51) found that all three interventions which targeted AMU were able to 
do so while improving productivity. Sweden’s ban on AGPs had less economic impact on 
farmers with stronger hygiene standards, and the negative productivity impacts of AGP bans 
in Europe and North America were significantly lower in the 2000s than in the 1980s, which 
some attribute to improvements in biosecurity during that time period(27).  
 
There is also a growing body of evidence on the potential of alternative compounds to 
replace antibiotics on farms, both as growth promoters and as curative or prophylactic 
medicines. These include plant-based feed additives and nutritional 
supplements(34,35,45,85), bacteriophages(35,45,86,87), antimicrobial peptides(35,44,45), 
probiotics(35,45,88), antimicrobial polymers(89), antivirulence drugs(45), heavy metals(45), 
monoclonal antibodies(35,45), bacteriocins(35), vaccines(35,45), and alternative therapies 
such as photodynamic therapy, laser therapy, stem cell therapy, and the breeding of 
bacteria-resistant animals(35). However, no single compound is likely to replace the various 

https://www.zotero.org/google-docs/?QmLbNY
https://www.zotero.org/google-docs/?ZNwWTw
https://www.zotero.org/google-docs/?ENptXV
https://www.zotero.org/google-docs/?s2B5AH
https://www.zotero.org/google-docs/?vrdFdA
https://www.zotero.org/google-docs/?KHnxVR
https://www.zotero.org/google-docs/?6bESdB
https://www.zotero.org/google-docs/?oZsbOF
https://www.zotero.org/google-docs/?f8zNUF
https://www.zotero.org/google-docs/?i96gjc
https://www.zotero.org/google-docs/?qSRbPf
https://www.zotero.org/google-docs/?uN9BXi
https://www.zotero.org/google-docs/?2RGYUY
https://www.zotero.org/google-docs/?XCZzE0
https://www.zotero.org/google-docs/?B9wmn8
https://www.zotero.org/google-docs/?qefyXw
https://www.zotero.org/google-docs/?qnOEOM
https://www.zotero.org/google-docs/?ssXo8i
https://www.zotero.org/google-docs/?fsVVmt
https://www.zotero.org/google-docs/?Z3CG7F
https://www.zotero.org/google-docs/?UfLEuw
https://www.zotero.org/google-docs/?LUX8BI
https://www.zotero.org/google-docs/?MzXvoT
https://www.zotero.org/google-docs/?SsbLya
https://www.zotero.org/google-docs/?y68I37
https://www.zotero.org/google-docs/?IQbv1J
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functions of antibiotics on farms, and there is a need for further research to turn these 
compounds into viable products(34,86,89). 
 
Replacing agricultural antibiotics will also require a combined One Health approach, 
involving changes to farm management and biosecurity as well as systems-level changes. 
The success of stewardship programmes in Denmark and Sweden has depended on 
interventions to improve vaccine uptake, farm management, animal health, biosecurity, 
surveillance and monitoring, enforcement, and financial compensation of farmers(49,90).  
 
When reviewing WASH and biosecurity interventions for agricultural AMR, Jimenez and 
colleagues(52) found varying degrees of effectiveness from different intervention types, with 
different interventions complementing each other but none consistently returning positive 
results. This highlights the need for combined interventions. While most interventions in that 
review were successful in reducing AMU and animal disease, reducing on-farm AMR and 
pathogen levels was much less successful. This suggests that the level of resistance and 
infection on farms is largely determined by environmental factors and cannot simply be 
eliminated at the farm level. In Tien Giang province, a context with a very high level of 
resistance and widespread AMU, there was no relationship between on-farm AMU and 
on-farm AMR for poultry farmers(28). A study on a farm which had never used antibiotics 
found that the ARG load was at least as high as on intensive farms in the same region(91). 
 
Changing AMR-related behaviours on farms must be done from a bottom-up 
systems-thinking lens, involving stakeholders in a participatory way, proceeding from a 
bottom-up understanding of farm dynamics, improving farmers knowledge, attitudes and 
practices (KAP), involving animal health professionals, tailoring interventions to local the 
context, complementing existing legal frameworks and leveraging existing social 
networks(33,39,40,42,53). Such interventions should identify social, institutional and 
infrastructural barriers to stewardship faced by stakeholders and target these(41). A range of 
reviews and case studies of combined stewardship interventions in Europe note that 
interventions which take a sociological approach, involve farmers, and provide tailored 
solutions have had much more lasting success than those which do not(24,41,49,51). 
Studies also note the need to provide interventions which are feasible and affordable to 
farmers, which are well-explained, which clearly demonstrate the benefit to farmers, focus on 
manageable incremental change, and do not vilify AMU - interventions which do otherwise 
are liable to alienate farmers and may fail to achieve sustained uptake(41,51). 
 
Improving agricultural AMS necessarily involves resolving conflicting incentives of various 
stakeholders, seeing farmers as part of a network of economic 
interdependencies(6,38,92,93). Governments may be reluctant to harm agricultural export 
competitiveness by reducing AMU(82), stewardship comes at a considerable public cost in 
terms of monitoring and enforcement(90), vets may have an incentive to encourage greater 
AMU(26,77), and farmers’ AMU behaviour is determined in large part by private agrovet drug 
suppliers and the landlords, poultry dealers, and creditors with whom they have a 
patron-client relationship(20,39). For this reason, stewardship interventions should involve 
and consider the entire food chain, supply chain, and institutional 
environment(6,21,30,38,81,92,93), and may require global-level cooperation to resolve 
conflicting incentives and make it feasible for farmers and national governments to 
implement stewardship policies(38,82). 

https://www.zotero.org/google-docs/?L31cLm
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Finally, designing a better agricultural AMS policy is hampered by a lack of data and 
significant knowledge gaps. The risks and effectiveness of on-farm AMU itself are not well 
understood or comprehensively studied(37,38), and existing surveillance data often do not 
distinguish between different types of AMU (prophylactic, metaphylactic, therapeutic, 
growth-promoting) in a way which could guide stewardship policy(37). While the potential of 
antibiotic alternatives has been demonstrated, there is a need for much more research and 
development and assessment of risks, effectiveness and cost-effectiveness before they can 
become commercially viable(34,45,86). There have been studies on microbial and 
non-microbial approaches to animal disease management, but trials are often not 
well-designed, well-executed, consistent, or replicated, and there is a lack of evidence for 
some intervention types(94). Evidence on farm-level WASH and biosecurity interventions for 
AMR are generally confined to the farm level, with insufficient study targeting broader 
agricultural communities or the socio-economic policy environment(52). Evidence gaps also 
exist on the impact of agricultural AMU on human and animal health, the feasibility and 
cost-effectiveness of stewardship interventions, structural interventions, the tradeoffs of 
agricultural AMS; household, subsistence, small-scale, pastoral, and mixed production 
systems; the role of social and geographical factors, and on applying these questions to the 
Global South(38,51,52). 
 
Returning to the main themes of this commentary, it is unclear what impact (nontherapeutic) 
antibiotic use has on animal health and productivity. There is evidence that it may be 
beneficial, and that complementary interventions would be needed to make its removal safe 
and acceptable to farmers. While there are many potential interventions that could facilitate 
this, our knowledge of them must be improved in order to confidently guide policy. 
 
1.3.3 Health economic methods used in AMR 
 
An overarching theme from policy and academic literature is simply that health-economic 
analysis is not prioritised in the AMR space. The Global Database for Tracking Antimicrobial 
Resistance country self-assessment survey (TrACSS), a detailed database collecting 
information about national policies to combat AMR, does not even have a question about 
economic evaluation(95). After reviewing AMR NAPs from 114 countries, Patel and 
colleagues found that cost-effectiveness evaluation was one of the areas where countries 
had the worst governance(96). A similar review found that, of the five objectives from the 
WHO GAP on AMR, the objective to develop an economic case for sustainable investment 
was the goal towards which countries had made the least progress(97). Beyond this, there is 
limited cost-effective evidence on a range of important AMR-related interventions(23,60,61). 
 
When studies look at the burden of AMR, they rarely consider the holistic OH 
health-economic burden. Studies estimating the ‘burden’ of AMR often include only human 
health outcomes(14,98,99) or include the ‘economic burden’, defined from the healthcare 
system perspective as human health outcomes plus healthcare costs(14,56,59,63,100–102) 
and sometimes lost productivity from mortality(62,103,104). Large studies by multilateral 
organisations have tended to take a more macro-level approach to estimating the AMR 
burden. Here, general equilibrium modelling is used, and mortality and morbidity from AMR 
affect GDP via the ‘labour supply’(13,47,64,65,105). The World Bank model from 2017 goes 
slightly further, modelling the effect of AMR on the supply of livestock, and subsequently on 
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food prices and agricultural productivity(64). Overall, estimates of the AMR burden tend not 
to take a societal perspective or to include a holistic One Health analysis, and instead focus 
on (usually secondary) healthcare system perspectives in the Imperial Core, with little 
consistency in the perspectives adopted and outcomes considered(57,63,102). 
 
The situation for evaluation of AMR interventions is similar, tending to come from the 
healthcare system perspective, including no economic outcomes beyond healthcare costs 
and occasionally productivity losses, and being primarily focused on secondary care and the 
Imperial Core(23,60,61,102,106,107) (the 2018 OECD report estimating the future AMR 
burden also does cost-effectiveness analysis using a macroeconomic framework as 
described above(13)). Many AMR interventions have had little to no economic evaluation, 
particularly those related to animal AMU, and interventions overwhelmingly look exclusively 
at human populations and individual pathogens(23). Methodologically, HEA of AMR 
interventions tends to favour cost-effectiveness analysis, with cost-utility analysis3 being 
relatively neglected, and little consideration for the indirect effects of AMR(23,107). Finally, 
the quality of data and the consistency and quality of AMR CEA studies is limited(23,107).  
 
