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Preface
 

I was in the lobby of the Fred Hutchinson Cancer Research Center 
in Seattle, waiting to meet with a colleague, when a wall display of the 
timeline of successful hematopoietic bone marrow transplants caught my 
attention. The timeline, in the form of a spiral, starts slowly in the 1970s— 
successes were few and failures many as scientists strove to understand 
the basic immunology underlying transplantation and clinicians to estab
lish the optimal procedures and patient care. The successes slowly and 
then suddenly accelerate, providing life-saving transplants where previ
ously no hope existed. Today, bone marrow transplants are performed 
in hospitals worldwide. Indeed, it is paradoxical that one of the highest 
accolades for the incredible achievements in modern medicine over recent 
decades is that we can take them for granted. The same is true for numer
ous medical procedures: organ transplants, joint replacements, improved 
cancer treatment, even safe childbirth. All of us know someone whose 
lives have been touched by these advances. Underlying this remark
able progress is the reliance on effective antibiotics to prevent and treat 
infections in patients at their most vulnerable moments. Addressing the 
challenges of the emergence and spread of resistant microbes; improving 
laboratory, diagnostics, and surveillance; and catalyzing the development 
of new classes of medicines is highly complex, cutting across scientific dis
ciplines, medical specialties, institutions, and agencies. However, the goal 
is clear: preserve the medical advances of the past and allow continued 
progress, all afforded by and dependent on the availability of effective 
antibiotics. 
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x PREFACE 

Given the complexity of antibiotic resistance and the inherent mul
tidisciplinary and interdisciplinary approaches required to address 
resistance, and to ensure a robust pipeline of effective medicines, the 
committee brought together expertise from across human, animal, and 
environmental health sectors. The committee has endeavored to examine 
the full range of initiatives and programs incorporated into the National 
Strategy and Action Plan for Combating Antibiotic-Resistant Bacteria and 
the progress in meeting the goals of the plan. The responsiveness of the 
multiple U.S. government agencies engaged in carrying out the plan was 
deeply appreciated as was the evaluation conducted by the Center for 
Infectious Disease Research and Policy at the University of Minnesota. 
Equally, given the need for global solutions to a challenge that knows no 
borders, the committee benefited from the multiple international orga
nizations engaged in preserving antibiotic effectiveness and appreciates 
their willingness to share their expertise and perspectives. The committee 
was respectful of prior reports on antibiotic resistance and endeavored to 
assess their recommendations in the context of the committee’s statement 
of task. On behalf of the committee, I want to express my appreciation 
for the openness of these organizations and agencies and their efforts in 
working to ensure access to effective antibiotics. 

A study of this magnitude requires a tremendous commitment from 
the committee members. All have sacrificed evenings, weekends, and 
holidays—without financial compensation—in this commitment and in 
their desire to bring the best possible science to bear on a challenging 
issue. Their commitment was all the more impressive as the study took 
place during the COVID-19 pandemic. Several of our committee members 
had frontline clinical care responsibilities; others increased commitments 
in laboratory testing, surveillance, and modeling—all were impacted by 
the pandemic by increased responsibilities at work and at home. Despite 
these increased responsibilities and the ability to only meet and work 
together virtually, the committee, individually and collectively, brought 
their expertise, experience, and knowledge to the task. I cannot thank 
them enough. 

On behalf of the committee, I would like to express our thanks and 
appreciation to the National Academies leadership and staff: Rose Marie 
Martinez, Senior Director of the Board on Population Health and Public 
Health Practice; Kara Laney, Senior Program Officer; Roberta Wedge, 
Senior Program Officer; Aashaka Shinde, Research Associate; and Leila 
Meymand, Senior Program Assistant. A special thank you and deep 
appreciation to the Study Director, Gillian Buckley, who provided excep
tional leadership throughout the study. Without her leadership and the 
work of the staff in planning, organization, and editing, this report would 
not have been possible. 



 

 
           

 
 
 
 

  
         

   

xi PREFACE 

The evolutionary basis of antimicrobial resistance dictates that there 
will be no magic bullets or simple solutions. Ensuring that modern medi
cine can continue to rely on effective antibiotics will require continual 
innovation and process improvement. Minimizing the need for antibiotics 
through preventive health care and improved sanitation, housing, and 
access to clean water is achievable, as is ensuring that the right antibiotic 
is available and given at the appropriate dose for the appropriate dura
tion. Achieving those goals is fundamental to meeting the National Acad
emy of Medicine’s vision of “a healthier future for everyone.” 

Guy H. Palmer, Chair 
Committee  on  the  Long-Term Health  and   

Economic  Effects  of  Antimicrobial  Resistance  in  the  United  States 
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Summary1
 

The COVID-19 pandemic has forced society to confront human vul
nerability to microbial pathogens (including viruses, bacteria, parasites, 
and fungi) in a way that has not been necessary in much of the world for a 
century. Before the mass production of penicillin in the 1940s, deaths from 
bacterial infections were common, elevating the risks not only of com
mon illnesses such as pneumonia, but also those associated with surgery 
and other lifesaving procedures and even life events such as childbirth. 
The extent to which antimicrobial medicines changed these risks, though 
hard to overstate, is easily taken for granted. As these medicines have 
been used, sometimes overused, microbes’ resistance to them has grown, 
threatening to undermine almost a century of health gains. 

Microbes are constantly responding to selective pressures, including 
the pressures from antimicrobial medicines. One response is a classic, 
Darwinian evolution wherein beneficial traits are passed from one gen
eration to another. Microbes can also pass genes to unrelated organisms 
through proximity or by way of mobile genetic elements. Such horizontal 
gene transfer allows traits to pass quickly within microbial communities. 

The genetic adaptability of microbes contributes to the emergence of 
resistance, compelling careful attention to human actions that aggravate 
the problem. Efforts to mitigate the emergence and spread of resistant 
pathogens are complicated by the fact that antimicrobial resistance is 

1 References are not included in the Summary. For the full list of the works cited view the 
body of the report. 
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2 COMBATING AMR AND PROTECTING THE MIRACLE OF MODERN MEDICINE 

notoriously difficult to measure. Although most obvious in human health, 
resistance emerges in animal health and in the environment. Marshalling 
response to such a problem requires cooperation at many levels. In the 
United States, the 2014 National Strategy for Combating Antibiotic-Resistant 
Bacteria (hereafter, the national strategy) sets out a plan for government 
work to mitigate the emergence and spread of antimicrobial resistance. 
Direction on the implementation of this strategy is provided in 5-year 
national action plans, the first for the period from 2015 to 2020, the second 
covering 2020 to 2025. 

In 2019, Congress directed the National Institute of Allergy and Infec
tious Diseases (NIAID) to support a consensus committee study under 
the auspices of the National Academies of Sciences, Engineering, and 
Medicine to examine progress against the national strategy. NIAID staff, 
in collaboration with their counterparts at other government agencies 
implementing the national action plans, developed a charge for this com
mittee. This charge includes questions on managing effective surveillance 
for infections related to antimicrobial resistance, measuring the health 
and economic consequences of antimicrobial resistance, interventions in 
animal health, and the incentives for developing new medical products 
to prevent and treat resistant infections. 

THE SCOPE OF THE PROBLEM 

Use of antimicrobial medicines in both human and animal health 
drives antimicrobial resistance. Clinicians may prescribe antimicrobial 
medicines empirically, based on their best judgment of a patient’s pre
sentation, but without precise diagnostic information on the organism 
causing the infection. Empiric treatment often involves broad-spectrum 
drugs active against a range of pathogens. Such drug use creates selec
tive pressure that encourages resistance and leaves patients vulnerable to 
other illnesses. 

Antimicrobial treatment in both humans and animals ideally uses 
the most narrow, focused agent for the shortest effective duration. Nar
rowing antimicrobial treatment can be challenging in animal agriculture, 
where the distinction between prophylactic and therapeutic treatment is 
not always clear. Infections can spread quickly through a flock or herd, so 
when one animal is diagnosed with an infection, prophylactic treatment 
of others in the group may control spread. Mass medication of mostly 
healthy animals accounts for 90 percent of veterinary antimicrobial use 
in some places. 

Adequate biosecurity measures, good husbandry, and other practices 
used in modern animal production systems can greatly reduce—some
times eliminate—the need for antimicrobials in animal agriculture. Vac



 

 
 

   
 
 

  

    
 

  
 

 

 
   

    

 
  

 
 

 
 
 
 

   
    

 
 
 

 
 
 
 

        
         

 

3 SUMMARY 

cines and other preventive tools are important alternatives to antimicro
bials, but there is a shortage of efficacious and affordable vaccines for 
animals. 

Antimicrobial resistance is a global health problem, or, more accu
rately, a web of related problems. The relationships between different 
nodes on this web are always changing, making it difficult to predict how 
actions in one setting will affect outcomes in others, a feature of the prob
lem sometimes described as the adaptive challenge. Adaptive challenge 
makes it difficult to predict where and in what pathogen–drug combina
tions resistance will emerge. 

The mutual dependence of human and animal health and the health 
of the environment is central to the One Health approach. A One Health 
analysis is well suited to the problem of antimicrobial resistance as it 
requires an interdisciplinary, multisectoral collaboration. It includes atten
tion to the often-neglected environmental dimension of resistance, espe
cially important in light of climate change, which will almost certainly 
aggravate the problem 

THE HEALTH AND ECONOMIC BURDEN OF RESISTANCE 

In response to the charge to examine the long-term health and eco
nomic effects of antimicrobial resistance, the committee reviewed a cross-
section of recent literature. First was the Centers for Disease Control 
and Prevention’s (CDC’s) Antibiotic Resistant Threats in the United States 
2019, which drew on population surveillance and research from electronic 
medical records to estimate that every year 2.8 million resistant infections 
in the United States cause 35,900 deaths, with Clostridioides difficile infec
tion killing another 12,800 people. The CDC report also attempted to put 
some economic parameters on the problem, estimating the direct costs of 
treating six, common, multidrug-resistant pathogens at $4.6 billion a year, 
with C. difficile adding another $1 billion and drug-resistant gonorrhea 
adding another $133.4 million. 

The Organisation for Economic Co-operation and Development 
(OECD) Health Committee, in collaboration with the European Centre 
for Disease Prevention and Control, has also given considerable attention 
to estimating the future health and economic burden of antimicrobial-
resistant infections. Their reports estimate that the United States and 
Europe together account for about 60,000 deaths a year from resistant 
infections, with 1.75 million years of healthy life lost every year across 33 
of the OECD countries. The same infections could cost the health systems 
of these countries about $3.5 billion a year. 

There are challenges in measuring morbidity and mortality associated 
with resistant infections. Most outcomes research is limited to readily 
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observable, short-term clinical outcomes (e.g., deaths, number of days 
hospitalized). The downstream consequences of resistant pathogens are 
harder to predict. Without effective alternatives and enhanced infection 
control, removal of antimicrobials from animal agriculture could increase 
animal disease burden and mortality, leading to compromised animal 
welfare and productivity losses, with potential downstream effects on 
food security and livelihoods. 

Better estimates of the burden of antimicrobial resistance in humans 
and animals depend on better microbiological data and more clarity on 
the appropriate design of epidemiological research. There are also chal
lenges related to the complex adaptive nature of the problem. The same 
resistant infection can have drastically different consequences in humans 
and animals, depending on whether it is acquired in a hospital or outside 
of it, in a high-income country or a low-income one. 

STRENGTHENING SURVEILLANCE 

Surveillance systems are critically important for understanding the 
burden of antimicrobial resistance, detecting the emergence and spread 
of resistant pathogens, targeting interventions, and measuring their 
effectiveness. 

In an effort to improve global surveillance for antimicrobial resistance, 
the World Health Organization developed the Global Antimicrobial Resis
tance and Use Surveillance System (GLASS), which provides information 
technology, standards, and tools for the surveillance of priority bacterial 
infections in humans. Private industry, academic researchers, and vari
ous disease-specific programs also collect information about resistance 
and are useful sources of complementary data to inform estimates of the 
burden of the antimicrobial resistance. 

One commonly used tool to monitor resistance patterns is the anti
biogram, a profile of phenotypic susceptibility test results drawn from 
aggregate data. Antibiograms are useful for monitoring trends in resis
tance to different drugs and are invaluable in both clinical medicine and 
surveillance. At the same time, since antibiograms do not give informa
tion into the mechanisms of resistance, they cannot be used to predict 
resistance patterns. 

The National Center for Biotechnology Information (NCBI), a division 
of the National Library of Medicine (NLM) at the National Institutes of 
Health (NIH), has made public considerable information about resistance 
genes, genome sequences, antimicrobial susceptibility data, and bacterial 
genomes. The committee commends NCBI for this work. At the same 
time, valuable information about phenotypic antimicrobial susceptibil
ity is generated in clinical laboratories all over the world. Collected and 



 

          
 

 
 
 
 
 

   
 

 
       

         

 
       

 
 

   

 
 
 
 

    

     
 

     

5 SUMMARY 

aggregated, this data could give valuable insight into trends in antimi
crobial resistance. 

Recommendation 4-1: The National Library of Medicine 
(NLM)  should  establish  an  open-source,  unified  antimicrobial 
resistance database that integrates raw phenotypic data from 
national and international  efforts.  This database should  sup
port automatic importation from hospitals, laboratories, and 
surveillance networks and linking to genotypic data when 
available.  NLM should  engage the  Centers for Disease Control 
and  Prevention,  the  U.S.  Department  of Agriculture,  and  other 
relevant stakeholders to determine the necessary data elements 
and  confidentiality procedures. 



An automated data ingestion pipeline could take disparate formats 
of collected antimicrobial resistance data and, either by a simple set of 
translation rules or potentially using more advanced machine learning 
techniques, automatically format and deposit the data in a consistent 
fashion. Once an initial pipeline from the laboratory information system 
is established, data deposition from these devices could be almost fully 
automated. A standard data deposition form could also help new labo
ratories or regional laboratories that currently do not generate their own 
standardized antibiograms by providing a default template, contributing 
to standardized reporting across the United States and internationally. 

Increasing the environmental isolates collected by surveillance net
works and stored in the proposed NLM database would contribute to a 
more holistic understanding of antimicrobial resistance. However, envi
ronmental monitoring of resistance is still limited. The challenge for envi
ronmental monitoring is to determine what factors amplify resistance 
genes in the environment and what factors encourage their transmission, 
possibly threatening public health. 

Some insight into the source of the resistance genes, resistant patho
gens, or antimicrobial residues in the environment could come from ana
lyzing the places contaminants enter water. Wastewater treatment plants 
are one such place, equipped to contain and remove water contaminants 
but not to eliminate resistance traits or drug residues. Treatment plants 
typically discharge directly to aquatic environments, making them an 
important bridge between human-made contamination and the natural 
environment. 

Recommendation 4-2: The Environmental Protection Agency
should provide guidance and funding to states for testing point
source discharge at wastewater treatment plants for antimi
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crobial resistance traits and integrating these data with other
surveillance networks. 

STEWARDSHIP AND INFECTION PREVENTION 

Efforts to improve antimicrobial stewardship in human medicine 
often turn first to hospitals, as infections can spread quickly in hospitals 
and pose a serious threat to patients. Almost 90 percent of hospitals in the 
United States have programs that incorporate all seven of the CDC’s core 
elements of antimicrobial stewardship, up from only about 40 percent in 
2014. Such rapid progress is heartening, but there are still many practice 
settings where the need for antimicrobial stewardship is pronounced. 
Nursing homes, dialysis centers, and long-term acute care hospitals all see 
considerable misuse and overuse of antimicrobials among patients who 
are, by definition, immunocompromised or infirm. 

Recommendation 5-1: The Centers for Medicare & Medicaid 
Services should require nursing homes, long-term acute care
hospitals, and dialysis centers to have antimicrobial steward
ship programs and include that information on the Care Com
pare website. These programs should, at a minimum, designate
key staff, a system for preauthorization of restricted antimi
crobials, and a process for regular review of all antimicrobial
prescriptions. 

Tailored antimicrobial stewardship programs may need to make use 
of telemedicine when infectious disease consultations are needed. Some 
modernization of record keeping may also be helpful in settings that do 
not routinely use electronic medical records, which could be used for 
preauthorization for restricted antimicrobials and to discourage treatment 
of asymptomatic infections. Including antimicrobial stewardship in the 
quality measures on the Care Compare website, a public clearinghouse 
for quality indicators, could help raise its prominence with facility admin
istrators as well as with consumers and their families. 

Many of the basic principles of antimicrobial stewardship are the 
same in human and animal medicine, but the practice differs considerably. 
Veterinarians often work in relatively small practices; they also dispense 
medicines directly from their clinics, making the roles of both administra
tors and pharmacists, crucial in human stewardship programs, far less rel
evant. Partly for these reasons there is a greater emphasis on veterinarians’ 
individual responsibility to serve as stewards of antimicrobial medicines. 

The ability to track antimicrobial use is a key part of any steward
ship program, but the United States does not have a strong system to 



 

  
 

 

 
 

  
 
 

    

           
 
 

 
     

 
        

 
 
 

 

   

 
 

 
 
 
 

     

 
 
 
 

         
 

           
 

7 SUMMARY 

track antimicrobial use in animals. The Food and Drug Administration 
(FDA) could promote better antimicrobial stewardship by investing in 
strategies to advance the use of electronic prescriptions and to encour
age the sharing of prescription information currently held in proprietary 
hands. 

Recommendation 5-2: The Food and Drug Administration’s
Center for Veterinary Medicine should establish a process
and clear metrics to facilitate better tracking of antimicrobial
consumption in animals. This information would support the
design and implementation of stewardship programs. 

Challenges in using diagnostic tests can stand in the way of good 
stewardship. There are logistical barriers to testing animals, especially 
large animals, and a testing expense that the animal owner usually pays 
out of pocket. A lack of susceptibility test breakpoints specific to the spe
cies tested is another barrier. 

The ability to develop new susceptibility test breakpoints depends on 
collecting and creating pharmacokinetic and pharmacodynamic data for 
different drugs in different species and on convening experts to review 
and interpret these data. Despite agreement that more animal-specific 
breakpoints are needed, the time and expense of building the evidence 
needed to inform breakpoint analysis stand in the way. Therefore, devel
opment of needed breakpoints has not kept pace with the demand for 
them, especially in light of increasing emphasis on antimicrobial steward
ship in veterinary medicine. 

Recommendation 5-3: The Food and Drug Administration’s
Center for Veterinary Medicine should convene an advisory
committee to coordinate development of antimicrobial suscep
tibility test breakpoints in animals and identify priority animal,
drug, and pathogen combinations. When necessary, the Center
for Veterinary Medicine would fund the research needed to
develop the priority breakpoints. 

Choosing priorities for breakpoint development from among the 
many combinations of pathogen, drug, and animal species of interest 
should be done in a more deliberate way, with more open communication 
among clinicians, diagnostics laboratories, standards organizations, and 
academic researchers. Attention from FDA could help make veterinary 
susceptibility testing less ad hoc, but after setting out the priority bug, 
drug, and species combinations there will still be a need for pharmacoki
netic and pharmacodynamic data to establish the needed breakpoints. By 
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designating funding for this research, the agency could remove another 
major barrier to better antimicrobial stewardship in animals. 

Appropriate diagnostic testing could reduce inappropriate antimi
crobial use in human medicine as well. But the value of diagnostics, 
especially in terms of changes in patient outcomes such as morbidity and 
length of hospital stay, or financial outcomes such as cost of treatment or 
repeated office visits, are not usually readily apparent. Evidence of this 
value could inform clinical guidelines that emphasize diagnostic testing 
and are a step toward reimbursing the full value of the tests. 

Recommendation 5-4: The Department of Health and Human
Services agencies, including the Centers for Disease Control
and Prevention, the Food and Drug Administration, and the
Centers for Medicare & Medicaid Services, and the Patient-Cen
tered Outcomes Research Institute should support outcomes
research in diagnostic testing to drive an iterative process of
guidelines development and to influence reimbursement for
diagnostic testing. 

Evidence establishing the value of diagnostics will be challenging to 
generate. It will depend on enrollment of patients at multiple clinical sites, 
as the inferences made from aggregate, multisite data are more generaliz
able and better able to detect small but meaningful differences. 

Vaccines have the potential to reduce the need for antimicrobials and 
control the spread of antimicrobial resistance. Despite a plausible reason 
to suspect that vaccination could reduce antimicrobial use and control the 
emergence and spread of resistant bacteria, the relationship is not well 
studied. Incorporating questions about antimicrobial use or resistance 
into ongoing vaccine trials could yield valuable information on this ques
tion with relatively little additional effort or expense. 

Recommendation 5-5: The National Institutes of Health and 
the Centers for Disease Control and Prevention should provide
supplemental research funding to track antimicrobial use and
antimicrobial resistance in immunization trials and large cohort
studies to measure the indirect benefits vaccines provide and
to provide evidence to enhance vaccine deployment as a tool to
mitigate antimicrobial resistance. 

Better quality evidence, ideally from randomized, controlled trials 
could clarify the relationship between vaccine use, antimicrobial con
sumption, and the emergence of resistance and the multiple, often com
plex relationships among them. Better clarity on the full public health 



 

      

     
  

 
 

  
 

  
      

 
 

          
 
 
 
 

         
 

    
 
 
 

  
 

  

   
 
 
 

         

   
 
 

        
 
 

9 SUMMARY 

value of immunization could help inform wider vaccine uptake, espe
cially in low- and middle-income countries. 

BRINGING NEW PRODUCTS TO MARKET
 
AND ENSURING THEIR REACH
 

Treating resistant infections depends on new antimicrobials, and the 
challenges of bringing these drugs to market is at the center of much 
public discourse. At the same time, new antimicrobials are not the only 
innovative products needed. Society would benefit from an integrated 
investment across different product types, some preventive and some 
therapeutic, for human and animal medicine. 

The medicines needed to treat resistant infections are complicated to 
develop and have a relatively small market both in terms of duration of 
use, usually only a few days, and need. Although there are over 2.8 mil
lion resistant infections every year in the United States, infections with 
any one resistant pathogen are relatively rare. When new antimicrobials 
are brought to market, good stewardship requires that older drugs be 
used first, even if there were no difference in price. There is, therefore, a 
mismatch in society’s need for new antimicrobials and industry’s willing
ness to invest in them. The government invests in drug development to 
help fill this gap, offering different programs working at different places 
on the development pipeline. 

Push incentives work early in this pipeline, aiming to reduce the cost of 
research and development by spreading those costs among many interested 
parties. Early grant funding is a push incentive, as are various government 
programs that make information about resistant organisms more available 
to researchers. Other push incentives fund preclinical and early clinical 
trials. The NIH and the Biomedical Advanced Research and Development 
Authority (BARDA) provide considerable support for preclinical and clini
cal trials, both directly and through the public–private partnership Combat
ing Antibiotic Resistant Bacteria Biopharmaceutical Accelerator (CARB-X). 
In general, these and other push incentives have direct benefits to the drug 
developers and broad, indirect benefits to society. Preclinical and early 
clinical research is also the riskiest stage of drug development and may 
therefore be the most appropriate place for public spending. 

Pull incentives, on the other hand, reward successful drug develop
ment. The 2012 Generating Antibiotic Incentives Now (GAIN) Act, for 
example, provides additional years of market exclusivity to new drugs 
designated as “qualified infectious disease products” and revisions to the 
amount CMS will reimburse hospitals for new antimicrobials. 

On the whole, the package of push and pull incentives in place 
appears to have improved the number of products in the antimicrobial 
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drug pipeline by about 10 percent between 2014 and 2019. Over this time, 
FDA approved 20 new antimicrobial drugs, 12 of them under priority 
regulatory review afforded as qualified infectious disease products. While 
this is a promising development, most of these products and the others 
in the pipeline do not appear to be meaningfully different from existing 
medicines. Only 6 of the 50 antibacterials currently in the pipeline meet 
even one criteria for being innovative. Most of the antimicrobials approved 
recently offer little to no added clinical value over existing treatments. 

Market entry rewards between $500 million and $2 billion are often 
suggested as an incentive to develop an innovative antimicrobial that, 
for logistical and public health reasons, will not likely sell well. These 
estimates appear to be based on the assumption that large pharmaceu
tical companies will not enter the market for profitability below $50 to 
$500 million, expectations based on blockbuster drug sales. But average 
peak-year drug sales have decreased by 50 percent since 2010. Given such 
trends, it may be more prudent to benchmark reward payments to market 
averages, thereby reducing the likelihood of over incentivizing and incit
ing rent seeking. 

Market entry rewards require significant investment of taxpayer dol
lars. Before funding any market entry reward, the government needs to 
be clear that it is rewarding a truly novel and useful antimicrobial. 

Recommendation: 6-1: A Department of Health and Human 
Services (HHS) interagency committee should establish well-
targeted, objective criteria to identify novel antimicrobials  with 
high  potential  for filling a  critical,  unmet  need.  HHS  should 
then  support  trials  to establish  the  additional  clinical  benefit 
and  optimal  use  of these  drugs. 

The proposed committee would serve as an arbiter on what consti
tutes an unmet need. This strategy would also provide public funding for 
the trials that establish clinical value, a major incentive for drug develop
ers as such trials are costly to run. 

Challenges Related to Diagnostic Testing 

When clinical microbiology laboratories cannot test the susceptibility 
of a pathogen to a new antimicrobial, clinicians may not feel comfortable 
prescribing it, seriously limiting the use of the new medicine. There are 
multiple barriers to susceptibility testing for new antimicrobials. Integrat
ing a new antimicrobial on automated testing systems is one of these bar
riers, as most hospitals in the United States use only automated methods 
for susceptibility testing. 



 

 
 

       
 
 
 

          
        

 

 

 
 

 
 

    

 
 

 
 
 
 

     

 
   

 

 
          

  

 

11 SUMMARY 

Adding a new antimicrobial to an automated susceptibility test plate 
means removing another drug and forfeiting the associated diagnostic 
information. Balancing the need for a new test that will be used infre
quently against older ones that may be used more is a difficult question 
for the device companies. The companies must also regularly re-evaluate 
the time needed to bring a new test through regulatory review against 
obligations to support changes for drugs already in wide use. 

As antimicrobial resistance continues to emerge, breakpoint changes 
will only be needed more frequently. Every investment in keeping auto
mated testing devices up to date is an investment in keeping clinical 
practice more responsive to antimicrobial resistance and protecting public 
health. 

Recommendation 6-2: To reduce regulatory hurdles in bringing
automated susceptibility tests to market, the Food and Drug
Administration should coordinate the review of new antimi
crobials with the review of their automated susceptibility tests
and work with the Clinical Laboratories Standards Institute to 
issue and update breakpoints for microbe–drug combinations. 

Ideally, automated susceptibility testing devices would include new 
antimicrobials upon market entry and revised breakpoints for older drugs 
as they are approved. For logistical reasons the processes work sequen
tially, with the device application beginning after the new drug approval. 
Through cooperative work, FDA and the manufacturers could likely find 
less restrictive, faster methods for validation studies. Congress could also 
defray the expense of bringing new automated tests to market with tax 
credits against clinical trial expenses. 

Recommendation 6-3: Congress should make automated sus
ceptibility test manufacturers eligible for tax incentives to bring
new automated susceptibility tests to market. 

There are also some antimicrobials that simply will not be suitable 
candidates for inclusion on automated test devices. For such drugs, man
ual testing will be necessary, and such testing is difficult for many labo
ratories. The CDC Antibiotic Resistance Laboratory Network (ARLN) can 
bridge this gap by providing testing through public health laboratories. 
There is room to improve on this valuable service by expanding the net
work’s capacity. 

Recommendation 6-4: The Centers for Disease Control and 
Prevention (CDC) should expand the capacity of the Antibi
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otic Resistance Laboratory Network by offering expedited,
expanded susceptibility testing of all broad-spectrum antibiot
ics via certain CLIA–certified laboratories.2 The CDC should 
also promote this service to clinical laboratories. 

A One Health approach to product development takes a broad view 
of the need for new therapeutic and preventative products. Such a model 
is helpful in guiding countries’ support for products intended for animal 
agriculture, aquaculture, and the environment. The international product 
development partnerships put in place for COVID-19 have transferrable 
elements especially relevant to product development for other infectious 
threats. This is the ideal framework upon which to build a coordinated 
product development partnership for antimicrobial resistance, with coor
dinated action on the human, animal, and environmental fronts. 

Recommendation 6-5: The Department of Health and Human 
Services should establish a public–private partnership simi
lar to ACTIV for antimicrobial resistance, bringing together 
the Biomedical Advanced Research and Development Author
ity,  the National Institutes  of Health, the U.S. Department  of 
Agriculture, the Environmental Protection Agency, and the 
Department  of Defense  and  interested  academic,  industry,  and 
nonprofit  organizations.  The partnership  would  have  working 
groups  on  diagnostics,  alternatives  to antibiotics,  and  preven
tion,  with  a  goal  of supporting a  diversified  and  balanced  port
folio of tools to reduce antimicrobial resistance using a One 
Health  approach. 








The program envisioned would streamline the U.S. government’s 
national investment on antimicrobial resistance. This model can help avoid 
duplication of effort both within the United States and internationally. 

There is also a need to balance investments in antimicrobial resistance 
across new medicines, diagnostics, and preventive products. Some prod
ucts have considerable market potential that the private sector will rec
ognize; not all product development needs the same level of government 
investment. Determining the right balance of investments across product 
types is challenging and would benefit from explicit public discussion of 
the sort a prominent public–private partnership could engender. 

2 The Clinical Laboratory Improvement Amendments (CLIA) regulate testing and are 
required for laboratories handling human samples. 



 

     
 

       
 

      
 

          
 

          

 
       

  
        

     
 
 
 
 
 

           

 
      

         
 

   
   

 
 

  
 

13 SUMMARY 

THE NATIONAL ACTION PLAN FOR COMBATING
 
ANTIBIOTIC-RESISTANT BACTERIA
 

Action against antimicrobial resistance requires coordinated efforts 
across many branches of government. This collaboration is emphasized 
in the National Action Plan for Combating Antibiotic-Resistant Bacteria 2015– 
2020 (hereafter, the 2015 action plan) which provided agencies with a road 
map to meet the goals set out in the national strategy. 

In an effort to understand agencies' progress against the goals, the 
committee commissioned an analysis from the Center for Infectious Dis
ease Research and Policy (CIDRAP). This analysis, which relied on review 
of published progress reports and agency self-reports, found that 93 per
cent of the 230 assigned milestones were completed, the vast majority 
on time, and without serious duplication of effort. This is not entirely 
consistent with a 2019 evaluation from the Government Accountability 
Office (GAO) that indicated agencies faced understandable difficulties 
with overlapping responsibilities, and technical challenges in implement
ing the action plan. 

A reliance on process outcomes makes it easier to claim successes, 
but such process milestones will not necessarily translate into meaningful 
improvements in antimicrobial use or the spread of resistant pathogens. 
Both the 2015 national action plan and its more recent iteration for 2020 
to 2025 have open-ended targets for which the responsible agency is not 
always clear. It is difficult to establish accountability in such cases. 

The committee supports the systematic tracking of activities and out
comes related to the milestones and goals presented in the 2020 action 
plan. Independent assessment of these goals and reporting of their related 
expenditures would facilitate a process of adaptive management and 
course correction when necessary. It would also help experts in the United 
States and abroad understand the best and most effective strategies to 
combat antimicrobial resistance. 

Recommendation 7-1: Congress should direct the Government 
Accountability Office  (GAO)  to conduct  biennial  evaluations 
of federal agencies’ progress toward meeting the goals of the 
2020–2025 National Action Plan for Combating Antibiotic-
Resistant Bacteria to ensure objective assessment of agencies’ 
activities. Congress and the GAO should consider ways to use 
their evaluations  to direct course  corrections  when  necessary. 

Congress can facilitate course corrections on complex government 
programs by designating the program as high risk. Adding federal action 
against antimicrobial resistance to the GAO High Risk List might bring 
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welcome attention to the topic, especially in the face of uncertainty regard
ing how the COVID-19 pandemic will influence antimicrobial resistance. 

A ROLE FOR THE UNITED STATES IN
 
COORDINATED GLOBAL ACTION
 

The effectiveness of a national strategy to combat antimicrobial 
resistance will depend on global investment and sustained international 
engagement integrated across human, animal, and environmental health. 
Part of the challenge of responding to antimicrobial resistance is that, 
while the U.S. strategy and action plan, like most countries’ strategies and 
action plans, evoke a One Health grounding, putting it into practice is 
difficult. Ultimately, every implementing agency involved in the response 
to antimicrobial resistance has its own mandate and mission, and none of 
these is explicitly a One Health mission. 

The integration of surveillance data from human, animal, and envi
ronmental sources will be a critical component of a global strategy against 
antimicrobial resistance. The largest increases in antibiotic consumption 
over the past 2 decades, for both humans and livestock, have occurred in 
low- and middle-income countries. These countries also have a high bur
den of infectious disease and a growing demand for animal-source foods 
that could contribute to increased antimicrobial use. 

Serious international investment in combating antimicrobial resis
tance is both morally compelling and in the best interest of the United 
States. A national response proportionate to the size and scope of the 
threat would work across government agencies and in collaborative bilat
eral and multilateral relationships internationally. A program modeled on 
the U.S. President’s Emergency Plan for AIDS Relief (PEPFAR) may be 
best suited to this problem. 

Recommendation 8-1: Congress should expand the United 
States' global engagement on antimicrobial resistance by (1) 
strengthening surveillance of resistant pathogens both by 
supporting existing, multilateral surveillance systems and by 
expanding U.S. agencies’ international surveillance programs; 
(2) reducing need for antimicrobials by broadening agencies’ 
work on infection prevention and antimicrobial stewardship in 
humans and animals; and (3) ensuring sustained leadership and  
critical  evaluation  by creating a  Global  Coordinator for Anti
microbial  Resistance  similar to the  Global AIDS  Coordinator. 



Any program or policy intended to combat antimicrobial resistance 
depends on a foundation of reliable information that surveillance net



 

 

 
 

 

 

     
 

  
    

 
 
 

    

15 SUMMARY 

works supply, yet recent analysis has found surveillance and One Health 
integration to be common weak spots in countries’ antimicrobial resis
tance action plans. The United States could help build on the GLASS 
framework to give more attention to animal and environmental health 
surveillance. 

Good surveillance can, in turn, inform effective stewardship pro
grams, especially in resistance hotspots. By attacking root problems, such 
as crowding, contaminated water and food, lack of sanitation, and infec
tion prevention, the U.S. government could do much to prevent the devel
opment of antimicrobial resistance abroad. 

The ambitious global program envisioned in this recommendation 
will require coordination with an increasingly large group of stakehold
ers both in the United States and abroad. A designated national leader 
modeled on the Global AIDS Coordinator would be crucial to managing 
this coordination and efficient response. By supporting a truly systemic, 
One Health response, the recommended program may be able to drive 
progress on a range of health indicators, including, but not limited to, the 
burden of resistant infections. 
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Introduction
 

Since the mass production of penicillin began in the 1940s, antimi
crobials have drastically improved human health, preventing death from 
bacterial infection and lowering the risk associated with surgery and 
other lifesaving medical procedures (Ventola, 2015). These medicines are 
often credited with driving a sharp rise in life expectancy in the latter 
half of the twentieth century (Hutchings et al., 2019; Sullivan, 2018). But 
almost as quickly as the first family of antibacterials was introduced, 
its usefulness declined. Within 6 years of the introduction of penicillin, 
roughly a quarter of staphylococcal infections in hospitals (where the 
drug was often used) were no longer susceptible to it (Chambers, 2001). 
Penicillin resistance continued to spread, by the 1970s being as common 
in community-acquired infections as in hospitals (Chambers, 2001). 

The genes that cause microbes (bacteria, viruses, fungi, and parasites) 
to survive against the organisms that try to kill them or stop their growth 
(antimicrobials) are not new. Genomic analysis of permafrost soil samples 
has found resistance to most antimicrobials in use today existed 30,000 
years ago (D’Costa et al., 2011; Perry et al., 2016). While selective pres
sure from modern antimicrobial medicines has undoubtedly encouraged 
the survival of resistant organisms (simplified in Figure 1-1), they are an 
ancient and persistent part of the ecosystem. As Gerry Wright, director 
of McMaster University (2011) Institute for Infectious Disease Research, 
explained, “[antimicrobials] are part of our natural world and therefore 
we need to be incredibly careful in how we use them. Microorganisms 
have figured out a way of how to get around them well before we even 
figured out how to use them.” 

17
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FIGURE 1-1 Selective pressure encourages antimicrobial resistance. 
SOURCE: Yunxin Joy Jiao, reprinted with permission. 

Part of the challenge lies in the many ways microorganisms have for 
responding to selective pressures. One way is through vertical gene trans
mission, the classic, Darwinian evolution wherein beneficial gene mutations 
are passed from one generation to another. But microorganisms, especially 
bacteria, can pass genes to unrelated organisms, even to other species, in 
processes described as horizontal or lateral gene transfer (Abe et al., 2020; 
Keeling and Palmer, 2008). Described as “the movement of genetic informa
tion between organisms … except for those from parent to offspring,” hori
zontal gene transmission is thought to be the dominant means of evolution 
in microbes (Abe et al., 2020; Burmeister, 2015). Horizontal transmission 
processes, shown in Figure 1-2, can rapidly spread beneficial genes across 
microbial communities, ultimately accounting for much of the baseline 
genetic variability then acted upon by selection pressure (Hall et al., 2020). 

Furthermore, microbes move easily across habitats, living in water and 
soil as well as in animals and humans. Because of the interconnectedness of 
these habitats, shown in Figure 1-3, pressures in one setting can easily affect 
others, creating a reservoir of resistance genes. “All the genes [in a microbial 
community] that directly or indirectly contribute to resistance” make up the 
resistome (Wright, 2010). Monitoring changes in the resistome and the con
centration of different antimicrobials and resistance genes can give insight 
into emerging resistance patterns, a topic discussed more in Chapter 4. 

Soil is an especially diverse and important reservoir of both antimicro
bials and resistance genes (Bello-Lopez et al., 2019; Nesme and Simonet, 
2015). Most of the antibiotics developed in the so-called golden age of drug 
discovery, and even until the 1990s, were developed from soil microorgan
isms (Nesme and Simonet, 2015). The soil resistome has changed mark
edly with the use of antimicrobial medicines. Research in archived soil 
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FIGURE 1-2 Resistance genes can pass through vertical or horizontal mechanisms. 
SOURCE: Sommer and Dantas, 2014. 

FIGURE 1-3 Microbes and resistomes travel across habitats. 
SOURCE: Adapted from Biomerieux, 2020. 
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samples from the 1940s to the early 2000s has found a dramatic increase 
in the genes causing resistance to all classes of antibiotics tested, with 
tetracycline-resistance genes alone increasing 15-fold between the 1970s 
and 2000s (Knapp et al., 2010). 

Clinical isolates tell a similar story. Samples from the British antimi
crobial reference laboratory have shown an exponential rise in resistance 
to carbapenems, a group of broad-spectrum antibiotics often used as the 
drug of last resort for resistant infections (Papp-Wallace et al., 2011; Shall-
cross et al., 2015) (see Figure 1-4). A 2016 report from the Organisation for 
Economic Co-operation and Development (OECD) found the prevalence 

FIGURE 1-4 Carbapenemase-producing Enterobacteriaceae confirmed by Public 
Health England’s Antimicrobial Resistance and Healthcare Associated Infections 
unit, from UK laboratories. 
NOTES: Resistance and Healthcare Associated Infections unit, from UK laborato
ries. IMI = imipenem-hydrolyzing beta-lactamases; IMP = imipenemase metallo
beta-lactamase; KPC = Klebsiella pneumoniae carbapenemases; NDM = New Delhi 
metallo-beta-lactamase; OXA-48 = oxacillinase-48; VIM = Verona integron-encod
ed metallo-beta-lactamases. 
SOURCE: Shallcross et al., 2015, from Public Health England. 



 

 
 

  
 
 

      
 

 
 

 

          
       

   

        
          

 
  

 
 

           
 

       
     

 
 
 
 
 
 
 
 

 

 

21 INTRODUCTION 

of resistance in clinical testing to have increased in 23 of 26 OECD coun
tries in the years between 2009 and 2014,1 rising about 5 percentage points 
on average, despite largely stable rates of antibiotic use (OECD, 2016). 
In low- and middle-income countries, where certain infections are more 
common, as are the crowding, poor sanitation, and limited clinical infec
tion control that make transmission more likely, the situation is worse 
(Alvarez-Uria et al., 2016). By some estimates, resistant infections are 66 
percentage points more common in lower-middle income countries than 
in rich ones (Alvarez-Uria et al., 2016). 

Later sections of this report discuss the global nature of antimicrobial 
resistance and the challenges of responding to a health crisis with mul
tiple root causes that manifests itself differently in different parts of the 
same country, or even within the same state or county. It is challenging to 
marshal a national response to such a varied and disparate threat. A coor
dinated, strategic response is essential and something the U.S. govern
ment has set out in its National Strategy for Combating Antibiotic Resistant 
Bacteria (PCAST, 2015, 2020; The White House, 2014). 

CHARGE TO THE COMMITTEE 

The first national action plan for antimicrobial resistance was released 
in 2015, the result of President Obama’s Executive Order Combating Anti
biotic-Resistant Bacteria, which created both an interagency task force to 
implement the National Strategy for Combating Antibiotic-Resistant Bacteria 
(released at the same time) and an independent presidential advisory coun
cil to make recommendations to the secretary of health on the government’s 
implementation of the national strategy (CDC, 2020; HHS, 2021; Obama, 
2014). The strategy and the national action plan that guides its implementa
tion, drive the U.S. government’s response to the problem of antimicrobial 
resistance (PCAST, 2015). Its five goals are shown in Box 1-1. Figure 1-5 
shows the recent timeline of relevant U.S. government publications. 

When the first national strategy and action plans were in their last 
year, but before the release of the 2020 to 2025 documents, Congress 
directed the National Institute of Allergy and Infectious Diseases (NIAID) 
to convene a consensus committee under the auspices of the National 
Academies of Sciences, Engineering, and Medicine (hereafter, the National 
Academies) to examine national progress against the goals shown in Box 
1-1.2 NIAID is an important implementer of the national action plan, but 
it is only one of many agencies involved. With this in mind, the study 

1 As indicated through an aggregate combination of six common pathogen-drug combina
tions. 

2 HR 1865 Further Consolidated  Appropriations  Act, 2020. https://www.congress.gov/ 
bill/116th-congress/house-bill/1865/text (accessed  April  8,  2021). 

https://www.congress.gov/bill/116th-congress/house-bill/1865/text
https://www.congress.gov/bill/116th-congress/house-bill/1865/text
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BOX 1-1  
The Goals of the National Action Plan for Combating
 

Antibiotic-Resistant Bacteria 2015 to 2020
 

1.	 Slow the emergence of resistant bacteria and prevent the spread of re
sistant infections  

2.	 Strengthen national One-Health surveillance efforts to combat resistance 
3.	 Advance development and use of rapid and innovative diagnostic tests for 

identification and characterization of resistant bacteria 
4.	 Accelerate basic and applied research and development for new antibiot

ics, other therapeutics, and vaccines 
5.	 Improve international collaboration and capacities for antibiotic-resistance 

prevention, surveillance, control, and antibiotic research and development 

SOURCE: Reprinted from CDC, 2020. 

sponsors requested input from their counterparts across the task force 
to develop the statement of task for this study, shown in Box 1-2. More 
information about the committee members answering this charge can be 
found in Appendix A. 

2013 2015 2020 

2014 2016 

CDC releases first 
Antibiotic 
Resistance 
Threats Report 

Federal task 
force for CARB 
established 

National Strategy 

First funding
to agencies
to implement
CARB 

1st National 
Action Plan 

2nd National 
Action Plan 

FIGURE 1-5 The timeline of key U.S. government publications on antimicrobial
 
resistance.
 
SOURCE: CDC, 2020.
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BOX 1-2 
 Statement of Task  

The National Academies will convene an expert committee to examine and 
quantify the long-term medical and economic impacts of increasing antimicrobial 
resistance (AMR) in the United States. The study shall examine progress made 
on the U.S. National Strategy and Action Plan for Combating Antibiotic-Resistant 
Bacteria, including domestic and international strategies employed by NIH, CDC, 
FDA, ASPR, USDA, and USAID. 

Opportunities to add to the current body of knowledge include: 

•	 Advising on an effective strategy to scale up global detection of resistant 
infections and infection prevention and control efforts—especially outside 
of the United States and Europe; 

•	 Helping to assess and quantify the risk to human health from environmen
tal sources and reservoirs of antibiotic-resistant pathogens and genes; 

•	 Assessing any methodologies for evaluating how interventions in agricul
ture affect public health and how to improve them; 

•	 Assessing any methodologies for evaluating the effects of interventions in 
agricultural settings on animal health and welfare and how to improve them; 

•	 Assessing the effect of new incentives for antibiotic development (BARDA’s 
project Bioshield, 2019 CMS IPPS) on the health of the antibiotic pipeline; 

•	 Exploring methodological innovations to improve projections of the burden 
of AMR and its economic impacts, with an eye toward informing the devel
opment of incentives for antimicrobial products; 

•	 Exploring ways to develop, benchmark, and track rigorous quantitative 
measures of the effect of various strategies to mitigate AMR, with a focus 
on relevant, timely, and actionable measures; 

•	 Assessing the need for and advise on key diseases and antibiotics for 
which animal-specific antimicrobial susceptibility testing breakpoints are 
needed; and 

•	 Assessing the need for and explore how to incentivize and promote cooper
ative relationships between industry and professional societies to prioritize 
test development of new diagnostics for use in veterinary settings, espe
cially animal-side diagnostics that allow precise selection of antibiotics. 

The Committee’s Approach to Its Charge 

The committee met six times, each meeting via videoconferencing and 
spread over several days. The agendas for the public meetings are shown 
in Appendix C. In closed session, the committee debriefed on the material 
presented at public meetings and on the literature presented in this report. 
Committee members also had regular videoconferences to develop their 
conclusions and recommendations. Members of the public submitted 
articles and other information for the committee’s review, available upon 
request from the National Academies’ Public Records Office. 
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To better understand the progress various agencies involved in the 
National Action Plan on Combating Antibiotic-Resistant Bacteria made from 
2015 to 2020, the committee commissioned an analysis from the Center 
for Infectious Disease Research and Policy at the University of Minnesota. 
The researchers drew on published sources and key informant interviews 
to evaluate agencies’ work. Their analysis is presented as a supplemen
tary web appendix available at https://www.nap.edu/resource/26350/ 
Background_Analysis.pdf. 

