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ABSTRACT
Antimicrobial resistance (AMR) is a dominant and growing global health threat that led to 
1.27 million deaths in 2019. Given the widespread use of antimicrobials in agriculture and 
industrial applications in addition to healthcare and a range of factors affecting AMR, includ-
ing climate variability, demographic trends, and plastic and metal pollution, an economy-wide 
approach is essential to assess its macroeconomic implications. This study summarizes the 
existing literature on the identified factors driving AMR and reviews the factors that have been 
considered in existing macroeconomic studies. We highlight the limitations in the available 
studies and suggest how those could be overcome via an economy-wide modeling approach 
that integrates the factors behind the evolution of AMR. We present three frameworks to con-
ceptualize the economy-wide use of antimicrobials, the epidemiology of AMR, and how AMR 
affects the economy in a stylized economy embedded within a more extensive system. We 
propose how the AMR impacts could be mapped onto economic variables, discuss the signif-
icance of these shocks, and outline how AMR evolution scenarios could be designed, partic-
ularly with reference to climate change, demographic trends, and associated socioeconomic 
changes. We also discuss how modeling studies could be improved to increase their utility to 
policymakers and increase comparability across studies. We conclude with the major policy 
implications arising from the study which emphasize an economy-wide one-health approach 
to address AMR; regulation of the antimicrobial supply chain and incentivizing innovations; 
global cooperation to address AMR, and alleviating uncertainties for policymaking via scaling 
up the surveillance of AMR, encouraging research collaboration and enabling access to data 
on AMR and antimicrobial consumption.
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I. BACKGROUND
1.1 Economic importance 
of microorganisms

Microorganisms, including bacteria, fungi, viruses, algae, and protozoa, have played a vital role 
in the survival and evolution of humans, animals, and plants. One of the most important func-
tions of microorganisms is recycling organic and inorganic matter through their interactions 
in the carbon, nitrogen, and sulfur cycles via which they contribute to maintaining the stability 
of the biosphere. Microorganisms are also the initial source of nutrients in many food chains. 
The chemical reactions of microorganisms on organic and inorganic matter have been utilized 
in various agriculture (e.g., production of fertilizers) and industrial applications (e.g., fermen-
tation and synthesis of proteins and enzymes). However, microorganisms also have a range 
of undesirable effects on the survival of humans, animals, and plants, including microbial dis-
eases. The historical plagues such as the “Black Death” and the ongoing COVID-19 pandemic 
exemplify the negative implications of microorganisms on humans.

With the advancement of science and technology, methodologies to harness the positive 
implications and reduce the negative impacts of microorganisms have been developed. The 
discovery and mass production of antimicrobial medicine and chemicals has been an effec-
tive response to tame the undesirable implications of microorganisms. The discovery of anti-
microbial medicine, such as penicillin and sulfonamides in the early 1900s, revolutionized the 
treatment of microbial infections and has been vital to medical procedures, such as cesarean 
sections, chemotherapy, organ transplants, and surgeries. Currently, antimicrobials are used 
in agriculture and aquaculture for therapeutic, metaphylaxis, and prophylaxis purposes and 
growth promotion. In industrial applications, antimicrobials are used to control the activity of 
microorganisms where physical processes (such as irradiation or heat) are ineffective or im-
practical1. Antimicrobial paints, coatings, additives, and preservatives have widespread uses 
in manufacturing wood, paper, textile and cosmetics, plastic and metal, energy production, 
construction, transportation, utility sectors, and the healthcare sector.

However, harmful microorganisms, notably the pathogens that cause infections among 
humans and animals, have developed resistance to antimicrobials (WHO 2021a). In general, 
the increase in resistance in microorganisms against antimicrobials is called antimicrobial 
resistance (AMR), and AMR threatens the effective use of antimicrobials.
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1.2 AMR: Origins 
and evolution

Adapting to challenging and changing environments or 
circumstances is a fundamental driver of the evolu-
tion of all living beings, which is also applicable to 
microorganisms. Accordingly, developing resistance 
to antimicrobials is an element of the natural evolution 
of microorganisms. While some microorganisms are 
intrinsically resistant to antimicrobials, there are two 
main ways a non-intrinsically resistant microorgan-
ism acquires resistance: genetic mutations within the 
cell to its own chromosomal DNA and acquisition of 
genetic material from a resistant cell via transforma-
tion, transduction, or conjugation. Antimicrobials often 
target destroying a microorganism or preventing its 
growth by either disrupting the cell membrane, inhib-
iting cell wall synthesis, inhibiting protein synthesis, 
inhibiting nucleic acid (DNA or RNA) synthesis, or 
inhibiting metabolism (Rani et al. 2021). While intrin-
sically resistant microorganisms would either have 
an impermeable cell membrane or lack the target 
of antimicrobials, acquired resistance could lead to 
producing enzymes that deactivate antimicrobials, 
pumping antimicrobials out of the cells, or modifying 
the target of antimicrobials2. When antimicrobials are 
used to eliminate the susceptible and non-resistant 
strains to the antimicrobials, the survival advantage 
for the resistant strains increases. Overuse, misuse, 
and underuse of antimicrobials for various applica-
tions, including therapeutic uses, and continuous ex-
posure of antimicrobials in the environment (such as 

in healthcare settings, wastewater treatment facilities, 
and the built environment) further increase the selec-
tive pressure and accelerate the resistant acquisition 
rates among microorganisms. With the exposure to a 
broader array of antimicrobials, some microorganisms 
have developed resistance not only to a single antimi-
crobial targeting them but to multiple antimicrobials. 
The microorganisms are referred to as “superbugs” 
(Davies & Davies 2010).

1.3 Factors 
driving AMR

Suboptimal consumption of antimicrobials and 
selective pressure exerted by such consumption is 
the uncontested and immediate factor driving AMR. 
A vast body of literature explores how antimicrobial 
consumption in different sectors, particularly health-
care and agriculture (including crops, livestock, and 
aquaculture), has aggravated AMR3. In the healthcare 
sector, a wide range of literature analyzes the subop-
timal antimicrobial consumption among individuals 
(self-prescription or not following the prescription by 
a healthcare practitioner4), within primary care set-
tings (via suboptimal diagnosis and prescription by 
general practitioners5), and within hospital settings 
(via mismanagement and suboptimal consumption 
of antimicrobials6). The literature also often focuses 
on different infections and/or antimicrobial-pathogen 
combinations and illustrates possible interventions to 
reduce suboptimal diagnosis, prescription, and con-
sumption. 