In short, the prevailing conception is that the ‘burden’ of AMR refers to the human health 
burden, with health-economic analysis being limited to a healthcare system perspective and 
with little consensus on how to perform it. When HEA is done, it treats AMR interventions 
like trials of a new drug or new surgical technique, rather than as fundamentally ecological in 
nature. 
 
There are, however, some moves towards a more holistic HEA of AMR. National 
governments and multilateral organisations acknowledge the need for quantifying the 
societal cost of AMR; and that this knowledge is needed in order to prioritise interventions, 
effectively allocate resources, advocate for AMR, and demonstrate the value and feasibility 
of stewardship interventions to farmers(55–57,59). More recently, HEA in AMR has begun to 
go beyond simple healthcare costs, incorporating outcomes such as labour productivity, 
trade outcomes, and livestock productivity(56,62,64,102,103,108).  
 
There are also a number of frameworks for a One Health HEA of AMR, although they have 
not been widely applied yet. Morel and colleagues(56) create a bottom-up framework for 
estimating the national OH burden of AMR. They used expert consultation to select dozens 
of potential costs of AMR from across the three OH compartments. They suggest using 
epidemiological data to estimate the probability of infection and colonisation across the three 
sectors, and thence the probability of those costs being incurred. Noyes and colleagues(31) 
propose a framework for evaluating interventions which considers: the biological effect on 
AMR, the feasibility of the intervention, unintended consequences, and costs (financial, 
environmental, societal, health-related). Alarcon et al.(22) suggest a framework for economic 
evaluation of AMU surveillance in livestock. They suggest comparing intervention cost to 
several performance indicators such as ‘identifying risk factors’ and ‘detecting hotspots’, 
using this to assist decision-making and incentivise AMU reductions. 

3 To elaborate, cost-effectiveness analysis compares the cost of an intervention to a named outcome 
(e.g. “dollars per hospital bed day averted”). Cost-utility analysis compares the intervention cost to the 
value of QALYs saved by an intervention - it can therefore be used to determine the net monetary 
benefit of an intervention (and thus the extent to which it is cost-effective), and is useful for making 
decisions around resource allocation. 
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Finally, Naylor and colleagues(67) review evaluations of cross-sectoral OH interventions, 
and use this to create a framework for estimating the OH burden of AMR. They begin from a 
decision tree of intervention options, using a compartmental microeconomic model to 
determine the intervention effect on the number of people and animals in each health state. 
This feeds into a general equilibrium macroeconomic model to determine the impact on 
GDP. Outcomes include cost-utility, GDP, and other outcomes of interest to relevant 
stakeholders. These feed into a multi-criterion decision analysis (MCDA) that weighs 
estimated impacts along other chosen outcomes of concern (e.g. equity, uncertainty).  
 
While these frameworks for comprehensive and holistic OH HEA in AMR exist, they have 
rarely been applied and existing analyses remain much narrower in scope. One potential 
reason for this is that these comprehensive bottom-up models require an immense amount 
of data on various outcomes and indicators across the three OH compartments, which are 
hard to find even within the human health sector(59). From my own experience, I have 
worked with the SNAP-ONE consortium who aim to apply the model of Morel et al.(56) to 
Zambia and Malawi, and the impossibility of parameterising such a model using existing 
surveillance networks led to me creating a new top-down model to use instead. Another 
reason is that, even when we choose to take a more top-down approach, we do not know 
with confidence what the effect of changes in AMU will be on either human health (discussed 
below in section 1.3.4) or farm outcomes (discussed above in section 1.3.2). As Hillock and 
colleagues note(58), while modelling has great potential as a tool for estimating the burden 
of AMR, not actually understanding the drivers of AMR or being able to predict future rates 
prevent such potential from being realised. 
 
1.3.4 The ecological relationship between AMU and AMR 
 
It is considered intuitively obvious that agricultural AMU should influence human 
AMR(37,70,72). We know that animal AMU generates selective pressure for human AMR, 
that most AMU globally is in FPAs, that many important bacteria can colonise both humans 
and animals, and that resistant strains of animal origin have spread into human 
populations(70). Mathematical models of AMR ‘spillover’ also highlight that even small 
interactions between populations can significantly influence the occurrence of AMR(71).   
 
However, there is a lack of robust evidence supporting this link (72) and most policy is based 
on consensus and expert opinion rather than concrete evidence(37). Surveillance of AMR in 
livestock is weak(50) and the pathways of emergence and transmission are poorly 
understood(70,109,110). Studies on this process have often been inconclusive and are 
limited by available methodologies and data(75,110), and thus the size and shape of this link 
is not well understood(74). 
 
There are, simultaneously, reasons to expect that the animal-human link may not be strong, 
or may be more complicated than a reduction in animal AMU causing a fall in human AMR. 
For one, the relationship seems to vary considerably by sector, drug and pathogen(111). 
Resistant strains have sometimes existed in FPAs for a long time without spreading to 
humans(70), and we have often seen sustained large-scale reductions in agricultural AMU 
without commensurate falls in human resistance(112,113). Some scholars argue that 
agricultural AMU may be important for the emergence of resistant strains that spread to 
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humans and that, once these strains have taken hold, future reductions in animal AMU may 
have limited impact on human AMR(17,114). Due to transmission pathways, the effect of 
changes to animal AMU may take much longer to affect human AMR than stewardship 
efforts in human health(70) 
 
While there is evidence demonstrating links between human and animal 
resistomes(37,115–118), and some animal AMS policies have seen a fall in the prevalence 
of key resistant pathogens in humans(119,120), quantifying the link between animal AMU 
and human AMR receives relatively little attention(74). Where studies do investigate this link 
at the ecological level, results have varied, which I discuss in more detail below. 
 
Several studies have approached this question from the lens of mathematical modelling. 
Reviewing mathematical models of the emergence and spread of AMR, Birkegård and 
colleagues(110) note that these tend to focus on humans, with few having multiple 
compartments or fitting to real-world data. The model of van Bunnik and Woolhouse(72) 
suggests that reducing animal AMU alone would have little impact on human AMR, and that 
reducing transmission (within and between sectors) would be more influential. However, that 
model was not parameterised to real-world data. Booton and colleagues(121) model AMR 
transmission across OH sectors and apply the model to (very limited) point prevalence data 
from Thailand for gut colonisation of extended spectrum beta-lactamase (ESBL)-producing 
bacteria. They find that reducing human AMU was by far the most important factor with the 
potential to reduce human AMR by 95.4%. Eliminating animal AMU in this model could 
reduce human AMR by 7.1%, and eliminating human-animal transmission could do so by 
7.9%. A risk-assessment model by Opatowski and colleagues(69) suggested that each 
person would acquire AMR bacteria from livestock 0.98 times per year in a high-income 
Asian setting and 2.47 times in a low-income one (much less than from water, for example).  
 
This relationship has also been investigated by regression analysis of ecological surveillance 
data. Allel et al.(122), looking across a range of countries and drug-pathogen combinations, 
find an effect of animal AMU on human AMR for some drug-pathogen combinations. 
Adda(123) looks at a very large dataset from the USA at the state-drug-pathogen level. They 
find a consistent link between human AMU and human AMR, but little evidence for animal 
AMU. This is despite a very large dataset (21000 - 23000 datapoints, using several different 
methods), and despite animal AMU accounting for the majority of AMU in that country. 
Rahman and Hollis(124) look at the link between (animal and human) ABU and human AMR 
in European countries over time for a few key drug-pathogen combinations. They found that 
human AMR was more sensitive to changes in animal AMU than it was to changes in human 
AMU. Zhang et al.(125), looking at the determinants of fluoroquinolone-resistant P. 
aeruginosa in European countries, find that resistance was positively associated with human 
AMU but negatively associated with animal AMU. Finally, the 2017 JIACRA report(111) looks 
at AMU and AMR in humans and animals in Europe. It found a consistent link between AMU 
and AMR within the human population and within the animal population. It also found a link 
between animal ABR and human ABR (especially for Campylobacter spp.), but did not 
manage to establish a direct link between animal ABU and human ABR. Overall, then, these 
studies have not consistently or convincingly demonstrated a link between animal AMU and 
human AMR. 
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Other approaches have been taken. For Instance, Thorpe and colleagues(17,126) write 
about large-scale sampling of K. pneumoniae isolates in Pavia, where there was little 
evidence of transmission between animals and humans. When animal-human transmission 
did occur, there was little evidence of onward transmission to other humans. This was taken 
to suggest that resistant pathogens may have important adaptations to specific species, and 
mirrors similar conclusions from studies in the UK for E. coli(127) and E. faecium(128). A 
source-attribution model for ESBL-producing E. coli in the Netherlands found that 18.9% of 
human isolates came from food, 7.9% from companion animals, 3.6% from farm animals, 
and 2.6% from environmental contact, with the remainder attributed to human-human 
transmission(129). These findings highlight that, while animal-human transmission of 
resistance does occur, it may not be a major driver of AMR in the human population. 
 
There are some studies which have reviewed this relationship, but they too are inconclusive. 
Tang and colleagues(130,131) find evidence of animal AMS interventions reducing human 
AMR, but they are geographically concentrated within the Global North and focus on people 
in direct contact with animals, rather than the ecological level. The O’Neill report(47) claims 
that 100 of 139 sources reviewed were in favour of reducing animal AMU, but those studies 
come from across academia, government and industry and may tell us more about expert 
consensus than about the actual ecological relationship between animal AMU and human 
AMR. Finally, reviewing evidence of transfer of AMR from FPAs to humans, Muloi et al. (75) 
found mixed results, with only 8/45 studies actually demonstrating animal-human 
transmission, and with serious methodological limitations.  
 