At the committee’s first meeting, representatives from NIAID and 
other task force agencies gave an overview of their work and an orienta
tion to the task. One area where they gave the committee some leeway 
was in its interpretation of the term antimicrobial resistance. This term 
can refer to resistance in many kinds of microbes, including viruses and 
protozoa, and to multidrug-resistant strains of mycobacteria that cause 
tuberculosis. The committee chose to narrow the scope of this study to 
include antibacterials, excepting tuberculosis medicines and antifungals. 
Even though many of the points in this report could be broadly appli
cable, resistance to antimalarials, bioterrorism agents, and antivirals, such 
as those used to treat hepatitis and HIV, are outside of the scope. This is 
consistent with the national strategy and the priority pathogens listed 
in the Centers for Disease Control and Prevention’s (CDC’s) Antibiotic 
Resistant Threats in the United States, 2019 (CDC, 2019). This strategy is 
also consistent with the National Strategy for Combating Antimicrobial 
Resistance. The 2020 to 2025 strategy does not discuss malaria or HIV 
programming, and mentions tuberculosis only tangentially in relation to 
global surveillance for resistant infections (PCAST, 2020). 

In defining its scope, the committee recognizes that the emergence of 
resistance is a common biological process largely similar for HIV, tuber
culosis, and malaria as for other resistant infections. The scope of pub
lic health programming and funding for HIV, tuberculosis, and malaria 
vastly outweighs the national and international resources directed to 
other resistant infections, however. Though the underlying mechanisms 
causing resistance are the same, the response to these diseases is not com
parable to that for bacterial and fungal pathogens more broadly. Many 
of the recommendations presented in this report to counter resistance to 
antibiotics or antifungals are transferable to other types of resistance. The 
committee members determined that attention to gaps in the response 
to bacterial and fungal resistance broadly would allow them to make 
more meaningful recommendations than had they concentrated on HIV, 
tuberculosis, and malaria, recognizing nonetheless that the underlying 
mechanism of resistance to medicines is similar across infectious diseases. 

The study sponsors at NIAID also gave the committee considerable 
leeway in interpreting the charge, “to examine and quantify” the impact 

https://www.nap.edu/resource/26350/Background_Analysis.pdf
https://www.nap.edu/resource/26350/Background_Analysis.pdf
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of antimicrobial resistance in the United States. While this charge could be 
interpreted as a call for original data collection and analysis, the sponsor 
supported the committee’s strategy to address this point with review of 
the recent health and economic literature on the topic, especially the major 
national and international publications that have driven some of the recent 
public dialogue. This is not a systematic review in the style of a Cochrane 
review or an exhaustive analysis of every publication on the topic, however. 

Part of the challenge of responding to antimicrobial resistance lies 
in the varied and dynamic nature of the threat. The burden of resistant 
pathogens differs widely from one place to another, even within different 
hospitals in the same county, and from one year to the next. It is difficult 
to predict which pathogens will emerge as serious threats and which will 
subside, partly because human response influences the future disease 
burden from any pathogen. For this reason, the committee avoided a reac
tive emphasis on the pathogens driving the burden of resistant infections 
today in favor of a broader, more adaptive strategy applicable to a range 
of bacteria and fungi. This is not to say that this report avoids drawing 
upon and citing the CDC Urgent Threats and the World Health Organiza
tion Priority Pathogens lists (CDC, 2019; WHO, 2017). Rather, in tailoring 
its recommendations the committee refrained from making recommenda
tions regarding any particular pathogen in favor of those with broader 
applicability. In short, the committee chose a more fundamental approach 
to the problem, in line with the One Health view of antimicrobial resis
tance in humans, animals, and the environment discussed more in the 
next chapter. For this reason, individual infections (methicillin-resistant 
Staphylococcus aureus, for example) are not the subject of different report 
chapters, but the interconnectedness of resistance with other topics in 
health and disease are discussed throughout. 

The committee approached its charge and recommendations with an 
effort to identify key problems and barriers to their solutions. This should 
not be understood as the committee’s judgement on the relative merit of 
strategies that are not the topic of recommendations. Similarly, in mak
ing its recommendations the committee tried to strike a balance between 
innovation and practicality, directing the recommendations to organiza
tions for which the suggested action would be challenging but feasible. 

The Organization of This Report 

In their deliberation, committee members worked to find common 
threads and common gaps in response to antimicrobial resistance across 
sectors. Some of their recommendations are relevant only to animal 
health, others only to human medicine, some cut across multiple sectors. 
Rather than being organized by topic (agriculture, medicine, economics) 
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the report handles these topics together and presents the committee’s 
analysis by theme. This chapter introduces the topic and the background 
for this study. The next chapter discusses the scope of the problem and 
provides context on global action against antimicrobial resistance. Chap
ter 3 reviews the literature on the health and economic burden of resis
tance. Chapter 4 discusses surveillance and tools for strengthening it, and 
Chapter 5 discusses ways to prevent infection and improve stewardship. 
Chapter 6 turns to the market for new medical products and steps that 
could make this market work better for public health. Chapter 7 looks at 
the national action plan and the U.S. government’s response from 2015 
to 2020, and the last chapter suggests a role for the United States in the 
global response to antimicrobial resistance. These chapters contain the 
reasoning supporting the committee’s recommendations, based on litera
ture review and the result of its deliberations. 

This report presents actions that, in the committee’s judgment, have 
strong promise to control the problem of antimicrobial resistance. The 
recommendations highlight important gaps and solvable problems but 
do not constitute an exhaustive list of potential policy actions against 
antimicrobial resistance. Many of the actions recommended are within 
the purview of the U.S. government, a strategy the committee sees as 
suitable to its charge and the congressional mandate for this study. At the 
same time, action against as complex and global a threat as antimicrobial 
resistance cannot be limited to any one country or to government action. 
With this in mind, the committee gave considerable attention to ways to 
involve international organizations, foundations, and the private sector in 
this work, work which, to be effective, must look internationally at least 
as much as domestically. 
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2
 

The Scope of the Problem
 

Responding to a complex problem like antimicrobial resistance 
requires some attention first to its root causes. As the previous chapter 
explained, microbes have many ways of surviving the agents used to 
fight them. Selection pressure from exposure to antimicrobials leads to the 
proliferation of mutations that render microbes immune to these agents. 
At the same time, the ability of microbes, especially bacteria, to pass genes 
horizontally even among different species in the same ecosystem speeds 
the spread of resistance traits. Mobile genetic elements, a plasmid, for 
example, may carry multiple different resistance genes. The selection of 
one resistance trait can therefore lead to the co-selection of other traits 
conveying resistance to other medicines (Lowy, 2009). 

The concept of resistance is hard to separate from its application in 
medicine. Even the central concept of microbial virulence is often defined, 
without clear consensus, in terms of the microbes’ capacity to harm its 
host; the innocuous or beneficial relationship between most microbes and 
their hosts are not as widely investigated (Casadevall and Pirofski, 2019). 
Even among pathogenic microbes, commensalism and colonization are 
more common outcomes of the relationship between microbe and host 
than disease (Casadevall and Pirofski, 2019). In these states, antimicrobial 
resistance may come at the cost of disease pathogenic potential (called 
pathogenicity) or may be the result of a complex relationship between 
antimicrobial resistance and microbial pathogenesis that allow microbes 
to survive in harsh conditions and niches (Dewan et al., 2018). 

Mobile genetic elements that can be transferred among bacterial strains 
belonging to the same or different species can co-select for both resistance 
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and pathogenicity (Cepas and Soto, 2020). Other microbial characteris
tics such as biofilm formation, efflux pumps, and cell wall changes can 
contribute to both resistance and pathogenicity (Schroeder et al., 2017). 
In an immune-suppressed host, these features can increase the disease 
potential of otherwise less virulent microbes. However, the genetic con
nection between antimicrobial resistance and pathogenicity, especially in 
the context of multispecies communities, is not well understood (Beceiro et 
al., 2013; Schroeder et al., 2017). It is possible that anti-virulence molecules 
have a role as anti-infective agents that could supply less selection pressure. 

There is considerable uncertainty regarding how microbes and their 
hosts interact in states of health and disease. While the depth of this rela
tionship is beyond the scope of this report, this chapter gives background 
on the ways human antimicrobial use encourages resistance. First, the 
chapter explores the ways in which human action contributes to resistance, 
then it gives more context on the global nature and distribution of resistant 
infections. The last section discusses the dynamic and adaptive nature of 
the problem, explaining why it is difficult to both measure and counteract. 

HUMAN ACTION EXACERBATES RESISTANCE 

Antimicrobials are used frequently in human medicine, the field for 
which they were developed and the one with the highest, most direct 
stake in their preservation. Antimicrobials are also widely used in vet
erinary medicine. Animal agriculture accounts for the largest total use of 
antimicrobials today, while aquaculture accounts for a smaller, but faster 
growing share of total use (Ritchie, 2017; Schar et al., 2020). Finally, anti
microbials are also used in crop agriculture on field and tree crops (Wil
liams-Nguyen et al., 2016). Common problems across settings contribute 
to misuse and overuse. As the previous chapter explained, microbes can 
spread through water, air, and soil; through travel, including the travel of 
wildlife; and through environmental contamination. It can be difficult to 
disentangle the relative contribution of any one type of use to the global 
burden of resistance, though Figure 2-1 indicates the substantial evidence 
that the overuse and misuse of antimicrobials in both human and animal 
medicine drives much of the problem (Holmes et al., 2016). 

The Misuse and Overuse of Antimicrobials in Human Medicine 

Antimicrobials are fast-acting, powerful medicines that can avert con
siderable suffering. For this reason, prescribers may be quick to use them, 
even before the precise cause of their patients’ illness can be determined. 
An empirical diagnosis is one based on the best judgment of the clinician 
considering the patient’s history and the clinical presentation (Leekha et al., 
2011). In the absence of information suggesting otherwise, a clinician sus
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FIGURE 2-1 A conceptual framework for the role of modifiable drivers of anti
microbial resistance. 
NOTES: An infographic to show the considered potential contribution of each 
factor as a driver for antimicrobial resistance. Associated relative contribution, 
supporting evidence, and potential population affected (diameter of bubble) was 
created from a two-round Delphi method of Holmes and colleagues, who identi
fied factors from review of the national and international antimicrobial resistance 
literature. The Grades of Recommendation, Assessment, Development, and Evalu
ation (GRADE) approach was used to identify the quality of the evidence (the 
study with the highest GRADE estimate was cited) supporting each driver as 
being contributory to the rise in antimicrobial resistance. 
SOURCE: Reprinted from The Lancet, Vol. 387, Holmes, A. H., L. S. Moore, A. 
Sundsfjord, M. Steinbakk, S. Regmi, A. Karkey, P. J. Guerin, and L. J. Piddock, 
Understanding the Mechanisms and Drivers of Antimicrobial resistance, 176-187, 
Copyright (2016), with permission from Elsevier. 

pecting bacterial infection will usually start with a broad-spectrum drug that 
has action against a wide range of pathogens. Broad-spectrum treatment 
carries risks. It wages a somewhat indiscriminate attack on a wide swath 
of potential pathogens, as well as commensal bacteria, thereby disrupting 
the gut microbiome (see Box 2-1). By disrupting the commensal bacteria, 
broad-spectrum treatment can leave patients vulnerable to Clostridioides 
difficile infection (Crowther and Wilcox, 2015; Johanesen et al., 2015). Broad-
spectrum treatment also supplies the selective pressure that breeds resis
tance. For these reasons, microbiological information about the pathogen 
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should inform a switch to a narrow-spectrum antimicrobial whenever pos
sible (a process called de-escalation) (Leekha et al., 2011). Clinicians may be 
reluctant to switch medicines when a patient seems to be responding, how
ever. In outpatient medicine, only about 10 percent of patients are correctly 
de-escalated (Leekha et al., 2011). Even in hospitals, where microbiological 
diagnosis is easier, there can be reluctance to de-escalate (Goldstein et al., 
2016). The antimicrobial stewardship programs now common in the United 
States have improved antibiotic de-escalation in hospitals, a topic discussed 
more in Chapter 5, though local norms can vary widely (Liu et al., 2016). 

Rapid diagnostic testing could do much to change broad-spectrum 
empiric treatment, a topic discussed more in Chapter 6. In the absence of 
such tests, empiric antimicrobial therapy is part of the practice of medi
cine. Microbiological analysis of patient specimens is time consuming at 
best. Even in U.S. hospitals, there is at least a 2-day turnaround time for 

BOX 2-1  
Antimicrobials and the Microbiome  

Antimicrobials, either through direct medical use or environmental exposures, 
can alter the human microbiome, the trillions of microorganisms that live in the 
human body, mostly in the gut. The diversity of organisms and composition of the 
microbiome influences the functioning of the immune system and may be related 
to obesity and a range of gastrointestinal diseases. Age and other factors such as 
gastric acidity can influence the composition of the microbiome and may underlie 
the increased risk of Clostridioides difficile infection over age 65. 

A healthy and diverse microbiome can help control the spread of resistant 
pathogens by increasing the competition for nutrients and other resources. Be
cause antimicrobial treatment alters microbial ecology, there is growing interest in 
therapeutic steps to restore the microbiome after an infectious disease, as well as 
therapies that work to combat resistance by moderating host immunity through the 
microbiome. Research in the microbiome has already identified some promising 
phages, viruses that attack bacteria that may be useful in treating drug-resistant 
infections. 

Microbiome treatments may be most useful for people whose conditions make 
frequent exposure to broad-spectrum antimicrobials necessary, such as cancer 
and organ transplant patients. Tools to restore the microbiome in such cases are 
still in early development. The transplanting of microbes from healthy donors, as 
through fecal transplantation, and the use of probiotics and other nutritional tools 
may be able to beneficially alter the microbiome. Other research draws on ani
mal studies, mathematical modelling, and genomic analysis to better understand 
what constitutes a healthy microbiome and how microbiome deficiencies might 
be corrected. 

SOURCES: Benler et al., 2021; Buffie et al., 2015; CDC, 2018a; Shreiner et al., 2015; The 
Nutrition Source, 2021. 
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microbiological identification of most pathogens; susceptibility test results 
even longer (Tabak et al., 2018). Laboratory diagnostics are less available 
in low- and middle-income countries and testing kits more expensive, 
making empiric treatment the only practical option in many cases (Engel 
et al., 2016; Ombelet et al., 2019). An acknowledgement that empiric 
diagnosis is part of the practice of medicine is reflected in the World 
Health Organization (WHO) AWaRe System, which gives guidance on 
the empiric treatment of common infections (WHO, 2019d) (see Box 2-2). 

BOX 2-2  
The WHO AWaRe System  

The WHO Model List of Essential Medicines is a tool used in the selection and 
supply of medicines for primary health care in low- and middle-income countries, 
updated every other year since 1977. The 2017 revision to the list introduced a 
system of categorizing antibiotics based on their potential for resistance to guide 
optimal use in cases when laboratory diagnosis is not possible. By categorizing 
antibiotics into access, watch, and reserve groups (AWaRe) the WHO aimed to 
preserve the effectiveness of powerful, new medicines. 

Access Group: The first-choice treatments for the 25 most common infections; 
these 29 medicines are described as “the core set of antibiotics that should be 
available everywhere.” 

Watch Group: Antibiotics with greater potential for resistance or toxicity; medi
cines on this list are highly valuable in human medicine and should not be used 
in agriculture; their use is routinely monitored to ensure consistency with WHO 
guidelines. 

Reserve Group: These medicines of last resort are only used for serious or 
life-threatening infections when other drugs have failed or cannot be used. This 
category includes the newer antibiotics being held in reserve as part of interna
tional stewardship efforts. 

The AWaRe system also gives useful guidance on the best treatment of 25 
common infections. The information is now available in an interactive database 
that can be used to guide clinical decisions and public health surveillance. This 
database also identifies medicines to avoid at all costs, namely irrational fixed-
dose combinations of broad-spectrum antibiotics for which there is no treatment 
guideline to support their use. 

The AWaRe classification has its limits. As with any broad categorical grouping, 
there is an element of arbitrariness; it is not always clear which category a drug 
should fall into. Furthermore, the decision to use a medicine or hold it in reserve 
is largely influenced by the local burden of disease and local cost and availability 
of medicines. There are doubtless examples of watch group medicines that should 
be first-line treatments in certain settings. The system is, nevertheless, an invalu
able tool for antibiotic stewardship and for tracking access and use in low- and 
middle-income countries. 

SOURCES: Sharland et al., 2018; WHO, 2019d. 
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Not all misuse of antimicrobials is made under such constrained 
circumstances, however. Claims data suggest that roughly 17 percent of 
antibiotic prescriptions in the United States are made in the absence of any 
diagnosis of infection, while another 20 to 30 percent are not associated 
with any clinical visit at all (Fischer et al., 2020). The Centers for Disease 
Control and Prevention (CDC) estimates that, despite improvement in 
antibiotic prescribing practices, more than 30 percent of antibiotics pre
scribed in outpatient medicine are inappropriate (CDC, 2011). More recent 
prospective research has found that more than 20 percent of antibacterials 
prescribed in outpatient medicine are not associated with a bacterial infec
tion (Fischer et al., 2021). 

The common use of antibacterials to treat viral respiratory tract infec
tions accounts for considerable overuse of antimicrobials (CDC, 2011). 
Furthermore, the broad-spectrum agents that encourage resistance are the 
most commonly prescribed antibacterials in primary care (Shapiro et al., 
2014). The same trends are seen in the treatment of children. National data 
indicate that about a third of antimicrobial prescriptions made to children 
in emergency department visits are not indicated (Poole et al., 2019). The 
overuse of broad-spectrum treatment may be especially common in chil
dren under 2 years of age (Alzahrani et al., 2018). 

The clinicians responsible for this misuse are often pressured by their 
patients or, for pediatricians, their patients’ parents (Sirota et al., 2017). 
They may also be acting on a sense of obligation. Faced with a seriously 
sick, feverish patient and uncertainty about the source of the infection, 
a doctor may prescribe an antibiotic even knowing that the infection is 
likely viral, out of a misplaced caution, or from the cumulative effect of 
various social pressures, or an insufficient time to explain the ambiguity 
in their diagnosis (Imanpour et al., 2017; Pichichero, 2002). 

The risk of secondary bacterial infections may drive clinicians to pre
scribe prophylactic antimicrobials in some patients (Manohar et al., 2020). 
Prophylactic antimicrobial treatment in dentistry, for example, often uses 
broad-spectrum antibiotics to control the risk of wound infections after 
an extraction or oral surgery (Singh Gill et al., 2018). However, trial data 
does not support the routine use of prophylactic antimicrobials in routine 
dental implants or extractions in healthy patients (Singh Gill et al., 2018). 
Nevertheless, there is still wide variation in national practice guidelines 
on antimicrobial prophylaxis in dentistry and other clinical practices 
(Bakhsh et al., 2020). 

Confusion over treatment guidelines can drive antimicrobial use in 
medicine as well. Long treatment regimens with antimicrobials were com
mon historically, driven partly by a limited understanding of mechanisms 
of action or biomarkers of cure (Wald-Dickler and Spellberg, 2019; Wilson 
et al., 2019). For example, the optimal duration of antibiotic therapy even 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

     

      

 

 
 
 
 
 
 
 

 
 
 
 

      
          

 
 

 
 
 
 
 

35 THE SCOPE OF THE PROBLEM 

for the common infections, such as community acquired pneumonia, was 
not established for decades. Now, despite multiple national and interna
tional guidelines recommending a maximum of 5 to 8 days of antibacterial 
treatment for most patients, community-acquired pneumonia patients are 
treated on average for 10 days or longer (Fally et al., 2021; Lim et al., 2009; 
Mandell et al., 2007; Tansarli and Mylonakis; Woodhead et al., 2011). Up 
to 40 percent of uncomplicated cases receive antimicrobials for more than 
10 days (Walsh et al., 2018; Welte et al., 2012). Such prolonged treatment 
puts patients at risk for a range of health problems (e.g., allergic reactions, 
diarrhea, organ toxicity and extremely low white blood cell count) and 
even death (Keighley et al., 2019; Murphy et al., 2016; Tamma et al., 2017). 
Evidence also supports shorter course therapy for otitis media, skin and 
soft tissue infections, acute bacterial sinusitis, and uncomplicated urinary 
tract infection (Wilson et al., 2019). Shorter therapies for these and other 
infections have been shown to have similar clinical outcomes and far 
lower risk of adverse events, but many prescribers, especially primary 
care doctors, default to treatment regimens of 10 days or longer (CDC, 
2019b; Lee et al., 2021). 

The Misuse and Overuse of Antimicrobials in Veterinary Medicine 

Many of the same psychological factors and adherence to outdated 
treatment guidelines that influence doctors, dentists, and nurses to over
use antimicrobial medicines apply to veterinarians as well. One important 
difference however, lies in the size of their practice. The steps in treating 
companion animals are largely similar to those for humans: an individual, 
clinical evaluation followed by diagnosis then administering medicine. 
The process for treating food-producing animals, however, can involve 
dosing groups of animals (Aarestrup, 2015). In swine and poultry, this 
treatment would be administered through feed or water, and in young 
calves  through  injection  (Agriculture.com Staff,  2018;  NCC,  2014;  Word  
et al., 2020; Zangaro, 2018). Therefore a single veterinarian may routinely 
treat animals in herds or flocks of hundreds or thousands at a time (Cima, 
2017; USDA, 2019; Widmar, 2017). Partly for this reason, the volume of 
antibiotics used in animal agriculture often exceeds the use in human 
medicine (Woolhouse et al., 2015). In some parts of the world, agricul
tural use exceeds human use by four times in volume (Laxminarayan et 
al., 2013). 

Some antimicrobials are reserved for human use only, such as the 
isoniazid group of antibiotics used to treat tuberculosis (McEwen and 
Collignon, 2018). Others, ionophores for example, are toxic to humans 
and used only in animals (McEwen and Collignon, 2018). Most classes of 
antimicrobial medicines, however, are used in both human and animal 

http://Agriculture.com


 

 
 
 
 

          
 

           
          

  
 
 

  
 

    
  

 
 
 

 
 
 
 
 

 
         

 
 
 
 
 
 
 
 

  
 
 

 
 
 

36 COMBATING AMR AND PROTECTING THE MIRACLE OF MODERN MEDICINE 

medicine, including the treatment of fish, livestock, birds, honeybees, 
and pets (McEwen and Collignon, 2018). The limited pool of medicines 
can be a source of tension, as some people are uncomfortable with animal 
use (more specifically, livestock use) of antimicrobials that are important 
for human health (Aarestrup, 2015; Mellon, 2013). As in human medi
cine, the antimicrobial treatments in animals should be judicious, with 
an emphasis on the shortest effective duration of treatment and lowest 
effective dose through the most effective route of administration (MSU, 
2011). At the same time, care should be taken not to exaggerate the risk 
animal antimicrobial use poses to humans, and to understand the need 
for treatments to control animal diseases that could affect food security 
and human health. 

Determining the minimal effective dose of antimicrobials can be less 
straightforward in animal agriculture, however, as the line between pro
phylactic and therapeutic treatment is not always clear. After one animal 
in a flock or herd has been diagnosed, all or part of that group may be 
treated to control the risk of an outbreak or to treat animals already 
infected but not yet showing signs of illness (Farm Antibiotics, 2017). This 
control treatment is sometimes administered before animals are trans
ported or brought into close or otherwise stressful conditions (MSU, 2011). 
European surveillance data suggest that the mass medication of mostly 
healthy animals, especially pigs and poultry, accounts for 90 percent of 
veterinary antimicrobial consumption (Baptiste and Pokludová, 2020). 
There is relatively little hard evidence on the effects reducing such use 
would have on animal health, welfare, or productivity (Aarestrup, 2015). 

Such estimates do not account for the mass treatment of livestock and 
fish with antimicrobials to enhance growth. The mechanisms through 
which these medicines promote growth is unclear, but the use of subthera
peutic doses of antibiotics in feed and water was common practice by the 
1950s, and highly favorable to selecting for and retaining resistant bacteria 
(Kirchhelle, 2018; Van et al., 2020; Wall et al., 2016; Woolhouse et al., 2015). 

The extent to which antimicrobial growth promoters improve yields 
is unclear. Studies from the 1950s and 1960s suggest increases of 8 to 12 
percent of body weight in poultry, but predate modern good agricultural 
practices, high-efficiency feeds, or selective breeding (Graham et al., 2007). 
More recent research in the United States suggests much lower gains 
(Graham et al., 2007). Antimicrobial growth promoters appear to confer 
a minimal advantage when the biosafety and preventive measures are 
strong, and on a background of optimal genetic potential (Laxminarayan 
et al., 2015; Wall et al., 2016). But in places where baseline water sanita
tion and husbandry measures are lacking, even a marginal offset from 
growth-promoting antibiotics can be a meaningful difference in yields 
(Laxminarayan et al., 2015). Nevertheless, because of the implications 



 

 
 

       

 
 
 
 
 

 
 

    

 
 

   
  

 
 
 

             

             
 
 

         
 
 
 

  

 
 

   
 
 
 
 

   
 
 

37 THE SCOPE OF THE PROBLEM 

for public health, antimicrobial growth promoters have been banned in 
Europe since 2006 and more recently in the United States (Casewell et al., 
2003; Cogliani et al., 2011; FDA, 2017; Sneeringer, 2015). 

Agricultural use of antimicrobials in low- and middle-income coun
tries is difficult to measure, but demand for animal-source foods and for 
antimicrobials used in their production is increasing (Nadimpalli et al., 
2018; Schar et al., 2018). It is not clear that regulatory interventions to curb 
this use would be effective, given relatively unrestricted retail access to 
antimicrobials and limited capacity to enforce regulations (Schar et al., 
2018; Wellcome Trust, 2020). India, for example, has bans on using anti
microbials important for human medicine in livestock, but the majority 
of antimicrobials that the WHO designates as “critically important for 
human health” can be found in poultry feeds in India (Thakur and Panda, 
2017; Wellcome Trust, 2020). 

At the same time, there is good evidence the situation is improv
ing. The World Organisation for Animal Health, known by the histori
cal acronym OIE, monitors antimicrobial use in animals; its most recent 
survey found that only 26 percent of 160 countries still allow the use of 
antimicrobial growth promoters in livestock—the lowest proportion since 
the organization began monitoring (OIE, 2021). Recent reports highlight 
decreasing antimicrobial use, especially in China (Schoenmakers, 2020; 
Tiseo et al., 2020b). By 2030 global antimicrobial sales are expected to rise 
only about 11 percent relative to a 2017 baseline (Tiseo et al., 2020b). 

Aquaculture also accounts for considerable antimicrobial use, espe
cially in the fish-farming countries in Asia (Van Boeckel et al., 2015). A 
recent study of small fish farms in the Mekong Delta found that 84 percent 
of tilapia and 69 percent of catfish farms used antibacterials, usually for 
3 days or longer, often with different drugs tried sequentially after treat
ment failure—a serious risk factor for emergence of resistance (Ström et 
al., 2019). The amount of drugs used and the way they are deployed in 
some countries poses high risk, not just to human health from exposure 
to drug residues, but to aquatic biodiversity (Lulijwa et al., 2019). At the 
same time, these products are important for livelihoods and food security, 
especially in poor rural areas (Rajee and Mun, 2017). The key challenge 
is to support farmers in efficient animal husbandry that makes minimal 
use of antimicrobials. 

The demand for food from animal sources is increasing in low- and 
middle-income countries, driven by population growth and a higher 
standard of living (Baltenweck et al., 2020; FAO, 2018). Even if economic 
growth were to stagnate, demand for meat is projected to increase 77 
percent in Asia and 280 percent in Africa by 2050 (Baltenweck et al., 2020; 
FAO, 2018). To respond to this demand, animal agriculture in low- and 
middle-income countries is shifting from small-scale farming to a more 
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intensive, specialized farming of larger flocks or herds (Hedman et al., 
2020; Lam et al., 2016). By some projections, antimicrobial use in livestock 
may double total antimicrobial consumption in Brazil, China, India, Rus
sia, and South Africa by 2030 (Manyi-Loh et al., 2018; Van Boeckel et al., 
2015). At the same time, a sharp decrease in antimicrobial sales in some 
countries, notably China, means that global antimicrobial use is projected 
to rise only about 11 percent by 2030 (relative to 2017 levels) (Tiseo et al., 
2020a). 

There are numerous examples that good animal husbandry can signif
icantly reduce or eliminate the need for antibiotics. In Norway for exam
ple, salmon production in the 1980s was consuming the same amounts 
of antibiotics by weight as human medicine (Simonsen, 2020). As Figure 
2-2 shows, antimicrobial use in Norwegian salmon farming dropped off 
in the mid-1990s with the development of vaccines against furunculosis 
and vibriosis, common infectious disease of salmonids (WHO, 2015b). 
The vaccine, combined with a labor-saving automated delivery system, 
brought about a sharp reduction in the industry’s reliance on antibiotics 
(NORM/NORM-VET, 2019). Coupled with improvements in husbandry 
practices and biosecurity, including the rotating and scheduled disinfect
ing of holding areas, vaccination has brought the Norwegian salmon 
industry’s use of antimicrobials to negligible levels since 2013 (NORM/ 
NORM-VET, 2019; WHO, 2015b). 

A similar emphasis on prevention, combined with increasingly spe
cialized systems and knowledgeable farmers allowed the Danish pig pro
ducers to reduce antibiotic use by 50 percent between 1992 and 2008, even 
as production increased by 8.7 million weaned pigs a year (Jul et al., 2019; 

FIGURE 2-2 Historic use of antibiotics in Norwegian aquaculture. 
SOURCE: Simonsen, 2020. 



 

 
 

        
 

         
 
 

  
 

 
 
 

 
 

       
 
 
 

 
 
 
 

          

  
 

  

            

    

 

  

 
 
 
 

39 THE SCOPE OF THE PROBLEM 

Levy, 2014). Perdue Farms, a major U.S. poultry producer, has used simi
lar tools (sanitation, vaccination, and re-engineering barns) to stop using 
antibiotics in their branded products between 2002 and 2017, with other 
U.S. chicken producers following suit (Bunge, 2016; Leventini, 2018). 

Replicating these successes depends on wider access to vaccines and 
other preventative products and tools. But despite the demonstrated ben
efits of vaccination, there is still significant shortage of efficacious and 
economically affordable vaccines for animal agriculture, a topic discussed 
more in Chapters 6 and 8 (Hoelzer et al., 2018). Compared to human vac
cines, the market for animal vaccines is smaller both in market size and 
in unit prices, translating to a lower return on investment for companies 
(Meeusen et al., 2007). At the same time, the range of hosts and patho
gens is greater, and the ways they interact are more complicated than for 
human vaccine production (Hoelzer et al., 2018; Meeusen et al., 2007). 
While some tools, such as genetically modified live vaccines, are promis
ing, widely divergent regulatory barriers across markets present another 
barrier to use (Hoelzer et al., 2018). 

Furthermore, raising farm animals without antimicrobials comes at 
a cost. Especially in parts of the world where basic water and sanitation 
infrastructure is lacking, antibiotics are often used as a stopgap. Labor 
costs are also a concern. Vaccines that can be administered without indi
vidually handling each animal in the herd or flock are desirable as the 
labor costs of vaccinating the group are lower. Similarly, treating groups 
of animals via feed or water is less labor intensive than identifying a sick 
animal and treating it individually (Lekagul et al., 2019). Farmers pay out 
of pocket for animal medicines and diagnostics. The cost of culture and 
susceptibility tests is difficult to justify, especially when empiric treatment 
is relatively cheap (Norris et al., 2019). As in human medicine, there is 
considerable unmet need for rapid veterinary diagnostics (Buller et al., 
2020). As long as animal samples have to be sent to a central lab and the 
test results reported back to a veterinarian, the opportunity cost alone will 
get in the way of more judicious use (Buller et al., 2020). 

Resistant Pathogens Overlap Human and Animal Hosts 

The extent to which antimicrobial use in farm animals threatens 
human health is not clear, nor is the direction of this relationship one-
way (Muloi et al., 2018). Animals may acquire resistant infections from 
humans and vice versa; shared water sources may be an important con
duit transmitting microbes between and among species (Iramiot et al., 
2020). In some cases, the direction of transmission may be inferred from 
context. Carbapenems, for example, have never been widely used in 
veterinary medicine, so carbapenem resistance in animals is likely of 
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human origin (Davies and Wales, 2019). Most examples of transmission of 
resistance between species are less clear, however. The majority of studies 
in a 2018 systematic review on the transmission of resistant Escherichia 
coli from animals to humans found overlap in resistant bacteria between 
humans and food animals, but only about 18 percent claimed to identify 
animal-to-human transfer of pathogens, and these studies often based 
their claims on evidence only of co-occurrence of pathogens between spe
cies (Muloi et al., 2018). In short, the complexity of potential transmission 
routes through which resistant bacteria may pass among and between 
species and the lack of detailed environmental monitoring make it dif
ficult to establish the source of resistant bacteria or resistance genes in a 
population (Argudin et al., 2017). 

At the same time, the cross-transmission of resistant pathogens is 
likely whenever humans and animals have close contact. Farmers, veteri
narians, and other people who handle livestock may be at higher risk for 
contracting resistant pathogens from animals, especially when personal 
protective measures (i.e., wearing of masks, gloves, eye protection) are 
limited (Franceschini et al., 2019). There are also points in animal pro
duction, livestock auctions for example, which involve the comingling of 
different animal populations, a higher risk for transmission of resistant 
pathogens within and between herds or flocks (Argudin et al., 2017; Lher
mie et al., 2019a). 

Food is another vehicle through which resistant bacteria may spread 
from animals to humans (Wall et al., 2016; Wright, 2010). Whole genome 
sequencing, discussed at length in Chapter 4, and other trace-back tools 
can help determine the source of antibiotic-resistant infections spread 
through food (CDC, 2019a; Wall et al., 2016; Wee et al., 2020; Wright, 2010). 
Such tools were used in a 2019 CDC investigation of Salmonella enterica 
that was traced from patients in 32 states to infected cattle in Mexico and 
a Texas slaughterhouse (Plumb et al., 2019). Cases like these can raise con
cern about the risks of antimicrobial resistance in livestock. At the same 
time, the risk of transmission of resistant pathogens through food is not 
necessarily higher than from human-to-human transmission. Livestock-
associated methicillin-resistant Staphylococcus aureus (MRSA), for example, 
is associated with lower risk of severe disease than human MRSA subtypes 
(Davies and Wales, 2019). Biosecurity measures in farms can help control 
the spread of resistant bacteria between humans and livestock (Davies and 
Wales, 2019). Efforts to eliminate rodents and other wildlife that act as vec
tors of pathogens may also be helpful (Davies and Wales, 2019). 

The potential contribution of antimicrobial use in animals to the 
development of resistance is of concern largely because of the volume of 
antimicrobials involved, which is in turn a reflection of the number and 
size of livestock animals relative to humans. For this reason, antimicrobial 



 

 
 

      
 
 
 

 
   

          
        

    
 
 
 

 
  

     

          
 
 
 

  

       
 
 
 
 
 
 

       

     
  

  
  

 
     

41 THE SCOPE OF THE PROBLEM 

use in livestock is usually expressed relative to the target animal biomass, 
which accounts for the number of animals and a standard weight at time 
of exposure (Brault et al., 2019). 

But most people, especially in the United States, do not have anything 
close to the level of contact with animals as veterinarians or agricultural 
workers do. In contrast, many people share their homes with pets, for 
which there are no restrictions on the use of medically important antimi
crobials (Morley et al., 2005; Odoi et al., 2021). A recent CDC investiga
tion of an extensively drug-resistant Campylobacter jejuni outbreak, for 
example, found molecular or epidemiological links to pet store puppies 
in 97 percent of cases (Francois Watkins et al., 2021). 

The potential emergence of resistant pathogens in companion animals 
and the transmission of these pathogens to humans is not an area that 
is well studied, however (Joosten et al., 2020). Efforts to better monitor 
antimicrobial use in veterinary medicine, discussed in Chapter 5, will be 
essential to better understand this relationship. Ultimately a shared envi
ronment between humans and animals is central to any understanding of 
antimicrobial resistance. 

The Use of Antimicrobials in Crop Agriculture 

A full analysis of antimicrobial use, especially the environmental risk 
it poses to humans and animals, also considers the use of antimicrobials 
to combat some bacterial and fungal diseases of plants. There is some 
uncertainty regarding such use. Recent research from the WHO and the 
Food and Agriculture Organization of the United Nations (FAO) found 
that only 14 of 154 countries surveyed have a system to monitor antimi
crobial use in crops (FAO and WHO, 2019). 

Antibacterials are a relatively expensive way to control plant diseases, 
so application is limited to high-value fruit and vegetable crops and 
ornamental plants (McManus et al., 2002; Stockwell and Duffy, 2012). In 
the United States, crop agriculture accounts for only about 0.12 percent 
of agricultural use of antibacterials (Stockwell and Duffy, 2012). Experts 
estimate that globally crops account for between 0.26 and 0.50 percent of 
antibacterial use in agriculture (Taylor and Reeder, 2020). 

The most widespread use of antibacterials on U.S. crops is to con
trol fire blight, a disease caused by the gram-negative bacterium Erwinia 
amylovora, in apples and pears (Taylor and Reeder, 2020). Antibacterials 
can also be used on vegetable crops, especially in Latin America, and to 
control rice diseases in Asia (Taylor and Reeder, 2020). More recently, the 
EPA authorized oxytetracycline and streptomycin for use against huang
longbing, a bacterial disease of citrus trees more commonly referred to as 
citrus greening (EPA, 2016, 2018, 2021b). 
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Unlike antibacterials, antifungals are relatively widely used in crop 
agriculture. Fungi are common causes of infections in plants, and fun
gicides have been used in agriculture for more than 150 years (Fisher et 
al., 2018). Antifungals can be important tools for food security. FAO data 
suggest that crop losses from fungal infections alone would be enough 
food for 500 million people (Almeida et al., 2019). 

The azoles are a class of antifungal medicines used on crops and in 
humans and animals (Fisher et al., 2018). Although fungicide-use data 
are not widely available for most countries, azoles account for almost a 
quarter of global fungicide sales (ECDC, 2013). Use of a specific group of 
azoles, the triazoles, has become widespread in the last 30 years, with a 
noticeable increase in the last 15 years (Toda et al., 2021). In the United 
States, triazole application increased by over 400 percent between 2006 
and 2016, driven largely by its use in wheat (Toda et al., 2021). 

Increasing use of triazole contributes to selective pressure on the 
Aspergillus spp., which can cause aspergillosis, a severe and often fatal 
fungal infection in humans (Toda et al., 2021). Triazoles are one of only 
two or three classes of antifungal medicines able to treat aspergillosis 
(Toda et al., 2021). Work by the International Society for Human and 
Animal Mycology and the European Confederation of Medical Mycology 
indicates that triazole-resistant aspergillosis has been increasing since 
2007 and that most clinical isolates showing resistance contain mutations 
associated with environmental exposures (Resendiz Sharpe et al., 2018). 

Azole use has been linked to the emergence of drug resistant Candida 
auris; climate change is also thought be a contributing factor (Arora et 
al., 2021; Casadevall et al., 2019). Climate change may be selecting fungal 
pathogens with ability to survive at higher temperatures and in varied 
hosts (Casadevall et al., 2019). C. auris, for example, can survive in harsh 
conditions, in wet or dry environments, and at varied temperature and 
salinity (Arora et al., 2021). Drug-susceptible strains of C. auris have been 
recovered in ecosystems relatively untouched by humans, but its drug-
resistant strains may have emerged in response to contact with soil and 
plants (Arora et al., 2021). Fungi are also easily spread by high winds and 
flood waters (Nnadi and Carter, 2021). Given the influence of the environ
ment on the emergence of both resistance and infectious disease, some con
sideration for how resistance moves through the environment is important. 

Antimicrobial Resistance in the Environment 

All antimicrobial use, be it in human or veterinary medicine, in ter
restrial animals, aquaculture, or crop agriculture, selects for resistance 
genes. Human and animal waste both contain antimicrobial residues 
and resistance genes, as does the runoff from pharmaceutical factories. 



 

 

          
 
 

 
    

 
 

            
         

 
 

 
     

 
 
 
 

 
 
 

     
      

 
 
 
 

 
        

 
        

 
           

43 THE SCOPE OF THE PROBLEM 

Research from various manufacturing sites has found high concentra
tions of antimicrobials downstream of factory wastewater (Bielen et al., 
2017; Hogerzeil et al., 2020; Kristiansson et al., 2011; Li et al., 2008). Nev
ertheless, the evidence indicating the extent to which resistant organisms 
and resistance genes from environmental sources pass to humans is lean 
(Chatterjee et al., 2018). The movement of resistant bacteria from water or 
soil to humans or other animals, while plausible, is something few stud
ies have investigated with sufficient rigor to allow causal inferences to be 
drawn (Chatterjee et al., 2018). 

To complicate the matter, antimicrobials are not the only chemicals 
in the environment that select for resistance. Metals such as copper are 
used in agriculture as biocides, and can co-select for resistance,1 as can 
disinfectants, surfactants, and chemical solvents (Holmes et al., 2016; 
Singer et al., 2016a). The concentration of resistance genes in the environ
ment is dynamic and influenced by the concentration of the antimicrobial 
they protect against, as well as such factors as temperature and microbial 
ecology. The many pathways through which resistance genes and antimi
crobial residues enter the environment raises concerns about the safety of 
the wider ecosystem (Singer et al., 2016a). 

As Figure 2-3 shows, water is a particularly important potential 
vehicle for spreading antimicrobial residues and resistance genes. The 
substances enter the water from human and animal waste, as well as 
industrial and agricultural runoff (Holmes et al., 2016; Singer et al., 2016a). 
Antimicrobial-polluted water can be used to irrigate crops or water ani
mals; it can also be consumed directly by humans (Wall et al., 2016). 
Research on blaNDM-1, the gene that encodes metallo-beta-lactamase 1 
(NDM-1), an enzyme that conveys resistance to carbapenems and other 
antimicrobials, has been found in surface and tap water samples in New 
Delhi (Lubick, 2011; Walsh et al., 2011). 

Water can bring microbes, residues, and resistance genes into con
tact with varied microbial ecosystems. Research in Chinese estuaries has 
found the concentrations of antimicrobial residues and resistance genes 
in water to be driven by human activity in the area, including veterinary 
and human medical uses and pharmaceutical manufacturing (Zhu et al., 
2017). Other research in the United States has found a correlation between 
human activity, especially animal agriculture, and the concentration of 
resistance genes in rivers (Pruden et al., 2012). 

Hospital wastewater is an even more concentrated source of medicine 
residue and resistant bacteria (Aga et al., 2018). Research from Sweden, 

1 Co-selection can occur when one resistance gene encourages the selection of others, re
gardless of any competitive advantage conferred; it can also be the result of one resistance 
trait offering protection against multiple toxic chemicals (Singer et al., 2016a). 
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FIGURE 2-3 Drivers of antimicrobial resistance in the environment. 
SOURCE: Adapted from Singer et al., 2016a. 

where antimicrobial consumption per capita is low, has shown hospital 
wastewater to have sufficient antibacterial activity to kill all susceptible 
bacteria in a sample, leaving only the drug-resistant organisms (Kraupner 
et al., 2021). In South Africa, Pseudomonas aeruginosa isolates recovered 
from hospital wastewater showed virulence and resistance traits that 
could translate into serious infection in a host (Mapipa et al., 2021). As 
the hospital effluent enters the wastewater treatment, however, antimicro
bial byproducts appear to be diluted and less activity can be measured 
(Kraupner et al., 2021). 

Treated wastewater is typically discharged to surface waters, but it 
can also be reused in agriculture, industry, or for drinking, or to replen
ish groundwater supplies (EPA, 2021a). Resistance genes can remain in 
wastewater after treatment, raising concerns about its use in irrigation 
and the potential to introduce resistance traits into the environment 
(Fahrenfeld et al., 2013). 

Wastewater treatment is also an important point of contact for treat
ing raw sewage. After treatment, the remaining nutrient-rich material, 
called biosolids, can be used as fertilizer. This practice is at least a theo
retical risk for the introduction of human antimicrobial residues to soil 



 

 
 
 
 
 
 

 
 
 
 
 

          

        
      

 
 

        
      

    
 
 
 

  
 

   
            

 
 
 
 
 
 
 
 

    
 

             
 

45 THE SCOPE OF THE PROBLEM 

and crops (Williams-Nguyen et al., 2016). Some research suggests that 
mobile genetic elements associated with resistance persist in the biosolids 
and in the environment after their use (Law et al., 2021). Other studies 
have found that the application of biosolids do not have an effect on the 
concentration of resistance genes in soil or increase phenotypic resistance 
(Rahube et al., 2014; Rutgersson et al., 2020). The even more common 
practice of using animal manures for fertilizer may be higher risk, how
ever. While methods such as composting can decrease the concentration 
of resistance genes by an order of magnitude, methods for processing 
manure vary widely (Checcucci et al., 2020; Szogi et al., 2015). Less can 
be said about trace antimicrobials, which can remain unmetabolized in 
an animals’ gut (Elmund et al., 1971; Halling-Sorensen et al., 1998). These 
compounds are then excreted, some of them retaining their antimicrobial 
activity. Concentrations of antibiotic resistance genes in manures are con
siderably higher than in sewage biosolids (Munir and Xagoraraki, 2011). 
But on the whole, the relationship between resistance genes and drug 
metabolites in manure and risk for antimicrobial resistance in humans or 
animals is not clear, and information about antibiotic half-lives in manure 
is not usually available (Williams-Nguyen et al., 2016). 

Furthermore, even the limited research on environmental reservoirs 
of antimicrobial resistance is mostly from high-income countries. In devel
oping countries, the risk factors for all kinds of water and environmental 
contamination are higher. Wastewater is generally discharged partially 
or wholly untreated into rivers and other water sources (WHO, 2019b). 
Less than a third of the world’s population uses sanitation connected to 
formal wastewater treatment (WHO, 2019b). About a billion people use 
a basic pit latrine; open defecation is common practice for another 673 
million (WHO, 2019b). 