However, as Llor and Bjerrum (2014) suggest, health 
standards and practices, sociocultural characteris-
tics (such as attitudes, beliefs, perceptions, etc.), and 
socioeconomic background (such as the healthcare 
financing structure, economic incentives provided by 
the pharmaceutical industry, and income distribution) 
of various countries influence the behavior of pa-
tients and healthcare practitioners when consuming 
antimicrobials. To understand the underlying factors 
driving antimicrobial consumption in the healthcare 
sector, the World Health Organization (WHO) (2015) 
recommends the use of the Knowledge-Attitude-Prac-

Harmful microorganisms, 
notably the pathogens that 
cause infections among 
humans and animals, have 
developed resistance to 
antimicrobials.
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tice (KAP) framework7. Accordingly, a large body of 
regional, national, and sub-national studies explore the 
role of sociocultural and socioeconomic factors above 
in driving antimicrobial diagnosis, prescription, and 
consumption practices in different parts of the world.

Demography is another crucial factor often highlighted 
in KAP studies when explaining the variation of anti-
microbial consumption across countries. There is also 
a wide range of studies assessing the demographic 
characteristics of patients suffering from various in-
fections affected by AMR and the role of demographic 
factors in the consumption of antimicrobials (e.g., 
Nugent et al. 2022; Di et al. 2022; Alnasser et al. 2021; 
Jimah & Ogunseitan 2020; Chen et al. 2019; Schro-
der et al. 2016). Some of the common demographic 
factors considered in these studies are age, gender, 
marital status, educational level, income, occupation, 
and place of residence. Although limited, existing 
time-series studies have also explored the implica-
tions of broader demographic trends such as changes 
in population growth and density (e.g., Michael et al. 
2014; Bruinsma et al. 2003), population aging (e.g., 
McKee et al. 2021; Yoshikawa 2002), and migration 
(e.g., Elisabeth et al. 2021; Peters et al. 2020; Abbas 
et al. 2018; Nellums et al. 2018). Notably, the studies 
on population aging point out a two-way relationship 
with AMR. As the susceptibility to infections increases 
and with multimorbidity (the co-occurrence of multiple 
chronic conditions), the elderly populations require 
more antimicrobial medicine. Accordingly, consuming 
more antimicrobials by the elderly population increas-
es the selective pressure for microorganisms and 
aggravates AMR. Polypharmacy, or the reliance on 
multiple antimicrobials to treat various diseases and 
conditions among elderly people, enables resistance 
acquisition among various microorganisms and gives 
rise to superbugs. Aggravating AMR, in turn, reduces 
the effectiveness of existing medicine and dispropor-
tionately affects the aging population.

An ecological perspective on AMR recognizes the 
interactions among pathogens and commensal micro-
organisms and how such interactions would strength-
en the acquisition, retention, and increase of AMR 
(Gonzalez-Zorn & Escuredo 2012; Marshall et al. 2009; 
Summers 2002). Palecchi et al. (2008) summarize the 

presence of AMR genes in humans and animals, espe-
cially in remote areas of the world, even in the absence 
of sustained exposure to antimicrobials. They empha-
size the role of environmental contamination and envi-
ronmental ecosystems (such as rivers) in transmitting 
AMR genes. Preventing both the natural (such as air, 
soil, and waterways) and built environment (such as 
sanitation infrastructure) from becoming reservoirs 
of antimicrobial genes is thus crucial to preventing 
the spread of AMR (World Economic Forum 2020; 
Bengtsson-Palme et al. 2017; Prestinaci et al. 2015). 
The United Nations Environment Programme (UNEP) 
(2017) discusses the role of not only antimicrobial 
medicine but also other antimicrobial chemicals, such 
as biocides. An emerging body of evidence demon-
strates how plastic pollution, particularly microplastics 
in marine ecosystems, increases the surface area 
for the growth of pathogens and thereby aggravates 
AMR (Pham et al., 2021; Bank et al., 2021; Moore et al., 
2020). A similar strand of studies discusses the role 
of soil pollution induced by heavy metals (particularly 
mercury, cadmium, copper, and zinc) in co-selection 
and thereby aggravating AMR (Seiler & Berendonk 
2012; Knapp et al. 2011). UNEP (2022) highlights the 
importance of effectively managing effluent and waste 
from pharmaceutical industries, healthcare facilities, 
crops, livestock, fish processing industries, and other 
industries extensively using antimicrobials.

With the prevalence of antimicrobial genes in the envi-
ronment, the movement of humans and live animals, 
especially across borders, enables the global spread 
of AMR. In a recent review, Bokhary et al. (2021) found 
that out of 30,060 resistant isolates evaluated, the 
most common origin of resistant genes was Asia, 
accounting for 36 percent of the total isolated genes. 
High-income countries globally are more likely to be 
recipients of AMR genes. Plaza-Rodriguez et al. (2021) 

Climate variability has 
recently garnered attention 
as another critical 
mechanism affecting AMR.
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present evidence for AMR genes in migrant birds, and 
Arnold et al. (2016) emphasize the role of aquatic and 
terrestrial wildlife trade and transfer in the spread of 
AMR genes. Collignon et al. (2018) also observe the 
role of governance in explaining the diversity of AMR 
across countries. These findings point to the impor-
tance of empowering health systems and policies 
worldwide and how AMR has become a ‘global wicked 
problem’ that requires collective action.

Climate variability has recently garnered attention as 
another critical mechanism affecting AMR. Existing 
studies have found evidence of rising AMR amidst 
increasing average temperatures (e.g., Kaba et al. 
2020 and McGough et al. 2020 in Europe; McFadden 
et al. 2018 in the US). Rodriguez-Verdugo et al. (2020) 
illustrate that the increasing temperature could affect 
the response of pathogens to antimicrobials at three 
primary levels: physiological, genetic, and community 
levels. Gudipati et al. (2020) argue that some of the 
factors contributing to climate change, such as land-
use changes via deforestation and intensive agricul-
tural practices, have aggravated AMR from disruptions 
to animal habitats. In addition to the direct implica-
tions on AMR, climate variability could also indirectly 
affect AMR through its impacts on the incidence of 
infections and the resulting demand for antimicrobial 
consumption. Cavicchioli et al. (2019) explain how 
host-pathogen interactions change amidst climate 
variability, which could prompt water, air, food, and 
vector-borne diseases to spread faster. Addressing 
climate change is also likely to be crucial for taming 
AMR.