Other studies suggest that factors other than AMU may be essential to the equation, and 
that reducing AMU alone may not be enough to curb the growth of AMR. Some studies have 
found that socioeconomic factors, and the setup of the healthcare system, may be more 
important in determining AMR at the national level even than AMU(73,122,125,132–137). 
Non-antibiotic substances in the environment may also be overlooked as important selectors 
for resistance(48,138–143). Some studies argue that targeting pathogen emergence and 
transmission may actually be much more effective than targeting AMU, and that stewardship 
without complementary strategies to transform a country’s economic and agricultural 
makeup may be ineffective(70,72,74,122,144–146). This could explain why significant 
reductions in (human and animal) AMU have often been insufficient to reduce AMR in 
humans, or even to slow its growth in the long run(46,112,147,148).   
 
1.3.5 Where does this leave us? 
 
Having reviewed the discourse and literature on agricultural AMU and human health, we can 
draw several conclusions. ‘Nontherapeutic’ AMU, while often asserted to be unnecessary 
and detrimental to human and animal health, may indeed be important for animal health and 
productivity, for food security, and for farmers’ economic security. On-farm stewardship 
interventions, combined with improvements to farm practices, could make reductions in 
animal AMU safer and more viable, although further research is needed to design optimal 
intervention packages. Such interventions should take a holistic approach, considering both 
farm-level and systems-level factors and the political economy of agricultural AMR. 
 
Turning to theme 2, health-economic analysis has not been prioritised as an area of 
research in the AMR space. It tends to focus on the healthcare systems perspective, 
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sometimes incorporating labour productivity, with a focus on secondary care in the imperial 
core. Frameworks for holistic One Health health-economic analysis of AMR do exist, but 
have not been applied. This is partially because of data limitations, and partially because 
such models require a knowledge of how AMU affects both farm and (ecological) human 
health outcomes, neither of which is well-understood. 
 
This leads us to the macro-level relationship between AMU and AMR (theme 3). While it is 
intuitive that agricultural AMU should influence human AMR, this relationship (especially at 
the ecological level) is not well-understood and existing evidence is inconclusive. There is a 
scientific basis suggesting that this link may not be strong, and that reducing (especially 
animal) AMU alone may be insufficient to curb the growth of AMR. 
 
Mathematical models have suggested that reducing animal AMU alone would have limited 
impact on human AMR, and that targeting human-to-human and animal-human transmission 
would be more effective. Statistical analysis of the ecological relationship has produced 
varied results, but most studies do not show a strong impact of animal AMU on human AMR. 
Non-AMU factors (including transmission, environmental contaminants, healthcare system 
design and socioeconomic factors) also appear essential to determining AMR at the 
ecological level. Thus, while animal AMU may have played an important role in the 
development of human AMR, there is little strong evidence that animal AMS alone can curb 
the growth of AMR across drug-pathogen combinations.  
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Chapter 2 - the portfolio 
 
2.1 AHHME: One Health health-economic analysis of agricultural AMR interventions 
 
2.1.1 Introducing the paper 
 
The papers that I have written as part of this PhD proceed from the state of the literature and 
discourse on animal AMU and human health as outlined above. This began when I was 
working at the LSHTM in partnership with the International Livestock Research Institute 
(ILRI), with the goal of using a One Health approach to evaluate the societal impact of 
interventions to reduce agricultural antimicrobial use on economic and health outcomes. 
 
The project drew on the ideas laid out in Naylor et al.(67), which creates a conceptual 
framework for how OH health-economic analysis of AMR could be done holistically. It 
emphasises that the effects of AMR interventions on different sectors need to be taken into 
account and compared.  
 
Having a background in development economics, where the focus on national-level policy is 
central, I was frustrated by the lack of health-economic analyses of AMR which  

a)​ Considered the range of outcomes that AMR interventions have on agriculture, 
human health, the healthcare system, and the macroeconomy  

b)​ Compared these outcomes in like terms to generate estimates of net 
cost-effectiveness   

c)​ Presented these outcomes in a format which allows for the favorability of policies to 
be compared, aiding policy design and selection 

 
I was initially tasked with using mathematical modelling to evaluate the impact of prospective 
AMR interventions in Vietnamese livestock farms. I inherited some initial R code from Dr. 
Nichola Naylor, who had coded a Markov model which allowed humans and livestock 
animals to move between health states, and could assign values to each of these health 
states. 
 
Proceeding from this code, I spent 2021 creating the Agriculture Human Health 
Microeconomic Model (AHHME). My aim was to produce a tool which responded to the 
shortfalls identified above, which could be accessed and used by policymakers in different 
countries, and could be tailored to the local context, allowing a more holistic OH approach to 
economic analysis in AMR to become more widespread and accessible. 
 
In 2023, along with coauthors, I wrote and published a paper (below) in One Health which 
presents and explains the AHHME model, applies it to representative data from countries of 
different income levels, and encourages researchers and policymakers to use the model and 
other associated tools. After contacting LSHTM Ethics Online (LEO), I was told that I did not 
need to seek ethical approval for the study because it did not involve human or animal 
subjects or the collection of new data. 
 
2.1.2 Paper 1 
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2.1.3 Implications 
 
Briefly, the paper had several key implications as is relevant to my overarching research 
questions. For one, it highlights that traditional cost-utility and cost-benefit analysis fall short 
when looking at pan-sectoral problems like agricultural AMR. Those methods are standard 
practice in health economics(149–151) and involve comparing the implementation cost of an 
intervention to the direct monetary benefit or the (quality-adjusted) life years saved. This may 
be appropriate for comparing (for example) two surgical techniques with differing costs and 
survival rates, but national-level agricultural AMR interventions can have major impacts on 
agricultural productivity, on (paid and unpaid) labour productivity, and can affect the number 
of people living with lifelong sequelae at the population level. In fact, when running the 
AHHME model across different representative parameter sets, we saw that the value of 
QALYs saved was not the sole (or even the main) contributor to the overall 
cost-effectiveness of the interventions being modelled, especially when looking twenty years 
into the future with predictions for demographic change and growing agricultural production.  
 
AHHME provides a practical alternative to healthcare perspective models, and can be used 
in health-economic modelling outside of AMR as well due to its flexibility and modularity. 
Unlike other frameworks for holistic OH health-economic evaluation of AMR, this paper 
parameterises the model with real data and demonstrates how to run it. By including these 
outcomes (in like terms), we approach a more complete picture of the true societal impact of 
AMR interventions. This is not to downplay the importance of human health outcomes, but 
rather to show that, when including a range of other outcomes, AMR interventions may be 
even more valuable than previously thought, and that this value does not have to remain 
nebulous. It also allows us to see distributional effects of interventions more clearly, giving an 
idea of (for example) how much farmers would have to be compensated in order to make an 
intervention a Pareto improvement(152) and acceptable to all parties.  
 
The paper also highlights the importance of methodological assumptions and uncertainty. 
Parameters such as the willingness to pay (WTP) for a QALY, or the discount rate used, are 
often assigned using rough rules of thumb like “use a discount rate of 4% for middle-income 
countries”, “use a WTP threshold of 80% of nominal GDP per capita”(151,153). When I 
performed sensitivity analysis on the AHHME results, variation in these parameters was 
often much more influential on final cost-effectiveness results than medically important 
parameters like the rate of AMR. This highlights firstly that determining those parameters 
using rules of thumb is potentially dangerous, and that those assumptions should be 
interrogated when interpreting outputs. It also underlines that, as health-economic models 
become more complex, the effect of parameter uncertainty on final outputs is compounded: 
models which provide very narrow confidence intervals may be making too many simplifying 
assumptions about very complex systems. This is not to undermine the power of modelling, 
but to remind us as modellers that modelling outputs can not inform policy decision-making 
on their own, and should instead be used to aid conversations involving stakeholder 
consultation and other more qualitative methods of decision-making. 
 
2.1.4 Applications 
 
Since the publication of this paper, the model has been shared, adapted and applied in a 
range of contexts. When participating in the JPIAMR New Perspectives on Bacterial Drug 
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Resistance workshop in June 2022, I saw Dr. Chantal Morel (who is a co-supervisor of my 
PhD) present her extensive framework for bottom-up estimation of the holistic OH burden of 
AMR at the national level(56). I was excited by the framework but saw that applying and 
parameterising it would require very extensive data that would be very difficult to find. I 
therefore presented a framework for how an AHHME-like model structure could be used to 
estimate this burden in a top-down way with much lighter data requirements. She 
subsequently hired me as part of the SNAP-ONE consortium(154) to produce a model which 
does this, and I thus created the AHHME-B (AHHME-Burden) model (also presented in 
paper 1). We are working together as part of that consortium to apply the model to Zambia 
and Malawi, estimating the societal burden of AMR.  
 
I created GitHub repositories for both models(155,156), which include guidelines on how to 
use the models as well as on how to apply them to one's own country context, and how to 
adapt them to model different intervention types, production systems, etc. These GitHub 
repositories include links to the ShinyApp web apps that I have created for the two 
models(157,158). These apps allow people to manually edit the model parameters and to 
see how model outputs change in response, allowing for a more exploratory analysis. This 
was intended to make the models more accessible to policymakers and stakeholders who 
are not necessarily modellers or coders themselves, and to explore potential interventions 
prior to doing more in-depth modelling. I am currently working with consortium members Dr. 
Derek Chan and Dr. Michel Dione to apply AHHME to prospective interventions in Senegal 
(more on this in section 3.3). 
 
I have presented the AHHME and AHHME-B models at several international conferences, 
including: the OHARP 2023 workshop in Singapore (where I stayed after the workshop to 
teach members of the National University of Singapore School of Public Health how to use 
the models), IDDCONF 2023 in Ambleside, ICOHAR 2023 in Copenhagen, and the World 
One Health Congress 2024 in Cape Town. I have also worked with colleagues at the SEFASI 
consortium to run workshops in Dakar and London, where I presented these models to 
stakeholders and elicited feedback on the model design and applications. I am now working 
with collaborators within the consortium to apply the model to Senegal, and we are using the 
outputs of our other papers to estimate the impact of a combined AMS / biosecurity 
intervention in livestock production, then using AHHME to evaluate the holistic 
health-economic consequences of that intervention. I am also working with a collaborator in 
Cameroon, aiming to analyse existing surveillance and survey data and to feed results into 
AHHME to simulate agricultural AMS interventions there. 
 