Poor sanitation is itself a cause of infectious disease; it also brings 
resistant bacteria and antimicrobial byproducts into contact with the 
environment, including untreated surface and groundwater. The WHO 
estimates that 2 billion people worldwide drink water contaminated with 
feces, 144 million drink directly from surface water (WHO, 2019a). Only 
about 40 percent of people in low- and middle-income countries have 
trash collection, and even that is not necessarily removed to engineered 
landfills or industrial incinerators (Vikesland et al., 2019). This brings 
people into closer contact with trash, including trash from hospitals and 
clinics containing antimicrobials (Vikesland et al., 2019). For all these rea
sons, soil and water concentrations of antimicrobials appear to be higher 
in low- and middle-income countries (Vikesland et al., 2019; Williams-
Nguyen et al., 2016). At the same time, a higher burden of antimicrobial 
resistance and greater antimicrobial use are common in these parts of the 
world, making it difficult to estimate the relative contribution of the envi
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ronmental reservoir to the overall burden of resistance or even to separate 
cause from effect in this circular problem. 

ANTIMICROBIAL RESISTANCE IS A GLOBAL PROBLEM 

At the root of the problem of antimicrobial resistance are disparities 
among countries, disparities in wealth, living conditions, health systems, 
and access to medicines. As the previous chapter discussed, the parts 
of the world that have the highest burden of drug-resistant infections 
have, not coincidentally, the most serious problems with crowding and 
infection control that allow infectious diseases to spread quickly among 
humans and livestock. In 2018, a modest majority (55 percent) of the 
world’s people lived in cities; by 2030 this share is projected to grow to 
close to 70 percent (UN, 2019). Increasing urbanization puts a strain on 
health systems, partly because of the increasing demand for good quality, 
free primary health care and also through the increasing crowding and 
slum conditions that drive infectious disease (Elsey et al., 2019; Shawar 
and Crane, 2017). 

Partly for these reasons, the WHO included antimicrobial resistance 
on its 2020 list of urgent health challenges for the decade, carrying over 
from its previous year’s list of top global health threats (WHO, 2019c, 
2020d). In introducing the urgent challenges, the WHO Director General 
emphasized how most of them are interlinked (WHO, 2020d). This is 
especially true of antimicrobial resistance, a problem that contributes to 
and is aggravated by other health challenges. The proliferation of sub
standard medicines,2 for example, means that patients can be exposed to 
subtherapeutic doses of antimicrobials, providing the selective pressure 
that encourages resistance (Ayukekbong et al., 2017). Problems with 
the drug supply and procurement of essential medicines can mean that 
many patients use the wrong antimicrobial, the wrong dose, or the wrong 
length of treatment (Loosli et al., 2021). Poor availability of human and 
animal health services create a void where patients turn to less regulated 
providers, introducing considerable confusion into diagnosis and treat
ment, including the diagnosis and treatment of infections (Loosli et al., 
2021). 

Drug-resistant infections are hard to treat and carry an elevated risk 
of serious illness or death (WHO, 2020a). They are more often resis
tant to the inexpensive, off-patent drugs in the WHO Access Group. The 
medicines needed to fight them are newer and more expensive, putting 
a strain on health budgets among payers in high-income countries and 

2 Defined by the WHO (2018c) as “authorized medicines that fail to meet either their qual
ity standards or specifications, or both.” 
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putting them out of reach of many patients in low- and middle-income 
ones (Alvarez-Uria et al., 2016; WHO, 2020a). To complicate the problem, 
microbes are famously difficult to confine. Recent research indicates that 
international travel, including the travel of livestock, wildlife, birds, and 
fish, is an important spreader of antimicrobial resistance (D’Souza et al., 
2021; Frost et al., 2019). 

Increasingly, policy attention to antimicrobial resistance recognizes 
the global nature of the problem (Podolsky, 2018). In 2011, Britain’s Chief 
Medical Officer, Sally Davies, released an influential report comparing 
antimicrobial resistance to climate change both in the size of the threat, 
described as a “ticking time bomb … for the world,” and in its costs, 
which will be considerably higher in the future if mitigating steps are 
delayed (Davies, 2013). The International Monetary Fund (IMF) echoed 
the parallels with climate change in 2014, naming antimicrobial resistance 
one of the four global health threats of the twenty-first century (Jonas et 
al., 2014). The IMF analysis presented it as a problem of the commons, 
growing to our shared, global detriment because “no single patient, phy
sician, hospital, insurer, or pharmaceutical company has an incentive to 
reduce antibiotic use” (Jonas et al., 2014). On the contrary, antimicrobial 
consumption is often in the best interest of the individual user (Lax
minarayan, 2016). Unlike most commons problems, however, the shared 
resource that overuse destroys is not the supply, but the effectiveness of 
these medicines (Laxminarayan, 2016). 

Antimicrobial Resistance and the Changing Global Burden of Disease 

With the effectiveness of antimicrobial medicines at risk, some experts 
caution that mortality from infectious disease could return to levels not 
seen since the nineteenth century (Podolsky, 2018; Shallcross et al., 2015). 
The specifics of this claim are debatable; as the 2014 IMF report observed, 
“antibiotics are not a substitute for good public health policy, vaccina
tions, clean water, and proper sanitation. The infectious disease mortality 
rates in low- and lower-middle-income countries today vastly exceed 
those in high-income countries before antibiotics were introduced in 
1941” (Jonas et al., 2014). Still, the underlying premise that untreatable 
infections would have ramifications across the health system, changing 
the risk calculations underlying routine procedures, is undeniable. 

The irony of the problem is that the same factors that drive the high 
burden of infectious disease, including poor sanitation, lack of primary 
care, and limited access to medicines, in turn encourage the emergence 
of resistant pathogens. The prevalence of multidrug resistant organ
isms, especially E. coli and Klebsiella spp., in gut bacteria that can spread 
partly through contaminated food and water, decreases with rising gross 
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national income (Alvarez-Uria et al., 2016) (see Figure 2-4). The medicines 
that treat these pathogens are expensive and often unavailable in low- and 
middle-income countries, while treating the resistant infection with an 
ineffective antimicrobial provides selective pressure that encourages the 
spread of resistant pathogens (Alvarez-Uria et al., 2016). 

FIGURE 2-4 Prevalence of third-generation cephalosporin-resistant (3GCR) E. 

coli3 (A) and Klebsiella spp. (B) against gross national income per capita; predicted
 
values with 95% confidence intervals.
 
SOURCE: Alvarez-Uria et al., 2016.
 



 

 

 
 

 
 
 
 
 
 
 
 

    
 
 

      
 

  
 
 

             
            

         

 

 
       

 
 
 
 
 
 

 
   

 
 

49 THE SCOPE OF THE PROBLEM 

An epidemiological transition in low- and middle-income countries 
has increased their relative burden of noncommunicable diseases, espe
cially cardiovascular disease, cancer, respiratory diseases, and diabetes 
(Ritchie and Roser, 2018; WHO, 2018b). The increasing global burden 
of chronic diseases could, ironically, lead to greater demand for effec
tive anti-infective medicines. Conditions such as cancer and diabetes 
weaken the immune system, increasing susceptibility to infection. Some 
surgery and cancer treatments require prophylactic antibacterials, which 
carry their own risks and trade-offs relating to development of resistance 
(Liss and Cornely, 2016; WHO, 2018a). The consequences of resistance 
for cancer and surgical treatments are also serious. By recent estimates 39 
to 51 percent of surgical site infections in the United States are resistant 
to standard prophylactic antibiotics, as are about a quarter of infections 
after cancer chemotherapy (Teillant et al., 2015). Further reductions in the 
efficacy of prophylactic antibiotics, even a relatively modest decrease of 
10 percent, could cause an additional 2,100 deaths a year in the United 
States alone (Teillant et al., 2015). 

Such figures are especially troubling in light of recent attention to 
the unmet global need for surgery. Around 60 percent of the world’s 
surgeries happen in high-income countries, home to less than 20 percent 
of population, while the third of the world living in the poorest countries 
account for only 6 percent of surgeries (Weiser et al., 2016). This disparity 
has tangible consequences. By 2015 estimates, almost a third of the global 
burden of disease has a surgical component, including the almost two-
thirds of cancer patients who will need surgery and the roughly 15 per
cent of pregnant women who will need surgery to deliver safely (Meara 
et al., 2015; Shrime et al., 2015). The Lancet Commission on Global Surgery 
concluded that an additional 143 million surgeries a year are needed in 
low- and middle-income countries (Meara et al., 2015). 

A worldwide increase in surgery will carry an increased risk of surgi
cal site infections, a common form of hospital-acquired infection. Infec
tions at the surgical incision already contribute to 4 million postopera
tive deaths a year (Allegranzi et al., 2011; Nepogodiev et al., 2019). In 
the United States, 2 to 4 percent of surgical patients may develop these 
infections (PSNet, 2019). Less can be said about the roughly 122 million 
surgeries that happen annually in low- and middle-income countries, 
though evidence indicates rates of surgical site infections to be much 
higher, affecting roughly 17 percent of surgical patients (Bhangu et al., 
2018; Rickard et al., 2020; Stanley, 2020). The limited culture data avail
able indicate that postoperative infections in low- and middle-income 
countries are also more likely to be drug resistant. Analysis of data from 
66 countries found over 35 percent of surgical site infections in the least 
developed countries to be drug resistant (Allegranzi et al., 2011). Studies 
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from teaching hospitals in Ghana and Egypt have found the majority of 
surgical site infections to be resistant to multiple drugs (Bediako-Bowan 
et al., 2020; Elsayed Sabal et al., 2017). 

Chronic disease patients also have more contact with the health sys
tem and more hospital stays. Resistant pathogens are common in hos
pitals and can spread easily, surviving in sink drains and on surfaces, 
occasionally spreading through the hospital staff or contact with medical 
equipment (CDC, 2019c). In the United States, non-susceptible patho
gens, meaning those pathogens either resistant or not entirely susceptible 
to treatment, are most commonly acquired from contact with catheters, 
central lines, and ventilators (Weiner-Lastinger et al., 2020). The CDC 
data on infections acquired in hospitals from devices indicate that almost 
half of Staphylococcus aureus are not susceptible to methicillin and over 80 
percent of Enterococcus faecium are not susceptible to vancomycin (Weiner-
Lastinger et al., 2020). Resistant pathogens are at least three times higher 
in hospitals in low- and middle-income countries than in United States, 
and infections associated with hospital devices are up to 13 times higher 
(Allegranzi et al., 2011; WHO, 2015a). 

The Risk Resistant Pathogens Pose to Children 

Increasing resistance has consequences for everyone, described in 
more detail in Chapter 3. Resistant pathogens pose some of their most 
serious threats to children. The combination of immature immune systems 
and frequent, repeated exposure to viruses and bacteria makes children 
more vulnerable to infections (WHO, 2020c). Despite marked declines 
over the past 30 years, infectious diseases are still among the leading 
causes of death for children under 5 worldwide, including over 800,000 
deaths from pneumonia and over 500,000 from diarrhea (Dadonaite, 2019; 
WHO, 2020b). Sepsis, a life-threatening and dysregulated response to 
infection, is especially dangerous to children as their symptoms may be 
hard to recognize and their deterioration rapid (Plunkett and Tong, 2015; 
Singer et al., 2016b). Children under age 5 account for almost half of the 
world’s roughly 49 million sepsis cases a year and about a quarter of all 
sepsis deaths (Rudd et al., 2020). 

Neonatal infections are often caused by drug-resistant pathogens 
(Folgori et al., 2017; Laxminarayan et al., 2016). Roughly 214,000 neo
nates die from resistant, septic infections every year (Laxminarayan et 
al., 2016) (see Figure 2-5). Of particular concern for newborns are the 
gram-negative infections that are difficult to treat for reasons described in 
Box 2-3 (Folgori et al., 2017). Enterobacterales, the order of gram-negative 
bacteria that includes pathogens such as Escherichia coli and Klebsiella spp., 
are adept at sharing genes and developing resistance, and are a major 
threat to neonates (CDC, 2019d; Folgori et al., 2017; Partridge, 2015). 



Figure 2-5
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FIGURE 2-5 Estimated neonatal sepsis deaths caused by bacteria resistant to 
first-line antibiotics in five high-burden countries; estimates with maximum and 
minimum values from Latin Hypercube Sampling. 
SOURCE: Reprinted from The Lancet, Vol. 387, Laxminarayan, R., P. Matsoso, S. 
Pant, C. Brower, J. A. Rottingen, K. Klugman, and S. Davies. Access to effective 
antimicrobials: a worldwide challenge, 168-175, Copyright (2016), with permission 
from Elsevier. 

Enterobacterales-producing extended-spectrum beta-lactamase (ESBL), an 
enzyme that conveys resistance to the beta-lactam family of antibiotics, 
are increasingly common in neonates, both in hospitals and in the com
munity (Folgori et al., 2017; Stapleton et al., 2016). Studies in Asia, South 
America, and the Middle East have found ESBL-producing bacteria in 
a majority of neonatal sepsis patients (Folgori et al., 2017). More recent 
research in seven low- and middle-income countries indicates ampicillin
gentamicin is no longer an effective treatment for neonatal sepsis because 
of high rates of resistance (Thomson et al., 2021).3 

Prompt treatment with effective antimicrobials could avert hundreds 
of thousands of child deaths every year. Pneumonia deaths alone could 
be reduced 75 percent, meaning over 400,000 deaths averted among chil
dren under 5 every year (Laxminarayan et al., 2016). Yet access to these 
medicines is uneven. Survey data from health posts, hospitals, and dis
pensaries in 20 low- and middle-income countries indicate even Access 
Group antibiotics are available less than half the time, most of that driven 
by fairly reliable stocks of only three drugs: co-trimoxazole, amoxicillin, 
and metronidazole (Knowles et al., 2020) (see Figure 2-6). 

3 Bangladesh, Ethiopia, India, Nigeria, Pakistan, Rwanda, and South Africa. 
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BOX 2-3  
The Challenge of Treating Gram-Negative Bacteria  

The description of bacteria as gram negative or gram positive refers to the re
sults of a laboratory staining test called the Gram stain. Differences in the structure 
of the bacterial cell wall cause bacteria either to retain a crystal violet dye (gram 
positive) or be decolorized and retain a pink color upon treatment with a counter-
stain (gram negative). Although not all bacteria fall clearly into one of these two 
groups, Gram stain is traditionally the first step in identifying a bacterial pathogen. 
Four of the six most problematic, multidrug-resistant pathogens found in hospitals 
(Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and 
Enterobacter spp.) are gram-negative bacteria. 

As the figure shows, gram-negative bacteria have less permeable cell walls 
than gram-positive ones. Gram-negative bacteria have an envelope made up of 
three layers: a phospholipid outer membrane, a rigid, peptidoglycan cell wall, and 
an inner phospholipid membrane. The outer membrane of gram-negative bacteria 
provides crucial protection and acts as a selective barrier that can restrict ac
cess of certain antibiotics into the cell, providing intrinsic resistance to antibiotics 
that target processes within the cell. Gram-negative bacteria can also produce 
enzymes that can degrade the antibiotic or modify its shape to inactivate it (e.g., 
beta-lactamases inactivate the beta-lactam antibiotics). 

The cell envelopes of gram-negative bacteria also contain efflux pumps, struc
tures that remove toxins, including antibiotics, from the bacteria. By removing 
antibacterial agents from the cell, drug efflux raises the concentrations of these 
agents in their vicinity, thereby reducing the growth of commensal bacteria, and 
triggering a shift in the composition of the bacterial community, with more resistant 
bacteria dominating in only a few generations. 

GRAM-POSITIVE GRAM-NEGATIVE 

porin 

cell membrane 

outer membrane 

peptidoglycan 

lipoteicholic acid 

lipopolysaccharide 

SOURCE: Mahadevia, 2017. 

SOURCES: Breijyeh et al., 2020; Bush and Bradford, 2020; Delcour, 2009; Ramirez et al., 
2014; Soto, 2013; Wen et al., 2018. 
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FIGURE 2-6 Antibiotic availability at health facilities; survey data from 20 low-

and middle-income countries, 2014–2017.
 
SOURCE: Knowles et al., 2020.
 

ANTIMICROBIAL RESISTANCE IS A
 
COMPLEX ADAPTIVE PROBLEM
 

Antimicrobial resistance is complex. It is a health and, less obvi
ously, an environmental problem. It affects everyone, both today and in 
the future in a “shared, interdependent vulnerability … that will have 
a substantial impact on all aspects of our lives” (Littman et al., 2020). A 
global health response will be central to any mitigation strategy, but it is 
difficult to find transferable strategies from other global health problems, 
as antimicrobial resistance is not the result of any one pathogen or casual 
process, but a complex web of related problems, sometimes related only 
loosely (Hoffman et al., 2020). The dynamic relationships among differ
ent nodes on this web mean that action in one setting can reverberate in 
another in ways that are not direct or linear. This feature of the problem is 
sometimes described as an adaptive challenge (Hinchliffe et al., 2018; Pham, 
2017). Because of the adaptive challenge, it is difficult to predict how 
resistance will emerge, despite wide agreement that global changes will 
influence both antimicrobial use and resistance (Lambraki et al., 2021). 
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The inappropriate or irrational use of antimicrobials in human medi
cine is often the first feature of this complex adaptive problem to attract 
policy attention. Antimicrobial use in farming, especially animal agricul
ture and aquaculture, is another common point of discussion, though the 
ramifications for the price of food and livelihoods of farmers are less well 
studied (FAO, 2017; Hinchliffe et al., 2018). But there is relatively little 
known about the economic and ecological impact of antimicrobials that 
leach into the environment through water and soil contamination. Box 2-4 
gives an example of how disruptions to the microbiome in a species of 
ecological importance may have serious downstream ramifications, even 
among species not generally referenced in discussions of antimicrobial 
resistance. 

BOX 2-4  
The Ecosystem Value of the Oyster Microbiome  

Ecosystem services is a way of describing the benefits, both direct and indirect, 
humans draw from their interactions with the ecosystem. These services can be 
tangible (e.g., wood, food) or intangible (e.g., recreation, spiritual experiences). 
They can be basic, underlying processes that sustain systems such as nutrient 
cycling and photosynthesis, or the benefits humans accrue from the processes that 
make the environment clean, sustainable, and resilient. The ability of oysters to 
remove nitrogen from coastal waters is an example of the last type of ecosystem 
service. 

Shellfish, especially oysters, are a keystone or foundational species in coastal 
ecosystems, meaning that they influence the environment in ways that allow other 
species in the ecosystem to survive. With the exception of their harvest for food, 
most of the services oysters provide do not have an obvious dollar value. Attempts 
to quantify the value of the ecosystem services oysters provide have to consider 
a range of factors, including their filtering sediment and plankton, allowing light 
to penetrate further into the water, aiding the growth of aquatic plants, and the 
influence of oysters and their reefs in protecting other fish species. Such analyses 
have put the value of ecosystems services oysters provides between $55,000 and 
$99,000 per hectare per year. 

One of the valuable ecosystem services oysters provide is denitrification, the 
process of converting dangerous waste into a harmless gas. Denitrification by 
oysters is bacterially mediated, meaning that the microbiome in oysters’ gut and 
shell drive the process. Antimicrobial residuals and other pollutants in wastewater 
and agricultural runoff disrupt these microbiomes. A decrease in colonization with 
beneficial bacteria and a rise in the concentrations of pathogenic bacteria pose a 
threat not just to oysters, but to the entire ecosystem they support and the humans 
who consume them. No economic analysis to date has looked at these distal, but 
potentially devastating, consequences. 

SOURCES: Arfken et al., 2017; Britt et al., 2020; Grabowski et al., 2012; NWF, 2021; Schug 
et al., 2009. 



 

 
 

     
 
 
 
 

 
 
 
 

       

            

 
 
 
 

   

 
 
 

  
  

 
  

  
 

  
 

  
         

      

 
 

 
 

55 THE SCOPE OF THE PROBLEM 

As the concentration of antimicrobials in water and soil increases, so 
does the likelihood of encountering resistant microbes. Horizontal gene 
transmission, working against a background of increasing selection pres
sure and microbial diversity, increases the chances of a microbe acquiring 
resistance (Knapp et al., 2010). In this regard, susceptibility of pathogens 
to antimicrobial medicines, most of them descendants of soil bacteria, is a 
natural resource. The erosion of this resource is to some degree inevitable, 
but its rate is not. The challenge remains to preserve susceptible micro
bial communities that benefit the ecosystem (Jørgensen et al., 2018). The 
introduction of new medical products, both to avoid unnecessary use and 
replace ineffective medicines, will be central to any response strategy. So 
will a better understanding of the interrelatedness of resistance in human, 
animal, and environmental reservoirs (Jørgensen et al., 2018). 

An emphasis on new medicines and a multisectoral response to anti
microbial resistance was a feature of the O’Neill report, a 2-year expert 
review of rising antimicrobial drug resistance and policy recommenda
tions to mitigate it (Review on Review on AMR). The final report, pub
lished in 2016, set out seven steps to reduce demand for antimicrobials, 
thereby prolonging the useful life of the medicines available today, and 
two further steps to increase the supply of new antimicrobials (Review 
on Review on AMR). 

The O’Neill report encouraged global interest in the problem of anti
microbial resistance (Collier and O’Neill, 2018; SfAM, 2018). Its call for 
the attention of the United Nations (UN) and the G7 and G20 forums 
resulted in antimicrobial product development partnerships such as the 
Global Antibiotic Research and Development Partnerships and CARB-X 
(officially, the Combating Antibiotic Resistance Biopharmaceutical Accel
erator), discussed in Chapter 6, and the UN High-Level Meeting on Anti
microbial Resistance (Evans, 2017; UN, 2016a). At this meeting the UN 
General Assembly called for wide support for national action plans for 
antimicrobial resistance and for coordinated action at the global, regional, 
and national levels (UN, 2016b). At the same time, progress against most 
of the O’Neill commission’s recommendations has been partial at best 
(Collier and O’Neill, 2018). As with other complex adaptive problems, 
change can be slow and progress difficult to measure. 

ONE HEALTH IS A COMPLEX ADAPTIVE RESPONSE 

Response to the global health problem of antimicrobial resistance 
needs to consider the relationships among human, animal, and plant 
health, and the role of the environment as a source and conduit of resis
tance. This mutual dependence is central to the One Health approach, a 
way of working on health problems at the interface of human, animal, 
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and environmental health (CDC, 2018b). The One Health movement has 
its roots in recognition of the intermeshed vulnerabilities of animals and 
humans (McEwen and Collignon, 2018). One Health adds attention to the 
environment, acknowledging the equal importance of the environmental 
health and natural resources to human and animal health problems (Mc-
Ewen and Collignon, 2018). 

The environmental component of antimicrobial resistance includes not 
only the watershed and soil management of drug residues and resistance 
genes, but the likelihood that climate change will aggravate the problem. 
Historical data strongly suggest a relationship between an increasing bur
den of antibiotic resistance and an increasing average temperature (Mac-
Fadden et al., 2018). The mechanism driving this relationship is not clear, 
but may be related to increasing horizontal gene transfer (including trans
fer of resistance genes) at higher temperatures (Burnham, 2021). Higher 
temperatures are also a key predictor of bacterial growth rates and are 
therefore thought to drive an increased bacterial carriage in both humans 
and animals (Burnham, 2021). Research on resistant isolates collected in 
Europe over 16 years found ambient temperature to be the most impor
tant contributor to the emergence of resistance (McGough et al., 2020). 
Average minimum temperature and population density are associated 
with an increasing percentage of resistance among common pathogens 
(MacFadden et al., 2018). While rising temperature and water levels have 
a role in encouraging resistance, it is also likely that more complicated 
social factors related to climate change are driving antimicrobial pollution 
in the environment. As the climate warms, for example, the atmosphere 
retains more water, causing more severe storms and flooding. Floods in 
turn, displace people, increasing crowding and infections, and bring more 
humans and livestock into contact with contaminated sewage (Burnham, 
2021). Ripple effects of climate change will aggravate the crowding and 
sanitation problems that cause diseases such as tuberculosis, cholera, and 
dengue (McMichael et al., 2003; Murray et al., 2020). Increasing tempera
tures and rainfall will influence the survival, breeding, and biting rates of 
mosquitoes and other arthropod vectors of disease (Franklinos et al., 2019; 
McMichael et al., 2003). All of these changes will cause a great demand 
for effective antimicrobial medicines, medicines that are themselves in 
jeopardy, partly for the same root reasons. 

Antimicrobial resistance is a textbook One Health problem (Macken
zie and Jeggo, 2019; Robinson et al., 2016). Because of the rapid spread 
of microbes internationally it has also been described as a “One World” 
problem (Mackenzie and Jeggo, 2019; Robinson et al., 2016). It is a prior
ity item in the World Bank’s One Health Operational Framework (Berthe 
et al., 2018). Most national and international strategy documents for 
action against antimicrobial resistance, including the U.S. government’s 
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national strategy and action plans for combating antibiotic-resistant bac
teria, emphasize the importance of an integrated, cross-sector, One Health 
response (CARB, 2020; PCAST, 2015; White and Hughes, 2019). 

Nevertheless, the capacity to put One Health principles into practice 
tends to lag the realization of their importance (Mackenzie and Jeggo, 
2019; Queenan et al., 2017; Sinclair, 2019). It can be difficult to bring 
experts from different agencies or disciplines together, especially when 
there are competing needs and trade-offs to be made among the different 
sectors (Lhermie et al., 2019b; Robinson et al., 2016). At the same time, 
without the joint ownership and shared intellectual effort that One Health 
affords, some perspectives will be pushed to the margin (Waltner-Toews, 
2017). A One Health response may be complicated, but is an unavoidable 
reflection of the complexity of the problem. 

One Health gives a style of analysis well suited to complex and adap
tive systems. The nature of the collaboration recognizes the interrelation
ships between humans, animals, and the environment (The Evidence Cen
tre, 2010). Though sometimes cumbersome, such collaboration can help 
ensure communication among all stakeholders (Waltner-Toews, 2017). 
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The Health and Economic Burden of Resistance
 

As the previous chapter mentioned, antimicrobial-resistant infections 
are difficult to treat and contribute to a general increase in morbidity and 
mortality, while simultaneously adding high costs to the health system. 
But estimating disease burden associated with antimicrobial resistance is 
not straightforward. Analysis of death certificates and international diag
nosis codes, common in epidemiological studies of disease burden, are not 
suitable to studies of antimicrobial-resistant infections (CDC, 2019; Deni-
son and AV, 2010; Lopez et al., 2006). This is because the effects of resis
tant pathogens can manifest in many different ways. Methicillin-resistant 
Staphylococcus aureus (MRSA), for example, commonly causes skin, wound, 
and bone infections, pneumonia, and bloodstream infections (CDC, 2019). 
Though caused by the same pathogen, any one of these presentations 
would be diagnosed and coded differently. Should the patient die, the 
cause of death might be recorded as sepsis or pneumonia, but not MRSA. 
For these reasons, population estimates of the consequences of resistant 
infection have underestimated the true burden of disease (CDC, 2019). 

There is also wide variability in where studies are conducted. Most 
research takes place in high-income countries where microbiological con
firmation of a resistant infection is more readily available. Fewer studies 
have attempted to estimate the health or economic burden of resistance 
in low- or middle-income countries. Gradual improvements in surveil
lance of both antimicrobial use and resistance patterns, a topic discussed 
in more detail in the next chapter, could facilitate better understanding of 
the true burden of resistant infections in the future. 
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This chapter will review a cross section of relevant literature, mostly 
from the last several years. First, it discusses a series of recent landmark 
publications on the topic; next, it discusses some of the challenges of 
estimating the effects of resistance on health, the economy, and on ani
mal agriculture. Though primarily a literature review, this chapter is not 
an exhaustive analysis of every publication on the question; rather, it 
presents an overview of trends in the literature and important patterns 
to emerge. 

REVIEW OF RECENT REPORTS 

Attention to the problem of antimicrobial resistance has grown 
in recent years, driven in part by a series of high-profile international 
reports. This section reviews the touchstone reports from the Centers for 
Disease Control and Prevention (CDC), the Organisation for Economic 
Co-operation and Development (OECD), the UK Prime Minister’s com
mission to Jim O’Neill, called the O’Neill report, and the World Bank. 

Antibiotic Resistance Threats in the United States, 2019 

The CDC’s Antibiotic Resistance Threats in the United States, 2013, was one 
of the earliest of the recent reports to attempt to quantify the health burden 
of resistance and to categorize pathogens by the level of threat they pose to 
public health (CDC, 2013). The CDC revisited this report in 2019, and the 
more recent publication contains estimates of the burden of resistant patho
gens based on laboratory and population surveillance data, complemented 
with research from electronic medical records, and is weighted to allow for 
some extrapolation to the national level (CDC, 2019; Kadri, 2020).1 

This analysis indicated there are 2.8 million resistant infections every 
year in the United States, causing 35,900 deaths; Clostridioides difficile (C. 

1 The CDC report’s technical appendix thoroughly explains the methods used to estimate 
the burden of the 21 resistant pathogens included (CDC, 2019). The CDC’s Active Bacterial 
Core surveillance through the Emerging Infections Program was the starting point for many 
of the estimates presented, including those for group A and B Streptococcus, and Streptococ
cus pneumonia; a combination of active laboratory and population surveillance in study 
sites across the country informed estimates for several pathogens including Acinetobacter 
baumanii, Clostriodioides difficile, MRSA, and certain Candida spp. (CDC, 2019). Cohort stud
ies using patient data from three nationally used electronic health record systems collected 
over 5 years were pooled and weighted to inform estimates of MRSA and another six patho
gens (CDC, 2019). The National Antimicrobial Resistance Monitoring System data on the 
number of infections and the prevalence of resistance was used to estimate the prevalence 
of resistance among isolates of several species (CDC, 2019). The published, peer-reviewed 
methods papers describing how CDC researchers arrived at disease burden estimates for 
each pathogen are included in the report’s references. 
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difficile) infection, a problem caused by antimicrobial disruption of the 
gut flora, kills another 12,800 people a year (CDC, 2019). Despite sud
den increases in certain infections, multidrug-resistant Candida auris, for 
example, was not spreading in the United States until 2015, total deaths 
from resistant infections declined 18 percent between 2013 and 2019 and 
deaths in hospitals have declined 28 percent (CDC, 2019). Table 3-1 shows 
the percentage change for those pathogens for which a longitudinal com
parison was possible. 

The report also explained that the economic costs of resistance can be 
difficult to estimate with any credibility. Resistant infections undoubtedly 
cost the health system more in terms of person hours needed to treat them 
and extended hospital stays. The medicines needed to treat them can be 
expensive and less well tolerated (CDC, 2019). Nevertheless, there is no 
consensus methodology to estimate the economic burden of resistant 
infections. 

To put some economic parameters on the problem, the CDC used 
retrospective cost analysis of patients with six common resistant infec
tions in the Veterans Health Administration medical centers, adjusted for 
the general population by the Veterans Affairs (VA) Health Economics 
Resource Center (Nelson et al., 2021). The analysis for C. difficile drew 
from peer-reviewed literature, and for some pathogens, no reliable cost 
estimate was available. Table 3-2 shows only the direct medical costs asso
ciated with a positive culture for the pathogens of interest, not the down
stream costs associated with future disability or the cost to the patient of 
missed work or even the cost to the health system after discharge. (The 

TABLE 3-1 
Change in Infections Caused by Some CDC Priority Pathogens Between 2013 and 2019 

Pathogen 
Increase or 
Decrease 

% Change 
2013 to 2019 

Vancomycin-resistant Enterococcus Decrease 41% 

Multidrug-resistant Pseudomonas aeruginosa  Decrease 29% 

Carbapenem-resistant Acinetobacter Decrease 33% 

Drug-resistant Candida auris Decrease 25% 

Carbapenem-resistant Enterobacterales Stable — 

Drug-resistant Neisseria gonorrhoeae Increase 124% 

ESBL-producing Enterobacterales Increase 50% 

Methicillin-resistant Staphylococcus aureus Decrease 21% 

Erythromycin-resistant invasive group A strep Increase 315% 

NOTE: ESBL = extended-spectrum beta-lactamases. 
SOURCE: CDC, 2019. 
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TABLE 3-2 
Costs Attributable to Antimicrobial-Resistant Pathogens in the United States, in 
Constant 2017 Dollars 

Pathogen 

Estimated 
Attributable 
Health Care 
Costs 

Annual 
Direct 
Medical Costs 

Annual 
Discounted 
Lifetime Direct 
Medical Costs 

Carbapenem-resistant Acinetobacter $281 million — — 

Hospital-associated Clostridioides 
difficile  

$1 billion — — 

Carbapenem-resistant Enterobacterales $130 million — — 

Drug-resistant Neisseria gonorrhoeae — — $133.4 million 

Drug-resistant Campylobacter — $270 million — 

Drug-resistant Candida    — $3 billion — 

ESBL-producing Enterobacterales  $1.2 billion — — 

Vancomycin-resistant Enterococcus   $539 million — — 

Multidrug-resistant Pseudomonas 
aeruginosa   

$767 million — — 

Drug-resistant nontyphoidal Salmonella    — $400 million — 

Drug-resistant Shigella — $93 million — 

Methicillin-resistant Staphylococcus 
aureus  

$1.7 billion — — 

Drug-resistant Streptococcus 
pneumoniae    

— $1.3 billion — 

NOTE: ESBL = extended-spectrum beta-lactamases. 
SOURCE: CDC, 2019. 

long-term asymptomatic nature of resistant gonorrhea infection made it 
necessary to present a lifetime estimate of costs.) The direct costs of treat
ing six, common multidrug-resistant pathogens was $4.6 billion a year, 
C. difficile another billion, and drug-resistant gonorrhea another $133.4 
million (CDC, 2019; Nelson et al., 2021). 

OECD Development Work on Antimicrobial Resistance 

The OECD, an intergovernmental economic organization, has also 
published several influential reports on antimicrobial resistance since 
2015, often in collaboration with the European Centre for Disease Preven
tion and Control (ECDC). 

The first of these publications, Antimicrobial Resistance in G7 Countries 
and Beyond, was released shortly after the O’Neill report and drew atten
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tion to the fact that only a quarter of the world’s countries had a national 
antimicrobial resistance plan (Cecchini et al., 2015). The OECD’s 2016 
publication drew on data from the ECDC’s Surveillance of Antimicrobial 
Consumption Network and the Center for Disease Dynamics, Economics, 
and Policy’s national and subnational resistance data to analyze trends 
in the emergence of resistance between 2005 and 2014 (OECD, 2016). 
Using an aggregate measure of resistance based on six, high-priority 
pathogen–drug combinations, the report concluded that the prevalence 
of antimicrobial resistance had increased in 23 of 26 OECD countries (see 
Figure 3-1), though human use of antimicrobials remained largely stable 
(OECD, 2016). 

%0 5 10 15 20 25 30 35 40 45 
Greece* 
Turkey∞ 

Italy 
Slovak Republic* 

Portugal* 
Poland 

United States 
Spain 

Hungary 
Czech Republic 

Latvia 
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Slovenia 
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Ireland 

New Zealand 
Belgium 

Canada∞ 
Germany 

Australia*∞ 
United Kingdom 

Austria 
Estonia 

Switzerland 
Sweden 

Denmark 
Netherlands 

Norway 
Finland 

Iceland* 

Resistance % 2014 

Resistance % 2005 

FIGURE 3-1 Trends in antimicrobial resistance across OECD countries, 2005 to 
2014. 
NOTE: * Greece missing S. pneumoniae (resistant to penicillin) 2005 and 2014, 
Slovakia and Belgium missing K. pneumoniae (resistant to third-generation cepha
losporins and carbapenem) 2005, Portugal missing K. pneumoniae (resistant to 
carbapenem) 2005, New Zealand missing MRSA 2014, Australia missing S. pneu
moniae (resistant to penicillin) 2014, Iceland missing K. pneumoniae (resistant to 
carbapenem) 2014; ∞ Includes resistant and intermediate data. 
SOURCE: OECD, 2016. 
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The OECD Health Committee, in collaboration with the European 
Centre for Disease Prevention and Control, has also given considerable 
attention to estimating the future health and economic burden of antimi
crobial-resistant infections (OECD, 2018). Their analysis was undertaken 
at the direction of the European Commission and published in Stemming 
the Superbug Tide. The researchers drew on data from the ECDC Euro
pean Antimicrobial Resistance Surveillance Network and the laboratory 
networks that inform the Center for Disease Dynamics, Economics, and 
Policy’s Resistance Map (OECD, 2018). Their estimates of resistance in 
pathogen–drug combinations accounted for uncertainty using multiple 
imputation of missing historical values and estimating correlates of resis
tance from UN population data and weighted modeling, described in 
detail in the report (OECD, 2018). The analysis indicated that around 
17 percent of bacterial infections in OECD countries overall are resistant 
to antibacterial medicines, but this prevalence is more than a third in 
some OECD countries such as Greece, the Republic of Korea, and Turkey 
(OECD, 2018). Resistance proportions are much higher outside the OECD, 
over 40 percent in some G20 countries, including China, India, and Russia 
(OECD, 2018). 

The large variation among countries in burden of resistant infections 
influences projections of mortality. OECD models indicate that there are 
about 60,000 deaths from resistant infections every year in the United 
States and Europe (OECD, 2018). By 2050, the OECD model suggests 
resistant infections will have caused 2.4 million deaths in the same coun
tries (plus Canada, Mexico, and Australia), roughly 30,000 deaths a year 
in the United States alone (OECD, 2018) (see Figure 3-2). The effects 
of resistance on quality of life are even stronger. The OECD models of 
disability-adjusted life years (DALYs), an indicator that accounts for both 
untimely deaths and time spent in relatively compromised health, sug
gest 1.75 million years of healthy life are lost every year across 33 study 
countries (see Figure 3-3). In Italy alone, up to one person out of every 205 
could lose a year of life because of infections caused by resistant organ
isms (OECD, 2018). 

The OECD’s estimates of mortality and morbidity are the output of 
published models, the assumptions of which are clearly explained. There 
are only so many parameters modeling can accommodate, however. All 
the models presented in Stemming the Superbug Tide were based on resis
tance in eight common pathogen–drug combinations.2 Other resistance 

2 Third-generation cephalosporin-resistant E. coli; fluoroquinolones-resistant E. coli; 
penicillin-resistant S. pneumonia; Methicillin-resistant S. aureus; carbapenem-resistant K. 
pneumonia; third-generation cephalosporin-resistant K. pneumonia; carbapenem-resistant P. 
aeruginosa; vancomycin-resistant E. faecalis and E. faecium. 
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patterns will emerge between now and 2050; there are other pathogen– 
drug combinations that cause serious excess illness and death even today. 
Accepting the methodological limitations of modeling, the work shows a 
clear and consistent increasing threat to human health from antimicrobial 
resistance. 

OECD research has also made valuable contributions to under
standing the economic consequences of resistant infections. Based on 
their calculations of morbidity and mortality associated with resistant 
infections, the report estimated that resistance costs the health sys
tem of the 33 countries studied about $3.5 billion a year (adjusted for 
purchasing power parity), $2 billion a year in the United States alone 
(OECD, 2018). This finding was consistent with a similar study that 
estimated the cost to the U.S. health system around $2.2 billion a year 
(Thorpe et al., 2018). 

The OECD also drew attention to the negative externalities (costs 
to parties other than the patient and prescriber) associated with antimi
crobial resistance (OECD, 2018). For example, antimicrobial resistance 
can undermine confidence in the health system, causing people to avoid 
in-patient treatment if possible; it can also hurt livelihoods dependent 
on tourism or agriculture (Thorpe et al., 2018). These kinds of effects 
are harder to model with any amount of precision, but are useful as a 
reminder of the potentially devastating downstream effects of a health 
problem with already devastating short-term consequences. 

The O’Neill Report 

One of the most influential reports on antimicrobial resistance was 
the O’Neill report, the 2014 commission from then UK Prime Minister 
David Cameron to economist Jim O’Neill to analyze the problem of anti
microbial resistance and suggest a mitigating strategy (O’Neill, 2016a). 
The commission’s final report, Tackling Drug-Resistant Infections Globally, 
was published in 2016 (O’Neill, 2016b). The report immediately attracted 
considerable attention in the scientific literature (Matthiessen et al., 2016; 
O’Neill, 2016a; PLOS Medicine Editors, 2016; Price, 2016; Sugden et al., 
2016), from international organizations (FAO and UN, 2021; IACG, 2019; 
The World Bank, 2016, 2017b), and in the lay media (BBC News, 2016; 
Boseley, 2016; Roland, 2015; The Economist, 2016). Much of this attention 
centered around the report’s projection that by 2050 antimicrobial resis
tance would cause 10 million deaths a year, costing the global economy a 
cumulative $100 trillion in the same time (O’Neill, 2016b). 

These estimates were based on analyses by the RAND Corporation, 
a nonprofit think tank, and by the management consulting and tax firm 
KPMG (O’Neill, 2016b). Both models considered resistance to medicines 
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used to treat malaria, HIV, and tuberculosis, as well as hospital-acquired 
Escherichia coli, Klebsiella pneumoniae, and Staphylococcus aureus (KPMG 
LLP, 2014; Taylor et al., 2014). Although both models report having made 
projections for different burden-of-resistance scenarios, only the extreme 
high-burden scenario were reflected in the O’Neill report (KPMG LLP, 
2014; Taylor et al., 2014). 

The pathogens causing HIV, malaria, and tuberculosis are not usually 
central to the discussion of antimicrobial resistance. The burden of disease 
associated with these infections is vastly greater than those caused by 
the CDC or the WHO priority pathogens, making it difficult to interpret 
estimates of their combined affects. 

The RAND model assumed that in 15 years none of the medicines 
licensed to treat these infections will be effective, an assumption that 
lacks face validity (Friedman, 2020; Taylor et al., 2014). Even in the model 
appendices, the RAND team cites contemporary estimates of resistance to 
HIV drugs (~5 percent worldwide) and treatments for multidrug-resistant 
tuberculosis treatments (~3 percent globally, between 2 and 5 percent in 
every region except Europe where it is ~16 percent) (Taylor et al., 2014). 
It is not credible to conclude that total resistance to these medicines in 15 
years is in any way likely. 

Table 3-3 presents some key results from the RAND and KPMG analy
ses. These results informed the O’Neill report’s widely publicized esti
mates of 10 million lives lost to antimicrobial resistance every year by 2050 
and $100 trillion cumulative loss in global production (O’Neill, 2016b). 

None of the analysis informing the estimates in Table 3-3 were for
mally peer reviewed (de Kraker et al., 2016). The relationship between 
the commissioned models and the O’Neill report’s conclusions are also 
somewhat murky (de Kraker et al., 2016; O’Neill, 2014). The O’Neill 
report’s authors refer to original analyses and information not included 
in the RAND or KPMG models (e.g., “We estimate that caesarean sections 
contribute about 2% to world GDP”), but their methods and data are not 
presented (Friedman, 2020; O’Neill, 2014). 

TABLE 3-3 
Key Results from the RAND and KPMG Analyses 
Informing the O’Neill Report and from the O’Neill Report 

Lives Lost by 2050 Cumulative GDP Loss by 2050 

11 to 444 million adults, 

cumulative RAND model $5.8–$125 trillion
 

KPMG model 200 to 700 million, cumulative $5–$14.2 trillion 

O’Neill report 10 million a year by 2050 $60–$100 trillion 

NOTE: GDP = gross domestic product. 
SOURCES: KPMG LLP, 2014; Taylor et al., 2014. 
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The O’Neill team started from a reasonably credible 2014 base esti
mate of 700,000 deaths a year from resistant infections (about a third from 
multidrug-resistant tuberculosis alone) (O’Neill, 2016b; WHO, 2019b). 
This estimate also has methodological limitations (Schnall et al., 2019). 
Few if any of the other numbers in the report have such a clear attribu
tion. Though their analytic steps are not clear, one critique concluded, 
“[T]he scenario that seems to be underlying the most often quoted line 
[10 million death a year] entails a sharp initial rise of current resistance 
rates by 40 percentage points, after which rates remain stable until 2050, 
and doubled infection rates” (de Kraker et al., 2016). A 40 percentage point 
increase in not consistent with what is presented in the CDC or the OECD 
analyses discussed previously. One may assume the O’Neill commission 
believed this to be plausible based on more (rightly) dire predictions 
in low- and middle-income countries, but it is not clear what scientific 
research informed their estimates or what their assumptions regarding 
resistance in different parts of the world might have been. A lack of data 
from low- and middle-income countries, where the burden of resistant 
infection is undoubtedly greatest, is a reason to support these countries 
in routine surveillance for, and prevalence surveys of, resistant infections 
(Islam et al., 2019). But no estimate of the global burden of resistance can 
be made in the absence of such data. 

The O’Neill report writers may have damaged their credibility by 
promoting what appears to be only the upper limit of the uncertainty 
intervals for their conclusions (de Kraker et al., 2016). The writers give 
no confidence interval for their estimate of 10 million excess deaths a 
year by 2050 (O’Neill, 2014). (For comparison, 10 million deaths a year 
is comparable to the global sum of all cancer deaths combined [Sung et 
al., 2021].) Their estimate that resistance could “cost the world up to 100 
trillion USD” contained an uncertainty interval ($60 to $100 trillion) that 
is usually dropped (O’Neill, 2014). 

This is not to say that the O’Neill commission did not produce valu
able policy analysis or that its report did not raise the global prominence 
of the problem. Nor is the modeling of extreme assumptions or worst-
case scenarios without value (OECD, 2018). Such models can be useful, 
especially when they are presented as sensitivity analyses and the caveats 
on their interpretation made clear. But unfortunately, the O’Neill report’s 
estimates of both projected mortality and economic consequences of resis
tance took on a life of their own (Friedman, 2020). When cited, which 
is often, it is usually without mention of their limitations or the murky 
analysis that informed them. As a 2016 essay concluded, “Unreliable 
global estimates like those provided in the [O’Neill report] potentially 
undermine, rather than support, the fight against a post-antibiotic era” 
(de Kraker et al., 2016). 
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The World Bank Report 

The World Bank (2017) report, Drug-Resistant Infections: A Threat to 
Our Economic Future, came out in 2017, building on the momentum of 
the previous year’s O’Neill report. The report presented estimates of the 
threat antimicrobial resistance poses to the global economy in terms of 
lost gross domestic product (GDP) between 2015 and 2050, giving par
ticular attention to costs to international trade, livestock agriculture, and 
health (The World Bank, 2017). 

The World Bank models drew on the RAND estimates that informed 
the O’Neill report (Ahmed et al., 2017). The model’s low-case scenario 
was based on the RAND scenario 1, assuming 5 percent antimicrobial 
resistance from 2015 on; the high-case scenario projected current rates of 
resistance for 15 years and 100 percent resistance to available treatments 
after year 15 (Ahmed et al., 2017). Possibly motivated by concerns about 
the validity of the RAND analyses, the working paper explained, “[W]e 
avoid the [Rand report’s] extreme cases of absolute resistance”3 (Ahmed 
et al., 2017). In its final report the World Bank team further clarified that 
its “simulations are not predictions (rather, a range of outcomes that are 
possible)” (The World Bank, 2017). 