1.4. Implications 
of AMR: Current 
understanding

Most existing studies have emphasized the AMR impli-
cations on human, animal, and environmental (mostly 
plant) health. The existence of AMR among pathogens 
was known even before the discovery of antimicrobi-
al medicine, and the development of resistance was 
expected even during the early stages of antimicro-

bial medicine development (Davies & Davies 2010). 
Since the 1950s, when most of today’s antimicrobial 
drugs were developed, the pharmaceutical industry 
has continued to learn about pathogens’ biochemical 
reactions and resistance mechanisms and improved 
the medicine to withstand them. However, with the 
increase in resistance, the antimicrobial drug adminis-
tration regulations require using the new antimicrobial 
medicine sparingly which reduces the exposure of the 
antimicrobial medicine to pathogens or microorgan-
isms in general. Consequently, this reduces the oppor-
tunity for the pharmaceutical industry to recover the 
underlying significant investment costs in antimicrobi-
al medicine production by selling the medicine widely 
and for a longer period of time. Accordingly, no new 
classes of antimicrobial medicine have been discov-
ered since the 1980s (Wellcome Trust 2020; Ventola 
2015). About 43 traditional antimicrobial drugs are cur-
rently in the clinical development stage, and 292 are in 
the pre-clinical development stage. Of these, only 26 
and 60, respectively, focus on the priority pathogens8 
(some of which are multidrug-resistant) (WHO 2022). 

WHO recognizes AMR as one of the top ten global 
public health threats (WHO 2021a). The declining 
efficacy of antimicrobial drugs is leading to numerous 
challenges:

	y Infections are taking longer to heal and are costlier 
to treat, 

	y Some infections cannot be treated with existing 
antimicrobial medicine,

	y Susceptibility to infections and the risk of death 
from infections are increasing,

	y Infections once eradicated in one part of the world 
are re-emerging or emerging in a different part of 
the world,

	y New infections are emerging, and

	y The effectiveness of medical procedures is re-
duced.

Increasing mortality and morbidity from infections is 
the main pathway through which AMR affects hu-
mans. In 2014, KPMG and RAND Europe estimated 
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that 700,000 deaths were attributable to AMR related 
to HIV, Malaria, Tuberculosis, and three priority patho-
gens (Staphylococcus aureus, Escherichia coli, and 
Klebsiella pneumoniae), and that the deaths could 
reach 10 million per annum by 2050 (O’Neil 2016). 
Cecchini et al. in 2015 illustrated that the likelihood 
of dying from an infection could increase three-fold 
in G7 countries if the infection does not respond to 
antimicrobial medicine. In 2017, the Centre for Disease 
Control (2019) estimated that two million infections 
were attributable to AMR in the United States alone, 
leading to at least 23,000 deaths. The European Centre 
for Disease Prevention and Control (2017) estimated 
25,000 AMR-attributable deaths in Europe in the same 
year. The latest global estimate on AMR-attributable 
deaths is provided in the Global Burden of Bacterial 
Antimicrobial Resistance study (GRAM) for 2019, 
released in 2022. According to that report, 1.27 million 
lives lost in 2019 have been attributed to 23 pathogens 
resistant to existing antimicrobial medicine (Murray et 
al. 2022).

A one-health framework recognizes human, animal, 
and plant (environmental) health as interconnected 
components when achieving optimal planetary health. 
Within a one-health framework, as Morel et al. (2020) 
point out, direct and indirect costs of AMR could be 
identified. The direct costs of AMR encompass out-
of-pocket expenditures (from patients or farmers), 
treatment costs borne by the health services, treat-
ment costs for patients for long-term complications, 
costs of decontamination in the case of the environ-
ment, surveillance of AMR, training for healthcare and 
other relevant professionals, and legal and insurance 
costs. The indirect costs include opportunity costs of, 
morbidity and mortality among the labor force, public 
healthcare expenditure, healthcare resources, research 
and development costs, loss of productivity in the live-
stock sector, and additional burden to consumers from 
reduced production. Recognizing AMR’s direct and 
indirect costs within a one-health framework demon-
strates the relevance of an economy-wide response to 
AMR and how implications on one component of the 
triad could spill over to other components.

Alternatively, the burden of AMR could also be evalu-
ated at multiple tiers: patient, healthcare system, and 

the economy or society (Wozniak et al. 2019; Dad-
gostar 2019; Shrestha et al. 2018). Health economic 
approaches have been widely utilized to assess the 
burden of AMR at the first two levels and the costs 
considered include hospital occupancy, use of medi-
cine, laboratory services and medical procedures, and 
human resource utilization. At the societal or econom-
ic level, the focus has been on the loss of productivity 
and healthcare expenditure.

Covering HIV, Malaria, Tuberculosis, and three priority 
pathogens (Staphylococcus aureus, Escherichia coli, 
and Klebsiella pneumoniae), as well as their effects on 
morbidity and mortality among employees and gov-
ernment expenditure on healthcare, KPMG (2014) and 
RAND Europe (2014) expect the cumulative economic 
burden of AMR to reach $US 100 trillion by 2050. Using 
a similar methodology, Ahmed et al. (2017) estimate 
the burden of AMR to reach $US 85 trillion between 
2015 to 2050. OCED (2018) estimates that in 33 
European countries alone, the direct annual healthcare 
cost associated with AMR could be as high as $US 3.5 
billion. The World Bank (2017), considering implica-
tions on livestock in addition to mortality and morbidi-
ty among humans due to AMR, estimates that under a 
low-AMR scenario, global annual GDP losses could ex-
ceed $US 1 trillion after 2030 and reach $US 2 trillion 
by 2050. Under a high-AMR scenario, the yearly GDP 
losses could reach $US 3.4 trillion by 2030 and $US 
6.1 trillion by 2050. WHO (2021b) also demonstrates 
the disproportionate burden of AMR on developing 
countries, and how an additional 28.3 million peo-
ple could be pushed into poverty in these countries. 
Progress toward achieving at least seven Sustainable 
Development Goals (SDGs) is directly affected, and 
about six additional SDGs could be indirectly affected 
by AMR. Therefore, containing AMR is central to both 
sustainable economic growth and development.

In 2019, 23 pathogens resistant 
to the existing antimicrobial 
medicine were responsible for 
1.27 million deaths. 
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II. ECONOMIC IMPLICATIONS 
OF AMR

2.1 Modeling the economic implications 
of AMR: Current understanding

Early studies assessing the economic implications of AMR extended the fundamental 
health economic approaches, such as cost minimization, cost-effectiveness, cost-benefit, or 
cost-utility analyses, to evaluate the additional burden of infections affected by AMR (Coast 
et al. 1996; Holmberg et al. 1987, and Liss & Batchelor 1987). With the growing appreciation 
of the significance of AMR as a problem beyond infections, three main strands of literature 
assessing the economic implications of AMR can be identified in more recent studies. The 
first strand considers the patient burden of AMR due to mortality and morbidity arising from 
infections affected by AMR. The second strand assesses the healthcare system burden of 
AMR due to secondary infections in patients due to AMR and extended hospital care induced 
by infections affected by AMR. These studies mainly utilize regression analysis and signifi-
cance tests (Naylor et al. 2016). The third strand assesses the economy-wide implications of 
AMR. These studies mostly use partial or computable generable equilibrium (CGE) models.