For me, these collaborations, presentations and applications represent the main goal of the 
AHHME model family. Namely, to offer policymakers and researchers around the world an 
accessible open-source tool for modelling the holistic societal-level One Health impact of 
AMR and AMR interventions. This carries with it the goal of responding to the shortfalls in 
the health-economic methods currently used in the AMR space, and offering a feasible 
alternative that can be parameterised with data available in most countries.  
 
2.1.5 Limitations 
 
That being said, there are notable limitations to the AHHME model family, and limitations 
with the paper that I present here. Originally, I had created the AHHME model with the aim of 
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evaluating agricultural AMS interventions in Vietnam, in collaboration with Hanoi-based 
partners at ILRI. The paper would introduce the AHHME model, then simulate the 
national-level rollout of an AMS intervention in pig and poultry production and evaluate its 
health-economic significance. Using some data from farm-level trials of antimicrobial 
replacement interventions, I did do this, but eventually elected not to include the case study 
because: 

a)​ It was difficult to use the results of the trials to estimate the effect of an intervention 
on farm-level outcomes, because the sample sizes were small and the results were 
not presented in a format which could easily be plugged into AHHME 

b)​ It was difficult to estimate the impact of a given fall in agricultural AMU on the 
incidence of resistant infections in humans at the national level, given the lack of 
available literature on the topic 

c)​ It was difficult to estimate the cost of the intervention implementation, and after 
consulting with stakeholders it seemed that national-level rollout of such an 
intervention would be impractical 

 
Therefore instead of running a case study, I decided to choose a range of possible outcomes 
of an intervention (on farm productivity and on the prevalence of AMR in human infections), 
and to evaluate the health-economic impact of interventions in representative settings of 
different income levels under those different scenarios. While this was useful in all of the 
ways detailed above, a major reason for writing this paper was that many frameworks for 
holistic OH health-economic evaluation of AMR have not been applied concretely, and in a 
sense I continued this trend.  
 
A main take-away from the writing process, therefore, was the need for more studies 
investigating the effect of AMS interventions on farm-level outcomes, and investigating the 
ecological relationship between animal AMU and human AMR. Having a more concrete 
knowledge of both of these relationships could produce results which can feed into AHHME, 
and make the concrete health-economic analysis that I talk about here more feasible, with 
useful implications for policy design and decision-making. This became the main motivation 
for the subsequent papers presented in this thesis, which respectively estimate those two 
relationships. The end goal of that process was to take those results and feed them into 
AHHME, something which I am currently doing for Senegal along with other members of the 
SEFASI consortium. 
 
Another goal which I had to drop in the writing process was to demonstrate that the AHHME 
model can be applied to health-economic problems outside of agriculture and AMR. The 
modular nature of the model means that it can evaluate the health-economic impact of any 
intervention as long as the intervention impact can be expressed in terms of the model’s 
ninety-odd parameters. In fact, when teaching faculty members of the School of Public 
Health at NUS how to use the model, we talked at length about how it could be used to 
simulate wastewater treatment interventions in Singapore, a country where domestic 
livestock production is much less important than in the UK, Denmark or Senegal. However, 
in order to keep the paper publishable and digestible, I had to maintain a focused scope and 
concentrate on the applications to agricultural AMS. 
 
In terms of the model itself, there are several key limitations. For one, AHHME does not 
mechanistically model the effect of interventions on farm-level outcomes or human AMR. 
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While this was the original goal of the model, I decided not to do this and to keep the model 
focused on health-economic evaluation. This decision emerged largely from the fact that 
these two key relationships are not well-known in the literature, and I did not feel that I could 
confidently model them.  
 
Another limitation is that, given the large number of parameters and the complexity of the 
model, results have a wide range of uncertainty and small changes in mechanical 
parameters or methodological assumptions can alter the results by millions of dollars. This, I 
feel, is not an inherent weakness of the AHHME model, but rather an honest admission of 
the limitations of modelling when applied to complex issues, especially at the ecological 
level. The model presents cost-effectiveness estimates in a technical way, but in reality AMR 
policy decisions must be made in a political and social context, which is why I emphasise 
that AHHME should only be used to guide and inform a policy decision making process 
which involves diverse stakeholders and consideration of political economy. 
 
Related to this, while the model is powerful and unique in that it compares a wide range of 
outcomes in like (dollar) terms, which is very useful for designing and selecting policies, 
there are ethical considerations in doing so. Can human life years really be compared with 
loss of agricultural productivity? If an intervention saves lives but the loss of agricultural 
output and healthcare costs is greater than the value of the QALYs saved, is it really not 
worth implementing? While a loss of agricultural output can cause food insecurity and harm 
the livelihoods of precarious farmers, gains to agricultural productivity may (especially in the 
context of capitalism) simply be appropriated by landowners and wealthy farm owners in the 
capitalist class - is this really comparable to the value of human life? Cost-utility analysis 
does make some sense in a healthcare context where resources saved (by the healthcare 
sector) are used to save lives, but farm profits are not directly used for this purpose in the 
same way. In many ways, it would make more sense to directly model the impact of 
agricultural productivity losses on mortality and quality-of-life arising from hunger, but this 
again is an ecological relationship which is not well-understood or quantified. 
 
Finally, although AHHME is a One Health model, the environmental compartment is not 
explicitly modelled. I considered trying to do this, but decided not to. The reason for this was 
that, while the environment is an important reservoir for the emergence and dissemination of 
AMR, the harm caused by AMR itself (as opposed to the harm caused by antibiotic residues 
and other contaminants in the environment) is felt in terms of its impact on human and 
animal health. Thus, environmental transmission and emergence of resistance is implied by 
the model but, not being a transmission model, it is not explicitly modelled. 
 
2.1.6 Where does this leave us? 
 
AHHME (and AHHME-B) are useful and valuable models with the potential to run 
health-economic analysis of AMR policies in a way which more completely reflects the true 
societal impact of AMR. However, confidently applying them to real-world policy questions 
will require a greater knowledge of two key relationships. Namely, the effect of AMS 
intervention packages on farm-level outcomes (theme 1), and the ecological relationship 
between agricultural AMU and human AMR (theme 3). For this reason, after creating these 
models, I focused my time on trying to elucidate those two relationships, with the eventual 
goal of improving our understanding of the impact of agricultural AMR policy using the 
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AHHME modelling framework. This began with analysis of farm-level survey data from the 
AMUSE studies, discussed in section 2.2 (below).  
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2.2 AMUSE papers: investigating the effect of AMU and farm practices with farm-level 
survey data 
 
2.2.1 Introducing the papers 
 
In 2022, a member of the SEFASI consortium, Dr. Michel Dione (supervisor), let me know 
that he and his colleagues at ILRI had access to farm-level survey datasets collected using 
the AMUSE tool(159). AMUSE is a survey tool designed to standardise and harmonise data 
collection on AMR knowledge, attitudes and practices (KAP) in livestock production. It has 
been applied to small and semi-intensive livestock producers in a range of countries, 
including Senegal, Uganda, Burkina Faso, the three countries covered in the papers I 
discuss in this section. Previous papers published using the AMUSE datasets focused on 
characterising KAPs(21,33,40). 
 
Because the datasets included information on farm-level outcomes (such as animal 
productivity, morbidity and mortality) as well as on AMU and on other relevant factors (such 
as vaccination, biosecurity, and access to public vets), I felt that they could be repurposed to 
answer the questions which had made an AHHME case study difficult. Specifically, I saw that 
I could use statistical regression to measure the relationship between farm outcomes and 
both AMU and other factors. This could help to get a better idea of the likely impact of 
prospective stewardship interventions (including combined interventions) on farm outcomes, 
in the absence of targeted farm-level trials. 
 
For one, it is important to know the extent to which nontherapeutic AMU, which is often 
thought of as unnecessary and irrational(47), is important to maintaining animal productivity 
and health in smallholder livestock farms. If that AMU does play an important role, then we 
cannot target its elimination without other (complementary) measures in place to make that 
reduction safer for farmers’ incomes and animal health.  
 
A second consideration is that, even if certain types of AMU are not essential for animal 
health and productivity, farmers may still be unwilling to reduce it due to risk aversion. 
Antibiotics are relatively cheap, and farmers may be unwilling to remove a key method of 
safeguarding against potential outbreaks(6). In fact, banning or restricting agricultural AMU 
outright may be counterproductive, leading to farmers using counterfeit or inappropriate 
antibiotics and worsening the potential to drive AMR(53). 
 
It therefore makes sense to look at factors which are associated with better stewardship 
outcomes. That is, which potential interventions could be put in place which would make 
farmers feel safer reducing their antibiotic use, and could encourage better stewardship in a 
way which does not strip precarious farmers of their agency.  
 
Investigating all of these outcomes would help to answer the questions: 

a)​ Is nontherapeutic AMU, and AMU generally, important for animal health and 
productivity on smallholder livestock farms? Or, can it safely be targeted for 
elimination, as is implied in much of the policy discourse? 

b)​ Can other interventions (e.g. biosecurity, vaccination) substitute AMU in promoting 
animal health and productivity? Can they be combined with stewardship interventions 
to make reductions in AMU safer for farmers and for wider food security? 
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c)​ What interventions can we implement which would make livestock farmers more 
likely to improve their antibiotic stewardship? These interventions can potentially be 
combined with restrictions on AMU 

 
From there, we can try to answer the more concrete question: Can we safely reduce 
nontherapeutic AMU on smallholder livestock farms, and what combined intervention 
packages should we recommend which will encourage stewardship and make reductions in 
AMU safer for animal health and productivity? This is really the crux of what I wanted to 
investigate in these papers, as it is most directly relevant for guiding agricultural AMR policy 
 
Ideally, questions like this would be investigated using intervention trials on farms, an 
evidence gap that became noticeable when writing the AHHME paper. However, I had to 
adapt to the data available to me, which came in the form of survey data. These data were 
collected with the purpose of characterising AMR KAPs: they reflected a single point in time, 
the outcomes measured (while extensive) were not recorded with this type of study in mind, 
nor were power calculations done for this type of analysis.  
 