The caveats on the World Bank models are helpful. At the same time, 
using models driven mostly by data on HIV, tuberculosis, and malaria to 
inform conclusions about other resistant pathogens in humans and live
stock is of questionable validity and should be kept in mind in reviewing 
the report’s main conclusions. 

The World Bank report emphasized that trade and livestock produc
tion stand to be seriously affected by antimicrobial resistance, especially 
livestock production in low-income countries (The World Bank, 2017). 
Livestock is only a small part (about 2 percent) of the global economy, but 
its relative value—both in direct terms and as determinant of the health 
and economic mobility of women and children—is greater in low- and 
lower-middle-income countries (Ahmed et al., 2017). The World Bank 
working paper reported that livestock production in low-income coun
tries could fall between 3.1 and 11.1 percent and in lower-middle income 
countries between 3.1 and 8.9 percent (Ahmed et al., 2017). The effects of 
reductions in livestock production also influence, but only partially, the 
projected 1.1 to 3.8 percent deficit in global exports (The World Bank, 2017). 

The cost of health services could be perhaps the most directly affected 
by antimicrobial resistance, given that resistant infections cost more to 
treat. Increased health expenditures could be felt in cost of medicines, 

3 Meaning the RAND projections that assumed 100 percent resistance started immediately 
(Ahmed et al., 2017; Taylor et al., 2014). 
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with more expensive antimicrobials being needed, as well as more days 
spent hospitalized, more consultation time with providers, and increased 
demand on laboratory diagnostic services. Increasing need for health 
services puts more pressure on both public and private spending for 
health, which, coupled with decreasing trade and livestock production, 
could drive a public deficit. The World Bank models estimate that under 
a low burden of antimicrobial resistance health costs could increase $330 
billion; under a high-burden scenario this increase could be $1.2 trillion 
(The World Bank, 2017). 

Figure 3-4 shows how protracted effects on global economic output 
might extend for the next 30 years, costing the world between 1.1 and 3.8 
percent of annual GDP by 2050 (The World Bank, 2017). These shortfalls 
could be as serious as during the 2008–2009 global financial crisis (see Fig
ure 3-5) but could extend for much longer. (The shocks of the 2008–2009 
crisis lasted only a few years.) 

By taking a disproportionate toll on developing countries, antimicro
bial resistance could derail progress on the Sustainable Development Goals, 
the United Nations’ goals for international development between 2015 
and 2030 (UN, 2021; The World Bank, 2017). Through its effects on health 
costs, trade, and livestock production, the World Bank models indicate that 
antimicrobial resistance could push between 8 and 28 million people into 
extreme poverty by 2050 (The World Bank, 2017) (see Figure 3-6).4 
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FIGURE 3-4 Shortfalls in global economic output assuming low and high burden
 
of resistance relative to a baseline scenario, 2019 to 2050.
 
SOURCE: The World Bank, 2017.
 

4 Defined as living on less than $1.90 a day, adjusted for purchasing power parity (The 
World Bank, 2017). 
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FIGURE 3-6 Number of people falling into extreme poverty (living on < $1.90 a
 
day, adjusted for purchasing power parity) by 2050.
 
SOURCE: The World Bank, 2017.
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CHALLENGES OF QUANTIFYING THE BURDEN OF RESISTANCE 

The O’Neill report and the World Bank report it inspired are examples 
of how a lack of empirical evidence about antimicrobial resistance influ
ences the discussion of the problem. Reliable modeling of the true burden 
of resistance is extremely challenging. Part of the challenge stems from 
uncertainty regarding the best ways to measure antimicrobial resistance 
in humans, animals, and the environment (Wernli et al., 2017). The global 
COVID-19 pandemic has made this task more challenging, increasing the 
strain on health systems and possibly leading to less interest in antimi
crobial resistance (Kwon and Powderly, 2021; Pelfrene et al., 2021; Rodri-
guez-Bano et al., 2021). Information on the epidemiology of resistance, 
through surveillance of known risks and attention to emerging resistant 
pathogens, and their consequences for health, are essential pieces of infor
mation to quantify this burden (Wernli et al., 2017). 

The Health Effects of Resistance in Humans 

Chapter 4 discusses the challenges of surveillance for antimicrobial 
resistance. In short, measuring antimicrobial resistance requires a labo
ratory capacity and trained clinical microbiologists that are not widely 
available in low- and middle-income countries (Iskandar et al., 2021). The 
large, tertiary-care hospitals that can support the required microbiology 
labs provide a narrow window into the scope of resistance (Gandra et al., 
2020; Tadesse et al., 2017; Walia et al., 2019; Wang, 2019). While valuable, 
this window is not necessarily representative of the national situation. 
Even in the United States, with its sophisticated laboratory infrastructure, 
there are challenges in reporting resistant isolates through the regional 
and national Antibiotic Resistance Laboratory Network, a problem dis
cussed more in Chapter 5. 

Regardless of the capacity of the national surveillance systems, there 
are also challenges in measuring mortality and morbidity from resistant 
infections. First of all, most resistant infections are seen in patients who 
have other underlying conditions, making it difficult to know what por
tion of the clinical outcomes observed can be attributed to the resistant 
infection (Cassini et al., 2019). For this reason, “scientific debate is ongoing 
on the appropriate epidemiological study design and statistical inference 
methods to measure reliable estimates of untoward clinical outcomes 
attributable to infections with antibiotic-resistant bacteria” (Cassini et 
al., 2019). For the time being, most research on the clinical outcomes 
associated with antimicrobial resistance is limited to readily observable, 
relatively short-term clinical outcomes, including deaths, number of days 
hospitalized, and risk of developing sequelae (e.g., developing C. diffi 
cile infection after treatment for a resistant infection) (Cassini et al., 2019). 
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Risk of death is clearly the most potentially devastating consequence 
of resistant infection, though only about half of the studies included in 
a recent systematic review found an increased risk of death in patients 
infected with a resistant pathogen relative to those infected with a sus
ceptible one (Naylor et al., 2018). It is possible that these differing results 
are influenced by widely varying methodological approaches, a topic 
discussed later in the chapter. 

Scientists from the ECDC recently published one such analysis of the 
health outcomes of resistant infections. Drawing on data from the Euro
pean Antimcrobial Resistance Surveillance Network and health outcome 
models for specific types of infection (e.g., bloodstream infection, surgical 
site infection), they estimated between 583,148 and 763,966 infections with 
resistant bacteria occurred in Europe in 2015, almost two-thirds of them 
acquired during health care (Cassini et al., 2019). These infections ended 
in over 33,000 deaths, with the burden of disease (in terms of healthy life 
years lost) being most severe in infants and older adults; see Figure 3-7 
(Cassini et al., 2019). 

FIGURE 3-7 Estimates of the burden of drug-resistant bacterial infections in 
DALYs by age group, European Union and European Economic Area, 2015 data. 
SOURCE: Cassini et al., 2019. 
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Studies such as these help put concrete parameters on the conse
quences of resistance, parameters that are compelling to policy makers 
precisely because of their narrow scope and clear boundaries. Neverthe
less, some of the most potentially devastating consequences of resistance 
are the downstream effects that can manifest in increased mortality and 
complications from seemingly unrelated conditions. 

As the previous chapter discussed, antimicrobials are essential for 
the medical management of surgical care, cancer, and transplant patients, 
many of whom are immunocompromised. A 2015 model, based on review 
of randomized and quasi-randomized controlled trials, estimated how 
loss of effective antibiotic prophylaxis might increase the burden of seri
ous infections and related deaths in the United States (Teillant et al., 2015). 
The models presented scenarios of a loss of antibiotic efficacy of 10, 30, 
70, and 100 percent (Teillant et al., 2015). The authors estimate that a 30 
percent reduction in the efficacy of prophylactic antimicrobial treatment 
for 10 common surgeries and blood cancer chemotherapy would result 
in an additional 120,000 infections and 6,300 deaths a year (Teillant et al., 
2015). Even a relatively minimal 10 percent loss of efficacy would result 
in 40,000 additional infections and 2,100 additional deaths; the more dire 
prediction of a 70 percent loss of efficacy would result in 280,000 addi
tional infections and 15,000 additional deaths, as Figures 3-8 and 3-9 show 
(Teillant et al., 2015). 

Models such as those of Teillant and colleagues draw on an extensive 
body of research on infection in cancer and surgery patients. The conse
quences of resistance associated with other common infections, though 
sometimes more serious, are less amenable to modeling. Drug-resistant 
infections in the bone and brain, for example, are serious because it is 
difficult to achieve clinically meaningful concentrations of antimicrobial 
medicines in these tissues (Nau et al., 1998, 2010; Thabit et al., 2019). 
Moreover, even small changes in susceptibility of pathogens to medicines 
can make more surgeries necessary and prompt months-long, or even 
lifelong, antimicrobial therapy with uncertain results. 

Resistant infections can compromise the outcomes of almost every 
medical treatment. They could also have psychological affects that reduce 
public confidence in the health system (Foster, 2011; WHO, 2019a). The 
COVID-19 pandemic has made clear that an infectious disease crisis, 
accompanied by disruptions in health services and widespread fear or 
anxiety, can have profound effects on health. English models indicate that 
cancer mortality may have increased by an estimated 20 percent during 
the pandemic because of avoided or delayed treatments (Lai et al., 2020). 
Globally, about 28 million surgeries were cancelled or postponed in the 
first wave of COVID-19 alone (COVIDSurg Collaborative, 2020). It is not 
clear how long it will take to clear this backlog or how far-reaching the 
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FIGURE 3-8 Additional infections per year in the United States under 10 per
cent, 30 percent, 70 percent, and 100 percent reduction in efficacy of antibiotic
 
prophylaxis.
 
SOURCE: Reprinted from The Lancet, Vol. 15, Aude Teillant, Sumanth Gandra,
 
Devra Barter, Daniel J. Morgan, Ramanan Laxminarayan, Potential burden of
 
antibiotic resistance on surgery and cancer chemotherapy antibiotic prophylaxis
 
in the USA: A literature review and modelling study, 1429-1437, Copyright (2015),
 
with permission from Elsevier.
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health consequences could be (Carr et al., 2021). In some ways the most 
serious risks antimicrobial resistance poses to society are some of the most 
challenging to quantify. 

The overall effects of the COVID-19 pandemic on antimicrobial resis
tance are hard to predict. On one hand the increased emphasis on hygiene 
and the decrease in travel and elective medical procedures may have 
decreased the spread of resistant pathogens both in community and clini
cal practice (Knight et al., 2021). On the other hand, the vast majority of 
COVID-19 patients were treated with antimicrobials (Knight et al., 2021). 
One study found that despite only 7 percent of COVID-19 patients having 
bacterial infections over 70 percent were treated with antibiotics (Lang
ford et al., 2020). Research in India found that COVID-19 drove over 200 
million excess doses of antimicrobials (Sulis et al., 2021). Such extensive 
exposure to antimicrobials can predispose patients to colonization with 
resistant organisms. There may also be a cohort of COVID-19 survivors 
with residual predisposition to lung infections who will need more fre
quent antimicrobial therapy (Knight et al., 2021). 

There has also been considerable presumptive antimicrobial use dur
ing the pandemic, both in COVID-19 patients presenting with nonspecific 
symptoms and “just in case” prescribing to patients with other illnesses 
who were deflected from care (Knight et al., 2021). As Figure 3-10 shows, 
the ways COVID-19 has and will continue to influence antimicrobial 
resistance are varied and warrant further research. 

The Economic Effects of Resistance in Humans 

Loss of life and disability are devastating health outcomes in their own 
right. They also affect society indirectly, through the loss of what might 
have been achieved in years of healthy life. Estimates of how health prob
lems affect the workforce are often of particular interest to policy makers. 
Most health problems, resistant infections included, hurt the workforce in 
two ways: the lost productivity among patients suffering from resistant 
infections and, in some cases, the lost productivity of the workers looking 
after them (Tillotson and Zinner, 2017). In the same way the health effects 
of resistant infections can be both direct and indirect, so can the social 
and economic effects. Table 3-4 shows the many pathways through which 
health care–associated infections draw a social and economic toll.5 

In estimating the economic consequences of resistance, researchers 
must base their analysis on estimates of the health effects. Therefore, the 
uncertainties and limitations in measuring the health consequences of 

5 Infections acquired as a result of medical care, often stemming from inappropriate use of 
antimicrobials or problems with infection controls; health care–acquired infections are often 
drug resistant (CDC et al., 2021). 
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resistance.
 
NOTE: abx = antibiotics; AMR = antimicrobial resistance; ARO = antibiotic-resis
tant organism.
 
SOURCE: Knight et al., 2021.
 

resistance carry forward to discussion of the costs. For this reason, there 
are fewer economic studies on antimicrobial resistance (Naylor et al., 
2018). The quality of what is published is also lower, a recent systematic 
review concluded, and held back by a “lack of rigorous, transparent mod
elling studies which appropriately present or incorporate uncertainty” 
(Naylor et al., 2018). 
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TABLE 3-4 
The Social Costs of Hospital-Acquired Infections 

Categories of Cost 

Direct Hospital Costs Fixed Costs Buildings 

Utilities 

Equipment/Technology 

Labor (laundry, environmental control, 
administration) 

Variable Costs Medications 

Food 

Consultations 

Treatments 

Procedures 

Devices 

Testing (laboratory and radiographic) 

Supplies 

Indirect Costs Lost wages 

Diminished worker productivity on the job 

Short-term and long-term morbidity 

Mortality 

Income lost by family members 

Forgone leisure time 

Time spent by family and friends for hospital visits, travel 
costs, home care 

Intangible Costs Psychological Costs (i.e., anxiety, grief disability, job loss) 

Pain and suffering 

Change in social functioning and daily activities 

SOURCES: Scott, 2009. Adapted from Haddix AC and Shaffer PA. Cost-effectiveness analysis. In Prevention 
Effectiveness: A Guide to Decision Analysis and Economic Evaluation. Oxford University Press, 1996. 

The potential for bias in the economic evaluation of antimicrobial 
resistance is at the root of the many widely variable estimates ($3 billion 
to $100 trillion) of the economic consequences of antimicrobial resistance 
published in recent years (Wozniak et al., 2019). In a systematic review 
on the economic burden of resistant infections, Wozniak and colleagues 
(2019) commented on this variability: “[E]rroneous or unclear estimates of 
impact can have alarming effects some of which may contribute to greater 
action but they also create confusion and potentially undermine the fight 
against antimicrobial resistance.” 
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Even a relatively straightforward economic outcome, excess time 
spent hospitalized, for example, is highly vulnerable to analytic and meth
odological bias (Naylor et al., 2018; Nelson et al., 2021). Figure 3-11 shows 
how one recent systematic review identified that different analytic meth
ods, sometimes even reported in the same study, can influence the study’s 
estimate of excess days hospitalized (Naylor et al., 2018). When measur
ing excess costs associated with length of hospital stay, for example, 
studies will often fail to adjust the outcome (i.e., length of stay) to count 
only those days after the resistant infection started (Wozniak et al., 2019). 

FIGURE 3-11 Estimates of excess length of hospitalization caused by antimicro
bial resistance and different analytic methods; (i) through (iii) indicate different 
methods used in a single study. 
NOTE: BSI = bloodstream infection; CR = carbapenem-resistant; GN = gram-
negative; hVISA = heterogeneous vancomycin-intermediate Staphylococcus aureus; 
MRSA = methicillin-resistant Staphylococcus aureus; VRE = vancomycin-resistant 
Enterococci. 
SOURCE: Naylor et al., 2018. 
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This time-dependent bias tends to inflate estimates of costs. A recent 
systematic review found that of 14 studies on the excess costs associated 
with resistant infections, only two properly accounted for bias in their 
analyses (Wozniak et al., 2019). After reviewing over 1,000 abstracts the 
researchers concluded that, while economic valuations of the excess costs 
associated with resistant infections are sorely needed, especially in low-
and middle-income countries, currently the only rigorous and unbiased 
research available is on health care–associated bloodstream infections 
with resistant Enterobacterales and MRSA (Wozniak et al., 2019). 

Since Wozniak and colleagues published this meta-analysis, some 
U.S. papers meeting their criteria for adjusting for bias and confounders 
have come out. Data from the Department of Veterans Affairs (VA), the 
largest integrated health system in the United States, with linked records 
containing cost, microbiological, and clinical information, informed the 
CDC estimates of costs attributable to resistant pathogens presented ear
lier in this chapter (Nelson et al., 2021). From a final dataset that included 
almost 25,000 infections, researchers estimated the costs associated with 
both community- and hospital-acquired infection for six common resis
tant pathogens (see Table 3-5). Adjusted over the entire United States, 
estimates of the direct costs associated with these infections is between 
$4.1 and $5.1 billion (Nelson et al., 2021). 

Another recent U.S. study compared costs and mortality in MRSA 
patients to those in patients infected with methicillin-susceptible Staphylo
coccus aureus (MSSA) (Klein et al., 2019). After adjusting for the many con-
founders that can influence difference between these groups of patients, 
the researchers found that costs of hospitalization for MRSA were roughly 
the same or less than those for hospitalization with MSSA (Klein et al., 
2019). This may, ironically, stem from the increasing burden of MRSA 
infections acquired in the community (as opposed to in a health care set
ting), as community-acquired MRSA is generally susceptible to second-
line medicines, bringing down the overall costs of treatment (Klein et al., 
2019). Heightened attention to MRSA in hospitals may have led to the 
identification and treatment of some minimally invasive MRSA, which 
in turn influenced these results. It is also possible that aureus infections, 
even when susceptible to treatment, are simply difficult to manage in 
clinical practice. 

A 2017 study of the burden of carbapenem-resistant Enterobactera
les (CRE) found that the cost of one such infection to the hospital was 
between $22,993 and $35,503, to the insurer or payer between $13,701 and 
$18,286 (Bartsch et al., 2017). The authors also considered the cost such 
infections have on society, a cost influenced mainly by assumptions about 
mortality attributable to such infections. Assuming mortality attribut
able to the resistant infection was 35 percent, infection with CRE causes 
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between 1,131 and 5,790 deaths a year, costing society between $681 and 
$3,489 million (Bartsch et al., 2017). Assuming an attributable mortality 
of 9 percentage points higher would mean 1,422 to 7,279 deaths, costing 
society between $819 million and $4.2 billion (Bartsch et al., 2017). As a 
reference, this means the cost of CRE infection alone is higher than many 
chronic diseases such as high blood pressure (estimated cost to society 
$672 per patient per year), asthma (estimated direct cost $4,008 per patient 
per year) and diabetes ($13,015 estimated per patient per year) (Bartsch 
et al., 2017). 

The incurred costs to society from resistant infections is an important 
point to capture in economic analysis of antimicrobial resistance, partly 
because of the negative externalities, or the harm associated with antimi
crobial use not incurred to the patients or prescriber (Broughton, 2017). 
The largest part of the negative externality associated with misuse of 
antimicrobials is the loss of useful antimicrobial medicines in the future. 
As the previous section explained, the loss of these drugs would influ
ence the risk calculation underlying many basic surgeries as well as more 
sophisticated treatments such as organ transplantation and cancer chemo
therapy. It is difficult to even imagine the potential health consequences 
of antimicrobial resistance, making the consequent economic burden “at 
present inestimable” (Smith and Coast, 2013). 

The Effects of Antimicrobial Resistance in Food-Producing Animals 

As the previous chapter discussed, the contribution of antimicrobial 
use in food-producing animals to total antimicrobial use and the concen
tration of resistance genes and drug residues in the environment are a 
serious concern. Resistance traits that emerge in animals will be found 
also in manure and water; resistant pathogens from animals can be passed 
to their handlers, and from them to their family members (Ma et al., 2021). 
As early as the 1980s researchers have shown an association and plau
sible pathway through which resistant pathogens emerging in livestock 
eventually cause human infections (Ma et al., 2021). These include direct 
contact through consuming food from an infected animal, or indirect 
routes involving water or a shared environment. Produce can also be a 
link between resistant bacteria in water or soil and humans (ASM, 2017). 

Part of the challenge is that, as in human medicine, it is difficult to 
know what antimicrobials are being used in livestock and in what doses. 
The best estimates of use come from U.S. Department of Agriculture 
(USDA) surveys, which, coupled with the Food and Drug Administration 
sales data give a rough picture of trends in use (although very little about 
actual consumption can be inferred from sales data, discussed more in 
Chapter 5) (Hope et al., 2020). In low- and middle-income countries, the 
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matter is much more difficult to discern. As emerging economies such 
as Brazil, Russia, India, and China face an increased demand for animal 
protein they are shifting to more intensive and more efficient systems for 
raising chickens and pigs (Van Boeckel et al., 2015). Intensive farming of 
cattle is generally limited to North America, Argentina, and Brazil (Lax
minarayan et al., 2015). The shift in production systems will have an effect 
on global antimicrobial consumption (Laxminarayan et al., 2015). 

The projected rise in the use of antimicrobials in livestock, mostly 
related to an increased demand for animal protein in low- and middle-
income countries, has raised a more urgent need for clarity on if and 
to what extent antimicrobials use in livestock influences human health. 
Especially in regard to growth promoters, if the gains in efficiency of 
production are marginal, then it would be easy to justify prohibitions 
on antimicrobial growth promoters citing only public health concerns 
(Laxminarayan et al., 2015). But if the gains are larger, then the burden of 
proof shifts to establishing that the use of antimicrobial growth promot
ers in agriculture affects human health (Laxminarayan et al., 2015). This 
question is difficult to answer. Use of antimicrobial growth promoters has 
been banned in many countries, including the United States (EU, 2005; 
FDA, 2021). Data on antimicrobial use on farms are often high-level (i.e., 
sales data), few countries have farm-level data on antimicrobial use (Mesa 
Varona et al., 2020). What is more, linking antimicrobial use or resistance 
data from animals to human health outcomes is tenuous. 

Antimicrobial Use and Productivity 

Research from Denmark, Sweden, and the United States indicates 
that in modern production systems, when implemented against a back
ground of good hygiene, feeding practices, and selective breeding, the 
gains in productivity from using antimicrobial growth promoters is mini
mal (Laxminarayan et al., 2015). A 2007 analysis found that, in the United 
States, antimicrobial growth promoters had a negligible effect on poultry 
productivity, insufficient to offset the cost of medicines used (Graham et 
al., 2007). 

The same is not true in low- and middle-income countries. Research 
in Brazil and China, for example, has shown antimicrobials to be essen
tial for optimal growth (Ryan, 2019). In China this production advan
tage helps ensure national food security; antimicrobial use is seen as a 
cost-effective alternative to expensive biosecurity and farm management 
systems, a way to compensate for problems with hygiene controls (Ryan, 
2019). In Brazil, the economic calculation also favors the use of antimicro
bial growth promoters, though the reasons have more to do with maxi
mizing production efficiency in the face of very lean profit margins (Ryan, 
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2019). As a recent OECD paper concluded, “[F]armers will use preventa
tive medicines such as antibiotics up to the point where the marginal cost 
of the input is equal to the marginal benefit from the use of this input in 
their production system” (Ryan, 2019). 

Across countries, more attention to animal housing, breeding, feed, 
and the density of animals on the farm can reduce the need for anti
microbial growth promoters (Ryan, 2019). The same steps help prevent 
infection in animals, limiting the need for therapeutic antimicrobials as 
well. Some encouraging evidence indicates that, at least in China, gov
ernment and public concern about antimicrobial growth promoters is 
leading to increased restrictions on antimicrobial growth promoters and 
improvements to infection control measures (Luo et al., 2020; Ryan, 2019; 
Schoenmakers, 2020). 

In low- and middle-income countries, the most pressing economic 
questions concerning antimicrobial use tend to concern the economic 
fallout of withdrawing antimicrobial growth promoters. In the United 
States, European Union, and other high-income countries, where the 
use of medically important antibiotics as growth promoters is banned, 
growing momentum for restricting antimicrobial use in food-producing 
animals is driven by food companies in response to consumer pressure 
(FDA, 2021; Kesmodel et al., 2014; Singer et al., 2019; WHO, 2017). A major 
concern of restricting therapeutic and preventive antimicrobial use are the 
implications for productivity and animal welfare. Yet there is only mod
est empirical evidence regarding the health and welfare consequences of 
restricting antimicrobial use (Tang et al., 2019). 

Removal of antibiotics could have serious economic consequences. By 
some estimates, removing preventive and therapeutic antibiotics would 
cost producers between $43 and $139 for every steer entering the feedlot 
system in the United States (Lhermie et al., 2020). Removal of metaphy
laxis, the use of antimicrobials to treat a group of animals at risk for infec
tious diseases, could result in a loss in surplus of $1.8 billion to $2.3 billion 
to U.S. beef producers (Dennis et al., 2018). Prohibition of antimicrobial 
use in dairy cows could cost the U.S. dairy industry $152 million a year, 
though the price increase to the consumer would be relatively modest, 
about $0.42 a liter for milk (Lhermie et al., 2018). Modeling these effects 
is difficult, however, because of the price volatility of agricultural mar
kets and potential unintended consequences on other domestic markets 
(increasing sales of organic meat, for example) (Lhermie et al., 2016). As 
the United States is a major exporter of animal commodities, there could 
also be effects in foreign markets (Lhermie et al., 2016). 

For most farmers and veterinarians, such concerns pale in compari
son to questions of animal welfare. Antimicrobial use prohibitions on 
farms would mean that sick animals were either left untreated or culled 
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and euthanized (Lhermie et al., 2020). The removal of antimicrobials in 
poultry production would lead to increasing eye burns, footpad lesions, 
and airsacculitis,6 for example (Karavolias et al., 2018). There are also, 
depending on the infection in question, moral obligations to treat and 
prevent the spread of infection in a flock or herd (Lhermie et al., 2020). 
In the case of highly contagious and potentially serious diseases, such as 
bovine respiratory disease, this imperative is more clear than for a disease 
like infectious liver abscess, which has fewer associated animal welfare 
consequences (Lhermie et al., 2020). 

Removal of antimicrobials from animal agriculture could decrease 
productivity and increase infectious diseases harming the animals’ health 
and capability to grow or produce. But these increases in cost will depend 
on the production systems and diseases in question. Production cycles for 
poultry are short (several weeks), somewhat longer for swine. For cattle 
the production cycle is several years long and involves multiple produc
ers (ERS, 2021). The wide difference in production time and producers 
makes it difficult to generalize the effect of removing antimicrobials. It is 
clear, however that without effective alternatives and enhanced infection 
control, removal of antimicrobials could increase disease and mortality, 
leading to culling and productivity losses. 

Serious clinical resistance in animals could also decrease food produc
tion with implications for food security, famers’ livelihoods, and environ
mental contamination (OECD). Losses of animals to resistant infections 
and the premature culling of herds will mean financial losses to farmers 
and could cause food prices to rise (Founou et al., 2021). 

The economic ramifications of antimicrobial resistance in animal agri
culture extends to the cost-to-benefit analysis of upgrading to a more 
expensive animal management system or treating with more expensive 
drugs. These are all questions that would benefit from research attention. 

The Effects of Resistance on Animal Health 

There is growing evidence that livestock are colonized with resistant 
pathogens (Abdelfattah et al., 2021; Chehabi et al., 2019; de Jong et al., 
2018; Harrison et al., 2017). Yet there are major gaps in our knowledge 
of the effects of resistant infections on animal health. Resistant infections 
in animals are less well studied than those in humans. In dairy cattle, 
for example, Staphylococcus aureus causes considerable clinical mastitis, 
though MRSA and beta-lactam resistance are uncommon (Patel et al., 
2021). A better understanding of S. aureus in cattle would be helpful 

6 An inflammation of the air sacs that can cause respiratory distress and watery eyes 
(Clarke, 2014). 
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because the pathogen is highly contagious and aggressive culling can be 
necessary to control it in a herd (Cousin et al., 2018). 

In both livestock and companion animals there is concern that resis
tant infections may be increasing, but it is difficult to say precisely; there 
are no accepted, standardized definitions of multidrug resistance, exten
sive drug resistance, and pandrug resistance in veterinary medicine 
(Sweeney et al., 2018). There is also a lack of epidemiological research on 
the health consequences of resistant infections in animals. 

As with resistant infections in humans, the burden of resistant infec
tions varies considerably by country. Research on the pathogen causing 
clinical mastitis in dairy cows in Denmark found generally low levels of 
resistance, with the exception of about 83 percent of Klebsiella pneumoniae 
isolates being resistant to ampicillin (Chehabi et al., 2019). Research on 
feedlot cattle across southern Alberta, Canada, found that over 90 per
cent of the pathogens causing bovine respiratory disease were resistant 
to macrolide antimicrobials, almost half of the pathogens were resistant 
to four or five different antimicrobial classes, and about a quarter were 
resistant to six of the nine available drug classes (Anholt et al., 2017). In 
general, resistance was less common among the antimicrobials of critical 
importance to human health and more common among the tetracycline 
and macrolide medicines often added to cattle feeds to prevent liver 
abscess in the feedlot-raised cattle (Anholt et al., 2017). 

As in humans, MRSA infections in livestock are difficult to treat. 
Contamination from retail meat is a source of MRSA infections in humans 
(Anjum et al., 2019; O’Brien et al., 2012). Heavy metal contamination, 
common on farms and in food production systems, can co-select for 
resistance in S. aureus and may be contributing to an increasing burden 
of MRSA infections in livestock (Dweba et al., 2018). At the same time, 
humans are the main reservoir of MRSA infections (Dweba et al., 2018). 
The transmission of MRSA from animals to human handlers is relatively 
well documented (Pirolo et al., 2019). Meta-analysis indicates that vet
erinarians and livestock workers, especially pig farmers, are at elevated 
risk for acquiring MRSA from animals (Chen and Wu, 2020). There are 
also examples of humans transmitting MRSA to animals (Magro et al., 
2018). Most of the research on these pathways is from North America 
and Europe, however. It is likely that in parts of the world where contact 
between humans and livestock is more common in the general popula
tion, the risk of interspecies transmission is more general and not limited 
to farmers, animal handlers, or veterinarians. 

In general, the way resistant pathogens spread between humans and 
animals is not well studied (Wee et al., 2020). Genomic sequencing has 
the potential to illuminate major pathways from which resistant bacteria 
travel directly between species and indirectly through a shared environ
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mental element, such as water or soil (Wee et al., 2020). Genomic analysis 
has, for example, indicated that Acinetobacter baumannii has likely spread 
from humans to animals (directly or via an environmental intermediary) 
(Argudin et al., 2017). Genomic studies also suggest that mecA, a gene that 
confers resistance to methicillin, may have originated in staphylococcal 
infections in animals (Argudin et al., 2017). In the reverse pathway, resis
tance linked to extended-spectrum beta-lactamase and carbapenemase, 
enzymes that destroy commonly used antimicrobials, may be emerging in 
animals (Hartantyo et al., 2018). There is a need for more research across 
human, animal, and environmental health to determine the health bur
den of resistance and clarify major pathways for the spread of resistant 
organisms. 

DEVELOPING MORE PRECISE ESTIMATES OF THE
 
BURDEN OF ANTIMICROBIAL RESISTANCE
 

Measuring antimicrobial resistance is difficult. Unlike most global 
health challenges, the problem is not any one disease or risk factor, but 
a process. Resistance can emerge in any number of microbial pathogens, 
and resistant infections can present in different ways (e.g., pneumonia, 
skin infection, urinary tract infection). For these reasons, traditional tools 
for estimating the burden of disease, such as analysis of cause of death 
on death certificates, are not suited to the problem (Dunachie et al., 2020). 
What is more, any analysis of disease burden depends on microbiological 
confirmation of the infective agent. A lack of microbiology laboratories 
seriously holds back surveillance in low- and middle-income countries. 
National estimates of resistance in India, for example, a country of over 
1.3 billion people, are “drawn from a few thousand laboratory isolates 
and a handful of hospitals” (Islam et al., 2019). 

The biggest barrier to producing better estimates of the burden of 
antimicrobial resistance is the lack of microbiological data (Dunachie et 
al., 2020). Figure 3-12 shows multiple barriers to producing this data, from 
limited capacity for microbiological analysis and difficulties with quality 
assurance to difficulties linking the data to patient records (Dunachie et 
al., 2020). There are also biases in blood culture data. Especially in low-
and middle-income countries where blood cultures are paid entirely out 
of pocket, this data is available only for relatively affluent, urban patients 
(Dunachie et al., 2020; Hay et al., 2018). 

Other barriers relate to data analysis. Data sharing is challenging 
around the world, partly because data about resistance is sensitive and 
the fear of being exposed as a resistance hotspot deters sharing from the 
clinic to the national level (Dunachie et al., 2020). Data sharing, while 
desirable, has to be done in an orderly and balanced way. Datasets can 
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1. Lack of data 

2. Laboratory quality 
issues 

3. No linkage of 
microbiology and 

clinical data 

4. Lack of resources 
to link data 

6. Data sharing 
issues 

7. Duplication of data 

In order to calculate the 
burden of antimicrobial 
resistance, we need: 
• Individual patient data 
• High-quality microbiology 
data, representative of 
catchment populations 

• Linked to clinical outcomes 5. Bias of available 
data 

FIGURE 3-12 Seven key challenges in collecting data to inform estimates of the
 
burden of resistance.
 
SOURCE: Dunachie et al., 2020.
 

easily be shared with many groups of researchers biasing perceptions of 
resistance if the same data informed multiple, seemingly different, studies 
(Dunachie et al., 2020). 

The laboratory infrastructures that underlie surveillance are chal
lenging to coordinate even in the United States and other high-income 
countries, a topic discussed more in the next chapter. While improving 
surveillance systems around the world will be essential to better measure 
the health and economic consequences of resistance, surveillance is not 
the only tool to this end. More research on the burden of antimicrobial 
resistance is needed, especially in low- and middle-income countries. But 
even with data of high quality, easily linked to the patient records in a 
single-payer system, as is available in the VA data that informs the CDC 
estimates discussed earlier in this chapter, different analytic strategies 
could yield widely different conclusions about the nature of the prob
lem (Dunachie et al., 2020). For one thing, it is difficult to know the best 
comparator group for patients with resistant infections. Comparison to 
patients with susceptible infections or without infections are both com
plicated as the groups would not usually have the same comorbidities 
(Dunachie et al., 2020). Attention to such questions in study design, draw
ing on the research guidelines presented in Box 3-1 could help avoid some 
of the methodological problems studies on the burden of antimicrobial-
resistant infections often face. 
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BOX 3-1  
Naylor and Colleagues’ Guidelines for Research  

Measuring the Burden of Resistant Infections  

•	 Utilize data from a representative sample of the population of interest. If 
this is not achievable due to data limitations, create and publish a clearly 
defined protocol that can be utilized in other institutions. This will enable 
future meta-analyses to be conducted. 

•	 Choose an appropriate methodology that takes into account potential con
founding factors (such as patient comorbidities or age) and biases (such 
as time dependency bias, competing risks, or non-informative censoring). 

•	 Describe data collection, data cleaning, follow-up, response rates and/or 
censoring clearly, where appropriate. 

•	 Estimate healthcare system and economic impact where possible. 
•	 If performing a mathematical or economic model, clearly describe the 

reasons for the chosen model structure (for example by detailing a formal 
health economic reasoning, including for chosen time horizon) and meth
ods of parameterization (with structured or systematic methods preferred). 
In addition, it is important to discuss how methodological, structural, het
erogeneity and parameter uncertainty has been addressed (or discuss why 
these were not addressed). 

SOURCE: Naylor et al., 2018, reprinted with permission. 

Another challenge related to measuring the burden and consequences 
of resistance stem from the complex, adaptive nature of the problem 
described in the previous chapter. The toll of resistance, be it on human 
health, the economy, animal agriculture, or farmers’ livelihoods, cannot 
be considered in isolation (Dunachie et al., 2020). This is not to say that 
researchers should incorporate human, animal, and environmental health 
indicators in all their work. Rather, across disciplines researchers, gov
ernment officials, and private industry could all give better attention to 
capturing the costs associated with resistant infections. 

The Global Antimicrobial Resistance Platform for ONE-Burden Esti
mates, an international research network, recently released a One Health 
framework for estimating the costs of resistance (Morel et al., 2020). This 
framework, introduced in Figure 3-13, articulates what costs, both direct 
and indirect, will be affected by resistance in human and animal health 
and in the environment (Morel et al., 2020). 

The international momentum for action against antimicrobial resis
tance driven by the O’Neill report and the other recent landmark publi
cations described at the beginning of this chapter is commendable. Fol
lowing through on this energy and translating it into meaningful policy 
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FIGURE 3-13 The global antimicrobial resistance platform for ONE-burden
 
estimates.
 
NOTE: AMR = antimicrobial resistance.
 
SOURCE: Adapted from Morel et al., 2020.
 

changes requires good evidence on the true burden of resistance and what 
interventions work to reduce that burden (Hay et al., 2018; IHME, 2020a; 
Morel et al., 2020). 

The Global Research on Antimicrobial Resistance Project 

The Global Burden of Disease, Injuries, and Risk Factors program on 
antimicrobial resistance (the Global Research on Antimicrobial Resistance 
project) is a welcome addition to the literature on the health consequences 
of antimicrobial resistance (IHME, 2020a).7 This analysis of the health con
sequences of 23 resistant bacteria (88 microbe–drug combinations) drew 
on 471 million patient records or isolates from collaborators and public 
data from around the world (AMR Collaborators, in review). Under a 
counterfactual assumption of infection with a susceptible pathogen, the 
authors estimated that antimicrobial resistance killed 1.27 million people 
in 2019 (95% confidence interval [CI]: 0.91 to 1.71 million) (AMR Col
laborators, in review). Such analysis suggests that antimicrobial resistance 
is the 12th leading cause of death worldwide (AMR Collaborators, in 

7 This study was in review during the committee’s final deliberations, and the committee 
thanks the researchers for sharing some key findings. 
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review).8 Under a counterfactual assumption of no infection the estimate 
was 4.95 million deaths associated with antimicrobial resistance (95% CI: 
3.62 million to 6.57 million) (AMR Collaborators, in review). Despite lim
ited data from low- and middle-income countries, the models indicated 
that this is where the burden of resistance is worst, with death rates from 
antimicrobial resistance highest in sub-Saharan Africa (AMR Collabora
tors, in review). 

Of the 23 pathogens studied, six (E.coli, S. aureus, K. pneumoniae, Strep
tococcus pneumoniae, Acinetobacter baumannii, and Pseudomonas aeruginosa) 
accounted for a majority (about 72 percent) of deaths (AMR Collaborators, 
in review). MRSA, a serious burden in high-income countries, caused 
an estimated 100,000 deaths worldwide in 2019 (AMR Collaborators, in 
review). 

The Global Research on Antimicrobial Resistance study provides a 
scientifically rigorous framework through which to evaluate antimicrobial 
resistance and an exhaustive review of the epidemiological data to esti
mate its burden (IHME, 2020b). Generating comparable estimates of the 
burden of resistance in key microbe-drug combinations across countries is 
especially valuable (IHME, 2020c). As Table 3-6 shows, even the estimates 
of the health consequences of resistant infections vary so widely, includ
ing variability in the way they are reported, that it is difficult to identify 
trends in the literature. 

The Economic Component of Antimicrobial Resistance 

The problem of wide variability in research is more obvious in 
reviewing estimates of the economic consequences of resistance. As Table 
3-3 showed, even economic researchers working on similar datasets and 
making ostensibly similar analytic assumptions can arrive at such widely 
different estimates of the problem as to be unrecognizable. It may be that 
the most important message regarding the economic fallout of antimicro
bial resistance is that it cannot be compartmentalized. As the COVID-19 
epidemic has made clear, infectious outbreaks can devastate the global 
economy and people’s quality of life in far-reaching ways. Even esti
mates of the cost of the pandemic in the trillions do not account for the 
long-term, less tangible consequences of disrupted schooling and income 
(Cutler and Summers, 2020). 

Antimicrobial resistance is a One Health problem, so estimating its 
economic component means untangling the relative contributions of resis

8 Among Global Burden of Disease level three causes, “specific causes such as tubercu
losis, stroke, and road injuries” sometimes the most detailed cause of death classifications 
available (Lancet, 2020). 
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TABLE 3-6 
Estimates of the Effect of Antimicrobial Resistance on Mortality from Recent 
Prominent Reports 

Publication
Year 

 
Report Measure Quantity 

Geographic 
Area 

2019 AR Threats Report Deaths per year 35,900 United States 

2019 AR Threats Report Deaths per year 
(drug-resistant C.  
difficile) 

12,800 United States 

2018 Stemming the 
Superbug Tide 

Deaths per year, 2015 
to 2050 

30,000 United States 

2018 Stemming the 
Superbug Tide 

Deaths per year 60,000 United States, 
Europe 

2018 Stemming the 
Superbug Tide 

Deaths per year, 2015 
to 2050 

2.4 million North America,  
Europe, 
Australia 

2018 Stemming the 
Superbug Tide 

DALYs lost per year 1.75  
million 

33 high-income 
countries 

2014 O’Neill report’s 
RAND model 

Cumulative deaths 
2015 to 2050 

11 to 444  
million adults  

Global 

2014 O’Neill report’s 
KPMG model 

Cumulative deaths 
2015 to 2050 

200 to 700 
million 

Global 

2014 The O’Neill report Deaths per year by 
2050 

10 million Global 

2019 European CDC, 
Cassini and 
colleagues 

Deaths in 2015 33,000 Europe 

2021 The Global 
Burden of 
Disease 

Deaths caused by 
infection with a 
resistant pathogen 
in 2019 

0.91 to 1.71 
million 

Worldwide 

2021 The Global 
Burden of 
Disease 

Deaths associated 
with infection with 
a resistant pathogen 
in 2019 

3.62 to 6.57 
million 

Worldwide 

SOURCES: AMR Collaborators; CDC, 2019; KPMG LLP, 2014; OECD, 2018; O’Neill, 2014; Taylor et al., 2014. 

tance in any one sector and tying them to larger economic indicators. 
This is not a direct analytic question, and the economic fallout of resis
tance is not easily reduced to a number. The burden of any one resistant 
pathogen depends on context; the same resistant infections can have 
drastically different consequences in humans or animals, if acquired in a 
hospital or outside of it, in a high-income country or a low-income one. 
The downstream consequences of resistant infections can be felt on food 
safety, on livelihoods, on social relationships, and, of course, on health. A 
lack of communication among the different One Health disciplines may 
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contribute a relatively one-sided body of research on the health and eco
nomic effects of resistant infections in humans. This is a major barrier to 
developing better estimates of the consequences of resistance. 
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Strengthening Surveillance
 

Surveillance is an essential public health service. The information 
gained through the monitoring of a health threat, in this case antimicro
bial resistance, informs public policy and communication; it also helps 
direct research attention (OPHSS and CDC, 2018). In this discussion, 
surveillance refers to the timely collection, analysis, and communication 
of data on resistance patterns (i.e., the extent, spread, evolution, and 
impact) for pathogens of public health importance (WHO, 2014). Improv
ing surveillance is a key component of global and national action plans 
for combating antimicrobial resistance (Ranjalkar and Chandy, 2019; The 
White House, 2015; WHO, 2014). 

Monitoring resistance is also a component of some disease surveil
lance programs. Resistance to the drugs that treat tuberculosis is an 
important part of national tuberculosis surveillance, for example. But 
unlike disease surveillance systems, surveillance for antimicrobial resis
tance requires monitoring a range of targets not just in human health, but 
in animals, crops, and the environment as well. The targets for monitor
ing include resistant pathogens or indicator organisms, antimicrobials 
and their metabolites, resistance genes, and mobile genetic elements. 
For these reasons the setting feeding into surveillance for antimicrobials 
includes not just hospitals or clinical microbiology labs, although they 
are important, but also animal health laboratories, watershed and soil 
monitoring programs, and routine animal health surveillance. Collecting 
and interpreting such varied data, then using it to inform public health 
programming, is challenging. 
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This chapter will first give a broad introduction to surveillance for 
antimicrobial resistance, explaining the types of systems collecting infor
mation and the way information moves through them, paying particular 
attention to various surveillance systems operating globally and the chal
lenge of integrating data from these disparate sources. Next, it discusses 
the main types of relevant data collected and the inferences that can be 
made from them, with some attention to making better use of routinely 
collected clinical phenotype information and integrating this data into 
public health surveillance. The last section gives more attention to ques
tions of monitoring resistance in water, sewage, and other environmental 
reservoirs, with the committee proposing steps to better characterize the 
relatively neglected environmental dimension of surveillance. 

SURVEILLANCE SYSTEMS 

Surveillance systems are critically important for understanding the 
burden of antimicrobial resistance, detecting the emergence and spread 
of resistant pathogens, targeting interventions to prevent and control the 
emergence of resistance, and measuring their effectiveness. Whether at 
the local, national, or international level, surveillance systems for antimi
crobial resistance can differ considerably regarding their objectives, scope, 
and methods. 

Surveillance systems can be passive or active. A passive system relies on 
self-reporting from organizations with relevant data, (e.g., health care facili
ties, animal health laboratories, or water monitoring programs) depending 
on the monitoring scope of the system. Passive surveillance is relatively 
inexpensive to manage because the labor costs to get the data are low, but 
the information gained is not likely to be complete, timely, or representative 
of the target population (Lee et al., 2010). In the context of antimicrobial 
resistance, active surveillance can involve the deployment of public health 
staff to monitor a target pathogen by actively contacting institutions and 
collecting information about the incidence of infections caused by that 
pathogen. Active surveillance can minimize problems with data complete
ness and representativeness and is available on a predictable timetable, 
but these advantages come at a cost. An example of an active surveillance 
is the Active Bacterial Core within the Emerging Infections Program of the 
Centers for Disease Control and Prevention (CDC), which has collected 
clinical information and resistance data for community-acquired infections 
of five invasive bacteria since the 1990s (Fridkin et al., 2015; GAO, 2020). 
The Active Bacterial Core surveillance program was able to identify impor
tant health disparities in risk of community-acquired methicillin-resistant 
Staphylococcus aureus (MRSA) in certain states, informing health policy and 
outreach decisions to counter this disparity (Fridkin et al., 2015). 
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Sentinel surveillance systems (active or passive) are based on surveil
lance of selected sites rather than being comprehensive across a location 
or population. These sites collect data from a large population in areas 
likely to find antimicrobial resistance hospitals or clinical laboratories, 
for example (Lee et al., 2010). The CDC’s Gonococcal Isolate Surveillance 
Program, which tracks antimicrobial resistance in gonococcal isolates sub
mitted by 33 health departments across the United States, is an example 
of sentinel surveillance for resistant pathogens (CDC, 2021a). 