One of the earliest attempts to apply an economy-wide CGE model to AMR was to assess 
the implications of methicillin-resistant Staphylococcus aureus (MRSA) in Britain (Smith et 
al. 2005). The closed-economy model featured ten sectors, a representative firm in each 
sector, a representative consumer, a bank, and a government. AMR has been introduced as a 
shock on labor supply, sectoral productivity, and a cost to healthcare delivery. The simulations 
demonstrated the implications of AMR on macroeconomic aggregates such as GDP, invest-
ment, savings, consumption, employment, and welfare. The application of the GLOBE model 
by Keogh-Brown et al. (2009) extended CGE modeling to the global economy. The approach 
involved evolving antibiotic resistance as a function of prescription and calculating morbidity 
and mortality estimates due to pathogens developing resistance to the antibiotics. The study 
explored the implications on savings, trade, and exchange rates and evaluated the potential of 
interventions to reduce antibiotic consumption and optimize antibiotic prescriptions.

The first systematic review of the economic implications arising from the priority pathogens 
and infections acquiring resistance to existing antimicrobials against them was commis-
sioned in 2014 by the Prime Minister of the United Kingdom. The review, chaired by Jim O’Neil 
and completed in 2016, included two economic studies conducted by KPMG and RAND 
Europe in 2014. KPMG (2014) utilized a partial general equilibrium model where total factor 
productivity (TFP) was modeled as a function of five factors: macroeconomic stability, the 
openness of the economy, quality of infrastructure, the strength of public institutions, and hu-
man capital. The impacts on TFP were combined with the effects modeled on the labor force 
due to augmented mortality and morbidity related to AMR and capital-income ratio to derive 
the implications on the global economy. The study was also supplemented with an analysis 
of financial impacts at the regional level, emanating from public health expenditure spent on 
combating AMR. The CGE model used by RAND Europe (2014) had shocks on population 
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growth—due to mortality—and labor efficiency—due to 
morbidity impacts of AMR.

Ahmed et al. (2017) used the GLOBE-Dyn model, the 
recursive dynamic version of the GLOBE model, to as-
sess the global macroeconomic impacts of AMR due 
to the same priority pathogens and infections covered 
in the AMR Review by O’Neil et al. (2016). Extend-
ing the KPMG and RAND Europe (2014) studies, the 
reduction in livestock production and global restric-
tions on livestock trade were considered. The World 
Bank (2017) has also estimated the AMR implications 
on both the labor force and livestock under two AMR 
evolution scenarios, although the details provided on 
the modeling approach are limited. OECD (2018) used 
the OECD Strategic Public Health Planning for AMR 
(SPHeP-AMR) model, a health economic model, with 
an extensive focus on the evolution of AMR and the 
epidemiology of the infections affected by AMR. The 
study also covered eight pathogens and considered 
the implications of AMR on medical procedures in 
addition to infections.

2.2 Modeling the 
economic implications 
of AMR: Limitations 
and challenges

While the existing studies provide valuable estimates 
of the economic burden of AMR, Hillock et al. (2022) 
outline several limitations that future studies should 
address. Designing reliable future AMR evolution 
scenarios is fundamental to the modeling. Such 
efforts should consider the transmission dynamics of 
AMR within a one-health framework. Furthermore, the 
non-linear relationships between AMR and antimicro-
bial consumption need to be better understood. The 
existing studies also do not demonstrate the role of 
behavioral and social factors, such as patient com-
pliance with infection prevention and antimicrobial 
treatment measures. They also emphasize obtaining 
country-specific estimates to capture the heteroge-
neity across various parts of the world and increase 

transparency when reporting modeling methodologies 
and results.

A major challenge in assessing the economic im-
plications of AMR lies in the lack of antimicrobial 
consumption and resistance data. There is no compre-
hensive accounting of the economy-wide production 
of antimicrobials, particularly antimicrobial medicine. 
Even the best available data on antimicrobial medicine 
consumption, which comes from the Global Antibiot-
ic Consumption and Usage in Humans study by the 
Institute for Health Metrics and Evaluation (IHME), is 
likely to underestimate actual antimicrobial medicine 
consumption because of the prevalence of informal 
antimicrobial production, especially at household 
levels. Even though proprietary higher quality data on 
antimicrobial sales are available with pharmaceutical 
companies and private entities that collect such data, 
the data are not affordable for most researchers. 
Although the trade data available from the United Na-
tions Comtrade database could be a useful source for 
identifying pharmaceutical sales across countries, dis-
aggregating the data for antimicrobial classes remains 
a challenge. The availability of global granular data on 
the use of antimicrobial chemicals in agriculture and 
industries is even lower than that for pharmaceuticals.

Global surveillance of AMR by WHO only commenced 
in 2015, with the launch of the Global Antimicrobial 
Resistance and Use Surveillance System (GLASS). 
GLASS provides a standardized approach to collect-
ing, analyzing, interpreting, and sharing data on AMR. 
Before that, only a handful of high-income countries 
(including Europe and the United States) had nation-
al or regional extensive surveillance mechanisms. 
The possibility of conducting global panel studies on 
historical data is thus limited. Even though the data on 
AMR rates in the food chain and environment is even 
more limited than in healthcare, GLASS is expected to 
incorporate those sectors into surveillance gradually. 
The GRAM study (Murray et al. 2022) provides the re-
gional AMR rates for 88 drug-pathogen combinations 
covering 23 pathogens and 12 infections in 2019. The 
study also provides a consistent framework to map the 
consumption of antimicrobial medicine to infections, 
which was a challenge until the study was published.
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III. AN INTEGRATED 
FRAMEWORK FOR ASSESSING 
THE MACROECONOMIC 
CONSEQUENCES OF AMR
In the above sections, we have reviewed the existing literature modeling the economic impli-
cations of AMR and the areas where modeling can be improved. In this section, we discuss 
three critical issues for designing an integrated modeling exercise on AMR: (1) Modeling the 
epidemiology of AMR, (2) Designing AMR evolution scenarios, and (3) Modeling the macro-
economic implications of AMR. The following sections discuss how these issues could be 
addressed despite the existing challenges, especially regarding data.

3.1 Modeling the 
epidemiology of AMR

3.1.1.  ROLE OF ANTIMICROBIAL CONSUMPTION IN AGGRAVATING AMR

The widely cited framework for the epidemiology of AMR by Linton (1977) illustrates the role 
of antimicrobials in human consumption, agriculture (crops, livestock, and aquaculture), and 
industrial applications. It also outlines how antimicrobial consumption in households, agri-
culture, and industries could interact with environmental ecosystems and contaminate the 
environment. We extend this framework to highlight industrial applications of antimicrobials 
that are amenable to economic modeling. Figure 1 presents the modified framework. We 
illustrate soil, freshwater, and marine ecosystems but do not explicitly present air. We assume 
the economic sectors and the other ecosystems could interact with air anywhere within the 
framework. Antimicrobials always reach the ecosystems through an economic sector unless 
explicitly added.