I decided to use regression analysis to look at the links discussed above. For example, 
expressing animal morbidity as a function of nontherapeutic AMU and biosecurity practices, 
while controlling for the number of type of animal on a farm. I did this for three reasons. 
Firstly, because regression results can (theoretically) tell us the likely change in our outcome 
variable following a change in our independent variable. This would give an idea of the 
impact of particular interventions on farm outcomes, and could be fed into models like 
AHHME to run HEA of prospective interventions. Secondly, it would allow me to look at 
interactions between different covariates. For example, regressing animal morbidity against 
both AMU and biosecurity (with an interaction term) could give a result like AMU has a 
benefit for animal health, but this benefit becomes less important if biosecurity is better. 
Therefore, reducing AMU while improving biosecurity could help to safely implement 
stewardship interventions. Thirdly, regression analysis would allow me to control for factors 
like farm size, animal type, and other potential confounders. 
 
I wrote three papers using this approach, each focusing on a dataset collected from 
smallholder livestock farms in a different country (Senegal, Uganda and Burkina Faso, 
respectively) using the AMUSE survey. For each of these papers, I took the raw AMUSE 
results datasets, cleaned and transformed them, designed and ran a series of tests and 
regressions, and wrote three papers with supervisory and proofreading input from coauthors. 
 
The papers themselves are presented below. I present them all together as I found it made 
more sense to discuss their results as an ensemble. I went through the LSHTM ethical 
approval process for paper 2 (Senegal), but was told that I did not need to do so for papers 3 
and 4 because they were written using secondary datasets and because I had included the 
ethical approval given for the initial data collection. 
 
2.2.2 Papers 2-4 
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2.2.3 Implications 
 
The findings of the three papers were, in short, mixed. Due to the outcomes included in each 
of the datasets used, each paper answered slightly different questions, but it is possible to 
identify trends and to make general inferences by considering the findings together.  
 
In Senegalese poultry production, the first of the three settings that I looked at, I found that 
farmers with “AMR-aware attitudes” and better biosecurity practices used fewer 
nontherapeutic antibiotics. Productivity was higher when farmers vaccinated birds more, 
used more antibiotics, and (in some specifications) had better biosecurity.  
 
Here, vaccination and AMU were both associated with a higher disease incidence, although 
the direction of causality is difficult to infer. To elaborate, AMU was measured by the amount 
spent on antibiotics for a flock during a production cycle, and disease incidence was the 
number of incidents during a production cycle. Because both variables refer to the same 
period of time, antibiotics used in response to disease could result in a positive association. 
The fact that broiler productivity was positively associated with AMU suggests that there was 
an animal health benefit from AMU, and therefore that the association between AMU and 
disease may reflect reverse causality rather than AMU causing disease. 
 
In Uganda, across a range of livestock types, I found that prophylactic AMU was associated 
with a lower likelihood of disease outbreak. A range of other factors also seemed to guard 
against disease, with vaccination and and accessing animal health services doing so the 
most consistently. This study looked at disease outcomes only, and did not look at the 
determinants of productivity because that was not included in the dataset used. Unlike in 
Senegal, (prophylactic) AMU was negatively associated with disease - this may be because 
‘prophylactic AMU’ referred to habitual use of antibiotics for prophylactic purposes whereas 
disease incidence referred to the occurrence of disease in the last two weeks only. Therefore 
antibiotics used in response to disease would be less likely to create a false positive 
association.  
 
In Burkina Faso, across a range of livestock types, I looked at the determinants of both 
disease and nontherapeutic AMU. Nontherapeutic AMU was associated with a higher 
likelihood of disease, although there is the potential of reverse causality here. ‘Disease’ 
referred to the occurrence of disease in the last 6 months, and ‘nontherapeutic AMU’ 
referred to habitual use of antibiotics for prophylaxis or fattening. Because of the longer 
timeframe over which the occurrence of disease was measured, there may be a greater 
likelihood of farmers updating their practices to use more antibiotics in response to the 
occurrence of disease, and therefore more potential for a false positive association to 
emerge. 
 
Formal education, and going primarily to a public veterinarian (as opposed to other providers 
of animal health services) were associated with a lower likelihood of disease. In terms of the 
determinants of nontherapeutic AMU, going primarily to a community animal health worker 
was associated with more nontherapeutic AMU and going primarily to a public vet was 
associated with less nontherapeutic AMU. For some animal species, going to an animal 
health professional in general was associated with more nontherapeutic AMU. 
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Taken together, we can say a few things. For one, nontherapeutic AMU in smallholder 
livestock farms may be important for animal health and productivity, depending on the 
context and production type. It appeared to improve broiler productivity in one context, and 
for the dataset with the least likelihood of reverse causality it also seemed to guard against 
disease. 
 
I identified a range of non-antibiotic factors that could safeguard animal health and 
productivity, reducing the need for AMU, as well as factors which could encourage better 
stewardship in their own right. Overall, combining AMU restrictions with biosecurity, 
vaccination, and expansion of access to public veterinary services appears to be a strong 
candidate for a combined intervention to safely improve stewardship. In particular, the results 
from the Burkina Faso paper concerning the effects of different animal health service 
providers on stewardship outcomes highlight the conflicting incentives that these providers 
might have, and the desirability of either prioritising public vets as the primary provider of 
animal health services or bringing other providers onboard with NAPs on AMR. In Burkina 
Faso, vets are integrated into the NAP on AMR(160). In our 2023 Consortium workshop in 
London, some of our public health stakeholders from Senegal emphasised that bringing 
(private) community animal health workers onboard with NAPs on AMR, educating them 
about stewardship, and standardising and formalising their service provision, was an 
important goal for OH AMR in many countries where such services are commonplace. 
 
2.2.4 Applications 
 
Other similar datasets to the ones used in these studies are emerging as the AMUSE survey 
is used in more and more countries (Burkina Faso, Uganda, Senegal, Kenya, Benin, 
Ethiopia). At the moment, I am planning to do a similar analysis on an AMUSE dataset from 
Benin. I have also been in touch with a collaborator based in Cameroon, whose team have 
collected several survey datasets from semi-intensive livestock farms there. We have 
discussed plans to use similar methods to the ones used here to investigate the effect of 
potential stewardship interventions. We would also analyse data on antibiotic imports 
alongside sentinel surveillance from hospitals to characterise the ecological relationship 
between AMU and AMR (either using statistical or mathematical modelling). These results 
could then be used as inputs into the AHHME model, parameterising it for a range of 
hypothetical stewardship interventions.  
 
I am also in the process of working with collaborators from within the SEFASI consortium to 
use the results of the Senegal AMUSE paper, as well as the results from an ongoing 
mathematical modelling project on the ecological relationship between AMU and AMR, to 
parameterise AHHME for Senegal and to simulate (and evaluate) a range of potential 
interventions. Next year, we at the SEFASI consortium also plan to apply for funding for a 
three-year project based in Senegal. The project would involve intervention trials and data 
collection across all three OH compartments, with larger sample sizes than what I have 
worked with here. It would aim, among other things, to follow up on the findings of these 
three papers and to reinvestigate those questions using more extensive and purpose-built 
data as well as targeted trials of actual interventions informed by these results. Eventually, 
those results (combined with analysis of surveillance data) could be used to parameterise 
AHHME and to evaluate prospective interventions with much more confidence. 
 

https://www.zotero.org/google-docs/?Xw9rrb
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I have also presented the results of these three papers to stakeholders in the SEFASI 
“Knowledge Hub” workshops, and have formally elicited their feedback on the believability 
and implications of these results. The Knowledge Hub is a group of stakeholders and 
experts from across the OH AMR spectrum (including policy, research, agriculture, veterinary 
and human medicine, etc.), working primarily in the three SEFASI countries (England, 
Senegal, Denmark), who were recruited using a snowball sampling process. They have 
been involved in a series of workshops to elicit their views on the findings and research 
directions of the SEFASI consortium. 
 
Overall, stakeholders were divided on the expected impact of eliminating nontherapeutic 
AMU on animal infections. Some thought that it would have little effect on infections or would 
increase them, and some felt that the effect would depend on the optimality of the farm’s 
production system. However, the most common answer was that it would actually reduce the 
incidence of infections, reflecting the general trend in the AMR discourse of viewing 
nontherapeutic animal AMU as harmful. That being said, stakeholders did generally feel that 
this reduction could harm animal productivity.  
 
In terms of interventions which could encourage farmers to use fewer antibiotics, 
stakeholders commonly answered that awareness campaigns and access to public 
veterinary services would be helpful, with some mentioning biosecurity, training and 
vaccination as well.  
 
After presenting the results to stakeholders at the Knowledge Hub workshop in Dakar in 
2022, we used the results to inform collaborative systems mapping which fed into the 
creation of a system dynamics model of AMR in poultry production in Senegal(53). I have 
also presented the results of these three papers at IDDCONF 2023. 
 
2.2.5 Limitations 
 
There have been, of course, a number of major limitations in designing and writing these 
three papers. For one, I had recurring problems with statistical power due to the small size of 
the datasets used, which made it more difficult to include all relevant covariates and meant 
that some real relationships may not have been statistically significant. It also meant that the 
results were not precise enough to be used to parameterise AHHME confidently (for 
example, by saying “a 5% reduction in on-farm AMU was associated with a 2% increase in 
animal mortality”). However, the results were still able to highlight factors of importance, and 
can be used as the basis for designing future trials such as the ones proposed above.  
 