Historically, surveillance for antimicrobial resistance has been built 
around human medicine, especially acute care. Data from acute care 
hospitals are often a starting point for surveillance as the clinical micro
biology services in hospitals afford good quality data on the resistant 
pathogens causing infections in hospitalized patients. Newer tools for 
surveillance include genomic analysis that can be used to trace the source 
of infectious outbreaks, thereby contributing to a better understanding of 
the burden of antimicrobial resistance. 

The design of a surveillance system to monitor antimicrobial resistance 
depends on decisions regarding the target to monitor, such as the microbial 
species, as well as the public health questions of interest. A concern with 
the effect of antimicrobial resistance on the environment might lead to a 
relatively greater interest in monitoring effluent (i.e., the discharging waste
water from treatment plants into the natural environment); an interest in 
characterizing the resistome of a mostly healthy population would lead to 
monitoring of a sample representative of this population,1 such as sewage. 
After considering such questions, there are also technical questions regard
ing how surveillance data will be shared, as well as sampling strategy and 
geographical scope. Box 4-1 gives an overview of some of these founda
tional questions as they relate to monitoring antimicrobial resistance. 

Laboratory data reporting into surveillance systems can take several 
different forms. A labor-intensive approach is manual reporting with data 
entered via internet questionnaire forms. Manual file extraction followed 
by uploading to a central webpage or online database is another common 
method for reporting resistance data into surveillance systems. Both these 
approaches add to the workload for laboratory staff and health workers 
and to delays on data availability. A more efficient approach is direct, 
automated transmission from the laboratory information system to the 
surveillance system. This can facilitate real- or near real-time reporting, 
allowing for more useful analysis of emerging trends. 

Real-time, cloud-based surveillance sometimes draws on proprietary 
data. In the United States, where automated testing for antimicrobial sus

1 “All the genes [in a microbial community] that directly or indirectly contribute to resis
tance” make up the resistome (Wright, 2010). 
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BOX 4-1  
Foundational Steps for Surveillance  

of Antimicrobial Resistance  

•	 Clearly define the public health question of interest, the population catch
ment, and sampling frame. 

•	 Train and support workers to collect and analyze samples, manage the 
data, and disseminate relevant clinical and public health information. 

•	 Record antimicrobial susceptibility test results, ideally making them acces
sible to laboratory information management systems at sentinel sites and 
at human, animal, or environmental reference microbiology laboratories. 

•	 Harmonize standards and procedures for collecting and transmitting sus
ceptibility and related test results. 

•	 Set up quality assurance and control for data collection, analysis, and 
management. 

•	 Analyze data and interpret results to support clinical decision making and 
antimicrobial stewardship. 

ceptibility is the norm, medical device companies can access considerable 
information about resistance trends if the laboratories using their systems 
are willing to share their (anonymized) test results (Ruzante et al., 2021). A 
recent analysis of such data from 29 clinical laboratories using the BioFire 
gastrointestinal panel was able to monitor trends in acute gastrointesti
nal infection for almost 2 years, finding about 70 percent of infections 
caused by bacteria, especially Clostridioides difficile and enteropathogenic 
Escherichia coli (Ruzante et al., 2021). Such results should be interpreted 
with caution, as they were not obtained from a deliberate sampling frame 
designed to be representative of the population, but were nevertheless 
largely similar to CDC surveillance data in the relative rank and propor
tion of pathogens detected (Ruzante et al., 2021). It can also be difficult 
to interpret some of the results from the medical device company’s data, 
as patient confidentiality requires it be de-identified. Without data on 
patient age and medical history, for example, it is difficult to comment 
on the public health implications of the observed C. difficile colonization. 

World Health Organization and Multilateral Support for Surveillance 

In the United States and other high-income countries there are many 
ways to monitor indicators of antimicrobial resistance in humans, animals, 
and the environment. There are fewer options in low- and middle-income 
countries, partly because of constraints on laboratory capacity. Across set
tings, the most effective surveillance for antimicrobial resistance needs to 
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integrate confidential patient data with information from other sources, 
making an agreement for data management and confidentially of para
mount importance (Seale et al., 2017). Procedures for integrating confiden
tial data are set out in the World Health Organization’s (WHO’s) Global 
AMR Surveillance System (GLASS) manual (WHO, 2015). Implementing 
the systems outlined in the manual is beyond the capacity of many low-
income countries, however (Seale et al., 2017). For these countries, a road 
map to surveillance of resistant pathogens sets out the data governance 
agreements required, as well as the choice of sentinel sites and coordinat
ing laboratories, even arrangements for storing and transporting isolates 
and data management (Seale et al., 2017). This road map allows that auto
mated testing systems may not be in place in these countries (Seale et al., 
2017). Box 4-2 gives more background on the WHO GLASS program. 

Recent work from the WHO indicates an interest in expanding GLASS 
to microbes from animal and environmental sources. This includes help
ing countries to increase their capacity to monitor, collect, and report data 
on resistance of extended-spectrum beta-lactamase-producing Escherichia 
coli in humans, poultry, and water bodies, including those containing 
wastewater from human and food animal sources (WHO, 2021c). In its 
implementation guidance for One Health surveillance in low- and mid
dle-income countries, the WHO (2021c) recommended that the protocol 
be “simplified, integrated, [and] trans-sectoral.” 

The WHO also collaborates with the Food and Agriculture Organization 
of the United Nations (FAO) and the World Organisation for Animal Health 
(known by the historical acronym OIE) to build a Tripartite Integrated Sur
veillance System on Antimicrobial Resistance and Antimicrobial Use (FAO 
and WHO, 2019). The Tripartite system envisions a global, web-based repos
itory for resistance and uses data from human, animal, food, plant, and envi
ronmental sources; a request for proposals to develop such a platform was 
issued in March 2021 (WHO, 2021b). The Tripartite surveillance system is 
one of the four global projects supported by the United Nations (UN) AMR 
Multi-Partner Trust Fund, a pooled funding compact established in 2019 
to support the Tripartite’s joint One Health effort to combat antimicrobial 
resistance (FAO et al., 2020; UN MPTF Office, 2020). 

The WHO’s GLASS model of surveillance is a major step forward in 
monitoring antimicrobial resistance in low- and middle-income countries. 
The information gleaned from this network could be complemented by 
active surveillance, and there are numerous systems in place for active 
surveillance of antimicrobial resistance in low- and middle income coun
tries (Ashley et al., 2018). As Figure 4-1 shows, global programs to fight 
malaria, tuberculosis, and HIV usually have a resistance-monitoring com
ponent; there is also considerable attention to surveillance in industry and 
academia. 
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BOX 4-2  
The World Health Organization’s (WHO’s) Global  

Antimicrobial Surveillance and Use System  

A 2014 WHO report revealed little or no data on antimicrobial resistance were 
available from many low- and middle-income countries. In 2015, the WHO launched 
the Global Antimicrobial Resistance and Use Surveillance System (GLASS) to 
support the standardized collection, analysis, and sharing of antimicrobial resis
tance data at the global level. GLASS encourages countries to establish national 
surveillance systems that are capable of monitoring trends in resistance to eight 
priority, resistant pathogens with reliable data that can be compared across coun
tries.To this end, GLASS provides a standardized information technology platform, 
standards, and tools for surveillance of priority bacterial infections in humans. 
Since 2019, GLASS has also had a system to monitor antimicrobial consumption, 
including the quantity of medicines reportedly used in both hospital and com
munity practice, as well as both public and private sectors. Though only a rough 
measure of use, the estimated consumption measures for humans and animals 
helps countries identify patterns in the amounts and types of antimicrobial medi
cines used. As of April 2021, 109 countries or territories participate in the GLASS 
antimicrobial resistance surveillance program; 19 of these are also in the program 
for monitoring antimicrobial consumption, and an additional 2 countries participate 
in the antimicrobial consumption monitoring only. 

GLASS represents a relatively low bar for national surveillance and reporting but 
one that makes surveillance of antimicrobial resistance and use possible in countries 
where it would not otherwise have been an option. The WHO acknowledges that the 
data are not necessarily nationally representative. While the involvement of multiple 
sentinel surveillance sites is encouraged, only one site is required. This means that, 
especially in low-income countries, the country’s GLASS data may be based on a 
few isolates from only one hospital. Furthermore, there is considerable variability in 
the type of data reported (e.g., types of isolates and their patient specimen sources), 
its representativeness, and completeness among reporting countries. Countries are 
required to report to GLASS only once a year, so trends are not identified quickly. 
The program supports the development of sentinel sites and developing steward
ship programs and laboratory capacity; there’s a strong emphasis on peer support 
for capacity building. Other capacity-building programs, such as those supported by 
the UK Fleming Fund, use GLASS parameters and enrollment as targets for sup
ported countries. Starting in 2021, GLASS will have a capacity-building program for 
environmental aspects of surveillance for antimicrobial resistance. 

SOURCES: WHO, 2017, 2021a. 

Integrating Information from Disparate Sources 

The challenge of effective surveillance for resistant pathogens comes 
in part from the useful information being collected by a wide and dis
parate group of systems. A recent review found that of 72 international 
surveillance networks developed since 2000, 34 were still active in 2018 
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FIGURE 4-1 Sunburst chart of international networks performing surveillance for 
antimicrobial resistance in low- or middle-income countries since 2000. 
SOURCE: Ashley et al., 2018. 

(Ashley et al., 2018). Of the 45 networks conducting surveillance for 
resistance in bacteria or fungi, 21 were still active in 2018 (Ashley et al., 
2018). A more recent review identified 71 surveillance networks, mostly in 
Europe and the Americas, that monitored at least one species of resistant 
bacteria, though only 26 of these networks appear to be active (Diallo 
et al., 2020). Many of these were national networks, but others had a 
regional scope, such as the European Antimicrobial Resistance Surveil
lance Network and the Central Asian and Eastern European Surveillance 
of Antimicrobial Resistance. 

More attention to monitoring resistance might yield more and better 
data to inform policy decisions, but it is not always so. Different sys
tems collect data differently, and report results on different schedules, 
sometimes only once a year (Diallo et al., 2020). Only three of the active 
surveillance networks that Diallo and colleagues (2020) reviewed have 
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real-time monitoring with an alarm for the detection of critical pathogens. 
In general, different networks monitor animal and human health indica
tors. Some, such as the United States’ National Antimicrobial Resistance 
Monitoring System for Enteric Bacteria, look at both, but environmental 
monitoring is not a common component (Diallo et al., 2020). Harmoni
zation efforts could do much to improve comparability of data and the 
speed at which it is shared (Diallo et al., 2020). 

As Figure 4-1 shows, the private sector also operates surveillance 
networks. For example, GlaxoSmithKline has a regular survey of com-
munity-acquired respiratory tract infections in more than 30 countries; 
Merck has a program to look at antimicrobial resistance in isolates from 
intra-abdominal, blood stream, urinary tract, and respiratory tract infec
tions in more than 60 countries (AMR Industry Alliance, 2017a,b; Enne 
et al., 2016; Hermsen et al., 2020; Torumkuney et al., 2016). The Pfizer 
Antimicrobial Testing Leadership and Surveillance database allows pub
lic access to both antifungal and antibiotic resistance data (Pfizer, 2021). 
Sometimes multiple companies collaborate in a surveillance consortium, 
as in the over 20-year SENTRY Antimicrobial Surveillance Program that 
collects and tests isolates from sentinel medical centers around the world 
(Fuhrmeister and Jones, 2019). Because of the large number of collabora
tors, isolates can be tested against 20 to 30 drugs, including investigational 
drugs (Fuhrmeister and Jones, 2019). This in turn informs antibiograms 
with scarce, valuable information about susceptibility to new drugs (a 
topic discussed more in Chapters 5 and 6) (Fuhrmeister and Jones, 2019). 

In an effort to better understand private surveillance networks for 
antimicrobial resistance, the Wellcome Trust and the Open Data Institute 
established AMR Register, a clearinghouse for pharmaceutical companies’ 
human surveillance data (AMR Research Initiative, 2021a). In May 2021, 
Wellcome announced that it would work with the nonprofit organization 
Vivli to evolve the pilot project into a public website that publishes these 
data (AMR Research Initiative, 2021b; Vivli Center for Global Clinical 
Research Data, 2021). 

Figure 4-1 also notes academic surveillance efforts. Some such pro
grams are related to ongoing academic research projects, and as such have 
a set duration. Academic surveillance networks can also be run in collabo
ration with industry. The Global Point Prevalence Survey of Antimicrobial 
Consumption and Resistance, for example, relies on the sponsorship of 
bioMerieux, a diagnostics company, and the University of Antwerp to 
conduct point prevalence studies of antimicrobial consumption and resis
tance in over 800 hospitals in 80 countries (Biomerieux, 2020; Global PPS, 
2021a,b). These surveys help in the evaluation of hospital stewardship 
programs, charting whether they are effective at reducing antimicrobial 
consumption or the emergence of resistance. Some academic networks are 



 

 
   

  
         

    
 
 

  

         
 

             

 

  

 

 
       

            

           
         

 
    

 
 

        
           

 
 
 
 

         
         

125 STRENGTHENING SURVEILLANCE 

wholly or partly devoted to low- or middle-income countries. The Inter
national Nosocomial Infection Control Consortium is one such network, 
with over 300 participating study sites in Latin America, Asia, and the 
Middle East and North Africa. (INICC, 2013). The consortium works to 
identify infection control strategies suitable to low- and middle-income 
countries; its surveillance component has helped quantify the higher risk 
of surgical site infections and device-acquired infections both three to five 
times higher in low- and middle-income countries than in high-income 
ones (Rosenthal, 2016). 

These networks could provide a useful source of complementary data 
to inform estimates of the burden of the antimicrobial resistance. There 
is also ample room to make better use of, and have better access to, some 
of the data these networks collect, a topic discussed later in this chapter. 

Automated Reporting 

Automated surveillance systems have clear advantages over methods 
that rely on people to report data. Automation makes the reporting faster 
and easier, and it causes minimal disruptions to routine work. Neverthe
less, a 2018 assessment of automated reporting from clinical diagnostic 
laboratories across Europe found that the most common barriers to auto
mated reporting to the national surveillance systems were technological 
and financial (Leitmeyer et al., 2020). The laboratory software developers 
and vendors might not have developed ways to make their data compat
ible with the national surveillance systems as this is not their primary 
business (Leitmeyer et al., 2020). The protection of confidential informa
tion is a barrier to automated surveillance, especially in countries where 
there is no legal framework to support automated surveillance. 

A lack of information technology is often cited as a barrier to com
prehensive surveillance for antimicrobial resistance in low- and middle-
income countries (Vong et al., 2017). Limited internet connectivity is a 
related challenge, as are the cost of the hardware, software, and staff to 
support automated surveillance networks (Vong et al., 2017). The WHO 
Collaborating Center for Surveillance of Antimicrobial Resistance has 
developed WHONET, a free, Windows-based software for microbiology 
laboratories to use for analysis of susceptibility test results (Vong et al., 
2017). WHONET also provides a data conversion tool to ease the trans
fer of raw susceptibility data from the laboratory system to surveillance 
systems such as GLASS (Vong et al., 2017). Lab managers simply have 
to opt in to have the data uploaded to a surveillance system. Figure 4-2 
illustrates the flow of information from hospitals or national sentinel sites 
to the national data hub, also highlighting some of the country support 
the WHO is providing for the surveillance of antimicrobial resistance. 



Figure 4-2
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FIGURE 4-2 Requirements for the flow of surveillance data and proposed solu
tions to key challenges. 
SOURCE: Reproduced from Using information technology to improve surveillance of
antimicrobial resistance in South East Asia, Sirenda Vong, Amaury Anciaux, Anette 
Hulth, John Stelling, Visanu Thamlikitkul, Sunil Gupta, Jonas M. Fuks, Kāmini 
Walia, Pinyo Rattanumpawan, Sergey Eremin, Klara Tisocki, Tika R. Sedai, Anuj 
Sharma, Volume 358, 2017, with permission from BMJ Publishing Group Ltd. 

FAO is working to adapt WHONET to collect antimicrobial resis
tance data on food and food-producing animals, with consideration to 
the elements of database design that allow for compatible automated data 
capture (FAO, 2019b, 2021a). To this end, the organization has developed 
a data management template and an online database from which infor
mation on antimicrobial resistance in food and animals will eventually be 
uploaded to the Tripartite surveillance system (FAO, 2019b, 2021b). 

Such developments are promising, but in order for countries to par
ticipate in these nascent networks, they first have to have the capacity to 
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collect data. To this end, FAO provides assessment tools to measure capac
ity to monitor antimicrobial resistance in food systems and to set specific 
priorities for improvement (FAO, 2021a; FAO and UN, 2021). FAO also 
encourages regional cooperation to ensure harmonized data collection 
and regional comparability of results (FAO, 2019a). The WHO and the 
FAO’s Codex Alimentarius Commission have produced draft guidelines 
on monitoring foodborne antimicrobial resistance (FAO and WHO, 2021). 

DATA COLLECTION AND ANALYSIS 

Antibacterial resistance can be determined through two main sets of 
tools: phenotypic and genotypic. Phenotypic antimicrobial susceptibility 
tests determine the effectiveness of an antimicrobial compound in killing 
or inhibiting the growth of specific bacterial types. Such test results are 
vital for clinical decision making, including the drug and regimen for anti
microbial therapy. At a population level, susceptibility data are valuable 
indicators of trends in antimicrobial resistance (Cusack et al., 2019). There 
are also a wealth of genotypic tools, more widely used in research, that 
can help inform a better understanding of the burden of resistance. This 
includes multiplexed molecular panels incorporating resistance markers, 
which are becoming increasingly common in clinical and environmental 
laboratories and offer rapid and accurate genotypic susceptibility results 
and next-generation sequencing approaches. 

Phenotypic Tests 

The two most commonly used methods to test antimicrobial susceptibil
ity are diffusion and microdilution. As Figures 4-3 and 4-4 show, both types 
of test rely on established clinical breakpoints to determine if an organism 
is resistant or susceptible to an antimicrobial compound or at an intermedi
ate point between resistance and susceptibility, from which the microbiolo
gist measures the minimum drug concentration needed to inhibit microbial 
growth (the minimum inhibitory concentration, or MIC). Of the two meth
ods, broth microdilution provides more information on the extent of suscep
tibility or resistance that facilitates comparison of susceptibility profiles over 
space and time. The microtiter plate format is also more amenable to auto
mation from setup to reading, as Figure 4-4 shows, although automated disc 
dispensers are commercially available to facilitate the setup of diffusion tests. 

Both diffusion and microdilution tests are used in medicine to under
stand the clinical susceptibility of a pathogen to an antimicrobial. This is 
information a physician or veterinarian would need to identify a resis
tant infection and treat a patient. This clinical resistance is driven at the 
molecular level by traits in the pathogen that convey resistance to anti
microbials. Recent advances in testing have given better insight into the 
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FIGURE 4-3 Steps in disk diffusion. 
NOTES: In disk diffusion, different antimicrobials or different concentrations of 
the same antimicrobial are spaced on a culture plate inoculated with the pathogen 
of interest. After incubation, the diameter of the zone of inhibition around each 
disk is measured. 
SOURCE: Cappuccino, James G. and Natalie Sherman; Microbiology: A Labora
tory Manual, 10th Ed., ©2014. Reprinted by permission of Pearson Education, Inc. 

FIGURE 4-4 A microdilution tray viewed from above; microtubes filled with 
progressively more concentrated dilutions of drug in both are inoculated with 
an equal number of bacterial cells. The microbiologist identifies the lowest drug 
concentration to inhibit cloudiness in the sample. 
SOURCE: Lumen, 2021. 



 

   
     

 

          
 

          

 
 
 

           
 

 
 

           
 
 
 
 
 
 

          
            

 
 

 
 

    
         

 
         

 
 

          
 

        

  
 

 

129 STRENGTHENING SURVEILLANCE 

genetic basis of resistance, information that can be monitored in academic 
and public health surveillance efforts. 

Genotypic Tests 

Genotypic tools for identifying resistance look for sequences in the 
genetic code that indicate mechanisms of resistance to antimicrobials. 
Genotypic analyses include many tools based on molecular analysis, (i.e., 
polymerase chain reaction or PCR), which amplify sections of bacte
rial DNA to detect the presence of resistant traits. In clinical settings, 
molecular tests typically look for genes known to convey resistance to 
relevant drugs. The results can be helpful in informing clinical treatment 
by ruling out treatments for which the target pathogen carries resistance 
genes. At the same time, the presence of resistance genes does not neces
sarily predict treatment failure, nor does the absence of resistance genes 
necessarily indicate the clinical susceptibility of the pathogen, especially 
in gram-negative organisms (Bard and Lee, 2018; Galhano et al., 2021). 
Quantitative PCR (qPCR), also known as real-time PCR, not only detects 
the presence of a resistance gene but can also measure the concentration of 
the gene in the sample. For this reason, qPCR is frequently used to detect 
resistance genes in the environment. Its usefulness has increased with the 
introduction of high-throughput, real-time quantitative PCR, a technique 
that can analyze the presence and quantity of many resistance genes or 
mobile genetic elements at the same time, performing multiple assays 
using samples of only nanoliters (Franklin et al., 2021; Luby et al., 2016). 

Whole genome sequencing identifies resistance by comparing the 
sequenced genome of the pathogen in question to known sequences that 
encode antimicrobial resistance (see Figure 4-5). Through the use of com
puterized algorithms and pattern recognition (called machine learning), 
genome sequences can be rapidly compared to their phenotypic resistance 
patterns to identify novel resistance mechanisms or mutations (Hendrik
sen et al., 2019a; Schurch and van Schaik, 2017). 

Whole genome sequencing has been essential to the recent COVID-19 
response, and using this tool in surveillance can be essential for outbreak 
response (Africa CDC, 2020) For this reason, a group of public, private, and 
nonprofit organizations, led by the African Union Commission through the 
Africa Centres for Disease Control and Prevention, recently invested $100 
million to expand the use of genomic sequencing tools in public health 
surveillance and laboratory networks across Africa (Africa CDC, 2020). 

There are also genotypic tools to describe the composition of micro
bial communities rather than single (cultured) organisms. As Figure 4-6 
shows, metagenomic analysis can be especially useful in environmental 
monitoring (Schmieder and Edwards, 2012). Sequence-based metage
nomic analysis involves extraction of DNA from an environmental sample 
and sequencing all or portions of it. The sequenced DNA—the metage
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FIGURE 4-5 Whole genome sequencing compares DNA sequence data to AMR
 
determinants in reference databases.
 
SOURCE: Hendriksen et al., 2019a.
 

nome—is then compared to a reference database of resistance genes and 
other determinants of resistance. (Examples of such reference databases 
include the Comprehensive Antibiotic Resistance Database, ResFiner, and 
the Reference Gene Catalog [Alcock et al., 2020; Bortolaia et al., 2020; 
Feldgarden et al., 2021a].) Functional metagenomics involves cloning the 
collective genome of all the organisms in a sample into a bacterial host, 
often E.coli, to identify resistance genes or genetic elements that may 
not be apparent from the sequence alone (Allen et al., 2010). This func
tional metagenomic analysis can be highly exploratory; no specific target 
pathogen, resistance gene, or mobile genetic element needs to be identi
fied prior to the analysis. This can, therefore, be a very time-consuming 
approach to analysis, sometimes described as “tedious” or like searching 
for a needle in a haystack (Kowalchuk et al., 2007). 

Genotypic tools are useful in surveillance: they are fast and require 
relatively small sample volumes. The ability to detect the presence of a 
resistance mechanism, even at low levels, is useful in surveillance. (The 
same is not true in clinical medicine, where the presence of resistance 
genes is not necessarily clinically useful information.) Genotypic tools are 
valuable in studying bacteria that are difficult to culture (Franklin et al., 
2021). They have the potential to identify drivers of resistance, such as the 
presence of genes associated with resistance to heavy metals or multiple 
drugs or with mobile genetic elements (Franklin et al., 2021; Hendrik-
sen et al., 2019a; Sundsfjord et al., 2004). They can also detect resistance 
mechanisms regardless of whether the pathogen is alive, a determination 
that does not rely on phenotypic breakpoints, which may be defined dif
ferently depending on the testing standard used (Sundsfjord et al., 2004). 

At the same time, genotypic tests are currently expensive and require 
more sophisticated equipment and analysis than phenotypic susceptibil
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FIGURE 4-6 Examples of metagenomic analysis of antimicrobial resistance in 
microbial communities. 
NOTES: Cloning fragments into an expression vector to create a metagenomic 
expression library is a new approach especially valuable in identifying genes in
volved in resistance to target antimicrobials. It is a complement to the more widely 
used metagenomic approaches delineated on the left. 
SOURCE: Schmieder and Edwards, 2012. 

ity tests (Wellcome Trust, 2018). What is more, resistance encoded by a 
previously unknown gene will be missed by genotypic methods based on 
sequencing. Furthermore, the presence of a resistance gene or determinant 
is not the same thing as its functional expression in a pathogen, something 
a phenotypic susceptibility test determines (Dunne et al., 2017). Looking 
at the RNA in a transcriptome can give insight into the genetically active 
and inactive components of a genome or microbiome (Shakya et al., 2019). 
The sequencing of RNA in microbial communities (called metatranscript
omics) can clarify the ways in which genes function (Franzosa et al., 2014; 
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Korry et al., 2020; Shakya et al., 2019). While metagenomic analysis gives 
insight into the structure and potential function of the microbial commu
nity, metatranscriptomic analysis gives insights into gene expression and 
function in response to specific conditions. Tools used together can provide 
a good understanding of changes in microbial communities and the func
tional response of antibiotic resistant genes in response to antibiotic expo
sure, if they can be adequately assembled and annotated from sequencing 
datasets (Korry et al., 2020). At the same time, obtaining intact RNA from 
an environmental sample is technically difficult and time consuming, chal
lenges that should be weighed against their use (Maki et al., 2017). 

Analysis of an environmental sample using PCR to search for par
ticular resistance markers cannot determine the microbial host of the 
resistance gene, making it difficult to interpret if or how the resistance 
is conveyed to key pathogens (Luby et al., 2016). While the new high-
throughput, real-time PCR techniques can test for multiple resistance 
genes at the same time, they are incapable of identifying novel resistance 
genes or emerging genetic elements (Franklin et al., 2021). There is also 
a need for standardization of procedures, especially for whole genome 
sequencing and metagenomic analysis (Hendriksen et al., 2019a). Table 
4-1 summarizes advantages and disadvantages of different methods to 
identify the presence of antimicrobial resistance. 

Identifying Resistance Patterns 

Some systems in place for surveillance of antimicrobial resistance 
are designed to monitor resistance in particular pathogens or to a certain 
antimicrobial. AstraZeneca monitored susceptibility to meropenems in 
21 countries for almost a decade, for example (Ashley et al., 2018). How
ever, as protocols for phenotypic detection are streamlined and genotypic 
tools become cheaper and more accessible, coordinated monitoring across 
human, animal, and environmental samples will be more feasible. 

One commonly used tool to monitor resistance patterns is the antibio
gram, a “profile of antimicrobial susceptibility testing results of a specific 
microorganism to a battery of antimicrobial drugs” (Minnesota Depart
ment of Health, 2015). Antibiograms are usually presented in tables, pull
ing aggregate data from a hospital or health system (Minnesota Depart
ment of Health, 2015). Antibiograms are useful for monitoring trends in 
pathogens’ phenotypic resistance to different drugs; for this reason they 
are invaluable in both clinical medicine and surveillance. The production 
of antibiograms is part of the CDC’s Core Elements of Hospital Antibiotic 
Stewardship Programs (CDC, 2019a). Hospital reports, in turn, feed into 
state and county antibiograms that are used to both inform treatment 
decisions and monitor trends in resistance. 
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TABLE 4-1 
Advantages and Disadvantages of Current Methods Available to Characterize 
Antimicrobial Resistance 

Methods  Advantages Disadvantages 

Phenotypic tests Low technical requirements 

Low cost per test 

Capable of identifying and 
quantifying antimicrobial-
resistant bacteria 

Allows determining the 
phenotypic response of bacteria 
to selection pressure from 
antimicrobials 

Already in widespread use 
in clinical settings and water 
quality monitoring programs 

Ongoing global efforts to 
provide guidelines on collecting 
and reporting data 

qPCR and 
reverse 
transcriptase qPCR 

Rapid quantification of target 
resistance genes for tracking, 
transport, and risk-assessment 
models 

With new high-throughput 
technologies, able to analyze 
a large suite of target genes 
simultaneously 

Ability to detect low-abundance 
genes (i.e., high sensitivity) 

Do not need live organism 

High specificity compared to 
many culture-based assays for 
environmental samples 

Whole genome 
sequencing 

Antimicrobial-resistant bacteria 
can be typed and tracked by 
individual allele profile 

Achieves much higher resolution 
than traditional typing methods 

Determines co-carriage of 
specific genes causing different 
multidrug-resistance patterns 

Labor intensive and time 
consuming 

Inherent cultivation bias for 
fast-growing, easily cultivable 
bacteria 

Unculturable environmental 
bacteria that may serve as 
a reservoir of resistance are 
neglected 

For environmental surveillance, 
lack of benchmarking against 
culture-independent methods 

Results take days, necessitating 
prolonged use of broad-
spectrum antimicrobials in 
clinical practice 

High technical requirements 

Inability to directly discriminate 
extracellular from intracellular 
DNA or the presence of 
resistance genes in live versus 
dead bacteria (qPCR only) 

In the case of reverse 
transcriptase qPCR, need 
for methods to avoid RNA 
degradation and preserve 
sample quality before processing 

Sensitivity can be influenced by 
qPCR inhibition 

Difficult to distinguish location 
of the gene (e.g., chromosome, 
plasmid, phage) 

Only amplifies a small region of 
the genome and may therefore 
detect pseudogenes (i.e., 
nonfunctional genes) 

Generally, cost prohibitive for 
large studies 

Limited to the individual 
bacterial cells that can be 
cultured and sequenced; 
newer technologies like single-
cell genomics can capture 
unculturable microbes 

Requires accurate and up-to
date reference databases 

Very high technical requirements 

continued 
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Metagenomics Able to analyze large 
numbers of relevant genes in 
environmental samples 

Can potentially carry out 
bacterial taxonomy and 
functional gene analysis 
simultaneously 

Using PCR-free library 
preparation removes problems 
with unsuitable primer design 
and PCR biases 

Can predict new variations on 
resistance genes 

Datasets can be compared 
between studies 

Helps to expand ARG databases 

Highest cost and technical 
requirements of all the methods 

Poor repeatability due to 
limitations in current analysis 
methods (in development); 
repeatability will increase with 
the development of guidelines 
and standards of analysis and 
the growth of curated reference 
databases 

Labor intensive with complex 
sample preparation and analysis 

Difficult to directly link the 
presence of a resistance gene 
with a specific resistant bacteria 

No live, dead, or active 
discrimination when not 
culturing first 

When PCR-dependent library 
preparation is used, PCR 
biases can affect analytical 
sensitivity and accuracy (e.g., 
exaggerations of dominant 
taxa or omitting low number 
abundance taxa) 

Does not provide enough 
sequencing depth to enrich 
and assemble genomes of 
a single strain (especially in 
complex matrices); however, 
this limitation depends on the 
platform 

Results dependent on library 
preparation and bioinformatics 
workflows 

Metatranscript
omics 

Allows the characterization and 
quantification of antimicrobial 
resistance genes that are 
metabolically active (being 
expressed) 

Only characterizes resistance 
genes that are actively 
expressed at the particular 
time of sample collection and 
in that particular environmental 
condition 

Expensive 

Requires samples to be frozen 
immediately at ultra-low 
temperatures or stored in special 
preservatives 

SOURCES: Reprinted from Journal of Microbiological Methods, Vol 184, A. M. Franklin, N. E. Brinkman, 
M. A. Jahne, S. P. Keely, Twenty-first century molecular methods for analyzing antimicrobial resistance 
in surface waters to support One Health assessments, Copyright (2021), with permission from Elsevier. 
Based on Franklin et al., 2021; Korry et al., 2020. 
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Useful as they are, antibiograms do not typically give information 
into mechanisms of resistance, information that can be used to predict 
resistance patterns in microbe–drug combinations that are not part of the 
antibiogram (Sundsfjord et al., 2004). As Figure 4-5 showed, automated 
test panels have limited space, so the ability to make inferences about sus
ceptibility in microbe–drug combinations that are not included in auto
mated susceptibility tests is helpful. The use of whole genome sequenc
ing to identify root causes of resistance is also useful when phenotypic 
resistance patterns change. In the Philippines, for example, the pairing 
of sequencing data with local antibiograms revealed that an increase in 
carbapenem resistance was attributable to horizontal gene transfer rather 
than the spread of a single resistant genetic clone (Argimon et al., 2020). 

Whole genome sequencing is especially valuable in connection resis
tance patterns that emerge in different places or species or over a long 
time. It has been used in neonatal intensive care units to connect out
breaks of MRSA even when months pass between cases (Harris et al., 
2013). Whole genome sequencing can also identify genetic links between 
resistant pathogens affecting humans and livestock (Davis et al., 2015). 

The effectiveness of using phenotypic and genotypic data together 
to combat antimicrobial resistance can be seen in the Walter Reed Army 
Institute of Research’s Multidrug-Resistant Organism Repository and 
Surveillance Network (MRSN). Established to identify and prevent the 
spread of gram-negative multidrug-resistant organisms in military hos
pitals, the network provides a standardized system to interpret and com
pare resistance data across diverse settings (Chandrasekera et al., 2015). 
The MRSN also emphasizes prompt turnaround on testing to inform 
clinical practice. Pathogen identification and susceptibility are confirmed 
within 48 hours, along with PCR results screening for resistance genes 
(Chandrasekera et al., 2015). Information derived from whole genome 
sequencing and other advanced genomic tests are made available within a 
week (Chandrasekera et al., 2015). Through these efforts, MRSN supports 
attention to standard minimum data included on antibiograms, allowing 
for greater comparability of antibiograms across sites (Chandrasekera et 
al., 2015). 

The MRSN allows clinicians prompt access to valuable information 
about resistant pathogens, informing treatment decisions and allowing 
them to put infection control measures in place quickly if necessary. It can 
also identify new resistant pathogens and genes. The value of the infor
mation gained is amplified through the Department of Defense’s (DOD’s) 
ongoing surveillance for resistant pathogens in host country military and 
civilian hospitals as part of the Global Emerging Infections Surveillance 
program (Health.mil, 2021; Meyer et al., 2011). Such monitoring can track 
the spread of antimicrobial resistance globally, informing clinical practice 
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and national policy for combating antimicrobial resistance (Meyer et al., 
2011). 

National Institutes of Health Efforts to Curate Information About Resistance 

The MRSN may be unique in the population it serves and in the 
speed at which it is able to collect, analyze, and act on a signal, but it 
feeds into an even larger data collection effort. The National Center for 
Biotechnology Information (NCBI), a division of the National Library of 
Medicine (NLM) at the National Institutes of Health (NIH), has collected 
and made publicly available considerable information about resistance 
genes, genome sequences, antimicrobial susceptibility data, and bacterial 
genomes (NLM, 2019a). In 2016, it launched the Pathogen Detection Iso
lates Browser, an evolving tool that collects and analyzes gene sequences 
of pathogen isolates from human, food, animal, and environmental sources 
(NLM, 2019b). Submissions to the isolate browser come from a range of 
U.S. federal health agencies (including the DOD, the CDC, the Food and 
Drug Administration, and the U.S. Department of Agriculture [USDA]), 
state public health and agriculture laboratories, universities and hospitals, 
and international partners in the United Kingdom, Denmark, Australia, 
Canada, and Mexico (NLM, n.d.a). Figure 4-7 shows resources available in 
the Pathogen Detection Project and the relationships among them. 

As Figure 4-7 indicates, public health and clinical laboratories can sub
mit data to the NCBI databases, as can researchers or the managers of vari
ous data repositories (NLM, n.d.b).2 As of June 2021, the Pathogen Detec
tion Isolates Browser contained nearly 900,000 isolates from 33 bacteria 
and the fungus Candida auris (NLM, 2021b). All data are publicly available. 

The Pathogen Detection project has two objectives. The first is to 
identify relationships among disparate clones as part of the source inves
tigation and response to on an outbreak (NLM, n.d.a). The other is to 
facilitate monitoring and research on resistance genes and other relevant 
genetic information that encode antimicrobial resistance. To this end, 
NCBI has built the National Database of Antibiotic Resistant Organisms 
(NDARO) (NLM, n.d.c). This database includes a reference catalog with 
the capability to search for acquired resistance genes and proteins and 
point mutations as well as genes encoding for co-resistances (including 
metal and biocides) and virulence (Sayers et al., 2021). It includes software 
that analyzes all uploaded isolates, with the exception of C. auris, for 

2 Submission requires a record of the project in NCBI’s BioProject database, a record in 
NCBI’s BioSample database with the isolate metadata for each pathogen sequenced, and 
a submission of the raw sequence data to NCBI’s Sequence Read Archive database (NLM, 
2021a). 
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NCBI Pathogen Detection Project
Antimicrobial Resistance Resources: data sets and tools 

Pathogen Detection
Reference Gene Catalog NCBI AMR HMMs AMRFinder Hierarchy 

AMRFinder Plus 

Isolates Browser 

MicroBIGG-E Data Set 

Pathogen Detection Reference Gene Catalog Web Interface MicroBIGG-E Web Interface 

FIGURE 4-7 Antimicrobial resistance resources in the National Center for Biotech
nology Information pathogen detection project and the relationships among them. 
SOURCE: NLM, 2020. 

resistance genes identified in the databases, with the capacity to identify 
co-resistance and point mutations for some pathogens (Feldgarden et 
al., 2021a). Antibiogram data from phenotypic susceptibility tests can 
be uploaded and stored with the sequence. The phenotypic information 
is included as a column in the Isolate Browser next to the column of 
identified resistance genes, as well as details of the antibiogram, includ
ing minimum inhibitory concentrations and the testing standard used. 
Additional information about the isolates (e.g., clinical or environmental 
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sample; from blood, urine, meat; from retail or wholesale) is included in 
the metadata. The database can be searched for combinations of pheno
typic and genotypic resistances, including co-resistances and virulence. 
As of January 2021, the project has included the Microbial Browser for 
Identification of Genetic and Genomic Elements, which allows users to 
download protein and nucleotide sequences as well as isolate metadata 
about assumed phenotypic expression (Sayers et al., 2021). 

The committee commends NCBI for its Pathogen Detection and 
NDARO programs, both for scope of the programs and the breadths of 
contributors they are accessible to. These databases are not only invalu
able tools for researchers and public health investigators, but they are 
useful to inform discussion about priorities for medicine and diagnostic 
development. 

However, the focus of the programs on genotypic data leaves much 
available data on resistance unmined. Of the almost 900,000 isolates sub
mitted to the browser, only a little more than 10,000 entries (about 1 per
cent) have associated antibiogram data (Hendriksen et al., 2019a; Prasad, 
2021). Most of these antibiograms have been entered by federal agencies, 
and more than half are for Salmonella spp. (Strain, 2021). Antibiogram data 
from many hospitals, universities, and public health laboratories around 
the country are not being uploaded. The committee encourages NCBI to 
continue its efforts to communicate about the Pathogen Detection Project 
to all parties who may have data to contribute, emphasizing the impor
tance of including antibiogram data when available. 

As seen with the example of MRSN, collecting phenotypic data within 
a broader database can facilitate the aggregation of antibiograms and 
bolster efforts to depict the emergence and spread of resistance (CDDEP, 
2021). The sequencing of resistance genes and associated mechanisms of 
resistance can increasingly predict pathogens’ susceptibility to different 
antimicrobials (Hendriksen et al., 2019a; Schurch and van Schaik, 2017) 
(see Table 4-2). It is still too expensive and resource intensive to be useful in 
clinical practice, especially in low- and middle-income countries, however 
(NIHR Global Health Research Unit on Genomic Surveillance of AMR, 
2020). For surveillance purposes, genome sequences may be sufficiently 
reliable for identifying patterns of antimicrobial resistance of public health 
importance (Bortolaia et al., 2020; Koser et al., 2014; Schurch and van 
Schaik, 2017). As the GLASS protocols acknowledge, phenotypic testing 
is the common denominator of global surveillance (Bard and Lee, 2018). 

A Phenotypic Database 

Phenotypic susceptibility tests are a mainstay of clinical microbiology. 
They are also valuable in environmental surveillance as they are relatively 
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inexpensive and allow for comparison with other epidemiological data. 
Some water monitoring programs already rely on phenotypic suscepti
bility tests (Bard and Lee, 2018; Franklin et al., 2021; McLain et al., 2016). 
There is a great deal of susceptibility data generated daily at U.S. hospi
tals, nursing homes, diagnostic laboratories, and environmental monitor
ing sites on phenotypic resistance that is not captured by the Pathogen 
Detection Project because no genomic data are collected to which the phe
notypic results can be attached. Even if there are genomic data to which 
susceptibility results can be linked, adding this information creates an 
extra manual step on the part of the submitter. Furthermore, as evidenced 
by the efforts of the Wellcome Trust and the Open Data Institute to estab
lish the AMR Register, there is considerable relevant industry data that 
is not yet public and therefore not captured in the NCBI databases. The 
phenotypic information from these sources would be useful for under
standing the prevalence, spread, and evolution of resistance. A reasonable 
approach to incorporating genomic data is to monitor markers of genomic 
resistance alongside phenotypic susceptibility data when available. Resis
tance detection assays, as part of multiplexed molecular panels including 
syndromic panels, have increased the availability of such results that may 
also inform treatment decisions (Dien Bard and McElvania, 2020). 

The committee recognizes the rapid advancements that have been 
made in genome sequencing. Genomic tools are increasingly used to 
identify patterns in antimicrobial resistance and predict susceptibility to 
antimicrobials. Chapter 6 discusses how such tools can be used to inform 
drug discovery. The wealth of research tools presented in Table 4-1 are all 
used, individually and together, to better understand the way resistant 
pathogens move through human and animal hosts and the environment. 
Rapid sequencing can help detect emerging pathogens passing between 
humans and animals (GAO, 2021). The USDA and the CDC use these 
tools to track emerging variants of SARS-CoV-2 in humans and animals 
(APHIS, 2021; GAO, 2021). Similarly, these tools drive forward research 
on antimicrobial resistance and efforts to counter it. 

Excitement over the immense potential of new analytic technologies 
should not blind us to the value of the vast amounts of information on 
phenotypic antimicrobial susceptibility currently generated in clinical 
laboratories and health departments all over the world. There is useful 
data in ordinary antibiograms that could inform a better understanding 
of the trends in antimicrobial resistance. Failure to make full use of this 
data for understanding disease burden and emerging trends is wasteful. 

Phenotypic data are useful for surveillance, even in the absence of 
corresponding genotypic information. Furthermore, the amount of phe
notypic data generated regularly in clinical laboratories, both from ani
mal and human samples, dwarfs that being produced via whole genome 



Pathogen
Number of 
Pathogens

AST
Method

Number of 
Antimicrobials

Bioinformatic 
Tool

Sequencing 
Data

2013 S. 
Typhimurium

E. coli
E. faecalis
E. faecium

49

48
50
50

MIC 17

14

ResFinder Assembled, 
Velvet

2013 E. coli (ESBL)

K. pnuemonia 
(ESBL)

74

69

DD 7 BLASTn, 
selected panel

Assembled, 
Velvet

 2014 S. aureus 501 DD/MIC
(Vitek)

12 BLASTn, 
selected panel

Assembled, 
Velvet

 2016 C. jejuni
C. coli

32
82

MIC 9 BLASTx Assembled, 
CLC-bio

2016 S. enterica 104

536

MIC 14 ResFinder/
ARG-ANNOT/
CARD/BLAST

Assembled, 
CLC-bio

 2017 E. coli
K. pnuemonia
P. aeruginosa
E. cloacae

31
24
22
13

MIC 4 Custom DB 
based on 
ARDB/CARD/ß 
lactamase 
alleles

 2017 S. enterica

E. coli
C. jejuni

50

50
50

MIC 4

6
4

ResFinder/
PointFinder

Assembled, 
SPAdes

2018 E. faecalis
E. faecium

97
100

MIC 11 ResFinder/
NCBI Pathogen
DB/BLAST

Assembled, 
CLC-bio

 2018 S. aureus 501

491
397

DD/MIC 12 GeneFinder/
Mykrobe/
Typewriter

FASTQ/
assembled, 
BLAST

2018 M. 
tuberculosis

10209 MGIT
960

4
4
4
4

Cortex Assembled

2019 H. pylori 140 MIC
(E-test)

5 ARIBA FASTQ

(1) ESBL: Extended Spectrum Beta-Lactamase, (2) MIC: Minimum Inhibitory Concentration,
(3) DD: Disk diffusion, (4) VM: Very Major, (5) M: Major, (6) R/S: Resistant/Susceptible,
(7) SPEC: Spectinomycin, (8) GEN: Gentamicin, (9) AZI: Azithromycin, (10) CLIN: Clindamycin, 
(11) TEL: Telithromycin, (12) FQ: Floroquinolone, (13) ERi: Erithromycin, (14) COL: Colistin
SOURCE: Hendriksen et al., 2019a.