The agriculture sector consists of crops, aquaculture and fisheries, livestock and companion 
animals, and forestry and wildlife. Antimicrobials (such as Streptomycin, Oxytetracycline, 
Gentamicin, etc.) are used to prevent diseases in crops (mainly rice, wheat, cereals, vegeta-
bles, and fruits) and as an additive to fertilizers9. Animal feed and aquaculture use antimi-
crobials for therapeutic, metaphylaxis, and prophylaxis purposes, and growth promotion10. 
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The main industrial applications of antimicrobials are 
food production and packaging, textile manufacturing, 
sanitizers, paints, coatings, additives, preservatives, 
and petroleum recovery (in the energy sector). The 
paints, coatings, additives, and preservatives are then 
used in secondary applications in the manufacturing 
(such as wood, paper, textiles and cosmetics, plastics, 
and metal), energy, and services (such as construction, 
transportation, and utility) sectors, demonstrating the 
economy-wide consumption of antimicrobials11.

Antimicrobial residues from agriculture, industries, and 
services contaminate the ecosystems mainly through 
solid waste and effluents. The exposure of antimicrobi-
als to air via their industrial applications also increases 
the selective pressure. Interactions among the forestry 
and wildlife with soil and water bodies facilitate resis-
tance gene transfer and the discovery of new hosts. 
Human interactions with the ecosystems and wildlife, 
mainly via recreational activities and agricultural and 
industrial applications, also enable resistance gene 
transfer.

3.1.2  ROLE OF FACTORS OTHER THAN 
ANTIMICROBIAL CONSUMPTION IN AG-
GRAVATING AMR

The extended framework for the epidemiology of AMR 
in Figure 1 assumes antimicrobial consumption to be 
the sole driver of AMR. While it is the dominant driver, 
as discussed in Section 1.3, other factors, such as so-
cioeconomic, sociocultural, demographic, and environ-
mental factors, either directly affect AMR or indirectly 
affect AMR via antimicrobial consumption. The role of 
these factors cannot be depicted in Figure 1 without 
substantially increasing its complexity. Figure 2 frames 
these factors contributing to AMR along with antimi-
crobial consumption.

Figure 2 illustrates that in addition to antimicrobial 
consumption in healthcare, agriculture, and industries, 
contamination of ecosystems with antimicrobials 
and other AMR promoters, global and national demo-
graphic trends, governance, health system resilience to 
internal and external health threats, climate variability, 
and openness to travel are important factors that con-
tribute to AMR. As discussed in Section 1.3, there is 

already evidence for many of these factors. However, 
there is a general lack of systematic studies exploring 
the role of governance, health system resilience, and 
some aspects of demographic trends and climate 
variability.

The ICRG framework is a helpful starting point for 
evaluating the implications of AMR’s systematic risks. 
The International Country Risk Guide (ICRG) (The PRS 
Group 2012) considers 22 indicators across three 
primary groups: political, economic, and financial. The 
political indicators include government stability, so-
cioeconomic conditions, investment profile, conflicts, 
corruption, law and order, military, religious and ethnic 
tensions, democratic accountability, and bureaucracy. 
The economic indicators are GDP per capita, real GDP 
growth, inflation, fiscal balance, and current account 
balance. The financial indicators account for foreign 
debt holdings, international liquidity, and exchange rate 
stability.

Even though the relationship between some indicators 
of health systems (such as sanitation infrastructure) 
and AMR has been assessed in the existing studies, 
we believe there is the potential for a comprehensive 
evaluation to provide richer insights into the relation-
ship. The Global Health Security Index, devised by the 
Nuclear Threat Initiative, the Johns Hopkins Center for 
Health Security, and the Economist Impact (2022), pro-
vides a valuable framework to think about the health 
system’s resilience to global threats such as AMR. 
The Index accounts for the ability of a given country to 
prevent, detect, and respond to such threats, its health 
system capacity, compliance with global norms, and 
the risk environment.

Regarding climate variability, the current studies have 
only explored the implications of global warming, 
which indicates a part of the chronic climate risks on 
AMR. It is possible to incorporate other climate vari-
ables, such as precipitation, to identify the role of la-
tent climate drivers in AMR. Furthermore, an investiga-
tion of the importance of extreme climate risks, such 
as droughts, floods, heat and cold waves, wildfires, and 
storms, could provide a more comprehensive assess-
ment of the implications of climate risks on AMR.



13ANTIMICROBIAL RESISTANCE

3.2 Designing AMR 
evolution scenarios

As discussed in Section 2.2, one of the main challeng-
es in modeling the implications of AMR lies in design-
ing AMR evolution scenarios. With the limited observa-
tions of historical resistance rates, the existing studies 
have used hypothetical resistance rates or projected 
increases in future resistance rates. Economic evalua-
tions, even under those hypothetical resistance rates, 
would still be helpful to policymakers given the com-
plexity of AMR, lack of historical AMR surveillance, and 
lack of comprehensive knowledge about the evolution 
of AMR and uncertainty around the plethora of factors 
affecting it. We outline three possible approaches to 
improve the design of AMR evolution scenarios.

Firstly, the evolution of diseases could be incorpo-
rated as an intermediary step to derive mortality and 
morbidity estimates attributable to AMR. The exist-
ing studies mainly use mortality and morbidity rates 
directly attributable to priority pathogens affecting a 
range of diseases. A more granular approach would 
be to model the epidemiology of diseases affected 
by AMR and apply AMR rates to future pathways of 
disease evolution. The historical data on a wide array 
of diseases since 1990 is available from the Global 
Burden of Disease (GBD) studies conducted by IHME. 
Along with the mapping of diseases to pathogens 
causing them and antimicrobial medicine used to treat 
them provided in the 2019 GRAM study (Murray et al. 
2022), reliable and more granular scenarios of the evo-
lution of diseases and the burden of the diseases at-
tributable to AMR could be derived. The future burden 
attributable to AMR from diseases could be analyzed 
within such scenarios using 2019 resistance rates or 
historical rates (where available). A range of sensitivity 
analyses could be conducted to support policymakers 
to account for the uncertainty. As both the GBD and 
GRAM studies also include health economic metrics, 
such as Deaths, Disability-adjusted Life Years (DALYs), 
Years Lived with Disability (YLDs), and Years of Life 
Lost (YLLs), the changes in the severity of diseases 
could also be analyzed. Additional weights for such 
considerations could be allocated within the design of 
scenarios.