The datasets were also designed for evaluating KAP on AMR, and I often had to use the 
variables available to me which measured something close enough to what I was interested 
in. The surveys did not model interventions, and only reflect a snapshot at a single point in 
time. This made it impossible to observe the effect of changing variables on changing 
outcomes over time, which would have been helpful for identifying the direction of causality. 
There were also times where it was difficult to disentangle the direction of causality between 
disease outcomes and AMU, given that I wasn’t able to track those outcomes over time. I 
was able to account for this to some extent where studies had questions about habitual 
AMU, or where there were separate questions about recent and less recent practices.  
 

https://www.zotero.org/google-docs/?Fl5Qy3
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Finally, the datasets used focused on farm-level factors, with little information about 
systems-level factors. We must keep in mind that agricultural AMS is situated in a broader 
socioeconomic network composed of actors from a range of sectors. Stewardship initiatives 
have therefore to be targeted at the systems level as well as at the farm level, otherwise they 
may result in simply targeting farmers in an attempt to fix a systemic problem. Stakeholders 
at the Knowledge Hub workshops that I co-ran in London and Dakar raised this point 
emphatically, and there was a lot of discussion about conflicting views on who is ultimately 
responsible for agricultural antimicrobial stewardship; with vets, pharmacists, farmers, 
doctors, policymakers, those in agribusiness, and pharmaceutical manufacturers all being 
involved. As an example of the complicated political economy of agricultural AMU, Masud 
and colleagues(20) provide a very interesting case study of the poultry sector in Bangladesh. 
There, smallholder poultry farmers are highly dependent on private poultry dealers, who also 
function as creditors and determine a large part of their decision-making around farm 
practices and AMU. 
 
2.2.6 Where does this leave us? 
 
Taking these three papers as a whole, we have interesting results which challenge some of 
the prevailing assumptions about the role of AMU on farms. The most notable results here 
are that nontherapeutic AMU may be important for animal health and productivity, and that 
different animal health providers may have different incentives in terms of antibiotic 
stewardship.  
 
These results point to combined intervention packages which could be used to encourage 
better on-farm stewardship while safeguarding animal health and productivity. They highlight 
the need for more specific and purpose-built farm-level trials of prospective interventions, 
and provide guidance on what these interventions could look like. Combined with studies on 
the ecological relationship between animal AMU and human AMR, these results could be 
used to begin to parameterise the AHHME model and to simulate the holistic impact of 
prospective agricultural AMS intervention packages.  

https://www.zotero.org/google-docs/?ps3bqw
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2.3 Investigating the ecological relationship between animal AMU and human AMR using 
regression models 
 
2.3.1 Introducing the paper 
 
At this point, I had acknowledged and explored a series of literature gaps limiting our ability 
to design and evaluate agricultural AMR policy holistically and usefully. I had created an 
alternative health-economic framework and had applied it to representative data, but 
applying it more concretely required a more robust understanding of two key relationships. 
For the first of these, I had explored a series of farm-level survey datasets to understand 
how on-farm AMU and other practices affect animal health and productivity outcomes. 
However, applying AHHME confidently still required a more robust quantification of the 
ecological relationship between (agricultural and human) AMU and human AMR. 
 
Fundamentally, discourse on agricultural AMS rests on the idea that reducing animal AMU 
helps to curb human AMR. As outlined in chapter 1, there is a scientific basis for expecting 
this to be the case, but the ecological relationship is seldom quantified and studies that do 
investigate it provide uncertain or contradictory results. There are also good reasons to 
expect that reductions in animal AMU may not have a strong impact on human health. 
 
In order to design and prioritise AMR policies, we need to be able to estimate the number of 
resistant infections averted by a given change in animal AMU. Without this, the 
health-economic impact of stewardship interventions cannot be estimated. Given this, I 
wrote a paper in 2022 advocating for ecological panel regression as a means of estimating 
this relationship and feeding into holistic cost-effectiveness analysis (161). Later that year, I 
presented a framework for how ecological panel regression, farm-level analysis, and 
health-economic frameworks like AHHME could be used to facilitate more robust 
health-economic analysis of AMR interventions, at the JPIAMR New Perspectives on 
Bacterial Drug Resistance workshop. 
 
Through 2023 and 2024, I collaborated with SEFASI partners in the UK and Denmark to 
apply this regression framework to those two countries.  
 
For the UK, unified data on AMU across livestock species are not available, so I decided to 
focus the work specifically on the relationship between ABU in poultry production and the 
rate of resistance in human Campylobacter isolates.  
 
I have an honorary contract with the UK Health Security Agency (UKHSA), and so was able 
to collaborate with the UKHSA surveillance team to obtain human infection and AMU data 
for the UK. I also collaborated with private poultry producers to obtain data on ABU in poultry 
production. I designed an initial study, and worked with stakeholders to co-design the final 
pre-analysis plan through a series of workshops involving the British Poultry Council, the 
UKHSA, the UK Animal and Plant Health Agency (APHA), the LSHTM, and the Royal 
Veterinary College (RVC). These stakeholders have also been involved in reviewing drafts of 
the paper. 
 
In Denmark, my plan was to collaborate with the Danish Integrated Antimicrobial Resistance 
Monitoring and Research Programme (DanMap)(162) and VETSTAT(163) to get access to 

https://www.zotero.org/google-docs/?FY7Adj
https://www.zotero.org/google-docs/?XOUzAd
https://www.zotero.org/google-docs/?pgHUu7
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data and to co-design studies in a similar way. However, the collaborators at those 
institutions eventually dropped out of contact and did not give me access to the raw data 
used in DANMAP. While I was granted access to VETSTAT data on animal AMU, I had to 
extract data on human AMR from what was publicly available on the DanMap website.  
 
We also have plans to run similar analyses for Senegal. Here, we would likely obtain human 
AMR data by collaborating directly with hospitals to access human infection data, and would 
estimate animal AMU by using data on antibiotic imports. The very different process of 
obtaining data and designing studies using surveillance data in different countries, and the 
lack of straightforwardness even in countries with (theoretically) world-leading open-access 
surveillance infrastructures, certainly gives pause for thought on the nature of AMR data and 
the existence of de facto data silos.  
 
For both the UK and Denmark papers, I designed the studies, organised collaboration with 
relevant stakeholders to refine research questions and analysis plans, obtained and cleaned 
the data, wrote and ran the code, and wrote the resultant papers with supervisory input from 
coauthors.  
 
I include only the Denmark paper here. For the UK paper, the BPC were only willing to 
supply annual rather than quarterly data on animal AMU and would only provide data at the 
level of the UK (rather than at the member nation level). This, combined with other data 
limitations, meant that I did not have the statistical power needed to run panel regression 
methods (fixed effects, random effects, difference-in-difference) as in Denmark. I tried to 
write the paper using pooled ordinary least squares (POLS) regression, and produced a 
preprint which had some interesting implications. However, upon doing additional robustness 
tests suggested during peer review, it became clear that POLS was not appropriate or 
robust. I therefore withdrew the preprint and have removed it from this thesis, keeping a 
description of the writing process above due to its relevance to the thesis as a whole. 
 
2.3.2 Paper 5 
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2.3.3 Implications 
 
In the Denmark analysis, I identified a positive relationship between human AMR and AMU 
in cattle, with some evidence of a relationship to AMU in poultry and companion animals. 
This is perhaps surprising, given that the majority of animal AMU in Denmark is concentrated 
in pig production, suggesting that the causal relationship was not well reflected by this 
specification. Animal AMU was never a major determinant of human AMR, with R2 values 
ranging from 0.19 to 0.44. Exploration of additional covariates was limited by the statistical 
power of the dataset.  
 
This result runs contrary to the prevailing assumption that reducing animal AMU should 
significantly reduce the human health burden of AMR (theme 3), but becomes less surprising 
when looking at the wider literature. It lends credibility to suggestions that animal AMU may 
be important for the emergence of resistant strains that spread into human populations, but 
becomes less important once those strains have become widespread(17,114,126). It may 
also support suggestions that resistant strains have species-specific adaptations, and that 
pathogens of animal origin may not spread as successfully among human 
populations(17,126). Or, it may reflect the idea that transmission and selection pathways 
between OH sectors are complex and poorly understood(17,70,74,75,109,110), and that it 
may take a long time for changes in animal AMU to significantly affect human health(70). It 
also lines up with observations that, in many countries, animal AMU has fallen significantly 
without concurrent falls in human AMR, especially for Campylobacter(70,112,113,147). As 
reviewed in Chapter 1, many statistical modelling studies have found that, even where a link 
between human AMR and human AMU can be identified clearly, the link to animal AMU is 
less obvious(111,123). Mathematical modelling has supported this idea, with studies often 
suggesting that reducing animal AMU alone may not have a significant impact on human 
AMR, and that targeting transmission (animal-human and human-human) may be more 
impactful(72,121).  
 
While I encountered limitations with the dataset, the fact that I did not find a consistent link to 
animal AMU (even when leveraging one of the strongest AMR surveillance infrastructures in 
the world) is likely indicative of more than a simple lack of statistical power. To me, this is 
evidence that the presumed relationship between animal AMU and human AMR is not as 
straightforward as often assumed, and highlights that combating AMR will likely have to go 
beyond simply reducing AMU, both in animals and in humans. 
 
2.3.4 Applications 
 
In the SEFASI knowledge hub survey in 2023, I asked stakeholders for their thoughts on 
these findings, in particular asking for their thoughts on the weak link observed between 
animal AMU and human AMR and on ‘threshold effects’, the idea that the relationship 
between AMU and AMR may break down once resistant strains become widespread. 
 