Pathogen Concordance Sensitivity Specificity Comment

2013 S. 
Typhimurium

E. coli
E. faecalis
E. faecium

99.74% Disagreement: 7 isolates 
including 6 E. coli resistant to 
SPEC

2013 E. coli (ESBL)

K. pnuemonia 
(ESBL)

96% 97% VM rate: 1.2%
M rate: 2.1%

 2014 S. aureus 97% 99% VM rate: 0.5%
M rate: 0.7%

 2016 C. jejuni
C. coli

99.2% Lower accordance to GEN, AZI, 
CLIN, TEL

2016 S. enterica 99.0% 99.2%

97.6%

99.3%

98%

Lower accordance to 
aminoglycosides/ß-lactams

 2017 E. coli
K. pnuemonia
P. aeruginosa
E. cloacae

87% 98% Negative predictive value: 97%
Positive predictive value: 91%

 2017 S. enterica

E. coli
C. jejuni

98.4% Disagreement:
2/2 C. jejuni to FQ/ERY

5 E. coli to Col (pmrB)

2018 E. faecalis
E. faecium

96.5%

 2018 S. aureus 98.3% Disagreements:

0.7% Predicted resistant
0.6% Predicted susceptible

2018 M. 
tuberculosis

89.5% 97.1%/99.0% predicted R/S
97.5%/98.8% predicted R/S 
94.6%/93.6% predicted R/S
93.1%/96.8% predicted R/S

2019 H. pylori 99.% Phenotype issues to 
metronidazole
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TABLE 4-2 
Concordance Between Phenotypic Susceptibility Testing and Whole Genome 
Sequencing-Based Predicted Antimicrobial Resistance 

Pathogen 
Number of 
Pathogens 

AST  
Method 

Number of 
Antimicrobials 

Bioinformatic 
Tool 

Sequencing 
Data 

2013 E. coli (ESBL) 

K. pnuemonia 
(ESBL) 

74 

69 

DD 7 BLASTn, 
selected panel 

Assembled, 
Velvet

 2014 S. aureus 501 DD/MIC 
(Vitek) 

12 BLASTn, 
selected panel 

Assembled, 
Velvet

 2016 C. jejuni 
C. coli 

32 
82 

MIC 9 BLASTx Assembled, 
CLC-bio 

 2017 E. coli 
K. pnuemonia 
P. aeruginosa 
E. cloacae 

31 
24 
22 
13 

MIC 4 Custom DB 
based on 
ARDB/CARD/ß 
lactamase 
alleles

2018 E. faecalis 
E. faecium 

97 
100 

MIC 11 ResFinder/ 
NCBI Pathogen 
DB/BLAST 

Assembled, 
CLC-bio

2018 M. 
tuberculosis 

10209 MGIT 
960 

4 
4 
4 
4 

Cortex Assembled 

2013 	 S. 
Typhimurium 

E. coli 
E. faecalis 
E. faecium 

49 

48 
50 
50 

MIC 17 

14 

ResFinder Assembled, 
Velvet 

2016 S. enterica 104 

536 

MIC 14 ResFinder/ 
ARG-ANNOT/ 
CARD/BLAST 

Assembled, 
CLC-bio

 2017	 S. enterica 

E. coli 
C. jejuni 

50 

50 
50 

MIC 4 

6 
4 

ResFinder/ 
PointFinder 

Assembled, 
SPAdes 

 2018 S. aureus 501 

491 
397 

DD/MIC 12 GeneFinder/ 
Mykrobe/ 
Typewriter 

FASTQ/ 
assembled, 
BLAST 

2019 H. pylori 140 MIC 
(E-test) 

5 ARIBA FASTQ 



Pathogen
Number of 
Pathogens

AST
Method

Number of 
Antimicrobials

Bioinformatic 
Tool

Sequencing 
Data

2013 S. 
Typhimurium

E. coli
E. faecalis
E. faecium

49

48
50
50

MIC 17

14

ResFinder Assembled, 
Velvet

2013 E. coli (ESBL)

K. pnuemonia 
(ESBL)

74

69

DD 7 BLASTn, 
selected panel

Assembled, 
Velvet

 2014 S. aureus 501 DD/MIC
(Vitek)

12 BLASTn, 
selected panel

Assembled, 
Velvet

 2016 C. jejuni
C. coli

32
82

MIC 9 BLASTx Assembled, 
CLC-bio

2016 S. enterica 104

536

MIC 14 ResFinder/
ARG-ANNOT/
CARD/BLAST

Assembled, 
CLC-bio

 2017 E. coli
K. pnuemonia
P. aeruginosa
E. cloacae

31
24
22
13

MIC 4 Custom DB 
based on 
ARDB/CARD/ß 
lactamase 
alleles

 2017 S. enterica

E. coli
C. jejuni

50

50
50

MIC 4

6
4

ResFinder/
PointFinder

Assembled, 
SPAdes

2018 E. faecalis
E. faecium

97
100

MIC 11 ResFinder/
NCBI Pathogen
DB/BLAST

Assembled, 
CLC-bio

 2018 S. aureus 501

491
397

DD/MIC 12 GeneFinder/
Mykrobe/
Typewriter

FASTQ/
assembled, 
BLAST

2018 M. 
tuberculosis

10209 MGIT
960

4
4
4
4

Cortex Assembled

2019 H. pylori 140 MIC
(E-test)

5 ARIBA FASTQ

TABLE 4-2
Concordance Between Phenotypic Susceptibility Testing and Whole Genome 
Sequencing-Based Predicted Antimicrobial Resistance

Pathogen
Number of 
Pathogens

AST
Method

Number of 
Antimicrobials

Bioinformatic 
Tool

Sequencing 
Data

2013 S. 
Typhimurium

E. coli
E. faecalis
E. faecium

49

48
50
50

MIC 17

14

ResFinder Assembled, 
Velvet

2013 E. coli (ESBL)

K. pnuemonia 
(ESBL)

74

69

DD 7 BLASTn, 
selected panel

Assembled, 
Velvet

 2014 S. aureus 501 DD/MIC
(Vitek)

12 BLASTn, 
selected panel

Assembled, 
Velvet

 2016 C. jejuni
C. coli

32
82

MIC 9 BLASTx Assembled, 
CLC-bio

2016 S. enterica 104

536

MIC 14 ResFinder/
ARG-ANNOT/
CARD/BLAST

Assembled, 
CLC-bio

 2017 E. coli
K. pnuemonia
P. aeruginosa
E. cloacae

31
24
22
13

MIC 4 Custom DB 
based on 
ARDB/CARD/ß 
lactamase 
alleles

 2017 S. enterica

E. coli
C. jejuni

50

50
50

MIC 4

6
4

ResFinder/
PointFinder

Assembled, 
SPAdes

2018 E. faecalis
E. faecium

97
100

MIC 11 ResFinder/
NCBI Pathogen
DB/BLAST

Assembled, 
CLC-bio

 2018 S. aureus 501

491
397

DD/MIC 12 GeneFinder/
Mykrobe/
Typewriter

FASTQ/
assembled, 
BLAST

2018 M. 
tuberculosis

10209 MGIT
960

4
4
4
4

Cortex Assembled

2019 H. pylori 140 MIC
(E-test)

5 ARIBA FASTQ

 

 
 

 

 
 

 

141 STRENGTHENING SURVEILLANCE 

Pathogen Concordance Sensitivity Specificity Comment 

2013 S. 
Typhimurium

E. coli 
E. faecalis 
E. faecium 

99.74% Disagreement: 7 isolates 
including 6 E. coli resistant to 
SPEC 

 

2013 E. coli (ESBL) 

K. pnuemonia 
(ESBL) 

96% 97% VM rate: 1.2% 
M rate: 2.1%

 2014 S. aureus 97% 99% VM rate: 0.5% 
M rate: 0.7%

 2016 C. jejuni 
C. coli 

99.2% Lower accordance to GEN, AZI, 
CLIN, TEL 

2016 S. enterica 99.0% 99.2% 

97.6% 

99.3% 

98% 

Lower accordance to 
aminoglycosides/ß-lactams

 2017 E. coli 
K. pnuemonia 
P. aeruginosa 
E. cloacae 

87% 98% Negative predictive value: 97% 
Positive predictive value: 91%

 2017 S. enterica 

E. coli 
C. jejuni 

98.4% Disagreement: 
2/2 C. jejuni to FQ/ERY 

5 E. coli to Col (pmrB) 

2018 E. faecalis 
E. faecium 

96.5%

 2018 S. aureus 98.3% Disagreements: 

0.7% Predicted resistant 
0.6% Predicted susceptible 

2018 M. 
tuberculosis 

89.5% 97.1%/99.0% predicted R/S 
97.5%/98.8% predicted R/S 
94.6%/93.6% predicted R/S 
93.1%/96.8% predicted R/S 

2019 H. pylori 99.% Phenotype issues to 
metronidazole 

(1) ESBL: Extended Spectrum Beta-Lactamase, (2) MIC: Minimum Inhibitory Concentration, 
(3) DD: Disk diffusion, (4) VM: Very Major, (5) M: Major, (6) R/S: Resistant/Susceptible, 
(7) SPEC: Spectinomycin, (8) GEN: Gentamicin, (9) AZI: Azithromycin, (10) CLIN: Clindamycin, 
(11) TEL: Telithromycin, (12) FQ: Floroquinolone, (13) ERi: Erithromycin, (14) COL: Colistin 
SOURCE: Hendriksen et al., 2019a. 
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sequencing and metagenomics. Central collection and analysis of pheno
typic data would give better insight into the regional and global distribu
tion of resistant pathogens than genomic results from the smaller subset 
of sequenced isolates. It could also provide a more representative picture 
of disease burden, as most investigators would only sequence pathogens 
that seem out of the ordinary. 

Recommendation 4-1: The National Library of Medicine 
(NLM)  should  establish  an  open-source,  unified  antimicrobial 
resistance database that integrates raw phenotypic data from 
national and international  efforts.  This database should  sup
port automatic importation from hospitals, laboratories, and 
surveillance networks and linking to genotypic data when 
available.  NLM should  engage the  Centers for Disease Control 
and  Prevention,  the  U.S.  Department  of Agriculture,  and  other 
relevant stakeholders to determine the necessary data elements 
and  confidentiality procedures. 



An automated data ingestion pipeline would mitigate the additional 
burden on clinical laboratories imposed by such a database by taking 
disparate formats of collected antimicrobial resistance data and, either 
by a simple set of translation rules or potentially using more advanced 
machine learning techniques, automatically format and deposit the data 
in a consistent fashion. As commonly used automatic testing machines, 
including the bioMérieux Vitek and BD Phoenix, are already internet 
connected, once an initial pipeline from the laboratory information sys
tem is established, data deposition from these devices could be almost 
fully automated with laboratory intervention only in the case of errors. 
A standard data deposition form could also help new laboratories or 
regional laboratories that currently do not generate their own standard
ized antibiograms by providing a default template, contributing to more 
standardized measurements across the United States and internationally. 

Automating Data Deposition 

The WHONET software could be useful to diagnostic laboratories 
looking to automate data deposition, the process by which data are con
solidated for analysis. WHONET does not require adoption of any specific 
laboratory information system, which can be costly (WHONET, 2020). 
For laboratories that already use such information management systems, 
WHONET has a free data importing tool (BacLink) to capture and stan
dardize existing data (AHRQ, 2014; WHONET, 2021). Given its conve
nience and ease of use, over 2,300 laboratories (including human and 
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animal clinical laboratories, public health, and food safety laboratories) 
in 130 countries use WHONET, including for generating antibiograms 
(AHRQ, 2014; WHONET, 2021). By simply granting a centralized data
base permission to extract their data from WHONET, lab managers could 
contribute raw susceptibility data to a centralized database without any 
additional labor, much as is done for uploading data to GLASS. FAO 
is currently using WHONET tools for surveillance in food and food-
producing animals. Further expansion of WHONET into animal health 
and environmental monitoring labs could ease automated data collection 
that the proposed database would draw from. The committee envisions 
the proposed database would pull phenotypic data from various human, 
animal, and environmental sources. Private-sector information, such as 
that the nascent AMR Register is collecting, would further enrich this 
repository, as would submissions from academic researchers. 

Database Development and Use 

One of NLM’s main concerns with expanding antimicrobial resistance 
data collection will be protecting privacy. For example, hospitals may not 
want antibiograms identifiable for fear of bad publicity or being labeled 
as a resistance hotspot. Some care must be taken to make the database 
anonymized while still useful. The use of WHONET is also relevant to 
this concern as software automatically removes identifiers from raw data 
(WHONET, 2020). 

NLM has experience in the technical work of database development 
and familiarity with common stumbling blocks such as insufficient atten
tion to controlling the reporting burden or removing data identifiers. 
NLM has already given attention to how to collect this type of information 
in the Pathogen Detection Isolate Browser discussed earlier, providing 
precedent for some important variables to collect data on (NCBI, 2019). 
Key variables found in data collection for the Isolate Browser that would 
also be collected in the proposed phenotypic database include pathogen 
species, the type of isolate (e.g., clinical or environmental), its source (dif
ferentiating, for example, between human and animal isolates, and among 
them isolates from blood, urine, tissue), and collection date (NCBI, 2019). 
Other optional, but useful, information would include where the sample 
was collected and patient diagnostic information if relevant and available. 

The Pathogen Detection Isolate Browser also has a field for suscepti
bility test phenotypes, listing all the medicines tested against the isolate 
(NCBI, 2019). However, this field is currently limited to the categorical 
interpretation that the pathogen is resistant, intermediate, or susceptible 
to a drug (or “other” for pathogen–drug combinations for which break
points are not established). In the browser’s current capabilities, mini
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mum inhibitory concentrations are available if an antibiogram is attached 
to the genomic data (NLM, 2018). The committee notes that the usefulness 
of this tool and its comparability to other databases would be improved 
by the inclusion of numerical minimum inhibitory concentrations. 

In a unified antimicrobial resistance database, numerical measure
ments or ranges of minimum inhibitory concentrations would be a crucial 
data field. Simply knowing that a pathogen is sensitive to a treatment is 
sufficient to guide therapy, but some susceptible pathogens are much 
closer to developing resistance than others. At the riskier end of the spec
trum are sensitive pathogens that are only a few mutations away from 
resistance; such pathogens are of concern for public health surveillance. 
Increasing minimum inhibitory concentrations can provide forewarning 
of pathogens that may develop resistance (Baquero, 2001). Furthermore, 
the categorical cutoff points of susceptible, intermediate, and resistant are 
not fully standardized by pathogen, drug, or region, making compari
sons difficult. Access to the minimum inhibitory concentrations would 
also allow researchers to reinterpret data as susceptibility criteria change 
(McLain et al., 2016). The proposed database would also be equipped to 
capture zone diameter measurements for data produced from manual 
susceptibility tests such as disk diffusion, discussed more in Chapter 6. 

More information about minimum inhibitory concentrations could 
also inform determinations of epidemiological cutoff values (Martinez 
et al., 2015; McLain et al., 2016). Including phenotypic results from envi
ronmental monitoring sites increases the amount of data available to 
support this determination. As of June 2021, more than 62 percent of the 
sequenced isolates in the Pathogen Detection Project were from clini
cal settings (Feldgarden et al., 2021b). Efforts to diversify the sources of 
information will capture a more accurate, One Health picture of the true 
burden of resistance (Berendonk et al., 2015; McLain et al., 2016). 

Finally, it would be helpful for the proposed database to capture 
information about genotypic resistance markers if available. Some resis
tance patterns are commonly monitored in clinical settings, including 
mecA, a gene associated with methicillin-resistant Staphylococcus aureus 
(MRSA) and van A and van B, conferring vancomycin resistance (CDC, 
2019b; Saadat et al., 2014). Tests for extended-spectrum beta-lactamases 
(ESBL), enzymes that can break down the beta-lactam family of antibac
terials, and carbapenemase-producing organisms, which can break down 
carbapenems, are also sometimes available and would be useful optional 
data to include. It could also be helpful to know, for clinical specimens, 
whether the infection was acquired in a hospital or in the community, 
allowing that this distinction is not always clear. 

In the implementation of this recommendation, NLM would work 
with the CDC and the USDA as well as other relevant industry and 
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academic stakeholders to further discuss what data would be essential 
and what would be optional. This cooperation would also ensure that 
the database was set up to be most useful to the agencies responsible for 
surveillance and to set up a system easily mined by researchers from dif
ferent disciplines. It would also be important to clarify a communication 
strategy or mix of incentives to encourage people to submit their data. The 
relevant professional societies for microbiology, including the American 
Society for Microbiology, the American Society for Clinical Pathology, and 
the Association for Molecular Pathology, would be valuable stakeholders 
to involve in any discussion of incentives for participation. The societies 
could help draw attention to the program and support laboratory staff to 
implement it. 

The committee recognizes the value of contributions to surveillance 
of antimicrobial resistance already undertaken by the CDC; the USDA’s 
National Agricultural Research and Monitoring Surveys (NARMS), dis
cussed later in this chapter, give similar insight into resistance patterns in 
agriculture. At the same time, there is considerable information generated 
outside of these networks, much of it having little life beyond the immedi
ate purpose it was generated for. Hospital antibiograms, for example, may 
inform some mandatory reporting to county or state health authorities but 
are otherwise not used beyond the hospital. 

Over time, the implementation of this recommendation could also 
allow for greater representation of surveillance data from low- and mid
dle-income countries. Automated susceptibility testing is less common 
in low- and middle-income countries, partly because of the expense of 
the equipment and unreliable distribution systems for the consumables 
needed to operate them (Iskandar et al., 2021; Pascucci et al., 2021). How
ever, most large hospitals in low- and middle-income countries do pro
duce antibiograms (Iskandar et al., 2021; Pascucci et al., 2021; Tiwari et al., 
2009). The Clinical Laboratory Standards Institute has guidance on how 
to standardize antibiograms, making them more accessible in places that 
rely on manual testing (CLSI, 2014). There is also growing interest in the 
use of widely accessible technology such as smart phones to generate anti
biograms in settings with few resources (Pascucci et al., 2021). Eventually 
this could mean more phenotypic data to characterize antimicrobial resis
tance in parts of the world where the problem is worst, and potentially 
more antibiogram data to contribute to international surveillance efforts. 

MONITORING ANTIMICROBIAL RESISTANCE IN WATER 

Increasing the availability of information about environmental iso
lates collected by surveillance networks and stored in the proposed NLM 
database would contribute to a more holistic understanding of antimicro
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bial resistance. However, environmental monitoring of resistance is still 
new. Most environmental bacteria cannot be cultured, so until the recent 
advent of genomic tools, they could not be easily assessed for resistance 
mechanisms (Allen et al., 2010). As the field is still developing, methods 
for evaluating resistance in environmental isolates are not standardized 
(Berendonk et al., 2015; Murray et al., 2021; Pruden et al., 2018). As dis
cussed in Chapters 1 and 2, antimicrobial resistance exists naturally in the 
environment. It is difficult to distinguish background levels of resistance 
from that caused by humans (Rothrock et al., 2016). The geographic scale 
of the area to be monitored adds to the challenge, as do the numerous tar
gets for surveillance of antimicrobial resistance (e.g., pathogens, resistance 
genes, antimicrobials and residues, mobile genetic elements). 

Furthermore, the number of antimicrobial resistance genes isolated 
from human and animal pathogens is much greater than what has been 
described in environmental bacteria (Berendonk et al., 2015). Some of 
the metagenomic data from environmental samples are thought to be 
resistance genes in the sample, but this characterization is often based on 
genetic similarity to resistance genes described in clinical samples, not on 
a functional demonstration (Berendonk et al., 2015). The Comprehensive 
Antibiotic Resistance Database is unique in that it only includes genes that 
have been characterized clinically or experimentally (Alcock et al., 2020). 
In other public databases, the description of resistance genes is more fre
quently putative (Berendonk et al., 2015). 

The evolution of resistance in the environment and its transmission 
to humans is a serious concern, and the first step to improve understand
ing of that risk is monitoring resistant pathogens, resistances genes, and 
related genetic elements in the environment (Manaia, 2017). The mecha
nisms through which resistance moves from the environment to humans 
and other animals are not clear, and it is difficult to demonstrate if and 
how resistance traits in the environment influence clinical presentation in 
humans or other animals (Vaz-Moreira et al., 2014). Determinants of resis
tance in soil, surface water, and groundwater are thought to contribute 
to a reservoir of antimicrobial resistance in the environment (Dantas et 
al., 2008). Though the concentration of antimicrobials in water is gener
ally low, it may still be enough to encourage the emergence of resistance 
(Murray et al., 2021). The challenge for environmental monitoring is to 
determine what factors amplify resistance genes in the environment and 
what factors encourage their transmission. 

Monitoring sewage can provide access to samples from a large and 
diverse population, reflecting exposure to pathogens, resistant organisms, 
resistance genes, antimicrobials and residues, and heavy metals. Unlike 
surveillance methods that rely on clinical laboratory data, surveillance of 
wastewater gives insight into a largely healthy population and can capture 
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a wider range of relevant bacteria and resistance traits; sewage can sample, 
in essence, an entire city at one time (Aarestrup and Woolhouse, 2020; 
Brinch and Aarestrup, 2020). For this reason, the Global Sewage Surveil
lance project has been monitoring markers of antimicrobial resistance in 
sewage in 60 countries since 2016 (Aarestrup and Woolhouse, 2020; Brinch 
and Aarestrup, 2020; Hendriksen et al., 2019b). This project’s metagenomic 
analysis of sewage allows insight into the composition of the resistome, all 
the resistance genes in a bacterial community, including those of clinical 
interest as well as those in nonpathogenic bacteria that are not as well stud
ied (Hendriksen et al., 2019b; Wright, 2010). This research has established 
geographic clustering of resistance patterns (Hendriksen et al., 2019b). 
In low- and middle-income countries metagenomic analysis of sewage 
samples has shown the relative abundance of resistance genes expressed 
are broadly consistent with patterns of antimicrobial use (i.e., genes that 
convey resistance to macrolide antibacterials are more abundant in places 
where macrolides are more commonly used) (Hendriksen et al., 2019b). 

Box 4-3 describes how the COVID-19 pandemic has brought renewed 
attention to monitoring wastewater for infectious disease surveillance. It 
is possible that the pandemic will hasten use of wastewater for infectious 
disease monitoring more broadly. Monitoring sewage discharged from 
hospitals, for example, could give insight into the burden of both antimi
crobial residues and pathogens in a point of likely antimicrobial pollution. 
Hospital sewage has been implicated in the dissemination of resistance, 
though the extent to which this risk is diluted at wastewater treatment is 
not clear (Buelow et al., 2020). Research on how the indicators of antimi
crobial pollution move through the water supply, from hospital or factory 
effluent through wastewater treatment, through the environment and into 
the community would be invaluable for both characterizing this risk and 
identifying points where additional monitoring would be valuable. The 
comparison of resistance indicators at different points in the wastewater 
supply could identify resistance trends as they emerge, including during 
the treatment process. Research on indicators of resistance in water and 
the effect of sewage and wastewater treatment and their downstream 
activity could also inform mitigating actions in water policy. 

Additional research could clarify how or where to monitor antimi
crobial residues to inform environmental surveillance (Polianciuc et al., 
2020). As Figure 4-8 shows, antimicrobial medicines and resistant patho
gens can both enter the water supply through many paths. Industrial 
effluent, including factory effluent from pharmaceutical plants, is one 
avenue, as are agricultural runoff and human sewage (Fouz et al., 2020; 
Murray et al., 2021). Concentrations of antimicrobials in industrial waste 
are generally highest, about a thousand times higher than in wastewater, 
and a million times higher than in surface water (Murray et al., 2021). The 
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BOX 4-3  
Wastewater Surveillance and COVID-19  

Wastewater surveillance to detect pathogens or substances of public health im
portance is not new, but the COVID-19 pandemic has created a significant increase 
in interest and investment in this public health strategy. Several countries, com
munities, and college campuses have implemented wastewater testing as a means 
to detect the presence of SARS-CoV-2 RNA to allow early interventions to contain 
its spread. Wastewater epidemiology experts and the companies that work in this 
field have quickly adapted their methods to detect SARS-CoV-2 RNA in sewage. 

Wastewater monitoring is a surveillance approach that can be adapted to differ
ent scales, from a single hospital or dormitory to an entire county or state. It is also 
largely anonymous, minimizing concerns with privacy or confidentiality. But since 
wastewater surveillance is a relatively new approach, there is still considerable 
variability in the way samples are collected, processed, and analyzed. 

In response to the demands for wastewater epidemiology brought on by 
COVID-19, the CDC has introduced the National Wastewater Surveillance System 
to monitor the spread of SARS-CoV-2 across the United States. This system will 
monitor wastewater in state, tribal, local, and territorial health departments. The 
program has already made considerable progress in setting out standard meth
ods to prepare, store, and transport sewage samples, standardized procedures 
for extracting and measuring RNA, as well as laboratory controls on the process. 

The system for wastewater monitoring could be adapted to monitor resistant 
pathogens and resistance genes. Wastewater monitoring is already used to track 
infectious diseases such as polio, cholera, and seasonal influenza in some coun
tries. The WHO Collaborating Center Risk Assessment of Pathogens in Food and 
Water is currently producing a guidance document on a harmonized global strat
egy for monitoring COVID-19, polio, and antimicrobial resistance in wastewater. 
Such efforts could be useful in the longer term to characterize the relationship 
between COVID-19 and resistance and to track and map resistance genes and 
other pathogens. 

SOURCES: Ardal et al., 2021; Berendonk et al., 2015; CDC, 2021b; Harris-Lovett et al., 2021; 
Keshaviah et al., 2021; Kreier, 2021; Murray et al., 2021; Norman, 2020. 

concentrations that select for resistant bacteria in water are difficult to 
establish, partly because the aquatic microbial community is so complex, 
with many antimicrobials and resistance genes mixing, as well larger 
forces—such as competition for nutrients—at work (Bengtsson-Palme 
and Larsson, 2016). Recent research efforts to predict antimicrobial con
centrations at which the environmental resistomes would be unaffected 
are a valuable starting point for ecological testing and environmental risk 
assessment (Bengtsson-Palme and Larsson, 2016). 

Environmental risk assessment is required in the United States and 
Europe when medicines are predicted to be found in a concentration in 
water above a certain threshold, but most environmental toxicological test
ing does not target bacteria, and the current thresholds might not protect 



Antibiotic
 
Production
 

Facility
 

Waste 

Wastewater 
Treatment Hospitals 

Plant 

Households 
Human-Impacted 

Resistome 

Livestock 

Compost 
Biosolids 

Nonpoint
 
Regulated/Unregulated
 

Discharges
 

Figure 4-8

 

 
 

 
 
 
 
 
 

 
     

 
     

    
 

   
  

 
 

149 STRENGTHENING SURVEILLANCE 

FIGURE 4-8 Key environmental matrices and flows relevant to the dissemination
 
of antimicrobial resistance in the environment.
 
NOTES: Small arrows reflect waste flows from environmental reservoirs to a
 
wastewater treatment plant. Large arrows reflect direct effects of different reser
voirs on the human-affected resistome.
 
SOURCE: Reprinted and adapted with permission from Vikesland, P. J., A.
 
Pruden, P. J. J. Alvarez, D. Aga, H. Burgmann, X. D. Li, C. M. Manaia, I. Nambi,
 
K. Wigginton, T. Zhang, and Y. G. Zhu. 2017. Toward a comprehensive strategy to 
mitigate dissemination of environmental sources of antibiotic resistance. Environ
mental Science & Technology 51(22):13061-13069. ©2017, American Chemical Society. 

against the emergence of antimicrobial resistance (Murray et al., 2021). 
What is more, this concentration is difficult to predict (Bengtsson-Palme 
and Larsson, 2016). Some evidence suggests that the minimum concen
tration at which an antimicrobial can select for resistance in microbial 
communities in water can be up to 200 times lower than the clinically 
meaningful minimum inhibitory concentrations (Murray et al., 2021). It is 
difficult to predict minimum selective concentrations because of a dynamic 
effect any one antimicrobial residue can have on a microbial community, 
and because of the interplay different medicines residues would have 
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with each other and with other stressors in the environment (Pruden et 
al., 2018). 

Lack of consensus over what indicators of resistance to monitor in the 
environment holds back the ability of policy makers to monitor it. Some 
researchers have suggested the need for a composite antimicrobial con
tamination measure that could help identify environmental hotspots— 
nutrient-rich environments with high concentrations of bacteria (Pruden 
et al., 2018; Vikesland et al., 2017). Such an indicator could help distin
guish the pathogenic resistance driven by humans from background level 
resistance that may not be a meaningful threat to health. One standard 
that could be used to narrow resistance genes of possible threat to human 
health is the likelihood that a resistance gene could be acquired and 
expressed in human pathogens (Martinez et al., 2015). Genes that are 
known to confer resistance in bacteria and are found in mobile genetic 
elements are of particular concern, especially if they are found in envi
ronments closely associated with people (Martinez et al., 2015). Beren
donk and colleagues proposed 16 genetic determinants to use as possible 
indicators based on these criteria;3 other genes have been added more 
recently. The authors also suggested six bacterial groups as priorities for 
water monitoring efforts because of their likelihood to carry resistance 
genes or acquire them from environmental sources,4 their usefulness as 
indicators of water quality, and their frequency in both animal gut and 
environmental samples (Berendonk et al., 2015). 

U.S. Government Work to Monitor Antimicrobial Resistance in Water 

The 2021–2025 strategic plan for the National Antimicrobial Resis
tance Monitoring System includes a pilot project to monitor surface water 
for evidence of antimicrobial resistance (Garland, 2020). The project will 
also set out a standardized system for sampling and analysis of evidence 
of resistance in surface water (Garland, 2020). The program’s choice of 
surface water to monitor stems from the constant human exposure to 
surface water both directly through drinking, swimming, or other rec

3 intI1 (integrase gene of class 1 integrons, a genetic platform for resistance gene capture), 
sul1 and sul2 (sulfonamide-resistant dihydropteroate synthase), blaCTXM and blaTEM (beta
lactamases, frequently identified in Enterobacteriaceae), blaNDM-1 (New Delhi metallo-beta
lactamase), blaVIM (carbapenemase, frequent in clinical Pseudomonas aeruginosa in certain 
areas), blaKPC (Klebsiella pneumoniae carbapenemase), qnrS (quinolone pentapeptide repeat 
family), aac(6´)Ibcr (aminoglycoside acetyltransferase), vanA (vancomycin resistance operon 
gene), mecA (penicillin-binding protein), ermB and ermF (rRNA adenine N-6methyltransfer
ase, associated with macrolide resistance), tetM (ribosomal protection protein, associated 
with tetracycline resistance), and aph (aminoglycoside phosphotransferase). 

4 Escherichia coli, Klebsiella pneumonia, Aeromonas spp., Pseudomonas aeruginosa, Enterococcus 
faecalis, and Enterococcus faecium. 
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reational use, and indirectly as with exposure of food crops to irrigation 
water (Franklin et al., 2021). Surface water is also an attractive candidate 
for monitoring because it is a natural endpoint and mixing site for treated 
wastewater, agricultural runoff, and other nonpoint water sources. 

The Environmental Protection Agency (EPA) is in the process of ana
lyzing samples collected from national surveys for the presence of six 
resistance genes and the mobile genetic element marker intI1 (most of 
them among the Berendonk and colleagues’ proposed indicators) and 
fecal indicators (Berendonk et al., 2015; Garland et al., 2018). Preliminary 
analyses indicate high concentrations of intlI1 with apparent hotspots in 
the Northeast and northern Midwest, sul1 with hotspots in the Northeast 
and central states, and tetW with hotspots mostly across the northern 
central states (Garland et al., 2018). Continued monitoring will give bet
ter insight into where and how the selected resistance indicators emerge 
and change over time. 

The CDC also has pilot programs looking at resistant bacteria in surface 
water. E. coli is a commonly monitored indicator of water quality, and those 
E. coli that produce ESBL are a serious threat to human health (FDA, 2021). 
After a year of monitoring, CDC researchers found that about 70 percent 
of samples contained detectable ESBL-producing E.coli, with 84 percent of 
isolates resistant to two or more classes of antimicrobials (FDA, 2021). 

Monitoring Point Source Discharge 

While useful, surface water monitoring does not give insight into the 
source of the resistance genes, resistant pathogens, or medicine residues 
in the environment. Such insight could come from analyzing the places 
contaminants enter water, broadly classified as either point sources, which 
are single, identifiable entry points such as pharmaceutical factories or 
sewage treatment, and nonpoint sources, meaning coming from many 
sources diffusing through seepage or natural water cycling (EPA, 2021c; 
NOAA, 2021). The Clean Water Act requires monitoring at point sources, 
but discharge from nonpoint sources, including farms and feedlots, is not 
regulated (EPA, 2020b). 

Given the uncertainty in measuring meaningful resistance traits in 
the environment, the way resistance-encoding genes move through the 
environment, and the sheer geographical scale involved, efforts to moni
tor resistance in the environment will likely have to start with a relatively 
narrow scope. Point source discharge is a good starting point given EPA’s 
statutory mandate to monitor them and their known association with 
resistance indicators (Fouz et al., 2020). 

Wastewater treatment plants are a good entry point to monitor for 
resistance genes, resistant bacteria, and antimicrobial residues. This is pri
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marily because wastewater treatment is equipped to contain and remove 
water contaminants, but not to remove resistance genes or drug residues 
(Berendonk et al., 2015). Treatment plants typically discharge directly 
to aquatic environments, making them an important bridge between 
human-made contamination and the natural environment (Berendonk et 
al., 2015). Multiple studies have reported elevated levels of antimicrobial 
resistance downstream of wastewater discharges (Ashbolt et al., 2019; 
Zhang et al., 2009). Wastewater discharges also include waste streams 
from hospitals, which are of particular concern because of the antimicro
bials residues and resistant pathogens found there. Research in Europe 
has shown indicators of antimicrobial resistance in wastewater largely 
parallel the relative burden of clinical resistance (Parnanen et al., 2019). 
Whether hospital effluent contributes disproportionately to the presence 
of antimicrobial resistance genes in wastewater treatment plants is as yet 
an unresolved scientific question, however (Buelow et al., 2018; Kraupner 
et al., 2021; Muller et al., 2018). 

The monitoring of risk factors for resistance in manure would be 
particularly challenging. Given the broad variability when the manure is 
applied to fields and its runoff enters water, land application is typically 
classified as a nonpoint source. While certain kinds of animal agricul
ture such as contained animal feeding operations are regulated as point 
sources, monitoring waste collection facilities would likely be met with 
understandable pushback from farmers (EPA, 2020a). In most of the coun
try there are too few farms even at the county level to make anonymiza
tion possible. Monitoring wastewater has the advantage of anonymity, 
and there is ample tie-in to resistance risk in agriculture as biosolids from 
treatment plants can be used to fertilize farm lands, bringing the readily 
exchangeable genetic information from resistant pathogens into contact 
with terrestrial organisms (Buta et al., 2021; EPA, 2021b; Mackie et al., 
2006). 

EPA had begun a project to validate hospital discharge as a high-
strength source of antimicrobial resistance, looking specifically at ESBL 
E. coli and vancomycin-resistant Enterococcus spp. isolates and resistance 
genes, but this work was suspended because of the COVID-19 pandemic 
(Garland, 2020). The agency is now working with the CDC and the Depart
ment of Health and Human Services on surveillance for SARS-CoV-2 in 
wastewater, with plans to expand this system to look for resistant patho
gens in the future (Anthes, 2021). Thus, as Box 4-3 described, the founda
tion on which to build surveillance is already in place. 

Recommendation 4-2: The Environmental Protection Agency
should provide guidance and funding to states for testing point
source discharge at wastewater treatment plants for antimi
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crobial resistance traits and integrating these data with other
surveillance networks. 

Monitoring wastewater discharge will provide a broader dataset to 
relate local environmental and clinical patterns of resistance. This includes 
relating indicators of antimicrobial resistance in waste to clinical resis
tance profiles and relating waste discharge to downstream resistance 
detected through other monitoring networks, such as EPA’s monitoring 
of streams and rivers. This monitoring will contribute to better linking 
of resistance indicators in waste to those found downstream in surface 
waters. Information from the proposed surveillance would, if included in 
the NCBI Pathogen Detection Database and the proposed NLM database 
described in Recommendation 4-1, contribute to a more complete map
ping of the geographic distribution of resistance genes. 

A recent EPA publication concluded that no one of the vast array of 
molecular methods available can fully characterize the burden of antimi
crobial resistance in surface water (Franklin et al., 2021). A combination 
of genotypic and phenotypic tools will be needed in surveillance, at least 
until there is better consensus on what indicators best measure risk to 
human or animal health (Franklin et al., 2021). Bacterial culture may be 
best suited to link surface water resistance to animal or human infections, 
while molecular-genotypic approaches provide better insight into the 
movement of resistance genes and the transfer of resistance genes or traits 
to other bacteria (Franklin et al., 2021). 

As a starting point, testing could focus on the subset of resistance 
genes and mobile genetic elements currently monitored in EPA surface 
water programs (Garland et al., 2018). Similar monitoring in Europe pro
vided a useful baseline for understanding the relative abundance of key 
resistance genes in wastewater treatment and downstream (Cacace et al., 
2019). It also allowed for identification of the resistance gene best suited 
to tracking as a proxy for resistance in the environment (blaOXA58) and 
shed light on wastewater treatment practices that can reduce the burden 
of resistance genes in the water supply (Cacace et al., 2019).5 It may take 
time to identify the analytic techniques best suited to identify the resis
tance genes or genetic elements in water that pose the most serious risk to 
human or animal health. In the short term, a combination of culture-based 
methods paired with genome sequencing and metagenomic analysis may 
be necessary (Franklin et al., 2021). 

Some evidence indicates that the amount of resistant pathogens or 
genes discharged through wastewater treatment is directly related to the 

5 A gene associated with carbapenem-resistance in Acinetobacter spp, blaOXA58 , was isolated 
in clinical Proteus mirablis in 2017 (Girlich et al., 2017). 
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composition of the effluent discharged into the environment (Ju et al., 
2019). Characterizing the relative abundance of resistance traits at this 
point source would be a valuable first step to understanding the extent 
to which water can amplify and convey antimicrobial resistance in the 
environment. The proposed surveillance of point source discharge would 
also make a solid foundation upon which EPA could build future water 
monitoring efforts. As better clarity about the monitoring of antimicrobial 
residues and concentrations in water emerge from research, this system 
could be expanded to monitor other resistance indicators in other water 
sources. 

Understanding Water as a Conduit of Resistance 

Monitoring waste streams and advancing analytical methods will 
help characterize the role of water as a conduit of antimicrobial resistance. 
This characterization may inform selection of water quality indicators. 
EPA provides state and local governments with water quality criteria for 
aquatic life, recreational and drinking water (EPA, 2020c). These include 
measures of fecal contamination as indicated by E. coli and Enterococcus 
species (EPA, 2015). Recreational water sites are regularly monitored dur
ing high-use seasons to ensure the criteria are met. EPA could eventually 
develop similar water quality criteria with threshold limits for antimicro
bial resistance risk. There is evidence that ingesting resistant E. coli while 
surfing or swimming leads to colonization with the resistant pathogen 
(Leonard et al., 2018). The information gleaned from water surveillance 
could eventually feed in to the longer-term goal of monitoring recre
ational water for resistant pathogens or other indicators of resistance that 
pose risk to human health (Huijbers et al., 2019). 

In the same way, it is possible that with sufficient evidence of health 
risk, EPA may eventually identify certain pathogens, medicines or resi
dues, or resistance genes that qualify as pollutants that would need to be 
removed above a certain threshold. Removing antimicrobials at waste
water treatment plants is possible, though the efficiency of the process 
depends on both the physical and chemical properties of the medicine and 
the operating conditions at the treatment plant (Michael et al., 2013). Some 
evidence suggests that macrolide antimicrobials are difficult to remove 
from wastewater, though this may depend on the treatment methods 
used (Barbosa et al., 2021; Pan and Yau, 2021). There is evidence that cur
rent action at these plants can reduce the abundance of some resistance 
genes, though genes associated with resistance to vancomycin are notably 
unaffected (Parnanen et al., 2019). Older research indicated that resistance 
genes survive tertiary treatment and contribute to the burden of resistance 
genes in the environment (LaPara et al., 2011). 
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Lessons learned from mitigating resistance at point source discharge 
could then be applied to other discharge sites. Discharge from nonpoint 
sources would be monitored and mitigation strategies implemented 
through Section 319 of the Clean Water Act, which provides federal fund
ing for state, tribal, and territorial authorities in their work to manage 
water quality at nonpoint sources (EPA, 2021a). Understanding the envi
ronmental fate and transport of antimicrobials and their metabolites, resis
tant organisms, and resistance genes, as well as their decay patterns, will 
be a precursor to any nonpoint source action against antimicrobial resis
tance. In particular, understanding environmental transport mechanisms 
will inform more efficient design of environmental monitoring systems. 
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Stewardship and Infection Prevention
 

As Chapter 2 discussed, there are many factors driving the misuse and 
overuse of antimicrobials and the emergence of resistance. Limited local 
laboratory capacity, for example, can force the extensive use or prolonged 
courses of empiric antimicrobial treatment. In this regard, the overuse of 
these medicines is in many ways a proxy indicator of other gaps in the 
health system, such as problems with infection control and uneven access 
to medicines, preventative services, or primary care (Denyer Willis and 
Chandler, 2019). Efforts to promote rational antimicrobial use will be 
futile without attention to these underlying problems. 

The Centers for Disease Control and Prevention (CDC) defines anti
microbial stewardship as “the effort to measure and improve how anti
biotics are prescribed by clinicians and used by patients” (CDC, 2021e). 
Stewardship can also be thought of as an effort to match antimicrobial 
use to need, with an emphasis on the right medicine, in the right dose, 
for the right length of time. Drug selection, dose, and duration influence 
potential adverse effects to patients and contribute to the development of 
resistance (Gerding, 2001). More recent frameworks emphasize duration 
of treatment and correct de-escalation (described in Chapter 2) as other 
important dimensions of stewardship (Goebel et al., 2021). 

In its Global Action Plan on AMR, the World Health Organization 
(WHO) cites the optimal use of antimicrobial medicines in human and 
animal health as one of its main objectives (Mendelson and Matsoso, 
2015). In the United States, both the 2015 and 2020 National Action Plans 
for Combating Antibiotic-Resistant Bacteria emphasized supporting 
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stewardship programs and infection prevention in humans and animals 
(FTF CARB, 2020; Mendelson and Matsoso, 2015). 

Successful antimicrobial stewardship will protect the drugs we have, 
thereby prolonging their useful life in recognition of the fact that the pace 
of drug development has not and cannot keep pace with the emergence 
of resistance (Doron and Davidson, 2011). Good stewardship strikes the 
optimal balance between prescribing effective treatment and avoiding 
unnecessary risks, be they the short-term risk to the patient or long-term 
risks to society by encouraging resistance. 

This chapter presents the committee’s analysis of key bottleneck prob
lems related to stewardship and infection prevention, in both humans 
and animals. This is not an exhaustive analysis of every possible tool for 
stewardship or infection prevention. Education of providers, for example, 
is one necessary precursor for better stewardship. In training and in 
professional development, health professionals are taught the essentials 
of antimicrobial treatment, including, most obviously, correct diagnosis, 
but also drug choice and dose, duration of treatment, and de-escalation 
(Goebel et al., 2021). The committee commends the greater attention to 
antimicrobial stewardship in preclinical and continuing education emerg
ing across health professions (Augie et al., 2021; Espinosa-Gongora et al., 
2021; Gotterson et al., 2021; Holz et al., 2021; Nasr et al., 2021; Van Katwyk 
et al., 2018). 

At the same time, knowledge of correct stewardship practices is rarely 
enough to alter providers’ behavior. Qualitative research across six low-
and middle-income countries found awareness of antimicrobial resis
tance and knowledge of the role of providers to combat it consistently 
very high (Goebel et al., 2021). This does not necessarily translate into 
changes in prescribing patterns, however, as such decisions are influenced 
by larger social and economic factors (Goebel et al., 2021). In the face of 
environmental conditions that encourage infection, the cost, time, and 
tools required for diagnosis, and managing the expectations of patients, 
their families, or, in veterinary medicine, animal owners, it can be difficult 
for providers to change behavior, or to argue that, in some cases, such 
change would be advisable (Goebel et al., 2021). In short, the relationship 
between providers’ knowledge and their practice is not direct or linear 
(Denyer Willis and Chandler, 2019). For this reason, attention to provid
ers’ behavior and their awareness of good stewardship practices has been 
described as “the tip of the iceberg” (Chandler et al., 2016). 

This chapter presents the committee’s judgment regarding key points 
where policy intervention could improve antimicrobial stewardship in the 
United States. It also discusses tools that could help mitigate the problem 
in low- and middle-income countries where the burden of resistance is 
greatest. Though not an exhaustive list, the steps recommended in this 
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chapter have potential to encourage more judicious use of antimicrobials 
as well as promising preventive measures. 

STEWARDSHIP IN HUMAN MEDICINE IN THE UNITED STATES 

In its definition of antimicrobial stewardship, the CDC emphasizes 
both the prescription and use of antimicrobials, a distinction that can be 
difficult to track (CDC, 2021e). 

Stewardship in hospitals was the focus of the agency’s 2014 report 
Core Elements of Hospital Antibiotic Stewardship, the first in a series of guid
ance documents (Sanchez, 2016). This immediate emphasis on hospital 
stewardship was well founded. By CDC estimates, 30 to 50 percent of 
antimicrobial use in hospitals is unnecessary (e.g., to treat a viral infec
tion) or inappropriate (e.g., use of the wrong drug for a particular bacte
ria) (CDC, 2021b). Because of the lag time on microbiological diagnosis, 
hospital prescribing relies heavily on the broad-spectrum drugs that are 
often used inappropriately (Doron and Davidson, 2011). 

The frequency of misuse in hospitals is a concern as infections can 
spread quickly and because hospitals are, by definition, places for infirm 
and immunocompromised people for whom infections pose serious risks. 
Box 5-1 describes how, even when hospital staff have heightened atten
tion to infection control, drug-resistant pathogens can spread quickly. 
Hospitals are also, compared to other practice settings, structured envi
ronments with multiple checks on medicine use and patient compliance 
as well as in-house laboratory and pharmacy systems. For these reasons, 
hospitals are an obvious starting point for efforts to promote antimicrobial 
stewardship. 

National attention to stewardship in hospitals has elicited consider
able progress over a relatively short time. Starting in 2017, the Joint Com
mission, the organization that accredits hospitals, has assessed hospital 
stewardship programs as part of their review (Joint Commission, 2016). 
Between 2014 and 2017 the number of U.S. hospitals with stewardship 
programs conforming to CDC guidelines almost doubled (CDC, 2019b). A 
Centers for Medicare & Medicaid Services (CMS) rule that went into effect 
in 2019 requires hospitals to have antibiotic stewardship as part of their 
infection control efforts (ASM, 2019). Attention from CMS and the Joint 
Commission command the attention of hospital administrators, mak
ing it easier to ask for financial support for stewardship activities (Joint 
Commission, 2016). In 2014 less than 40 percent of U.S. hospitals had a 
stewardship program (Pollack et al., 2016). By 2019, almost 89 percent did 
(see Figure 5-1). 