Secondly, there are widely used scenarios with rec-
ognized narratives for other global challenges affect-
ing AMR, such as demographic trends and climate 
change. The Shared Socioeconomic Pathways (SSPs), 
which have been used to evaluate climate change sce-
narios since the Intergovernmental Panel on Climate 
Change (IPCC) sixth assessment report, are defined 
with socioeconomic and demographic assumptions. 
Incorporating such assumptions along with climate 
pathways would also help integrate the climate 
implications of AMR (and diseases) into the climate 
impact literature. Assessing the economic impacts of 
AMR alongside climate change impacts within similar 
modeling frameworks would also enable policymak-
ers to compare the scale of AMR burden with climate 
change.

Thirdly, the effect of antimicrobial consumption on 
the productivity of agriculture and industrial applica-
tions needs to be better understood. Even though the 
proportion of antimicrobials used among other inputs 
could be lower, the impact antimicrobials have on the 
outputs is substantial (e.g., the loss of cattle from a 
disease would not be preventable without antimicro-
bials). Such analyses would help reliably derive the 
implications of aggravating AMR on the productivity of 
agriculture and industries relying on antimicrobials.

3.3 Modeling the 
macroeconomic 
implications of AMR

3.3.1  A STYLIZED ECONOMY WITHIN THE 
ENVIRONMENT

Figure 312  illustrates the interactions among econom-
ic agents within a stylized economy that interacts with 
the broader environment13. The environment mainly 
consists of four ecosystems: air, marine ecosystems, 
freshwater ecosystems, and soil. Plants, animals, 
microorganisms, and households are living beings in 
the environment, and they interact among themselves 
and the firms. In addition to its interactions with the 
ecosystems and living beings, firms also rely on the 
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environment for energy. The activities of households 
and firms generate solid waste, effluents, and emis-
sions which are passed on to the environment.

There are four main economic agents in the domestic 
economy: households, firms, a government, and asset 
markets. The domestic economy interacts with the 
foreign economies via an external sector. Households 
provide labor to the firms and receive wages in return. 
Households rely on firms for consumption and pay for 
goods and services using their income and assets, 
both physical and financial. Households also pay taxes 
to the government and receive subsidies and public 
goods from the government. The excess income is 
accrued into assets via savings. When constrained 
for liquidity, households could borrow from the asset 
markets.

Firms utilize labor from households, capital (debt and 
equity) from asset markets, and imports from the ex-
ternal sector when producing goods and services for 
households, the government, and exports. Firms pay 
wages to households, capital rents to asset markets, 
and taxes to the government. Firms could also receive 
investments from the external sector as foreign direct 
investments and invest in the asset markets or con-
duct foreign direct investments.

The government provides public goods to households 
and transfers and subsidies to households and firms. 
It also purchases goods and services from firms. 
Government expenditure is financed with taxes from 

households and firms, public bonds issued to asset 
markets, and foreign aid from the external sector. 
When running a fiscal surplus, the government could 
also invest in the asset markets. 

The asset markets combine savings from households, 
investments from firms and the government, and 
foreign portfolio investments from the external sector. 
The asset markets could lend to households and the 
government and invest in or lend to firms.

The economy is assumed to interact with the ecosys-
tems only through households and firms. The sectors 
illustrated in Figure 1 are the main channels of antimi-
crobial consumption by households and firms. House-
holds interact with microorganisms, animals, and 
plants when consuming goods and services provided 
by firms. The microorganisms, animals, and plants 
also interact among themselves and with the ecosys-
tems (although not specifically illustrated in Figure 3 
for simplicity). Firms interact with the ecosystems via 
resource extractions, emissions, and disposal of solid 
waste and effluents. The ecosystems also interact 
among themselves.

3.3.2  MACROECONOMIC SHOCKS DUE 
TO AMR WITHIN THE STYLIZED ECONO-
MY

Within the stylized economy, there are six possible 
shocks or pathways via which AMR could impact the 
economy: reduction in labor productivity, decrease in 
total factor productivity of firms, increase in govern-
ment expenditure, changes in consumption patterns, 
changes in household wealth, and changes in country 
and sector risk premia. While the first five shocks 
could be illustrated in Dynamic Stochastic General 
Equilibrium (DSGE) models and Computable General 
Equilibrium (CGE) models, substantial characterization 
of financial markets is necessary for such models to 
illustrate the changes in country risk premia.

Reduction in labor productivity due to morbidity and 
mortality is the dominant pathway via which AMR 
affects the economy. When the effectiveness of an-
timicrobial medicine and medical procedures relying 
on antimicrobial drugs reduces, the susceptibility to 

When the effectiveness 
of antimicrobials used in 
agriculture and industrial 
applications declines, the 
productivity of those sectors 
falls.
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diseases rises, the diseases take longer to heal, and 
the probability of death from the diseases increases. 
Consequently, the quantity and quality of existing and 
potential labor force available for productive economic 
activities would reduce. The burden on the dependent 
population groups (such as children and the elderly) 
suffering from the diseases affected by AMR could 
further diminish the productivity of the working-age 
population group. Various economic sectors would 
be differently affected depending on how they rely 
on labor as an input compared to other inputs. All 
the studies discussed in Section 2.1 have employed 
shocks on labor productivity, even though they differ 
in the granularity and formulation approaches. Mac-
roeconomic studies could utilize health economic 
metrics such as DALYs, YLDs, and YLLs to formulate 
labor productivity shocks consistently across models, 
enabling model comparison to be more convenient for 
policymakers14.

Reduction in factor productivity is another important 
pathway for mapping AMR implications onto the econ-
omy. When the effectiveness of antimicrobials used 
in agriculture and industrial applications declines, the 
productivity of those sectors falls. The sectors that 
rely on those sectors would subsequently be affected 
depending on their reliance on the directly affected 
sectors. A conventional approach would be to derive 
the productivity shocks based on the proportion of 
inputs contributed by those affected by AMR. How-
ever, traditional approaches may underestimate the 
broader importance of antimicrobials in the production 
processes and the substantial changes required in 
production processes if antimicrobials are not as ef-
fective. Therefore, productivity shocks should capture 
the broader role of antimicrobials in various affected 
sectors. Formulating productivity shocks at sector 
levels would be amenable in CGE, DSGE, and hybrid 
models such as G-Cubed (see Fernando et al. (2021)) 
with sector disaggregation. For DSGE models without 
sectoral disaggregation, sector-specific productivity 
shocks could be aggregated to derive an econo-
my-wide total factor productivity shock.

The fiscal burden of AMR is a significant yet underes-
timated aspect of current economic studies. While a 
conveniently justifiable approach would be to assess 

the incremental expenses borne in treating diseases 
affected by AMR, a comprehensive approach would 
also have to account for costs for preventive mea-
sures. WHO’s (2015) guidance on national action plans 
for AMR includes strategies, such as strengthening 
national AMR surveillance, strengthening infection 
prevention and control, and improving awareness of 
the development of AMR and rational use of antimicro-
bials, which could be considered when costing such 
preventive measures.