Generally, stakeholders felt that some ‘stickiness’ of resistance was believable, and that we 
may observe threshold effects once resistance has become widespread. They emphasised 
that this would likely depend on the drug-pathogen combination, and on the fitness cost of 
resistance, but generally felt that reductions in selective pressure would still reduce AMR 
over the long term, even if that effect was not observable in the short run. They also noted 

https://www.zotero.org/google-docs/?jmpOPW
https://www.zotero.org/google-docs/?mlqjkl
https://www.zotero.org/google-docs/?Xav6lf
https://www.zotero.org/google-docs/?vdORJz
https://www.zotero.org/google-docs/?bDsCCA
https://www.zotero.org/google-docs/?5yoJ0R
https://www.zotero.org/google-docs/?mWoJ5w
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that the presence of multidrug resistance (MDR) and accumulation of resistance may mean 
that resistance to a given drug remains prevalent even when use of that particular drug falls. 
 
In terms of the weak ecological link observed, stakeholders were not generally surprised. 
They emphasised that animal AMU is likely more important for the initial emergence of 
resistance and less relevant to subsequent changes. They also emphasised that, while the 
animal AMU - human AMR link does exist, it is complex and indirect, and that existing 
studies (including these two) are not designed well enough to be able to characterise and 
detect it, especially with the very limited data available to us.  
 
In addition to the aforementioned work aiming to combine farm-level survey data and 
ecological surveillance data to parameterise AHHME to Senegal, I am also working with 
other SEFASI consortium members to approach the ecological relationship question using 
mathematical modelling. Led by Dr. Gwen Knight, we are using a modified version of the 
model proposed by Booton and colleagues and applied to Thailand(121). Parameterising the 
model to point prevalence data from the three OH compartments in England, Senegal and 
Denmark, we aim to model the contribution to human AMR of AMU and transmission across 
sectors. Although this paper has yet to be published, initial results suggest that, for all three 
countries, changes to animal AMU alone have little impact on human AMR, in line with the 
results of this ecological regression study. Rather, targeting human AMU, human-human 
transmission, and animal-human transmission, appear to be more impactful. 
 
2.3.5 Limitations 
 
The most immediately apparent limitation faced with this study (and with the withdrawn UK 
paper) was with the data available, and my choice of specifications was generally made in 
response to this. For one, antibiotics were classified differently in different (animal vs. 
human) datasets, sometimes categorised at the class level and sometimes at the level of the 
specific drug. These data, even though publicly available, were not coordinated and 
presented in a way which lent itself to cross-sectoral ecological analysis.  
 
Getting data from (de facto) silos was also difficult. In the UK, I was given annual data on 
poultry ABU, even though human data were available quarterly, and I had to limit the 
statistical power of the specifications because of that bottleneck. Stakeholders in both 
countries were often reluctant to give data, even when those data were theoretically open 
access: I was able to access them due to having connections at the UKHSA, VETSTAT, and 
the BPC, but was still not able to get access to the DanMap dataset that I wanted to use. 
While UKHSA data are collected at the member nation (England, Scotland, Wales, N. 
Ireland) level, the BPC could only give aggregate data from the UK in order to protect the 
anonymity of individual large producers, there was a mismatch in the datasets used. 
 
In both cases, a complete dataset would have had a very large number of datapoints and 
would have permitted a high level of statistical power. However, there were many NA 
observations, and there was limited overlap in drug-pathogen combinations between the 
human and animal datasets, in addition to differences in the way antibiotics were classified. 
This means that the final number of timepoints with data on both human AMR and animal 
AMU for a given drug-pathogen combination was very low (only 5.7% completeness for 
Denmark). In the UK, this statistical power meant that I had to use pooled ordinary least 

https://www.zotero.org/google-docs/?vxyR9t
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squares (POLS) regression, which does not allow for the AMU-AMR relationship to vary 
among drug-pathogen combinations and was not appropriate for the data, and in Denmark I 
was not able to include additional covariates in the way I would have liked. 
 
Aside from obvious data limitations, there are general limitations to the approach that I used 
here. Looking at the contemporaneous relationship between use and resistance for given 
drug-pathogen combinations may in fact be a case of asking the wrong questions. For one, 
human health stakeholders at SEFASI knowledge hub workshops emphasised that reducing 
the portion of human infections which are resistant is not their priority - rather, it is preventing 
the emergence of new resistant strains and reducing the overall number of infections(144), 
neither of which is captured in this type of analysis. As reflected both in Chapter 1 and in 
stakeholder consultations, the process of transmission of resistance between compartments 
may happen over a longer timeframe than captured here, may occur largely in ‘black swan’ 
emergence events, is poorly understood and complex; and is complicated by endemicity 
thresholds, MDR, and accumulation of resistance. Essentially, the process by which 
resistance emerges and is transferred between sectors is not well understood and is unlikely 
to be captured accurately by this type of analysis. 
 
This gives unsatisfying implications for attempting to quantify the ecological relationship 
between animal AMU and human AMR. To facilitate health-economic analysis to help design 
and select stewardship policies, we need to know the number of resistant infections averted 
by a given change in AMU. While I had initially hoped that ecological regression could help 
to quantify this link, the results of this study do not support that. It is possible that, with 
access to more extensive and purpose-built data over longer periods of time, these methods 
could give more insight. For this reason, we plan to apply for funding for a three-year study 
based in Senegal where we would collect human and animal data simultaneously with the 
aim of facilitating this kind of analysis. By exploring these questions with better data, ideas 
like threshold effects and endemicity could be investigated further.  
 
2.3.6 Where does this leave us? 
 
In paper 1, I created a model for estimating the holistic OH health-economic impact of AMR 
(and AMR interventions) in agriculture. In order to use that model, we need better knowledge 
of a) the role of AMU and other interventions on farm-level outcomes and b) the ecological 
relationship between animal AMU and human AMR. In the AMUSE papers, I have gained 
some insight into the importance of AMU to smallholder livestock farms, and on 
complementary interventions which can facilitate better stewardship and render reductions in 
AMU safer and more acceptable for farmers.  
 
I have investigated the ecological relationship between animal AMU and human AMR as 
well, using regression models. While limited by statistical power, the lack of a strong 
relationship suggests that using surveillance data to investigate the real-time relationship 
between animal AMU and human AMR may not be able to capture the complex and 
poorly-understood process of transmission of resistance between species. At the very least, 
the results of this paper suggest that reducing animal AMU alone may have little impact on 
human AMR in the short term. This highlights the importance of alternative methods such as 
mathematical modelling, and of interventions targeting non-AMU factors such as 
transmission and socioeconomic welfare.  

https://www.zotero.org/google-docs/?k6BEkg
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Chapter 3 - discussion and conclusions 
 
3.1 Overview of the portfolio 
 
AMR is a global problem of growing importance to human, animal, and planetary health. The 
use of antibiotics in agriculture is a key policy concern, and understanding the role of 
agricultural antibiotic stewardship is key to designing sustainable OH policy. Throughout this 
portfolio, I have identified three key assumptions from the discourse on AMR and agriculture. 
Namely: 
 

1)​ The tendency to view AMR as primarily a human health concern, and to apply a 
human health perspective to health-economic evaluations of AMR and related 
interventions 

2)​ The notion that ‘nontherapeutic’ AMU in FPAs, particularly in the Global South, is 
inappropriate and unnecessary 

3)​ The notion that reducing AMU in FPAs is an effective way to bring the human health 
burden of resistance down to desired levels 

 
In this commentary, I have reviewed the state of our knowledge on those three areas. 
Namely; on the existing health-economic methods in the AMR field, on the role of AMU and 
complementary interventions on farm-level outcomes, and on the ecological relationship 
between animal AMU and human AMR. 
 
Throughout the body of work that I have presented here, I have endeavoured to challenge 
these assumptions and to begin to bridge these key knowledge gaps, with the ultimate aim 
of informing holistic OH policy decision-making in the field of agriculture and AMR.  
 
In response to the first assumption, this involved the development of a comprehensive 
health-economic model, AHHME, which can be used for holistic OH health-economic 
analysis of interventions in agricultural AMR and beyond.  
 
In response to the second assumption, this involved analysing farm-level survey data from 
three countries (Senegal, Uganda, and Burkina Faso), to investigate the effect of 
(nontherapeutic and total) AMU and potential complementary interventions on animal health 
and productivity, as well as factors which were associated with stronger AMS.  
 
In response to the third question, this involved running regression models on AMR 
surveillance data from Denmark to quantify the ecological relationship between animal AMU 
and human AMR. 
 
In this section, I return to these three assumptions, discuss what I am now able to conclude 
about them after having presented these works, and touch briefly on the value of the 
research that I have presented here, before reflecting more broadly on the implications of my 
findings for policy and research. 
 
3.2 Returning to our three assumptions 
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3.2.1 How should we approach health-economic evaluation of AMR and agriculture? 
 
After creating the AHHME model, and applying it to representative data from settings of 
different income levels, I have shown that healthcare costs and QALYs (the two components 
of traditional cost-utility analysis) capture only one part of the societal impact of AMR and 
AMR interventions. Across scenarios, the effect on agricultural productivity and (paid and 
unpaid) labour productivity was often at least as significant, notwithstanding factors such as 
food security which were not included in the model. I have laid out, and demonstrated, a 
comprehensive framework for capturing these broader societal effects, which also captures 
the distributional effects of interventions. I have also shown that methodological parameters 
such as WTP thresholds and discount rates can greatly affect the results of such models, 
and that relying on rules of thumb to generate these parameters can be dangerous.  
 
That being said, the greater complexity of AHHME (relative to most health-economic 
methods used in the AMR space) also results in greater uncertainty. This is not a drawback 
inherent to AHHME, but is a natural consequence of building more complex models to reflect 
the complexity of OH AMR itself. Applying the AHMHE framework to real-world interventions 
also requires knowledge of two key relationships (the effect of stewardship interventions on 
farm-level outcomes, and the ecological relationship between AMU and AMR) of which we 
have limited knowledge. 
 