The success in improving hospital stewardship over the last 5 years 
is heartening, but the institutions left without functional stewardship 
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BOX 5-1  
Multidrug-Resistant Candida auris and COVID-19  

The multidrug-resistant fungus, Candida auris, first identified in the United 
States in 2015, has rapidly become a CDC urgent microbial threat. C. auris can 
live on skin and spread easily; it is not readily destroyed with hospital disinfectants. 
C. auris infection can be difficult to diagnose since it requires specialized methods 
for identification and additional infection control precautions are recommended for 
patients who are infected or colonized.Though the infection is still rare in the United 
States, some evidence indicates overall mortality from C. auris infection around 17 
percent; higher estimates of case fatality for the more severe C. auris infection in 
the bloodstream can occur, but vary widely. 

The COVID-19 epidemic brought new attention to C. auris, driven by a C. 
auris outbreak in a COVID-19 unit in Florida. In July 2020, the Florida Department 
of Health was alerted to three C. auris bloodstream infections and one urinary 
tract infection in four patients with COVID-19 who had been treated in the same, 
dedicated COVID-19 unit. Among 67 patients admitted to the unit in question and 
screened during subsequent point prevalence surveys in August 2020, 35 (52 
percent) were colonized with C. auris. Even in a COVID-19 specialty care unit, with 
all its emphasis on infection prevention, C. auris was able to spread rapidly. 

The investigation noted multiple opportunities for contamination of health care 
worker’s personal protective equipment through direct contact with patients, their 
surroundings, and contaminated surfaces.The need to conserve and reuse gowns 
and other protective equipment, lapses in cleaning and disinfection of shared 
medical equipment, and lapses in hand hygiene likely contributed to widespread 
C. auris transmission. 

SOURCES: Arensman et al., 2020; CDC, 2019a; Prestel et al., 2021. 

programs are some of the most challenging ones to reach. CDC surveys 
indicate that hospitals with 25 or fewer beds, many of them designated 
Critical Access Hospitals that support rural or remote areas, account for 
most of the remaining hospitals without complete stewardship programs 
(CDC, 2020g). These hospitals have fewer staff, a reflection of their smaller 
patient load, and cannot often support the expertise in infectious disease 
and specialty pharmacy outlined in CDC guidance. Collaborations with 
other hospitals are one effective way to overcome this barrier (CDC, 2018; 
StratisHealth, 2020). Using telemedicine to connect to academic medical 
centers is one particularly promising strategy, as discussed in Box 5-2. 

It is difficult to overstate the importance of federal leadership in 
bringing attention to antimicrobial stewardship in hospitals. Joint Com
mission standards and a CMS rule command the attention of hospital 
leadership and make it easier for stewardship staff to get protected time 
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Nationally, 88.9 percent of hospitals have met all 7 core elements (4,409 of 4,957); 
the national goal is 100 percent of hospitals by 2020. 
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and salary support for their work (StratisHealth, 2020). In the absence 
of such a rule, it can be difficult to persuade hospital administrators 
of the value of the antimicrobial stewardship activities (Kapadia et al., 
2018; StratisHealth, 2020). This is partly because the relationship between 
stewardship activities and changes in burden of resistance are not clear 
or direct; even the best stewardship program will not necessarily improve 
indicators of resistance in the hospital (Doron and Davidson, 2011). 

The rapid improvement in hospital stewardship programs in the 
United States is a success; tele-health programs and outreach to smaller 
community hospitals are promising tools to reach remaining hospitals 
(Shively et al., 2020). By 2020, 88.9 percent of hospitals had implemented 
all seven of the CDC’s core elements of antimicrobial stewardship, fall
ing short of the agency’s goal of 100 percent of hospitals having quality 
stewardship programs in place by 2020 (CDC, 2020b). 

There are other clinical settings where there is room for improvement 
in the rational use of antimicrobials. In its 2019 report, Antibiotic Use in the 
United States, the CDC identified problems with outpatient prescribing 
practices, including unnecessary use of fluoroquinolones for urinary tract 
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BOX 5-2 
University of Washington Tele-ASP 

Antimicrobial stewardship programs in academic medical centers have proven 
to be successful, but many small, rural hospitals do not have the staffing depth or 
resources to replicate these programs. The state of Washington has 39 federally 
designated Critical Access Hospitals. In 2016, the Washington State Department 
of Health approved a program that uses telehealth to connect stewardship teams 
at these rural hospitals to experts and the University of Washington Medical Center. 

The University of Washington (UW) tele-antimicrobial stewardship program (or 
UW tele-ASP) uses a hub-and-spoke model, meaning that the UW team, including 
infectious disease doctors, infection prevention specialists, pharmacists, and microbi
ologists, connect to multiple rural centers at the same time. This makes efficient use 
of their time and helps foster relationships among rural providers who may have fewer 
opportunities for networking and professional development. Weekly video conferenc
es typically involve a 10- to 15-minute teaching session. Topics covered include the 
pros and cons of different types of treatment and guidelines on the treatment of com
mon infections. The teaching sessions are meant to give the rural providers sufficient 
background to be able to provide stewardship interventions in their hospitals. Each 
session also includes the presentation and discussion of de-identified case studies. 

Tele-ASP uses tools such as prospective audit and feedback to support phar
macists at community hospitals. This involves daily review of antibiotic prescrip
tions at the community hospital to identify irregularities. Several times a week 
the pharmacists review their audit flags with infectious disease doctors who see 
complicated patients more often. 

The goal of tele-ASP is to build local skills and knowledge of antimicrobial 
stewardship. It also expands the rural health knowledge of the UW participants in 
the central hub. Almost all of Washington’s rural hospitals and several in Oregon, 
Idaho, Utah, Montana, Arizona, and Maine, participate in the program. Further
more, the evidence from other similar programs indicates that tele-ASP can reduce 
use of broad-spectrum antimicrobials (see graph) and increase consultations with 
infectious disease specialists. 

SOURCES: Lynch, 2021; Shively et al., 2020; UWTASP, 2018; Zhou et al., 2017. 

SOURCE: M. A. Moffa, K. T. Paul, E. J. Wodusky, B. A. Schipani, S. L. Cuccaro, M. 
S. Harmanos, M. S. Cratty, B. N. Chamovitz, and T. L. Walsh. Impact of a Telehealth-
Based Antimicrobial Stewardship Program in a Community Hospital Health System. 
Clinical Infectious Diseases, 71(3):539–545, by permission of Oxford University Press. 
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and respiratory tract infections, overly long antibiotic treatment for sinus 
infections and community-acquired pneumonia, and the misuse of azithro
mycin in children (CDC, 2019b). The agency’s Core Elements of Outpatient 
Antibiotic Stewardship emphasized that a responsibility for stewardship 
was distributed across the health system, including primary care provid
ers, and also urgent and emergent care, pharmacies, dental practices, and 
many outpatient specialty providers and clinics (Sanchez, 2016). Rapid, 
reliable diagnostic information could do much to improve these troubling 
practices, a matter discussed in more detail later in this chapter. 

Nursing Homes, Long-Term Acute Care

Hospitals, and Dialysis Centers
 

There are several clinical practice settings similar to hospitals in their 
misuse of antimicrobials, vulnerable patient populations, and an admin
istrative structure conducive to implementing change. Recent government 
response to the COVID-19 pandemic recognizes the unique importance 
of these practice settings, with the CDC creating special outbreak control 
teams to deploy to nursing homes, dialysis clinics, and other skilled 
nursing settings to prevent and control the spread of SARS-CoV-2 and 
other infectious diseases (CDC, 2021c). Nursing homes, long-term acute 
care hospitals, and dialysis centers all have a financial relationship with 
CMS. These settings are an obvious choice as the next step in the push for 
improved antimicrobial stewardship. 

Nursing Homes 

Nursing homes, the live-in health facilities that provide 24-hour 
supervision and skilled nursing support, are home to an estimated 1.3 
million Americans (Harris-Kojetin et al., 2016; NIA, 2017b). Some nursing 
home residents are admitted for short stays, for physical or occupational 
therapy after an injury or surgery, for example, but the vast majority 
are there permanently because their conditions require constant skilled 
nursing and supervision (Harris-Kojetin et al., 2016; NIA, 2017b). About 
80 percent of nursing home residents are over 65 years of age (Harris-
Kojetin et al., 2016). Their care is often complicated by comorbidities such 
as dementia (36 percent prevalent), diabetes (37 percent prevalent), heart 
disease (36 percent prevalent), and hypertension (77 percent prevalent) 
(Harris-Kojetin et al., 2016). Limiting infections through stewardship is 
especially important in nursing homes, as infection control measures such 
as isolation and donning gowns and gloves are not always practical or 
suitable in the setting (Cohen et al., 2015). Unlike in hospitals, where the 
attending physician or other in-house provider is often responsible for 
prescriptions, nursing home residents are free to choose their provider 
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(CMS, 2021g; LaBore, 2014). This person is not generally affiliated with 
the nursing home and would not necessarily have the same perspective 
on the institution’s stewardship goals as the in-house staff. 

The CDC released its Core Elements of Antibiotic Stewardship for Nurs
ing Homes in 2015, setting out steps for nursing homes to improve their 
antibiotic prescribing and reduce inappropriate use (CDC, 2015b). Yet a 
recent survey found that only a third of nursing homes had comprehen
sive antimicrobial stewardship programs (Fu et al., 2020). The most recent 
compendium of data on CMS-certified nursing homes reported that prob
lems with infection control were the most common citation for nursing 
homes in the years 2010 to 2014; citations for improper use of medicines 
have also become more common (CMS, 2015). 

An estimated 70 percent of nursing home residents receive antimi
crobials in a year (CDC, 2020a). Point prevalence surveys indicate about 
8 percent of nursing home residents are using antimicrobial medicines at 
any given time, with about a third of these being broad-spectrum antibiot
ics (Thompson et al., 2021b). Data from nursing homes in 10 states indi
cate that for every hundred nursing home residents, 2.7 are being treated 
with antibiotics for urinary tract infections (Thompson et al., 2020). 

Such trends are concerning, as nursing home residents are often frail 
and have immune systems compromised by advanced age and comor
bidities. Clostridioides difficile infection, an infection often stemming from 
inappropriate or excessive use of antimicrobials, is endemic in nursing 
homes and can be deadly for residents (Mayo Clinic, 2020; Yu et al., 2016). 
About 10 percent of patients who acquire C. difficile infection in nursing 
homes die within 30 days (Yu et al., 2016). 

Long-Term Acute Care Hospitals 

Long-term acute care hospitals (also called long-term care hospitals) 
are sometimes confused with long-term care (i.e., nursing home), but 
they are different (NIA, 2017a,b). Long-term acute care is a specialized 
hospital for patients who are too infirm to be discharged to a nursing 
home, but not dynamic enough to warrant care in a regular, acute care 
hospital (ASHA, 2021). Many are discharged directly from intensive care 
units, bringing with them the associated risks of gram-negative, drug-
resistant infections (ASHA, 2021; Kadri, 2020; Strich and Kadri, 2019). At 
admission, more than 60 percent of these patients are either infected or 
colonized with methicillin-resistant Staphylococcus aureus, vancomycin
resistant enterococci, or both (Gould et al., 2006). 

An estimated 120,000 Medicare beneficiaries are treated in long-term 
care hospitals every year (Makam et al., 2019). Medicare national data 
indicate that only about 19 percent of patients successfully return home 
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after time in long-term acute care (CMS, 2021f). Fewer than half survive 
12 months after admission; median survival is about 8 months (Makam et 
al., 2019). Patients in long-term care hospitals stay, on average, for 25 days 
or longer, often for conditions that involve prolonged use of ventilators 
and central lines, wound or burn care, and dialysis (ASHA, 2021; CMS, 
2019b; Jacob et al., 2019). Infections associated with central lines, catheters, 
and ventilators are common. National surveys of long-term acute care 
have found 84 percent of S. aureus bloodstream infections acquired from 
central lines are resistant to methicillin; 44 percent of Enterococcus faecalis 
urinary tract infections acquired from catheters are resistant to vanco
mycin (Chitnis et al., 2012; Gould et al., 2006). A regional study found 
that the highly resistant Klebsiella pneumoniae that produce an enzyme 
(carbapenemase) that renders them non-susceptible to the carbapenem 
class antibiotics, are 10 to 54 percent prevalent in long-term acute care (Lin 
et al., 2013). Colonization with resistant bacteria (meaning the presence 
of a pathogen without its damaging tissue or causing illness) can easily 
become chronic among these patients (O’Fallon et al., 2009). Resistant K. 
pneumoniae can be especially persistent; 83 percent of colonized patients 
retain K. pneumoniae for the duration of their stay in long-term acute care 
(Haverkate et al., 2016). 

Survey data indicate a mismatch between perception and actual risk of 
antimicrobial-resistant infections in long-term acute care. A study in Detroit 
found that while almost two-thirds of staff consider antimicrobial resistance 
to be a serious national problem, only 38 percent saw it as a problem in their 
hospital (Mushtaq et al., 2017). The same respondents showed low aware
ness of some stewardship principles, missing 77 percent of opportunities to 
de-escalate antimicrobial treatment (Mushtaq et al., 2017). 

Dialysis Centers 

The vast majority (98 percent) of the estimated 520,000 hemodialysis 
patients in the United States receive maintenance dialysis at outpatient 
centers (Apata et al., 2021). These patients are immunocompromised 
almost by definition, and dialysis involves repeated bloodstream access, 
often with central venous catheters (Apata et al., 2021; CDC, 2020e). 
Bloodstream infections are a serious risk for dialysis patients, and mor
tality after sepsis is 100 to 300 times higher for them than for the general 
population (Sarnak and Jaber, 2000). 

The balancing of risk and benefit that all prescribers confront in the 
use of antimicrobials is heightened in people with kidney disease. The 
relationship between drug concentration and time that underlies deci
sions about dosing is altered in dialysis patients because they cannot 
filter medicines effectively between sessions (Eyler and Shvets, 2019). As 
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a group, these patients also have some of the highest rates of colonization 
with drug-resistant bacteria in the world, making effective dosing clini
cally important but difficult in practice (Wang et al., 2019). Colonization 
with vancomycin-resistant enterococci and methicillin-resistant Staphy
lococcus aureus are both about 6 percent prevalent in dialysis patients 
(Zacharioudakis et al., 2014, 2015). 

There are serious problems with antimicrobial stewardship in nursing 
homes, long-term acute care, and dialysis centers. These practice settings 
also all have a financial relationship with CMS that could be used to 
encourage implementation of good stewardship practices. 

Recommendation 5-1: The Centers for Medicare & Medicaid 
Services should require nursing homes, long-term acute care
hospitals, and dialysis centers to have antimicrobial steward
ship programs and include that information on the Care Com
pare website. These programs should, at a minimum, designate
key staff, a system for preauthorization of restricted antimi
crobials, and a process for regular review of all antimicrobial
prescriptions. 

This recommendation is consistent with recent action at CMS. In 
a 2016 rule, the agency required nursing homes to have antimicrobial 
stewardship programs in place by late 2017 that would set out a system 
for monitoring use and recording lapses in infection control (CMS, 2016; 
Cooper, 2020). Similarly, the CMS rule requiring antimicrobial steward
ship in hospitals would apply to long-term acute care hospitals as well, 
though there is no implementing guidance specific to this setting (CMS, 
2019a). Plans to expand stewardship requirement for dialysis centers and 
other practice settings that participate in CMS are pending (Cooper, 2020). 

The CDC 2015 guidance, Core Elements of Antibiotic Stewardship in 
Nursing Homes, will be invaluable in implementing this recommendation. 
Although there are no parallel, tailored antimicrobial stewardship guide
lines for dialysis or for long-term acute care, the core elements outlined 
in other CDC stewardship documents (leadership, accountability, phar
macy expertise, action, tracking, reporting, and education) are broadly 
applicable to a range of these settings (see Figure 5-2). The CDC cites the 
same core elements in its 2015 guidance on antimicrobial stewardship in 
nursing homes (CDC, 2015b). 

There are also similarities among the three types of practice settings. 
All rely heavily on nurses and pharmacists (Apata et al., 2021; Katz et 
al., 2017; Sloane et al., 2016). Physicians are not necessarily, or even com
monly, on site; they base their prescribing decisions heavily on nurses’ 
reports. When physicians are on site, it tends to be on a rotating basis, 
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making it difficult to find one sufficiently integrated into day-to-day 
activities to have a sense of ownership of a stewardship program. As in 
critical access hospitals, infectious disease specialists are not generally on 
staff, and telehealth may be the best option when specialist consultations 
are needed (Apata et al., 2021; Petrak, 2014). 

There are steps that could make stewardship a higher priority for 
the in-person staff in these settings. The Agency for Healthcare Research 
and Quality (AHRQ) provides simple toolkits to help nursing homes 
implement their stewardship programs. These toolkits emphasize the 
appointing of stewardship champions on staff, and the clear assigning of 
responsibility for different pieces of the program (AHRQ, 2016a,b). The 
AHRQ guidance encourages involving external pharmacy consultants 
and prescribing physicians in the implementation of stewardship pro
grams (AHRQ, 2016a). Hospital research suggests that pharmacists are 

Hospital Leadership Commitment 

technology resources. 

Accountability 
Appoint a leader or co-leaders, such as a physician and pharmacist, 
responsible for program management and outcomes. 

Pharmacy Expertise (previously “Drug Expertise”): 
Appoint a pharmacist, ideally as the co-leader of the stewardship 
program, to help lead implementation efforts to improve antibiotic use. 

Action 
Implement interventions, such as prospective audit and feedback or 
preauthorization, to improve antibiotic use. 

Tracking 
Monitor antibiotic prescribing, impact of interventions, and other 
important outcomes, like C. difficile infections and resistance patterns. 

Reporting 
Regularly report information on antibiotic use and resistance to 
prescribers, pharmacists, nurses, and hospital leadership. 

Education 
Educate prescribers, pharmacists, nurses, and patients about adverse 
reactions from antibiotics, antibiotic resistance, and optimal prescribing. 

Core Elements of Hospital Antibiotic Stewardship Programs 

FIGURE 5-2 The CDC’s core elements of hospital antibiotic stewardship programs. 
SOURCE: CDC, 2019c. 
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often willing to take responsibility for stewardship, acting as champions 
of the stewardship program (Livorsi et al., 2021). In addition to reviewing 
culture data, pharmacists can serve as a check on appropriate ordering, 
dosing, duration of treatment, and de-escalation. The structure of the 
stewardship program will vary based on the size and resources of the set
ting, but coordination with prescribers will be important across settings. 

Regardless of who leads the stewardship program, regular review 
of all antimicrobial use will be an essential first step to ensuring rational 
use. This review is difficult when recordkeeping is inadequate, as is com
mon in dialysis clinics (D’Agata et al., 2018). Record keeping in nursing 
homes can also be uneven; a recent national survey found only about 
half used electronic medical records (Bjarnadottir et al., 2017). While the 
electronic system is not absolutely necessary for reviewing antimicrobial 
use, it greatly eases the process, making strategies like remote audit and 
feedback on prescribing possible. This strategy significantly decreased 
antimicrobial use and C. difficile infection in long-term acute care (Beaulac 
et al., 2016). 

Expanding stewardship may be an opportunity to modernize docu
mentation processes, especially in nursing homes and dialysis centers. At 
a minimum, records should clearly cite the indication for every antimi
crobial prescribed; the dose and duration of treatment; as well recording 
antibiotic “time-outs” or breaks in treatment to determine if the drug 
is working. The review would give the stewardship team a chance to 
encourage de-escalation and to avoid parenteral therapy when oral treat
ment is possible. 

Medical records are also useful in developing a pre-authorization 
process for restricted antimicrobials. Pre-authorization is a key part of 
hospital stewardship; it refers to the standing approval of an infectious 
disease specialist (physician or pharmacist) for empiric treatment with 
antimicrobials (Eljaaly et al., 2018). In dialysis, preauthorization could 
emphasize the rational use of vancomycin, properly a drug of last resort 
and not one that should be used out of habit. In nursing homes, preau
thorization might give more attention to the treatment of a positive urine 
culture, discouraging the use of antimicrobials to treat asymptomatic 
presence of microbes in urine. Whenever possible the pre-authorized 
treatment would be integrated into the electronic medical record system. 
Automatic prompts in electronic medical records have been shown to 
improve antimicrobial prescribing practices in outpatient medicine and 
could be used in these settings as well (Meeker et al., 2016). 

Payment and Cost Savings 

The committee recognizes that implementing stewardship programs 
adds work for managers and staff at these facilities. But historical evidence 
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from hospitals suggests these costs can be more than made up in sav
ings on medicines, both from defaulting to cheaper antibiotics and using 
shorter treatment courses (CDC, 2015a). Given the common overuse and 
misuse of antibiotics in the settings targeted by this recommendation, the 
benefits of more rational use, both to the individual facility and to society, 
are likely to be even greater. Modeling indicates that implementing stew
ardship programs in hemodialysis clinics would save between $100 and 
$229 million, prevent between 2,000 and 4,645 C. difficile and multidrug
resistant infections, and avoid between 600 and 1,340 deaths every year 
(D’Agata et al., 2018). Research in nursing homes has not found evidence 
that stewardship programs reduce infection, hospitalization, or mortal
ity rates among residents, but do tend to reduce unnecessary antibiotic 
use and improve adherence to stewardship guidelines (Feldstein et al., 
2018). Less can be said about long-term acute care, though a pilot study 
in Michigan found that reductions in spending on antibiotics alone saved 
$55,000 in the first 3 months after implementing a stewardship program 
(Mushtaq et al., 2017). 

There are also similarities in business models among these practice 
settings. In the United States, almost 70 percent of nursing home care and 
79 percent of long-term acute care is for-profit (CDC, 2021f; MedPAC, 
2020). Dialysis clinics are even less diverse; two for-profit chains alone 
control 72 percent of the U.S. dialysis market (Childers et al., 2019; Levin 
et al., 2020). In this situation, it may help to frame antimicrobial steward
ship as a step to lowering future costs, especially if coupled with wider 
use of electronic records, as the cost savings might accrue to a different 
department than the one making the investment in stewardship. 

Care Compare and Implementation 

What is more, implementation does not have to be an overnight, 
disruptive change. The CDC guidance to nursing homes encourages grad
ual implementation, starting with one or two changes and adding more 
pieces to the strategy over time (CDC, 2021e). To start, CMS could work 
with providers in these settings to define the barriers to good stewardship 
and strategies to change their practices (Resman, 2020). When inappropri
ate use is driven more by the expectations of patients or their families, 
then strategies to improve communication and education might be an 
early starting point. Some research indicates ways of describing patients 
or residents may encourage behavior at odds with good stewardship or 
patient care (Chambers et al., 2019). The pattern of describing a resident 
as having frequent urinary tract infections, for example, tends to lead to 
the over treating of asymptomatic infection (Chambers et al., 2019). These 
patterns can change, especially when the stewardship program has an 
educational emphasis rather than a punitive one. 
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CMS could also help draw attention to stewardship by including it in 
the quality measures that inform its star rating system for nursing homes 
and dialysis and its Care Compare database (CMS, 2021c). CMS created 
the star rating system for nursing homes in 2008; it draws on inspection 
reports, staffing review, and quality measures such as vaccination cover
age and percentage of residents with urinary tract infections, pressure 
sores, and in physical restraints (CMS, 2020; Horton et al., 2020). The rat
ing system for dialysis is a more recent development, first implemented 
in 2015 and revised in 2019 (University of Michigan Kidney Epidemiol
ogy and Cost Center, 2018). The dialysis rating system relies on quality 
measures relating to mortality, hospitalization, transfusions; bloodstream 
infection is also included (Horton et al., 2020). 

The rating systems for nursing homes and dialysis is primarily a tool 
to help consumers and their families navigate their options (CMS, 2021c; 
University of Michigan Kidney Epidemiology and Cost Center, 2018). Over 
time, insurance companies and state regulators have used the rating system 
for incentive payments, referrals, and loans (AHCA/NCAL, 2020). Today 
the Medicare Care Compare database acts as a clearinghouse for indepen
dent quality assessments, as well as patient surveys when available (CMS, 
2021b). For long-term acute care, the website also allows for benchmarking 
against national averages on the hospital’s rates of C. difficile infection and 
catheter- and central line–associated infections (CMS, 2021c). 

The Care Compare database is meant to be easy to use and to con
solidate relevant information into one website (CMS News and Media 
Group, 2020). By giving more emphasis to antimicrobial stewardship in 
the public indicators on Care Compare, Medicare could help draw atten
tion to the importance of stewardship programs among providers and 
Medicare beneficiaries. 

STEWARDSHIP IN ANIMAL MEDICINE IN THE UNITED STATES 

While the basic concepts of antimicrobial stewardship are the same in 
human and animal medicine, the practices differ considerably. CDC guid
ance on antimicrobial stewardship in hospitals, outpatient medicine, nurs
ing homes, and critical access facilities all emphasize the role of executive 
leadership and accountability for stewardship throughout the health sys
tem; they all also stress the role of pharmacists (CDC, 2019c, 2020g, 2021a). 
These intervention points have no direct parallel in veterinary medicine. 
Despite recent trends toward consolidation, about half of veterinarians 
work in practices that employ fewer than 100 people (Ouedraogo et al., 
2018). Most veterinarians dispense medicines from their practice without 
a pharmacy intermediary (Morley et al., 2005). For these reasons, the 
American Veterinary Medical Association (AVMA) emphasizes the role 
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of the veterinarian “individually and as a profession” in antimicrobial 
stewardship (AVMA, 2021a). 

One core element of antimicrobial stewardship that does apply across 
a range of human and animal medicine practices is tracking. It is impos
sible to measure progress against any goal, especially a complex, multi
faceted endpoint like antimicrobial stewardship, without understanding 
patterns of use or being able to measure the effect of interventions. Better 
information about antimicrobial use in animals is a serious barrier to bet
ter stewardship. Of particular concern is the veterinary use of antimicrobi
als thought to promote pathogens’ cross-resistance to human antimicrobi
als (Singh and Bhunia, 2019). 

Tracking Antimicrobial Use in Animals 

The United States does not have a strong system to track antimi
crobial use in animals. While the Food and Drug Administration (FDA, 
2020e) requires companies that make animal medicines to report their 
annual antimicrobial sales, the actual use of the drugs is harder to mea
sure. Veterinarians may buy medicines that they do not use or do not use 
immediately (FDA, 2020e). It is also difficult to make inferences about use 
without information about the number and species of animals treated. 
Large differences in size and metabolism among species make it impos
sible to draw meaningful conclusions about trends in consumption from 
sales information (FDA, 2020e). Even sales data are only available for 
food-producing animals. Much less can be said about antimicrobial use 
in pets, as Box 5-3 explains. 

More accurate information about antimicrobial use on farms comes 
from the U.S. Department of Agriculture (USDA) and FDA research. The 
USDA’s National Animal Health Monitoring System (NAHMS) conducts 
regular (every 5 to 10 years) surveys of antimicrobial use and resistance 
in different animals (Bright-Ponte, 2020). Recent surveys in cattle and 
swine feedlots provided a baseline for comparisons of how FDA guidance 
on judicious antimicrobial use may change practices (Bright-Ponte, 2020; 
USDA, 2017, 2019). These surveys include questions about the farmer’s 
relationship with a veterinarian and include analysis of biological samples 
from the animals and the farms’ records (USDA, 2017, 2019). Collecting 
these data more frequently or widely would be complicated logistically. 
Cattle agriculture in particular is characterized by considerable market 
fragmentation (Bright-Ponte, 2020). There are also wide differences in 
record keeping on farms (Bright-Ponte, 2020). Despite agreement that the 
indication for using an antimicrobial and the dose, duration, and route 
administered (e.g., injected, orally, in feed) are key data to capture, it 
remains challenging to do so (Bright-Ponte, 2020). 
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BOX 5-3  
Antimicrobial Use in Companion Animals  

Most of the attention given to antimicrobial use in animals concerns food-
producing animals, but pets can also harbor drug-resistant pathogens. Humans 
live closely with pets; there are many opportunities for resistant pathogens to pass 
between them. Surveillance data and focused research suggest increasing prob
lems with drug-resistant infections in pets. Methicillin-resistant staphylococcus is a 
problem in dogs; ESBL-producing Enterobacterales, drug-resistant Pseudomonas 
aeruginosa, Acinetobacter species, and Enterococcus species are all increasingly 
common in dogs and cats. 

Treating these infections is challenging because no antimicrobials have been 
approved for companion animals since 2012, and only six have been approved 
since 1997. Antimicrobials approved before 1997 may have label approvals dating 
from the 1960s, meaning the doses and indications entirely predate the pathogens 
and susceptibility profiles veterinarians are seeing today. The use of outdated 
drugs and dosages is a risk for therapeutic failure; it also encourages the evolu
tion of resistance. 

There are regulatory restrictions on use of medically important antibiotics in 
animals that will enter the food chain. There are no such restrictions in pets (or in 
zoos and aquariums), nor is off-label use of human medicines in pets restricted. 
Injectable third-generation cephalosporins are commonly used, as are WHO watch 
group medicines such as levofloxacin, ciprofloxacin, meropenem, and the tubercu
losis drug rifampin, and the reserve group drug linezolid. A recent survey across 
three academic veterinary hospitals in the United States found fluoroquinolones 
and third-generation cephalosporins to be the most frequently used critically im
portant antimicrobials. 

Veterinarians recognize the problems with using medically important human 
medicines in pets, but there are no other options to treat these animals. Veterinary 
hospitals may have stewardship or restriction programs, and recent treatment 
guidelines encourage as short a treatment course as possible. It is difficult to say 
how well such efforts work, however, because there is no formal surveillance or 
monitoring of antimicrobial use in companion animals. Veterinarians generally 
dispense medicines from their clinics purchased directly from a distributor. They 
may also write prescriptions to retail pharmacies, but there is no way to track those 
prescriptions, nor is there a system for monitoring antimicrobial sales as there is 
with food-producing animals. Surveys of veterinary practices may give some insight 
into antimicrobial use; so, in theory, could the internal sales data of drug distribu
tors, animal hospitals, or laboratories. But there is no national monitoring system 
for antimicrobial use in pets. 

SOURCES: Goggs et al., 2021; Papich, 2020. 

At the writing of this report, the FDA Center for Veterinary Medicine 
had pilot projects under way to get additional information on antimicro
bial use in animals. In 2016, it funded two 5-year cooperative agreements, 
one characterizing antimicrobial use in U.S. beef feedlots and dairies, the 
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other collecting data on antibiotic use in U.S. poultry and swine produc
tion (USDA, 2018). The agency announced another cooperative agreement 
examining antimicrobial use in dogs and cats in 2020 (FDA, 2020d). The 
committee commends FDA on these efforts that will give valuable insight 
into the relationship between antimicrobial use in animals and the emer
gence of the resistance and will inform long-term strategies on how best 
to monitor antimicrobial use. The CDC (2021d) also has projects in place 
to strengthen tracking and data collection on farms. 

Capturing Prescription Data 

At the same time, considerable information on drug choice, indica
tion, dose, route of administration, and species is lost at the farm level. 
Prescriptions are one way to measure consumption of, and indication 
for, antimicrobials. Since 2017, FDA rules have required a veterinar
ian’s written authorization for the use of certain drugs in animal feeds 
(Clark, 2017). The same rules disallow the use of medically important 
antimicrobials without veterinary oversight (Clark, 2017). Since veteri
nary medicines do not necessarily go through a pharmacy, however, not 
all states require veterinarians to provide prescriptions, though AVMA 
(2021b,c) recommends they always be made available upon request. To 
this end, some states encourage veterinarians to use electronic prescrib
ing systems, and the electronic prescribing software is already in use 
(AVMA, 2021d). 

The FDA Center for Veterinary Medicine has the mandate to monitor 
animal medicines and to conduct research that advances this work (FDA, 
2020b). The center could promote better antimicrobial stewardship by 
investing in strategies to advance the use of electronic prescriptions and 
to encourage the sharing of prescription information in proprietary hands. 
In the near term, the agency can continue to research ways to better esti
mate antimicrobial use in animals. 

Recommendation 5-2: The Food and Drug Administration’s
Center for Veterinary Medicine should establish a process
and clear metrics to facilitate better tracking of antimicrobial
consumption in animals. This information would support the
design and implementation of stewardship programs. 

Prescription data would help make more sense of raw antimicrobial 
use information as it would clarify what species is being treated; it would 
also allow insight into where stewardship programs are working and 
what practices help promote them (Pinto Ferreira, 2017). Better prescrip
tion data would also afford better understanding of antimicrobial use 
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in companion animals, something not currently tracked. Unfortunately, 
there are no user-friendly technologies to collect prescription information 
(Pinto Ferreira, 2017). Therefore, mandatory electronic prescriptions are 
a valuable long-term goal in veterinary medicine. FDA should encourage 
veterinarians and farmers to work toward this goal, communicating how 
better tracking of antimicrobial use in animals would do much to improve 
our understanding of effective stewardship. With better data, it would be 
possible to reward producers for good antimicrobial stewardship through 
tax breaks or other incentive programs (Pinto Ferreira, 2017). 

The agency could also emphasize the accompanying benefits of elec
tronic prescribing. For example, it can help veterinarians, particularly 
those who work with a diverse range of species, automatically calculate 
correct dosages. It would also allow insight into the extra-label (called off-
label) prescribing of human medicines in animals, a practice not uncom
mon in companion animals (Goggs et al., 2021; Papich, 2020). Although 
FDA prohibits the off-label use of certain antimicrobials, notably fluo
roquinolones and cephalosporins, in food-producing animals, there is 
considerable ambiguity regarding other drugs, and better insights into the 
need for—and real-world use of—medicines in veterinary practice would 
be useful (FDA, 2021a). 

Electronic prescriptions also provide an entry point for steps to con
trol the prescription of critically important human antimicrobials. A recent 
randomized, controlled trial in the United Kingdom found that by moni
toring electronic prescriptions it was possible to alert veterinarians when 
their prescribing of the highest priority human medicines was above 
the median (Singleton et al., 2021). When combined with regular meet
ings and education about stewardship and benchmarking of the practice 
prescribing patterns, also facilitated through review of electronic records, 
prompts about prescription practice reduced the use of critically impor
tant antimicrobials by almost 40 percent in cats and over 23 percent in 
dogs (Singleton et al., 2021). 

In human medicine, research on electronic records is difficult as the 
data is usually proprietary (Adibuzzaman et al., 2017; Gliklich et al., 
2014). There is time to avoid or control this problem in animal medicine by 
encouraging data accessibility in the early stages of the shift to electronic 
prescribing. 

The goal of this recommendation is to make accessible the informa
tion about dose, duration, and indication for how antimicrobials are used 
and in what species. Advancing this goal may mean better outreach to 
private industry. The largest veterinary provider in the United States, 
for example, is Mars, Incorporated, which owns one of the largest veteri
nary laboratory chains in the country (Kelloway, 2018; Veterinary Prac
tice News Editors, 2017). As FDA has relationships with Mars and other 
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animal health companies, it could involve them in the discussion about 
accessibility and monitoring of antimicrobial consumption data. 

In its communication, the agency should emphasize the value of aggre
gate information about antimicrobial use and the need to identify patterns 
of judicious use as well as misuse. This is consistent with international 
trends. In Denmark, for example, the VetStat central database, a national 
repository of electronic prescribing and other reporting requirements for 
farmers and pharmacies, has been in use since 2001 (AACTING, 2021). 
VetStat data have been used to estimate daily doses of active ingredients 
per 100 animals, a much higher level of precision than is now possible 
in the United States (AACTING, 2021). By tracking VetStat data, Danish 
authorities identified a rise in antimicrobial consumption between 2001 
and 2009, mostly driven by use in pigs (FAO and Denmark Ministry of 
Environment and Food, 2019). The national regulatory authority used this 
information to establish antibiotic use thresholds and a warning system for 
farms exceeding this threshold, reducing antimicrobial consumption by 90 
percent (relative to 2009 levels) in less than 5 years (DVFA, 2017). 

Similar monitoring systems are taking hold across Europe. In 2019, 
the European Medicines Agency issued regulations on monitoring the use 
of antimicrobials in animals, encouraging the monitoring of veterinary 
prescriptions as a means to understand use (EMA, 2020). In response, 
European countries are developing national databases similar to Den
mark’s VetStat to collect and store electronic prescriptions (Chirollo et al., 
2021; Government of Ireland, 2021; Koper et al., 2020). 

The committee recognizes that additional data accessibility require
ments put a burden on veterinarians and may be met with resistance from 
producers. The shift to electronic prescribing and the central monitoring 
systems similar to what can be found in Europe is, to be clear, a long-term 
goal. Production systems in the United States are different from those in 
Europe, so it is unlikely that duplicating the VetStat system would be a 
suitable goal for this country. There are other ways to monitor antimi
crobial use to inform stewardship programs in each state. In any case, 
the monitoring system used is less important than the measures of use 
derived. 

There is no standardized system to measure antimicrobial use in ani
mals (Kasabova et al., 2019). Units of measurement for antimicrobial use 
include expressions of the mass of the active substance administered, the 
dose (how many milliliters of medicine used multiplied by the mg/ml 
concentration of active ingredient), or a count of days treated or courses 
of medicine administered (Sanders et al., 2020). Mass and dose measures 
then need to be divided by some indicator of the target animal popula
tion: average number of animals treated, mass of the meat produced, or 
standardized weight of the animals treated, for example (Sanders et al., 
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2020). Different estimates of the population treated and animal weights 
affect the estimates of use (Kasabova et al., 2019). Count-based measures 
such as the number of days treated per year have some advantage in 
being, essentially, indicators of treatment incidence, something rela
tively direct to calculate and meaningful to both farmer and veterinar
ian (Sanders et al., 2020). For this reason, count measures may be more 
amenable to benchmarking and comparisons among farms (Sanders et 
al., 2020). 

Measuring antimicrobial use and prescribing practices in animals 
is related to concerns about veterinary drug labeling. Not all veterinary 
antimicrobials have up-to-date labels that reflect current standards of 
judicious use (The Pew Charitable Trusts, 2016). For example, 28 per
cent of medically important antimicrobials used in animal feed have 
no defined duration of use, introducing guesswork for the veterinarian 
and possibly exposing the animal to an unnecessarily prolonged treat
ment (FDA, 2021b). The FDA Center for Veterinary Medicine’s recent 
work to support better antimicrobial stewardship calls for updating the 
approved use and conditions of antimicrobials and to the labels that 
inform their use (FDA Center for Veterinary Medicine, 2018). To this 
end, the agency has mobilized funding for research to establish duration 
limits for antimicrobials in the feed of food-producing animals (FDA, 
2020c). The committee commends these steps, and sees that attention to 
monitoring prescribing patterns could be a complement to FDA’s work 
to revise and update antimicrobial labels. Ultimately, action in both 
areas is needed to promote judicious use of antimicrobials in veterinary 
medicine. 

In any effort to measure antimicrobial use or to promote stewardship 
in animal agriculture, FDA should work with and strengthen collabo
ration with USDA. The ongoing and proposed additional surveillance 
studies conducted through USDA’s NAHMS program are valuable tools 
to this end (USDA, 2014). USDA also has a valuable agricultural exten
sion network that can be used for education and outreach. Research has 
shown agricultural extension staff to be a trusted source of information 
on antimicrobial stewardship for farmers (Ekakoro et al., 2019; Wemette et 
al., 2020). Extension programs can also do much to improve information 
management on the farm and promote the best practices in biosecurity, 
both of which control antimicrobial use (Baudoin et al., 2021; Clark et al., 
2012; Henriksson et al., 2018). For these reasons, agricultural extension 
is already highlighted in USDA and CDC’s antimicrobial resistance pro
gramming (NIMSS, 2017). 

Implementation of this recommendation would pave the way for 
better information on how antimicrobials are used in animals. This is 
an important and necessary step for better antimicrobial stewardship. 
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Generating these data is not, in itself, enough to inform policy, however. 
In setting up a system for tracking antimicrobial use, FDA would need to 
consider steps to ensure the information was properly analyzed and inter
preted. This could come from within the agency, though designating an 
independent third party for analysis might be a better way to overcome 
industry reluctance to share sensitive information. 

The Need for Animal-Specific Breakpoints 

In addition to better understanding how veterinarians use antimicro
bials, the cause of good stewardship (using the right drug, in the right 
dose, for right duration) in veterinary medicine is held back by challenges 
in availability and use of veterinary diagnostic tests. Some of the factors 
that encourage reliance on empiric treatment in human medicine apply to 
veterinary medicine as well (e.g., slow turnaround time for diagnostic test 
results). These problems are amplified, however, by several factors unique 
to animals. First is the logistical challenge of collecting diagnostic samples 
on a farm. If the sample can be drawn in a minimally disruptive way, 
during milking for example, the logistical burden is lower than if testing 
disrupts the animal’s routine (Lubbers, 2021). The process of bringing the 
animal into a chute to draw a sample is stressful for the animal and some
times dangerous for its handlers (Lubbers, 2021). Especially when large 
animals are involved, the safety concerns alone are enough to encourage 
empiric treatment (Lubbers, 2021). There are also financial barriers. In 
veterinary medicine the animal owner generally pays out of pocket not 
only for medicines, but for diagnostic testing used to inform treatment. 
The veterinarian and his or her client must weigh this additional expense, 
around $20 to $110 per sample, against the likelihood of the result yield
ing novel information that would alter clinical treatment (ISU, 2021). 
Finally, even after the samples are drawn and submitted for testing, the 
veterinarian may not be able to act on the information returned because 
there are no established susceptibility breakpoints for that microbe–drug 
combination in the species tested. 

Establishing susceptibility breakpoints requires balancing informa
tion on the mechanism by which an organism is resistant to a drug, the 
range and distribution of observed minimum inhibitory concentrations, 
the pharmacokinetic and pharmacodynamic properties that influence drug 
concentration in tissue, and data on clinical outcomes from similar cases 
(Humphries et al., 2019). As a recent review paper explained, “[B]reak
point decisions are rarely clear-cut” and are therefore often the work of 
expert committees convened by international organizations (Weinstein 
and Lewis, 2020). The best known of these are the Clinical Laboratory 
Standards Institute (CLSI), run in partnership with the International Stan
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dards Organization, and the European Committee in Antimicrobial Sus
ceptibility Testing (EUCAST) (Kahlmeter et al., 2019). CLSI breakpoints 
and interpretative criteria are widely used in the United States and inter
nationally (Weinstein and Lewis, 2020). CLSI is also approved by FDA as a 
“standards development organization,” meaning that FDA (2020a) accepts 
most CLSI interpretative criteria for susceptibility tests. EUCAST, founded 
in 1997 by the European Society for Microbiology and Infectious Disease, 
serves a similar role in Europe; its breakpoints are also used internation
ally (EUCAST, 2021). 

Most antimicrobial susceptibility test guidelines were developed for 
human pathogens, but work on veterinary breakpoints has followed. Since 
the late 1980s, CLSI has convened the Sub-Committee on Veterinary Anti
microbial Susceptibility Testing to develop interpretive breakpoints for 
bacterial pathogens in animals (Lubbers, 2021). EUCAST convened its Vet
erinary Committee on Antimicrobial Susceptibility Testing (VetCAST) in 
2015 (EUCAST, 2021). These two volunteer groups develop interpretative 
standards and guidelines for their respective organizations and the regula
tory agencies that reference them. Both groups rely heavily on indepen
dent research and on clinical trial data submitted by the drug companies. 

Breakpoints in veterinary medicine are specified not just by 
microbe–drug combination, but also by species and disease process 
(Toutain et al., 2017; Watts et al., 2018). Even when the drug and patho
gen are constant, the drug may be administered differently in differ
ent animals. Differences in physiology and metabolism among species 
further influence the way the drug moves (pharmacokinetics) and its 
ultimate efficacy. Therefore, the ability to develop new susceptibility 
test breakpoints depends on collecting and creating pharmacokinetic
pharmacodynamic data for different drugs in different species and on 
convening experts to review and interpret this data. Both the data and 
the expertise to review it are somewhat scarce (Damborg, 2021; Toutain 
et al., 2017). Despite agreement that more animal-specific breakpoints 
are needed, it is difficult to keep up momentum for the process (FAO, 
2019; Toutain et al., 2017). The time and expense of building the evi
dence base to inform breakpoint analysis is a complicated precursor to 
any interpretation of test criteria. 

There are, therefore, too few interpretive breakpoints for antimicro
bial susceptibility tests in animals, especially in food-producing animals 
(Toutain et al., 2017; Watts et al., 2018). Such breakpoints are vital to anti
microbial stewardship in veterinary medicine; they are also a cornerstone 
of surveillance and monitoring resistance patterns. Despite decades of 
effort from standard-setting organizations, development of needed break
points has not kept pace with the demand for them, especially in light of 
increasing emphasis on antimicrobial stewardship in veterinary medicine. 
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Deliberate effort at the level of the federal government would encourage 
the research needed to develop these breakpoints for key drug, pathogen, 
and species combinations. 

Recommendation 5-3: The Food and Drug Administration’s
Center for Veterinary Medicine should convene an advisory
committee to coordinate development of antimicrobial suscep
tibility test breakpoints in animals and identify priority animal,
drug, and pathogen combinations. When necessary, the Center
for Veterinary Medicine would fund the research needed to
develop the priority breakpoints. 

There are many combinations of pathogen, drug, and animal species 
of interest in veterinary medicine. Choosing priorities for breakpoint 
development from among these many combinations should be done in a 
more deliberate way, with more open communication among clinicians 
who use the test results and the diagnostics laboratories that generate 
them, as well as the standards organizations that set the breakpoints, 
and the scientists who do the pharmacokinetic and pharmacodynamic 
research. The FDA (2020f) advisory committee system is designed to bring 
such varied stakeholder groups together and to get advice from niche 
subject-matter experts outside of government. 

This committee would work with the CLSI Veterinary Antimicrobial 
Susceptibility Testing subcommittee and with clinical stakeholders to 
assess the various microbe–drug–species combinations and identify the 
most urgent needs for animal health and public health. The committee 
need not start from scratch. AVMA recently published an assessment 
of species-specific antimicrobial-resistant pathogens that affect animal 
health (AVMA, 2020). Pathogens identified in this document could serve 
as the starting point for the proposed advisory committee. This list could 
be immediately narrowed to pathogens treated with antibiotics that are 
important to human medicine (e.g., cephalosporins, fluoroquinolones, 
and macrolides) and to zoonotic pathogens that affect both animals and 
humans (e.g., Salmonella and Campylobacter). 