The impact of consumer choices in products using 
antimicrobials, including antimicrobial medicine and 
particularly food (processed or raw crops, meat, fish, 
and their derivatives), on AMR is an emerging body 
of research. Jans et al. (2018) have demonstrated 
consumer exposure to antimicrobials used in the food 
chain via both domestic and imported food. Ancillotti 
et al. (2022) argue that forward-looking consumers 
would change their food consumption preferences 
once educated about the consequences of AMR. The 
ongoing COVID-19 pandemic is also exemplary of 
the changes in consumer preferences, particularly 
for service sectors (such as transportation, food and 
beverage services, etc.), when faced with health risks 
and their economic consequences (Kohli et al. 2022). 
Thus, modeling the economic repercussions of chang-
es in consumer preferences once faced with AMR risk 
is a helpful input for policymakers to understand the 
burden of AMR.

Household wealth depends on their current assets and 
the present value of expected future income flows. 
When faced with survival risks, households tend to 
increase the risk premium of their subjective discount 
rate. Increases in the risk premia could result in sub-
stantial household wealth, utility, and welfare changes. 
Even though this pathway is widely adopted in assess-
ing the economic consequences of diseases15, it has 
not yet been adopted when evaluating the economic 
effects of AMR. Adopting this pathway in AMR studies 
could help compare literature on known diseases with 
AMR and observe the importance of aggravating AMR.

Asset markets, particularly financial markets, respond 
to changes in relative systemic risks among countries 
and unsystematic risks among the sectors. When 
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faced with a global threat that affects different coun-
tries and sectors differently, investor preferences 
tend to change. These changes would be reflected in 
financial markets via the rebalancing of investments. 
COVID-19 is exemplary of such changes in financial 
markets (Jabeen et al. 2022; Bradley & Stumpner 
2021). As AMR also affects specific sectors directly 
due to their reliance on antimicrobials (such as agri-
culture) and labor (such as services) and other sectors 
indirectly through production chains relying on directly 
affected sectors, investor preferences among sectors 
would change. As the systematic risk of AMR differs 
across countries depending on the differential expo-
sure of countries to factors driving AMR (discussed in 
Section 1.3), investor preferences for countries would 
change. General equilibrium models with an illustra-
tion of financial markets would be able to demonstrate 
the economic consequences of AMR due to changes 
in country and sector risk premia16.

3.3.3 MODELING RESULTS, SENSITIVITY 
ANALYSES, AND POLICY EXPERIMENTS

Section 3.3.2 discusses how AMR impact pathways 
could be mapped onto a general equilibrium model 
with the characterization of the stylized economy in 
Figure 3. The model results would demonstrate the 
implications of various AMR shocks on economic ag-
gregates, such as real GDP, investment, consumption, 
fiscal balance, current account balance, trade, employ-
ment, and welfare, under different scenario assump-
tions. Results on interest rates, wages, price levels, 
and exchange rates could also be produced depending 
on the model characteristics. Such results would be 
helpful to policymakers, including governments and 
central banks.

However, given the enormous uncertainty around fac-
tors driving AMR and the lack of comprehensive data 
on AMR, modeling exercises should be transparent 
about their assumptions and amenable to sensitivity 
analyses. Following a coherent framework such as the 
one suggested in this study and continuous coopera-
tion among modelers could improve the comparability, 
reliability, and utility of modeling outputs to policymak-
ers. Introducing mitigation policy responses to macro-
economic modeling would also increase the relevance 

for policymakers. Communicating the modeling ap-
proaches and results while appreciating the multidisci-
plinary audience for AMR research could increase the 
acceptability and enrich the interdisciplinary dialogues 
for further improving modeling approaches.
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IV. POLICY IMPLICATIONS 
AND RECOMMENDATIONS
This study alludes to several important policy implications. We discuss the importance of four 
main implications: (1) An economy-wide one-health approach to address AMR; (2) Regula-
tion of the antimicrobial supply chain and incentivizing innovations; (3) Global cooperation to 
address AMR, and (4) Alleviating uncertainties for policymaking via scaling up the surveillance 
of AMR, encouraging research collaboration and enabling access to data on AMR and antimi-
crobial consumption.

AMR should no longer be per-
ceived as a challenge to the health 
sector or agriculture sector alone 
but rather as an economy-wide 
problem that interacts with the 
broader environment for two main 
reasons. On one hand, as illustrat-
ed in Figure 1, the consumption 
of antimicrobials is not limited 
to healthcare and agriculture but 
extends to the whole economy via 
direct or indirect dependencies. 
Thus, aggravating AMR will not 
only affect the healthcare and 
agriculture sectors but also other economic sectors via linkages and spillovers, illustrated in 
Figure 3. On the other hand, the current understanding of factors affecting AMR itself demon-
strates that factors beyond overuse, underuse, and misuse of antimicrobials, such as climate 
variability, demographic trends, governance, the quality of the natural and built environment, 
and cross-border mobility also interact with AMR. Thus, adopting an economy-wide approach 
within a one health framework, which recognizes the interactions between the economy and 
the broader environment, is essential.

AMR should no longer be 
perceived as a challenge to 
the health sector or agriculture 
sector alone but rather as an 
economy-wide problem.
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The development of new antimicrobials is inhibited by 
numerous challenges , and thus preserving the exist-
ing stock of antimicrobials is essential. Regulating all 
the elements of the supply chain of antimicrobials is a 
vital part of this effort. This includes production, evalu-
ation and market authorization, procurement and sup-
ply, consumption, and disposal, as illustrated in FAO, 
OIE, and WHO (2020). In the short to medium term, it 
is critical to disincentivize the informal production of 
antimicrobials, prevent further expansion of informal 
markets (especially in developing countries), and raise 
awareness of antimicrobial consumption among both 
firms and households. It is also important to improve 
diagnosis and prescription standards (particularly in 
the healthcare sector) and regulate antimicrobial dis-
posal throughout the economy. Incentivizing research 
and development and innovations to sustain the effi-
cacy of existing antimicrobials and to explore alterna-
tives to antimicrobials17 are vital in the long term.

AMR is a global problem that requires global solu-
tions built on global cooperation. As discussed in 
Section 1.3, there are factors affecting AMR which 
are beyond the control of an individual state. Given 
the transboundary nature of AMR, global cooperation 
is essential to collectively address the issue. WHO, 
Food and Agriculture Organization (FAO), The United 
Nations Environment Programme (UNEP), and the 
World Organization for Animal Health (OIE) have an 
active role in promoting and facilitating such cooper-
ation. Empowering nations with limited technical and 
financial resources to adopt responsible regulations 
and collectively managing corporate interest is timely. 
The historical lessons from global actions towards 
cross-country problems such as ozone depletion, 
marine plastic pollution, and climate change could 

provide useful insights to initiate and sustain global 
cooperation toward AMR.