Thus, AHHME is not a silver bullet which can give precise answers to AMR policy questions. 
However, it more honestly and holistically reflects the complexity of the OH AMR system 
than existing healthcare perspective models, and should be used in concert with 
mixed-methods approaches to policy design, including stakeholder consultation and 
consideration of political economy. This is not a bad thing, given that AMR policy (and health 
policy generally) exists in a social and political context and should not be treated as a purely 
technocratic issue where modelling outputs can be taken at face value. As an aide in this 
kind of holistic process, AHHME therefore provides guiding outputs which cannot be 
produced by other presently available tools. 
 
3.2.2 Is nontherapeutic antibiotic use in livestock unnecessary and irrational? 
 
Through the three AMUSE papers I have shown that, in certain settings and livestock 
production types, nontherapeutic antibiotic use may be beneficial for animal health and 
productivity. Returning to different conceptualisations of irrationality, this suggests that, even 
if medically irrational, such use is not economically irrational. Simply eliminating it may carry 
a risk to food security, animal health, and farmers’ economic security. 
 
I have also highlighted the potential for combined intervention packages where reductions in 
nontherapeutic antibiotic use are paired with: awareness-raising, involving animal health 
professionals in stewardship initiatives, improved access to animal vaccination, and support 
for biosecurity improvements. This approach could encourage and facilitate better 
agricultural antibiotic stewardship while safeguarding animal health and productivity. 
 
These results should be taken as preliminary, and reflect three very specific geographical 
contexts. They cannot tell us for certain that nontherapeutic AMU is important to every 
livestock production system (results varied even among these studies), and do not suggest a 
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universally applicable intervention package to safely improve on-farm stewardship. However, 
they provide important findings which challenge the idea that non-curative AMU is irrational 
and unnecessary, and outline potential interventions which could be incorporated into future 
stewardship efforts.  
 
3.2.3 Can we expect reductions in animal AMU to produce reductions in human AMR? 
 
Through the ecological regression analysis in Denmark, I have found some evidence of a 
relationship between human AMR and animal AMU at the ecological level. However, in line 
with some other studies, this relationship was fairly tenuous and did not explain a large 
portion of changes in human AMR in the short term.  
 
I had hoped to demonstrate the value of ecological regression as a tool to be applied across 
settings, to quantify the shape and size of this relationship in a way which can be used to 
estimate the human health impact of stewardship policies and feed into frameworks like 
AHHME. The results of this study are, I maintain, more useful than simply assuming a unit 
elasticity of resistance with respect to systemwide AMU as some studies have done (e.g. the 
influential 2018 OECD report(13)). However, my results are not sufficiently strong that they 
could be used in the way that I had hoped.  
 
This will in part be due to data limitations, but also likely reflects that the ecological 
relationship between animal AMU and human AMR is not satisfactorily captured by 
comparing those two variables contemporaneously. It also suggests that simply reducing 
animal AMU is unlikely to be sufficient to reduce human AMR, especially in the short term 
(theme 3). This highlights the need for continued focus on infection prevention and control, 
socioeconomic determinants of health, complementary and alternative therapies, and 
safeguarding new antimicrobials. 
 
3.3 Future research and final reflections 
 
There are several directions for future research that myself and my partners at the SEFASI 
consortium are already planning to take. I am continuing to work with partners at the 
JPIAMR SNAP-ONE consortium to apply the AHHME-B model to Zambia and Malawi, 
aiming to use it to estimate the holistic health-economic burden of AMR in those two 
countries. Led by Dr. Gwen Knight, we are also working on a study that will use 
mathematical modelling to estimate the effect of AMU and transmission interventions (across 
the OH compartments) on human AMR. Building on the system dynamics model(53) 
developed by Dr. Joshua Aboah following stakeholder consultation at our knowledge hub 
workshop in Dakar, we are hoping to parameterise that model to real-world data to estimate 
the effect of stewardship interventions in poultry production, building on the findings of my 
AMUSE papers.  
 
Led by Drs. Derek Chan and Michel Dione, we are also working to parameterise the AHHME 
model to Senegal, using the results of the AMUSE papers, the ongoing mathematical 
modelling work, and potential future ecological regression studies using hospital sentinel 
surveillance data and antibiotic import data. This will eventually be used to simulate 
prospective agricultural AMS intervention packages, to estimate their holistic 
health-economic impact, and to help select optimal interventions as part of the ongoing NAP 

https://www.zotero.org/google-docs/?wuXAup
https://www.zotero.org/google-docs/?mq7w4k
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on AMR. We are also working with a partner in Cameroon, hoping to use existing and 
upcoming datasets to perform similar analyses.  
 
We are also planning to apply for funding for a long-term study, based in Senegal, which will 
involve data collection on AMU and AMR from across the three OH compartments, as well 
as farm-level trials of stewardship intervention packages. This will learn from the difficulties 
encountered in the works that I have presented here, and will allow us to collect data in a 
way which is tailor-made for the kind of analysis that we are proposing and can feed into 
AHHME. It will also allow us to build on my findings here, exploring interventions which 
appear promising following the AMUSE papers, and investigating concepts like threshold 
effects.  
 
As always, the AHHME model family will continue to be available online, as will the 
associated web apps. I will continue to promote these tools, and to work with researchers 
and policymakers to help them use these models to answer policy questions in their own 
contexts. I encourage such people to tailor the models to their own areas of research, to 
expand and improve them in the spirit of open-source science, and to use these frameworks 
to inform the creation of new and better tools. 
 
Outside of this, I feel that longer-term and more comprehensive AMR surveillance 
infrastructures are needed. These data should be truly accessible, coordinating data 
collection across OH sectors, with regular ecological association studies (both mathematical 
and statistical) done as part of ongoing surveillance programmes. As longer-term datasets 
become available, we can use them to begin to pick apart the complex process by which 
resistance is transferred between animals and humans over time. We should endeavour to 
include in these models AMR determinants which go beyond changes to AMU, including 
both transmission factors and socioeconomic determinants of resistance. 
 
We must also continue running large and scalable agricultural AMS intervention studies. 
They should focus on combined intervention packages to safely improve on-farm 
stewardship while safeguarding animal health and productivity, and should go beyond the 
farm level to target actors across the agriculture-AMR nexus. 
 
As more of these results become available, we should feed them into holistic 
health-economic modelling tools such as AHHME, using them to comprehensively estimate 
the societal impact of such interventions, and combining this with participatory stakeholder 
consultation to design and select AMR policies in agriculture and beyond. 
 
It should also be kept in mind that the three main questions of this thesis were explored in 
different geographical contexts. I looked at the ecological relationship between animal AMU 
and human AMR within the Imperial Core and found little. Perhaps resistant strains are more 
endemic there, or perhaps animal AMU has already been reduced so much that small 
changes no longer make a big difference to the prevalence of human AMR. The relationship 
may well be different in the Global South, as I hope to explore in Senegal. 
 
The farm-level effect of AMU and farm practices focused on data from the Global South, and 
found a potential benefit of nontherapeutic animal AMU and a set of potentially effective 
measures to complement stewardship interventions. The studies reviewed in section 1.3 



120 

show examples from the Imperial Core both of productivity losses from AMU reductions and 
of the beneficial role of farm management interventions when combined with stewardship 
efforts on farms. Thus, the findings of papers 2-4 no doubt bear some relevance there too, 
although the most effective intervention packages will doubtless vary by context. 
 
In these papers, I have endeavoured to be as holistic as I could within the constraints of the 
data and tools available to me, and to take a One Health approach whereby I considered the 
role and impact of multiple compartments and actors. This, however, like many studies in the 
One Health space, can be seen as falling short of a truly integrative understanding of health. 
While beyond the scope of this thesis, understanding that integration and reflecting it in our 
work is something that I and others should strive for more actively. 
 
Finally, to deviate somewhat, we must be cognizant of the limits of modelling as a 
decision-making tool. The work I have reviewed and presented here highlights, among other 
things, that modelling complex systems also introduces great uncertainty, that it is possible 
for an entire scientific community to have no confident answer to questions of great 
importance, that even accepted scientific methods can paint but a partial picture, and that 
prevailing scientific discourse can be misleading. 
 
Liberal science forms part of a colonial epistemology which privileges quantitative and 
institutionalised ways of knowing, and violently divides systems into discrete parts. But 
health is not a system of discrete parts - it is a social ecology, and health policy decisions are 
made in a historically-specific political economic context. Questions of health policy are not 
distinct from questions of collective liberation, political economy, and material wellbeing. 
Understanding the economically optimal allocation of resources from a limited pool is of no 
use if those resources are syphoned off by austerity and colonial extraction.  
 
Modelling, as a tool, has no answer to this complexity, and I do not believe that this 
contradiction can be resolved through the creation of ever-more-complex models. While we 
may seek a satisfying technocratic answer to AMR policy questions, to do so is inappropriate 
and arrogant. The outputs of these modelling exercises can be used to inform the 
decision-making process, and can be very useful to that end, but they are no more true or 
real than the testimony of a stakeholder. 
 
This leaves me to reflect on the utility of using what is essentially a liberal rationalist 
framework, within the institution of The Academy, in my own work. I came into global health 
from a background of development economics, hoping to put my quantitative skills to good 
use in a less colonial discipline. Over the years that I have been in Global Health, I no longer 
see it as less than colonial in any way.  
 
I have tried to do what I can while working within the institutional context of the LSHTM, and 
hopefully this will have had some positive impact. Policymakers around the globe, 
coordinated by the Quadripartite, subscribe to the paradigm of producing public health 
knowledge in the Academy and in multilateral organisations. The position that I occupy 
within the Academy forms part of that system. By using my existing platform, I hope to 
challenge some key misconceptions about AMR and agriculture and to provide tools which 
make the existing framework of analysis slightly more powerful and holistic. I believe that my 
work is already doing that, but this is not deep systemic change. While describing them here 
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goes beyond the scope of this project, there are moves to radically decolonise Health, to 
move towards different ways of knowing, and to dismantle ‘global health’ as an institution. 
Then, perhaps, we can talk about deep change. 
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