AMR creates at least two major sources of uncertain-
ties for policy design. Firstly, as illustrated in Section 
1.3, the world is still learning the factors driving AMR. 
Secondly, the AMR rates for different antimicrobi-
al-pathogen combinations are not known for a vast 
majority of countries, especially Low and Low-middle 
Income countries. Hence, the global evolution of AMR 
is not yet completely understood. Given these existing 
uncertainties, the exact impacts of AMR on humans, 
the environment, and the economy as well as impact 
pathways cannot be fully evaluated. While we have 
suggested a robust pathway to model the macroeco-
nomic consequences of AMR while navigating through 
these uncertaintie, scaling up AMR surveillance and 
making data widely available are vital to produce 
research evidence for policymaking. Furthermore, 
making the commercial data related to AMR, such as 
those on antimicrobial consumption and sales, wide-
ly publicly available is vital to empowering ongoing Given the transboundary nature 

of AMR, global cooperation is 
essential to collectively address 
the issue.
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IV. CONCLUSION
AMR is a natural phenomenon where microorganisms acquire resistance to antimicrobi-
als as part of their evolution. However, overuse, misuse, and underuse of antimicrobials in 
healthcare, agriculture (crops, livestock, and aquaculture), and industrial applications have 
aggravated AMR. In addition to antimicrobial consumption, socioeconomic, sociocultural, 
demographic, and environmental factors also contribute to AMR, including climate change, de-
mographic trends such as population aging, population growth, and migration, and plastic and 
metal pollution. Existing economic studies probably underestimate the burden of AMR in the 
absence of a comprehensive framework to incorporate the multitude of factors contributing to 
its evolution.

In this study, we present three frameworks that illustrate: (1) the economy-wide consump-
tion of antimicrobials, (2) factors affecting AMR along with antimicrobial consumption, and 
(3) a stylized economy within the broader environment indicating the pathways via which 
AMR could give rise to economic shocks. We also present a comprehensive methodology to 
formulate economic shocks from AMR within DSGE or CGE models and indicate possible data 
sources that could be used in economic modeling. We discuss how scenarios amenable to 
policymakers could be developed also considering AMR interactions with other global chal-
lenges. We highlight the importance of sensitivity analyses in the economic modeling of AMR, 
given the uncertainties. We emphasize that modelers improve the communication of results 
and cooperate to support policymakers in understanding and addressing the silent pandemic 
of AMR.

We conclude the study by discussing four main policy implications arising from this exercise 
of developing a comprehensive macroeconomic modeling strategy for AMR. We reiterate the 
importance of an economy-wide approach to managing AMR within a one-health framework 
that recognizes the linkages between the economy and the broader environment. We recog-
nize the importance of regulating 
the antimicrobial supply chains 
and incentivizing innovations and 
novel alternatives to antimicrobi-
als in the long term. We illustrate 
the transboundary nature of AMR 
and call for global cooperation in 
action toward reducing not only the 
macroeconomic but also the ho-
listic implications of AMR. Lastly, 
we emphasize the importance of 
scaling up efforts to monitor AMR 
and share the data on antimicrobial 
consumption to facilitate research 
that could produce evidence for 
effective policymaking.

 Existing economic studies 
probably underestimate the 
burden of AMR in the absence 
of a comprehensive framework 
to incorporate the multitude 
of factors contributing to its 
evolution.
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1. The spectrum of industrial applications of antimi-
crobials includes static (preventing growth of a 
microorganism), antiseptic (preventing infection), 
sanitizer (reducing the number of harmful mi-
croorganisms to a safe level), cidal (eliminating 
microorganisms of a particular type), disinfectant 
(eliminating all infectious bacteria), sporicidal 
(eliminating spores), and sterilant (completely 
eliminating all living microorganisms) (McEntee 
2000).

1. See Reygaert (2018), Kapoor et al. (2017), and Muni-
ta & Arias (2016) for an extensive review of AMR 
acquisition pathways and mechanisms.

2. See Bell et al. (2014) for a systematic review and 
meta-analysis of the effect of antibiotic consump-
tion on antibiotic resistance during the previous 
50 years and van Boeckel et al. (2015), Rushton 
et al. (2014), and Acar et al. (2012) for a review of 
antimicrobial use in food animals.

3. See Zowalaty et al. (2016) and Grosso et al. (2012) 
for country case studies and Morgan et al. (2011) 
for a global review of non-prescription antimicro-
bial use.

4. See Calbo et al. (2013) for a review of factors influ-
encing antimicrobial prescribing.

5. See Schuts et al. (2016) for a review of the role of 
antimicrobial stewardship in hospitals in AMR 
and Stein et al. (2018), Ashraf & Cook (2016), 
Fridkin et al. (2014), and Hecker et al. (2003) for 
country case studies.

6. Surveys designed following the KAP framework are 
aimed at collecting information from a specific 
population group regarding what they know, be-
lieve, and do in relation to a particular topic. KAP 
surveys can identify knowledge gaps, cultural 
beliefs, or behavioral patterns that could explain 
the actions of individuals (WHO 2008).

7. See Tacconelli et al. (2018) for the complete list of 
WHO priority antibiotic-resistant bacteria. 

8. See McManus et al. (2002) for a review of antimicro-
bial use in crops and the implications on human 
and animal health.

9. See Sibergeld et al. (2008) for a review of antimicro-
bials used in animal feed production.

10. See McEntee (2000) for a compendium of antimi-
crobials used in industrial applications.

11. Developed by the authors with reference to WHO 
(2009) and Woolhouse et al. (2015).

12. The interactions between the economy and envi-
ronment are much more complex than illustrat-
ed. Thus, the illustration is not exhaustive of all 
plausible interactions. Even the interactions of 
households, microorganisms, animals, and plants 
with air, soil, and water are avoided to reduce the 
complexity of the illustration.

13. Coupled Model Intercomparison Project (CMIP) 
and Intersectoral Impact Model Intercomparison 
Project (ISIMIP) are exemplary of the utility of 
using a consistent framework to evaluate the 
impacts of climate change.

14. See McKibbin and Fernando (2020b) and Fernando 
and McKibbin (2021) for the application of chang-
es in household risk premia when modeling the 
macroeconomic consequences of COVID-19.

15. See McKibbin and Fernando (2020a and 2020b) for 
the application of changes in country and sector 
risk premia when modeling the macroeconomic 
consequences of COVID-19.

16. See Ventola (2015) for a detailed discussion of the 
economic and regulatory barriers for the pharma-
ceutical industry when developing new antimicro-
bials.

17. See Ghosh et al. (2019) for a review of alternatives 
to antibiotics.

END NOTES
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