The committee would still face a problem of insufficient data about 
veterinary pathogens. In general, information about veterinary antimi
crobials are scarce, and often the proprietary data of pharmaceutical com
panies. FDA has the authority to ask drug sponsors to collect more data 
during the approval process and to encourage them to work with CLSI’s 
VAST (Veterinary Antimicrobial Susceptibility Testing) subcommittee to 
generate the information needed to develop susceptibility test break
points. The advisory committee could provide guidance on what data are 
needed for establishing breakpoints and what methods should be used to 
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generate the data. These may include epidemiological studies, pharmaco
kinetic and pharmacodynamic data, and clinical trials. 

Currently, CLSI’s Veterinary Antimicrobial Susceptibility Testing sub
committee develops breakpoints with volunteer effort, based on data 
availability and willingness of an individual committee member to cham
pion an effort (Watts et al., 2018). This process is not efficient or sustain
able. The proposed advisory committee would evaluate the current pro
cess and identify ways to improve it. Particularly, the committee could 
consider funding research to generate data that are critically needed for 
developing breakpoints. 

In the longer term, the committee could consider ways to increase 
the pool of qualified experts to participate in veterinary breakpoint 
development. This may include training strategies in the United States 
and enhanced collaboration and coordination between CLSI-VAST and 
VetCAST to take advantage of expertise available in different countries. 
Increasing international collaboration may have the added benefit of pav
ing the way for more harmonized methods internationally. 

The advisory committee could also work with veterinary organiza
tions such as the USDA National Animal Health Laboratory Network, 
the FDA Veterinary Laboratory Investigation and Response Network, 
and the American Association of Veterinary Laboratory Diagnosticians to 
educate their members about the relationship between antimicrobial sus
ceptibility test data and antimicrobial stewardship. Both epidemiological 
and clinical studies are needed to assess the effectiveness of national and 
regional stewardship programs. Better education and member outreach, 
something the associations have experience with, could help strengthen 
efforts to increase diagnostic testing. 

There is also a need for new quality control and testing methods 
that these organizations could help develop. Although progress has been 
made in standardizing susceptibility test methods, there are still con
siderable needs remaining. For example, some pathogens grow slowly 
or require special culture conditions. There is a special need for testing 
methods for the so-called fastidious pathogens, organisms that will only 
grow in the presence of specific nutrients or atmosphere, such as myco
plasma, mycobacteria, and anaerobes (Watts et al., 2018). Since these 
pathogens grow slowly or require special culture conditions, they are not 
amenable to standard laboratory methods but are important for animal 
health. Attention to speeding the development of tests for them would 
be a meaningful use of the advisory committee’s effort. 

The advisory committee could also identify a standardized system for 
veterinary diagnostic labs to report susceptibility test data to veterinar
ians. Currently, most veterinary diagnostic labs in the United States use 
disc diffusion and broth microdilution (Dargatz et al., 2017). Yet there is 
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considerable variability in how the results are reported (e.g., a numeric 
or categorical measures of susceptibility) and the forms used for report
ing. This variability arises in part from the uncertainty in breakpoints this 
recommendation aims to reduce. It also causes confusion among the users 
of the data and inconsistency in their ability to act on the results (Dargatz 
et al., 2017). The standardized reporting system would be developed with 
input from commercial test developers, veterinarians, and other end users 
and would provide not only interpretation of the results (e.g., pathogen 
is susceptible, intermediate, or resistant) but also quantitative data (e.g., 
minimum inhibitory concentrations). 

Attention from FDA could help make veterinary susceptibility testing 
less ad hoc, but after setting out the priority pathogen, drug, and species 
combinations there will still be a need for pharmacokinetic and pharma
codynamic data to establish the needed breakpoints, especially for generic 
drugs. By designating funding for this research, the agency could remove 
another major barrier to better antimicrobial stewardship in animals. 

DIAGNOSTIC STEWARDSHIP IN THE UNITED STATES 

Across human and animal medicine, accurate, fast diagnostic tests 
are needed to promote antimicrobial stewardship. By making test results 
available to clinicians before they start empiric treatment, diagnostic test
ing can avoid much unnecessary empiric treatment. In a 2018 commen
tary, Jim O’Neill, the lead commissioner of the O’Neill report, described 
rapid diagnostics as “the single biggest potential game changer in the 
fight against antimicrobial resistance” (Collier and O’Neill, 2018). In low-
and middle-income countries, diagnostics have the potential to save mil
lions of lives; an estimated 405,000 child deaths from bacterial pneumonia 
could be avoided with diagnostic tests (Moeller et al., 2007). In the United 
States, their value would be more on the side of avoided unnecessary or 
poorly targeted treatments. 

As this report has explained, much of the error in treating infectious 
disease stems from uncertainty, an abundance of caution weighted in 
favor of the patient, even if the patient’s interests are not aligned with 
the larger interests of society. This human calculus encourages treatment, 
and treatment with broad-spectrum antibiotics, on the possibility that 
the patient would benefit. Research in British primary care practices, 
where antibiotic prescribing is generally much more restrained than in the 
United States, still indicates that between 8 and 23 percent of antibiotic 
prescriptions are inappropriate and could be avoided with better diagnos
tics (Smieszek et al., 2018). 

The well-founded fear of failing to treat a serious infection is reflected 
in formal treatment guidelines. For example, surveillance of gonococcal 
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isolates in the United States since 2009 has shown an alarming trend in resis
tance to azithromycin, with elevated minimum inhibitory concentrations of 
azithromycin seen in almost 5 percent of isolates by 2018 (St Cyr et al., 2020). 
These data prompted the CDC to revise first-line treatment guidelines for 
gonorrhea to ceftriaxone, a WHO Watch Group medicine, in 2020 (St Cyr et 
al., 2020; WHO, 2021). This is a prudent revision and one needed in response 
to rising levels of azithromycin resistance. If there were a fast, reliable way to 
distinguish azithromycin-susceptible cases from the azithromycin-resistant 
ones, then more targeted use of the second-tier treatment would be possible. 
Molecular assays to rule out fluoroquinolone-resistant gonococci by detect
ing the gyrA gene would allow for prediction of ciprofloxacin susceptibility 
(Hemarajata et al., 2016). Such tests would, in turn, slow the spread of resis
tance and preserve the useful life of antimicrobial medicines. 

Despite wide agreement that rapid diagnostic tests could reduce 
unnecessary reliance on antimicrobials, their uptake has been slow and 
uneven (PCAST, 2020; Review on Antimicrobial Resistance, 2015). Some 
of the barriers relate to the product development pipeline (e.g., regulatory 
hurdles, clinical trials, and data validation) and will be discussed in the 
next chapter. There are also useful diagnostic tests already on the market 
that are not used widely enough to drive better stewardship. 

Rapid, point-of-care diagnostic tests, when used appropriately, could 
have considerable benefit for antimicrobial use and patient outcomes. 
At the same time, these tests can also lead to an overuse of testing that 
may have the opposite effect on antimicrobial use than was intended. 
Diagnostic stewardship helps ensure that the right test and the most 
clinically relevant results are being reported on the right patient, avoiding 
unnecessary therapeutics and inappropriate management (Messacar et al., 
2017). Testing for bacterial pharyngitis caused by Streptococcus pyogenes 
is often rapid and performed at the point of care, but in the absence of 
defined bacterial pharyngitis symptoms, a positive test (due to coloniza
tion rather than infection) may lead to a misdiagnosis of bacterial phar
yngitis, in turn leading to overuse of antibiotics (Thompson et al., 2021a). 
Another example are urine cultures, which are notoriously overused and 
overinterpreted, leading to the overdiagnosis of urinary tract infections 
in patients with no symptoms, who happen to have bacteria in the urine 
(asymptomatic bacteriuria) a syndrome that does not warrant treatment 
(Chan-Tack et al., 2020). In using or developing rapid diagnostics for 
urinary tract infections, speeding the time to results is important, but it 
is also important to consider the target patient population for the test. 
Understanding the test performance and clinical interpretation in spe
cific populations, such as patients in long-term care facilities, pregnant 
women, and children, will be critical in optimizing the use of these novel 
diagnostics for urinary tract infections (Patel et al., 2021). 
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Clinical microbiologists are important stewards of these diagnostic 
tests, particularly as molecular developments yield more complex tests 
that put more interpretative demands on laboratory staff. Communication 
between clinical microbiologists and prescribers helps ensure that rapid 
diagnostic tests are used at the right time on the right patient for optimal 
patient care. 

One rapid diagnostic test that would optimize patient care is a point-
of-care test to distinguish viral from bacterial infection. A blood test that 
can make this distinction in 12 hours, rapid only in comparison to tra
ditional culture and disk susceptibility testing methods, is projected to 
hasten de-escalation in hospitals, with the potential to reduce antimicro
bial use by 14 percent (Yui et al., 2020). In a trial at a large teaching hos
pital, multiplex PCR on positive blood cultures, along with antimicrobial 
stewardship, reduced use of broad-spectrum antimicrobials (Banerjee et 
al., 2015). The same technology can be used at point of care to assist in 
identifying viral infections (i.e., respiratory virus infections) in outpatient 
medicine and have performed better than antigen tests in terms of target
ing treatment and improving workflow in the clinic (Beal et al., 2020). 
Nevertheless, at a cost of more than $100 a test for consumables alone, the 
diagnostic is considerably more expensive than an antibacterial medicine 
(Genome Web, 2012). Recent CMS reimbursement guidelines clarify that 
such tests will not be covered unless certain additional patient criteria 
are met, such as the patient’s serious or critical illness and underlying 
conditions (e.g., cystic fibrosis, chronic obstructive pulmonary disease) 
(CMS, 2021e). 

Point-of-care tests for infections account for some of the highest vol
ume of diagnostic tests performed (Bonislawski, 2019). These tests also 
have very low profit margins for their manufacturers; there is no advan
tage to a high test volume when every test is individually run (Boni
slawski, 2019). Recent reductions in the CMS reimbursement for diagnos
tics could discourage use of point-of-care tests (Sears, 2018). 

Furthermore, the problem of diagnostic stewardship is not just a lack 
of tests. Sometimes tests are available and not used (Pulcini et al., 2012). 
The clinical decision to prescribe an antimicrobial is influenced by the test 
performance and indication, reimbursement for it, and provider attitudes. 
The rapid antigen test for streptococcal infection, for example, is a cheap 
test that is widely used to direct antimicrobial treatment for pharyngitis 
(Barakat et al., 2019; NLM, 2020). At least with adult patients, a negative 
antigen test provides a reason to deny antimicrobials to a patient who 
may be asking for them. (In children, the strep antigen test performance 
is not sufficiently reliable and confirmatory culture is necessary [Barakat 
et al., 2019; Cohen et al., 2016]). Nevertheless, these tests are thought to 
decrease antimicrobial treatment relatively little (Cohen et al., 2016). At 
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the same time, novel point-of-care diagnostic tests may be improving 
this picture. Nucleic acid amplification tests for group A streptococcal 
pharyngitis have gained use in recent years and show diagnostic accuracy 
comparable to that of gold-standard culture methods (Luo et al., 2019). 

Tools to diagnose a viral infection in outpatient medicine could, if 
used widely, avert even more unnecessary treatment as empirical treat
ment is usually the default in these settings (Cooke et al., 2020). But most 
rapid tests are expensive, and they carry cost implications in terms of 
diverted staff time (Okeke et al., 2011). Coupled with a pressure on clini
cal laboratories to save money, additional spending on testing is hard to 
justify without solid evidence of its value (Caliendo, 2015). 

The limited use of rapid diagnostics has downstream negative conse
quences for antimicrobial resistance (Roope et al., 2019). It is unlikely that 
any diagnostic test can undercut first- or even second-line antimicrobial 
treatments on direct cost alone. Yet society has an urgent need for wider 
use of these tests to allow for antimicrobial stewardship. 

Reimbursing the full value of diagnostic tests would be a meaning
ful step toward better stewardship, but determining this value is not 
straightforward. Diagnostic testing is one early step on a path of treatment 
decisions, wherein later decisions are partially predetermined by earlier 
ones (Ferrante di Ruffano et al., 2012). Rapid, accurate results are valu
able only if they change treatment decisions early on this path, as there is 
plausible reason to assume that rapid molecular drug susceptibility test 
results would do. Prescribers have no incentive to use a broad-spectrum 
antibiotic against clear indication of the narrow-spectrum drug indicated. 
At the same time, the value of these tests, especially in terms of changes 
in patient outcomes such as morbidity and length of hospital stay, or 
financial outcomes such as cost of treatment or repeated office visits, are 
not usually readily apparent to doctors or administrators. 

Furthermore, the switch to wider reliance on microbiological diag
nostics depends on provider behavior, something that is influenced by 
practice guidelines that emphasize diagnostic use. For example, concerns 
about multidrug-resistant tuberculosis prompted the CDC (2009) to call 
for more research on molecular testing for drug resistance. This research 
informed the 2017 revision to practice guidelines, including a recommen
dation to use rapid, molecular drug susceptibility tests on certain patients 
(Lewinsohn et al., 2017). When formal treatment guidelines reference 
diagnostic use, providers have clear reason to use them, although lag time 
to change practice can be lengthy (Morris et al., 2011). 

There is wide agreement that antimicrobial stewardship should include 
patient and provider education as well as technological tools such as better 
diagnostics (O’Neill, 2016; PCAST, 2020). A lack of compelling evidence on 
the value of diagnostic testing, however, prevents its inclusion in practice 
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guidelines. The Department of Health and Human Services (HHS) could 
help remove that barrier by supporting the outcomes research on diagnos
tic testing that the CDC, the Infectious Diseases Society of America (IDSA), 
and other societies use to inform their practice guidelines. 

Recommendation 5-4: The Department of Health and Human
Services agencies, including the Centers for Disease Control
and Prevention, the Food and Drug Administration, and the
Centers for Medicare & Medicaid Services, and the Patient-Cen
tered Outcomes Research Institute should support outcomes
research in diagnostic testing to drive an iterative process of
guidelines development and to influence reimbursement for
diagnostic testing. 

The problem of widespread empiric therapy is at the center of antimi
crobial resistance. Generic antibiotics will almost always be cheaper than 
even inexpensive diagnostic tests, discouraging providers from curtailing 
inappropriate antimicrobial use. Reliance on diagnostic testing has the 
potential to alter this pattern, but the use of these tests is limited (Trevas 
et al., 2021). The failure of diagnostic stewardship is a thorny and circular 
problem, driven by cost and human behavior as much as evidence. When 
confronted by a problem with multiple competing causes it can be dif
ficult to identify the root cause, a dilemma that can lead to inaction. The 
committee recognizes that generating evidence on the value of diagnostic 
testing will not in itself alter clinicians’ behavior or bring down the cost of 
test kits. But without explicit attention to this evidence base it is difficult 
to encourage clinicians to use the tests or to justify subsidizing their cost. 
The first step in compensating tests based on their value is establishing 
that value with evidence. 

This recommendation echoes IDSA’s recent call for “improved study 
designs to better capture the clinical and economic benefits of diagnos
tics” (Trevas et al., 2021). Large multicenter studies evaluating the value of 
diagnostics tests are done mostly for regulatory approval, and are there
fore focused on the tests accuracy, not on its economic or clinical value, 
outcomes delineated in Box 5-4 (Trevas et al., 2021). As this box shows, the 
cost savings associated with diagnostic testing are often accrued down
stream, not in the departments closest to testing. For example, a rapid test 
for methicillin-resistant Staphylococcus aureus eventually saved $1.5 mil
lion in less than 2 years on the avoided costs of contact precautions (extra 
protective gowns and gloves, isolating the patients in private rooms, etc.) 
(Shenoy et al., 2013). 

The evidence needed will be challenging to generate, as it must 
include both clinical trials and clinical laboratories in its design. Health 



 

 
 
 
 
 

 
 

 

 

 
  
 

 
 

  
  
  
    

   Reduction in adverse events (e.g., drug reactions, nephrotoxicity, Clos
tridioides difficile infection) 


   Reduction in morbidity and mortality (note: ideal outcome measure, 

but difficult to demonstrate) 


   Faster time to isolation for infection control when indicated; reduction 

of isolation time when not indicated 

   Identification of patient populations or subsets who would receive  
maximum benefit 

   
   
   
   Reduced hospitalization costs (e.g., length of stay, days in intensive 

care unit, days of ventilator use) 

   
   Reduced costs for additional diagnostic testing (e.g., laboratory and 

radiologic testing) 

   Reduced health care-associated infections (note:  costs not reimbursed
  

for Medicare beneficiaries) 

   Reduced cost of unneeded infection-control measures (e.g., unneces

sary isolation) 
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BOX 5-4  
Study Design Considerations for Assessing  

the Value of Diagnostics  

•	 Clearly define the unmet need, issues of concern, problems, and barriers 
(according to the clinical setting). Describe the limitations of the current 
diagnostics available. 

•	 Clearly define the clinical settings and patient populations to be engaged. 
•	 Apply the correct study design, control groups, study power, and statistical 

analyses to achieve or refute expected outcomes. 
•	 Define outcomes measures, such as the following: 

Clinical Value 
Improvement in disease detection ° 
Improvement in time to actionable results ° 
Improvement in time to optimal antimicrobial therapy (e.g., initiate ° 
or cease antimicrobial use, increase or decrease dosage, switch to 
narrow-spectrum antibiotic or targeted therapy) 

° 

° 

° 

° 

Direct Economic Value 
Overall cost savings in patient management ° 
Reduced costs associated with antimicrobial treatments° 

° 

Avoidance of missed admissions or inappropriate discharges 
° 
° 

° 

° 

SOURCE: Reprinted with permission from Trevas et al., 2021. 

records and claims data, sometimes called real-world data, can also 
be important sources of data for outcomes research (FDA, 2021c). The 
participation of multiple clinical sites is also essential as the inferences 
made from aggregate data are more generalizable and better able to 
detect small but meaningful treatment differences (Kahn et al., 2012). 
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A lack of statistical power to detect differences can also be a serious 
problem in diagnostics research, something that can be avoided with 
multisite studies. Previous research at a large teaching hospital found 
that rapid diagnostics cause doctors to use antimicrobials more judi
ciously, but was not powered to detect difference on other outcomes 
(Banerjee et al., 2015). Multisite studies are also more expensive to run 
(Lovegreen et al., 2018). There is also a need for industry participation 
across sites that sometimes requires the involvement of a coordinating 
center (Smith et al., 2019). 

The Antibiotic Resistance Leadership Group has a research frame
work in place that would lend itself to the type of outcome research 
envisioned in this recommendation. The National Institute of Allergy 
and Infectious Diseases funds the group to design and execute clinical 
research related to antibiotic-resistant bacteria, including research related 
to improving diagnosis (ARLG, 2021b). The group’s scientific agenda 
emphasizes “practice-changing guidelines” and has identified diagnostics 
as a broad research priority (ARLG, 2021a,b). This diagnostic research 
portfolio is weighted toward assessment of new diagnostic tools and 
biomarkers but does mention strategies to make best use of diagnostic 
tests (ARLG, 2021a). Although this group is not funded to do diagnostic 
outcome studies, its existing research and laboratory network could be a 
starting point for pursuing these questions. 

Cost is still a major barrier to conducting outcomes research on diag
nostic tests, however. HHS agencies could reduce this barrier by making 
such studies an explicit priority and mobilizing funding for them. Though 
not a major research funder, CMS does sponsor research relating to new 
payment policies and the effect of the agency’s policies on its custom
ers and beneficiaries (CMS, 2012). The CDC also funds research that 
feeds into the iterative process of guidelines development. As the national 
leader in developing public health guidelines, the CDC (2012) has an 
interest in supporting the evidence base that informs them and directing 
attention to serious gaps. The Patient-Centered Outcomes Research Insti
tute (PCORI), a large public research funder, is also in a good position 
to investigate the relationship between antimicrobial diagnostic test use 
and health outcomes. PCORI’s (2014) mandate is to improve the quality 
of evidence informing clinical and health policy decisions. 

Even with sufficient evidence to inform treatment guidelines, rapid 
diagnostic tests still face an uphill battle, with many clinicians choosing to 
wait for traditional culture and susceptibility testing before de-escalating 
or changing treatment. For example, genotypic assays that screen for the 
mecA gene can accurately determine resistance or susceptibility to methicil
lin in staphylococci, including Staphylococcus aureus (Bakthavatchalam et al., 
2017). Use of these rapid tests are referenced in multiple treatment guide
lines (Hanson et al., 2020; Uyeki et al., 2019). Yet there was a lag time of 
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several years before the tests gained wide acceptance (Banerjee et al., 2015; 
Ehren et al., 2020). Though aware of these barriers, the committee encour
ages more attention to the evidence linking diagnostic testing with patient 
outcomes. Without this evidence in hand, it will be that much harder to 
start the process of changing clinical behavior or test reimbursement. 

STRATEGIES TO PREVENT THE EMERGENCE OF RESISTANCE,

ESPECIALLY IN LOW- AND MIDDLE-INCOME COUNTRIES
 

As Chapter 2 explained, the need for effective, good-quality antimi
crobials is greater in low- and middle-income countries than in the United 
States, and access is a serious problem. The burden of infectious disease 
is higher in these parts of the world, requiring more justifiable courses 
of antimicrobials but also prompting more unjustified use. Governments 
have less to spend on health, and patients have less to spend on medi
cines, putting even relatively inexpensive generic antimicrobials out of 
reach for many (Craig, 2019). Rational selection of antimicrobials is also 
complicated when newer treatments are not available. Of the 21 new anti
biotics to come to market between 1999 and 2014, 90 percent of countries 
registered 10 or fewer (Craig, 2019). See Figure 5-3. 

Given the greater need for antimicrobials and problems with access 
to medicines, interventions to curb the unnecessary use of antimicrobials 
are harder to implement in low- and middle-income countries. The lack 
of diagnostic testing and microbiology laboratories is a serious barrier to 
stewardship (Okeke et al., 2011; Pierce et al., 2020). Without better, rapid 
diagnostics coming to the market, a point discussed more in the next 
chapter, it is difficult to encourage more judicious antimicrobial use in 
low- and middle-income countries. Sales restrictions would be unwise 
when access to medicines is a problem, nor are they likely to be effec
tive. The sale of antimicrobials without a prescription may be banned 
in some low- and middle-income countries but is still common practice 
(Horumpende et al., 2018; Jacobs et al., 2019; Muri-Gama et al., 2018; Sulis 
et al., 2020). Despite formal requirements for a prescription, more than 
half of antimicrobials are dispensed without one in Vietnam, about 46 
percent in Bangladesh, and 36 percent in Ghana (Do et al., 2021). Even if 
sales restrictions were enforceable, they are not likely to be effective when 
only a relatively small share of the population is able to see a licensed 
prescriber in the first place (Bebell and Muiru, 2014; Craig, 2019; Tattevin 
et al., 2020). Broad targets to reduce consumption are also not appropri
ate given the burden of disease (Tattevin et al., 2020). In many low- and 
middle-income countries good antimicrobial stewardship could mean 
more, appropriate use, not less. 



Figure 5-3
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2.00 15.00 

No data 

Total number (out of 25) 

FIGURE 5-3 New antibiotics introduced into country markets, 1999–2014.
 
NOTE: Countries in Central American and Francophone West Africa reported at
 
regional levels.
 
SOURCE: Frost et al., 2019.
 

Much antibiotic use in low- and middle-income countries is for diar
rheal disease and respiratory tract infections (Bielicki and Fink, 2020). 
Antibiotics are also often given to patients with fever against the chance 
that they have a life-threatening bacterial bloodstream infection like 
typhoid or bacteremia, but in fact more tropical fevers are caused by 
vector-borne diseases such as malaria and dengue (Adrizain et al., 2019; 
Batwala et al., 2011). Vector control, safe drinking water, and improved 
sanitation could all do much to reduce the need for antimicrobials, a topic 
discussed more in Chapter 8. 

Especially in developing countries, antimicrobial stewardship plans 
need to take a broad view, with an eye on reducing the need for antimi
crobials. The WHO has put considerable emphasis on infection preven
tion in its toolkits for antimicrobial stewardship programs in low- and 
middle-income countries, though these toolkits are intended for use in 
clinical medicine, where concepts like infection prevention are necessar
ily somewhat narrow in scope (Pierce et al., 2020; WHO, 2019a). Action 
against the more distal determinants of infection has the potential to elicit 
a more meaningful reduction in use. 



Figure 5-4

 

    

 
        

           
 

         
  

 
 
 
 

        

 

 
 

  
         

 
         

 
 

    

198 COMBATING AMR AND PROTECTING THE MIRACLE OF MODERN MEDICINE 

Establishing the Value of Prevention Through Vaccination 

Vaccines have the potential to reduce the need for antimicrobials and 
control the spread of resistance in the parts of the world where the problem 
is worst (Lipsitch and Siber, 2016). Though not a substitute for essential 
infrastructure or a functional health system, vaccines can prevent common 
respiratory and diarrheal diseases, something all the more valuable when 
improved sanitation and clean water are missing. Although many studies 
have assessed the efficacy of vaccines in reducing infections, few high-qual
ity studies evaluate their effect on antibiotic use and antimicrobial resistance. 

Figure 5-4 shows several possible pathways through which use of 
vaccines could reduce antimicrobial resistance. The most obvious is by 
reducing the selective pressure from antimicrobials used to prevent and 
treat bacterial infections. Table 5-1 reviews other pathways and examples 
of the relationship between vaccines and antimicrobial use. 

Vaccines for Bacterial Infections 

Especially in children, there is good evidence that pneumococcal 
and influenza vaccines predict less antimicrobial use and fewer courses 
initiated (Buckley et al., 2019). A recent study drawing on data from 18 
low- or middle-income countries found that at current coverage levels, 
pneumococcal conjugate vaccine averted almost 24 million courses of 
antibacterials among children under 5 (Lewnard et al., 2020). 

Vaccinate 
individual against 
infection A 

Vaccinee not 
infected with A 

Resistance 
present at 
infection or 
acquired during 
treatment cannot 
lead to worse 
outcome 

Vaccinee not 
colonized with A 

Antimicrobials 
not prescribed 
to treat A 

Reduced 
opportunities to 
select resistant 
strains of A 

Reduce bystander 
selection for resistance 
in normal flora species 
B, C, D 

Reduced 
transmission of 
A to contacts 
(vaccinated or 
not): herd 
immunity 

Reduced need for 
broad-spectrum 
empiric therapy to 
cover variants of 
A that may resist 
narrow-spectrum 
agents 

Reduced population 
of A to exchange 
resistance elements 

Vaccine may be preferentially effective 
versus resistant strains of A, thus 
counteracting selection for resistance 
in vaccinated individual and contacts 

FIGURE 5-4 Mechanisms through which vaccines can contribute to reducing
 
antimicrobial resistance.
 
SOURCE: Lipsitch and Siber, 2016.
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TABLE 5-1 
Vaccines Can Work Through Many Pathways to Reduce Bacterial Infections 

Pathway Through Which 
Vaccines Can Reduce 
Antimicrobial Resistance Examples Evidence 

Preventing common 
community-acquired 
bacterial infections 

Preventing hospital-
acquired infections 

Hib, TCV, cholera, PCV, 
COVID-19, as well as Shigella, 
enterotoxigenic E. coli, N. 
gonorrhoeae, and group B strep 
vaccines in development 

MRSA, CRE, and Acinetobacter 
vaccines 
in development 

Some, particularly for 
Hib and PCV 

No population study 
data yet, vaccines still 
in pipeline 

Preferentially targeting 
antimicrobial-resistant 
lineages of infectious 
bacteria 

PCV Some, PCV 

Protecting against diseases 
that make patients prone to 
secondary bacterial infection 

Influenza, measles, COVID-19 Little, and mostly 
concerning 
antimicrobial use 

Preventing nonbacterial 
infections that produce 
syndromes that prompt 
antimicrobial use or misuse 

Influenza, rotavirus, COVID-19, 
malaria, and dengue, as well as 
RSV vaccine in development 

NOTE: CRE = carbapenem-resistant Enterobacteriaceae; Hib = Haemophilus influenzae type b; 
MRSA = Methicillin-resistant Staphylococcus aureus; PCV = pneumococcal conjugate vaccine; 
RSV = respiratory syncytial virus; TCV = typhoid conjugate vaccine. 

It follows that by reducing use of antibiotics, immunization would in 
turn slow the emergence of resistance. It is also plausible that vaccines act 
against resistance indirectly, by reducing the need for hospitalization and 
thereby reducing contact with amplifying reservoirs of resistant patho
gens. For example, in the United States, before the Haemophilus influenzae 
type B vaccine (called Hib) was licensed for infants, there was increasing 
evidence of ampicillin resistance in meningitis, bacterial pneumonia, and 
epiglottitis, all diseases caused by invasive Hib (Jansen et al., 2018). The 
widespread use of the Hib vaccine virtually eliminated invasive Hib, 
including infections caused by resistant strains in the United States and 
in low- and middle-income countries (Agrawal and Murphy, 2011). 

Pneumococcal conjugate vaccines have a similar effect,1 protecting 
against Streptococcus pneumoniae, a common bacterial pathogen that can 
cause meningitis, pneumonia, septicemia, and otitis media and is the 
worldwide leading cause of pneumonia among children under 5 (CDC, 

1 So called because of their outer coating or capsule from the target bacterial serotypes 
conjugated to a carrier. 
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2020f; WHO, 2019b). There are many types of S. pneumoniae, and vaccines 
are designed to protect against the serotypes that cause the most disease, 
which are also the serotypes most associated with resistant infections 
(Klugman and Black, 2018). For this reason, serotypes used in the vaccine 
are occasionally changed in response to epidemiological surveillance. 

Since their introduction, multiple studies, mostly in high-income 
countries, have shown an association between pneumococcal conjugate 
vaccines and reduced antibiotic use, reduced use of second-line antibiot
ics, and reduced incidence of resistant infections (Klugman and Black, 
2018). In the United States, rates of invasive pneumococcal disease not 
susceptible to penicillin dropped 64 percent among children under 5 and 
45 percent among adults older than 65 following the first introduction 
of pneumococcal conjugate vaccine in the United States (Hampton et 
al., 2012). The same pattern held after the vaccine’s expanded serotype 
coverage was introduced in 2010 (Tomczyk et al., 2016). Pneumococ
cal isolates collected from children with invasive infections have shown 
decreases in resistance to penicillin, cephalosporins, and trimethoprim
sulfamethoxazole after the introduction of a 13-serotype pneumococcal 
conjugate vaccine, though this research is mainly from the United States 
and Europe (Tin Tin Htar et al., 2019). As the technology for producing 
conjugate vaccines improves, the number of serotypes included is set to 
expand (Lochen et al., 2020). Some evidence suggests that these expanded 
vaccines could be used to target the bacterial linages that evolve low-level 
penicillin resistance (Chaguza et al., 2020). 

Furthermore, pneumococcal vaccine, like many vaccines, protects 
against transmissible infection, thereby providing protection that extends 
beyond the vaccinated population. Vaccinated people harbor less asymp
tomatic S. pneumoniae in the upper throat and nose, also the site of most 
exchange of pneumococcal resistance genes (Dagan et al., 2015; Hammitt 
et al., 2014). By limiting the reservoir of bacteria in this resistance hotspot, 
the vaccine has the potential to reduce emergence of resistance. Research 
in Kenyan children (one of few studies of this sort in a low- or middle-
income country) found that a 10-serotype conjugate vaccine reduced 
bacteremic pneumococcal pneumonia by 85 percent and pneumococcal 
meningitis by 69 percent (Dagan et al., 2015; Hammitt et al., 2014). In 
this study both vaccinated and unvaccinated people both carried less S. 
pneumoniae in their nose and throat. This reduction in community-wide 
disease burden might have been responsible for a decrease in invasive 
pneumococcal disease among infants too young to be vaccinated and in 
older age groups (Hammitt et al., 2014). 

Immunization against the bacteria that cause cholera and typhoid 
fever can also decrease antibiotic consumption, have the potential to 
curb antimicrobial resistance, and may reduce transmission (Gibani et 
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al., 2019). Cholera vaccination has proven especially valuable in humani
tarian emergencies and other settings where access to clean water and 
sanitation is limited (Hsueh and Waters, 2019). Cholera vaccine can also 
reduce antimicrobial use in the outbreak, which rapidly selects resistant 
strains (Okeke, 2009). Two-dose, oral cholera vaccines have been shown 
to reduce population vulnerability outbreaks for up to 4 years, something 
that treatment obviously cannot do (Franke et al., 2018). While cholera 
vaccine is advised for travelers to areas of active cholera transmission, 
problems with cold chain and other logistical barriers limit the vaccines’ 
use in the parts of the world where it is most needed (CDC, 2020c; Shaikh 
et al., 2020). A more serious barrier is cost; the vaccines are expensive, 
and population-level benefit is unlikely in anything short of a complex 
humanitarian emergency (Gupta et al., 2016; Teshome et al., 2018). A 
similar pattern holds with typhoid conjugate vaccines, which are unde
rused in endemic areas, but preventing multidrug-resistant infections is 
an important reason for adoption (Khan et al., 2017). 

Vaccines for Viral Infections 

Influenza and other viral respiratory infections are important drivers 
of antibiotic use, which tends to rise during the influenza season (Mar
tinez et al., 2019; Morris et al., 2017). By disrupting normal protective 
barriers in the respiratory tract, the influenza virus increases bacterial 
colonization and predisposes to secondary bacterial infection (MacIntyre 
et al., 2018; Morris et al., 2017). Influenza vaccines can reduce antibiotic 
use by preventing these secondary bacterial infections and by avoiding 
the febrile respiratory infections for which antibiotics are frequently (often 
inappropriately) prescribed. 

Some real-world evidence bears out this effect. Universal influenza vac
cination became policy in Ontario, Canada, when policy in the rest of the 
country was to vaccinate only certain high-risk groups (Kwong et al., 2009). 
In the years following this policy influenza vaccine coverage rose from 18 
to 38 percent, and antimicrobial prescriptions for infections associated with 
influenza were 64 percent lower in Ontario relative to the rest of the country 
(Kwong et al., 2009). A similar pattern has been seen in the United States, 
where a 10-percentage point increase in the statewide influenza vaccination 
rate is associated with between 6 and 23 percent less antibiotic use after 
controlling for multiple confounders (Klein et al., 2020). Survey data from 
low- and middle-income countries show the same trend after introduction 
of the rotavirus vaccine; by recent estimates this vaccine avoided 13.6 mil
lion courses of antibiotics among children under 5 (Lewnard et al., 2020). 

There is some trial data, mostly from Europe and North America, on 
the effect of influenza vaccine on antimicrobial use (Buckley et al., 2019). A 
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recent systematic review concluded with high certainty that the vaccine has 
reduced antibiotic use among healthy adults by 28 percent (95% confidence 
interval: 16.0, 38.4); the same review found evidence of moderate certainty 
of a reduction in antibiotic use among vaccinated children and in children 
more broadly, regardless of whether they were vaccinated (Buckley et al., 
2019). Nevertheless, the review ultimately concluded that the evidence 
tying vaccines to reductions in antibiotic use is poor, emphasizing the need 
for more attention to these outcomes in vaccine trials (Buckley et al., 2019). 

In short, the logical argument in favor of wider vaccination as a tool 
to reduce antimicrobial use is clear, and there is plausible evidence that 
vaccines control the emergence and spread of resistant bacteria. But the 
relationship is not well studied or understood (Buckley et al., 2019; Lewn
ard et al., 2020; Malarski et al., 2019). As with outcomes research on diag
nostic tests, the data showing the effect of vaccines on antimicrobial use 
or emergence of resistance would come from large, multidisciplinary, and 
long-term studies, which are costly to run and difficult to manage. At the 
same time, incorporating questions about antimicrobial use or resistance 
into ongoing vaccine trials could be done with relatively little additional 
effort or expense. As research and development for vaccines, including 
vaccines that target antimicrobial-resistant pathogens, are going on all 
over the world there is considerable opportunity to study this relationship 
(BCG, 2018). Adding measures of resistance to immunization trials would 
be a relatively minor additional effort that could yield a disproportionate 
payoff in terms of understanding this tool for infection prevention. 

Recommendation 5-5: The National Institutes of Health and 
the Centers for Disease Control and Prevention should provide
supplemental research funding to track antimicrobial use and
antimicrobial resistance in immunization trials and large cohort
studies to measure the indirect benefits vaccines provide and
to provide evidence to enhance vaccine deployment as a tool to
mitigate antimicrobial resistance. 

Given the plausible logical argument and promising epidemiological 
evidence presented in this chapter, it is likely that vaccines for a number 
of bacterial and viral infections will reduce antibiotic use and curb the 
escalation of resistance in low- and middle-income countries. A recent 
WHO framework has called for the same, emphasizing expanding access 
to vaccines shown to reduce antimicrobial resistance (Vekemans et al., 
2021). It is likely that there are many vaccines that meet this criteria, and 
further research could establish which ones those are. It is also likely that 
vaccines for animals would have the same preventative effects on the 
emergence of resistance, a topic discussed more in Chapters 6 and 8. 
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Nevertheless, there are multiple, often complex pathways by which 
vaccines influence the emergence of resistance, making it difficult to mea
sure the full value of investment in a vaccine (Kingwell, 2018; Malarski et 
al., 2019). Better quality evidence, ideally from randomized, controlled tri
als would clarify these benefits and provide estimates of their magnitude. 
The size of the potential reduction in antibiotic use will be influenced 
by the incidence of infection and the uptake and efficacy of the vaccine. 
Potential benefits may be accrued only to specific demographic groups 
or in certain geographic areas (e.g., typhoid or cholera vaccines) or could 
affect the global population if infections are widespread (e.g., pneumococ
cal, Hib, and influenza vaccines). 

This information would be valuable in considering what immuniza
tions countries should recommend for their national immunization pro
grams. These decisions are made by national or regional technical advisory 
groups charged with weighing the potential benefit of a vaccine against its 
cost and the ease of deployment (NITAG, 2019; WHO, 2014). The ability 
of vaccines to control resistance is not a criterion that enters their review 
(WHO, 2014). But if better evidence were available regarding such indirect 
benefits of vaccines, these review criteria could change. Cost is an impor
tant consideration in evaluating a vaccine, especially in middle-income 
countries transitioning away from international support for their immu
nization programs (Wellcome, 2020). Capturing the full public health and 
economic value of vaccines is imperative for decision makers in these coun
tries. Evidence that a vaccine could prolong the useful life of inexpensive 
antimicrobial medicines would be a strong financial argument in its favor. 

In low- and middle-income countries, febrile illness is often treated 
with broad-spectrum antibiotics because the cause of the infection can be 
difficult to confirm. Empiric treatment for potential typhoid fever is com
mon, especially among children in typhoid-endemic areas (Gibani et al., 
2018; Veeraraghavan et al., 2018). Partly for this reason, resistant strains 
of Salmonella Typhi are becoming more common, especially in South and 
Southeast Asia (Gibani et al., 2018). These resistant bacteria no longer 
respond to oral antibiotics and require expensive parenteral antibiotic treat
ments, not readily available or affordable in typhoid-endemic countries 
(Gibani et al., 2018). Increasing azithromycin-resistant Salmonella Typhi in 
South Asia has prompted calls for wider use of a new typhoid conjugate 
vaccine (Bhutta, 2020; Carter et al., 2020). Nevertheless, country adoption 
of the vaccine has been slow (Jamka et al., 2019). More information on its 
ability to control resistance might help persuade relevant immunization 
councils of its value and give a needed support for coverage. 

In general, the decision to introduce or expand immunization in low-
and middle-income countries is based on evidence that the vaccine in 
question prevents severe disease and the cost to deploy it would be man
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ageable (Ott et al., 2013). Wider cost savings and indirect benefits are not 
necessarily part of this evaluation. Partly for this reason, global coverage 
of influenza, pneumococcal conjugate, and rotavirus vaccines are low. In 
the 149 WHO member states that have introduced pneumococcal con
jugate vaccine, coverage is less than half (WHO, 2020). Fewer countries 
(101) have introduced rotavirus vaccine, and coverage in these countries 
was around 35 percent in 2018 (Peck et al., 2019). Influenza vaccines are 
particularly seldom used in low- and middle-income countries; industry 
data indicate that over 95 percent of influenza vaccines are deployed in 
Europe, the Americas, and the Western Pacific (Ortiz and Neuzil, 2019). 
Closing these coverage gaps could have far-reaching benefits, including 
curbing resistance. By 2016 estimates, universal coverage with pneu
mococcal conjugate vaccine would avoid 11.4 million days of antibiotic 
therapy in children under 5 (Laxminarayan et al., 2016). 

The Wellcome Trust has recently supported research investigating the 
effect of vaccines on measures of antimicrobial resistance and use (Well
come, 2021). The Bill & Melinda Gates Foundation has recently called for 
more evidence linking antimicrobial endpoints to vaccine use, ideally tak
ing account of differences in local medicines markets and health systems 
(Srikantiah, 2018). A 2017 Chatham House publication called for the same 
(Clift, 2017). A recent Wellcome Trust publication pointed to barriers to 
vaccine uptake in low- and middle-income countries, something better 
clarity regarding the full public health value of immunization would help 
overcome (Wellcome, 2020). 

There is also a certain urgency to implementing this recommenda
tion now. There are multiple dengue vaccines currently in clinical devel
opment (WHO, 2018). The addition of antimicrobial use or resistance 
measures to these trials could yield invaluable information that could 
influence countries’ use of the vaccine. 
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Bringing New Products to Market
 
and Ensuring Their Reach
 

Antimicrobial medicines are miracle drugs: highly effective (at least 
in the absence of resistance), relatively inexpensive, easy to use, and 
often with a broad spectrum of activity. The goal of the antimicrobial 
stewardship and preventive measures described in the previous chapter 
is to minimize the need for these medicines, prolonging the useful life of 
those already on the market. But the nature of resistance means that new 
antimicrobials will always be needed, as will diagnostic tools to correctly 
target therapy. There are also a range of promising nontraditional thera
pies, “ways to influence disease beyond inhibiting or killing pathogens 
through small molecules” (Theuretzbacher and Piddock, 2019). Exam
ples include chemicals that act by reducing bacterial virulence instead 
of bacterial growth, and bacteriophages, the viruses that infect bacteria 
(Czaplewski et al., 2016; Kirienko et al., 2019). 

The market for new medical products needed to combat antimicrobial 
resistance includes novel antimicrobials. While these products are at the cen
ter of much of the public discourse on antimicrobial resistance, new antimi
crobials are not the only innovative products needed. Recognizing that there 
are finite resources to direct to this problem, the committee acknowledges 
that some trade-offs will be necessary. There is a need for an integrated 
investment across different product types, some preventive and some thera
peutic—including, but not limited to, new antimicrobial medicines. 

This chapter discusses some of the barriers to bringing new medical 
products to market and ensuring their reach. Challenges unique to human 
medicine and diagnostic markets in the United States are presented first. 
The last section describes problems that cut across multiple product lines 
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and countries. The recommendations in this chapter reflect the committee’s 
judgment that some special programs are needed to bring new antimicrobi
als to market and to ease the burden they place on diagnostic laboratories. 
At the same time, there is a need for a more explicit discussion of a balance 
of investments in a range of products that decrease use and preserve the 
life of antimicrobials. The concluding section describes a One Health port
folio of preventive and therapeutic products for both humans and animals 
and the importance of a holistic strategy for making these investments. 

MEDICINES 

At the center of the problem of the antimicrobials market is that 
the medicines are complicated and costly to develop and manufacture 
and have a relatively small market both in terms of duration of use, 
usually only a few days, and need (Chapman, 2020). Demand for these 
drugs is further constrained by the public health imperative to hold 
new antimicrobials in reserve (Ardal et al., 2020; McKenna, 2020). Given 
these constraints, it can more than 10 years of on-patent sales for a new 
antimicrobial to achieve profitability (McKenna, 2020). There is also a 
chance, depending on the pace of resistance in the target pathogen, that 
by this time the drug may no longer be an effective treatment. Although 
these medicines are essential to the future of clinical medicine, the present 
demand for them complicates their market viability. 

For example, although there are over 2.8 million resistant infections 
every year in the United States, causing 35,000 deaths, infections with 
any particular resistant pathogen are rare (CDC, 2019a). A recent study 
of resistant gram-negative infections at 134 U.S. hospitals found that dif
ficult-to-treat, gram-negative infections with no or poor treatment options 
were relatively rare (Strich et al., 2020). Across almost 3 million patient 
encounters, only 39 to 138 would be candidates for a novel antimicrobial 
against gram-negative infections (Strich et al., 2020). As long as the preva
lence of gram-negative infections not susceptible to available treatments is 
substantially lower than the prevalence of infections susceptible to them, 
the market incentive alone is not likely to motivate new drug develop
ment (provided the prices are constrained) (Fitzpatrick, 2020). 

The same pattern holds with more common resistant infections. 
Methicillin-resistant Staphylococcus aureus (MRSA) is one of the more 
common, serious resistant infections. By 2019 estimates, there are about 
323,700 MRSA cases a year, causing 10,600 deaths, exceeding the National 
Institutes of Health (NIH) threshold for a rare disease by about 30 per
cent (CDC, 2019a; NCATS GARD, 2021). As with difficult-to-treat, gram-
negative infections, there are still several effective treatment options 
available for MRSA (CDC, 2019a). While new treatments for MRSA, as 
for all resistant pathogens, are needed and valuable, good stewardship 
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would require older drugs be used first, even if there were no difference 
in price. When multiple antimicrobials can treat the same pathogen with 
similar effectiveness, the new medicine has more in common, economi
cally, with a commodity, meaning it is largely interchangeable with simi
lar products, than with a branded, niche product (Spellberg et al., 2013). 

But unlike other commodities, the cost, time, and expertise needed to 
bring a new antimicrobial to market is extremely high. Estimates of the 
median development price for antimicrobials are between $673 million 
and $1.86 billion (Towse et al., 2017; Wouters et al., 2020).1 These esti
mates do not account for significant postmarket expenses. After the drug 
is approved, there are regulatory requirements such as pharmacokinetic 
studies in children and special adult populations (e.g., overweight or 
obese patients), routine pharmacovigilance and postmarket surveillance, 
susceptibility testing for diagnostic devices (discussed in the next sec
tion), and manufacturing (Krause, 2021a). As with most pharmaceuticals, 
manufacturing antimicrobials is complicated. Sourcing raw materials for 
them can take 8 months and manufacturing another 14 months, so some 
manufacturing expense is incurred more than a year before the drug is 
sold (Krause, 2021a). 

Against all these expenses is the reality that new antimicrobials will 
not sell well. There are public health reasons to use them sparingly and 
even in the absence of a public health reason, the drugs have to compete 
on price with older, cheaper medicines, often of comparable clinical value. 
Furthermore, regardless of the drug’s activity in vitro against various 
pathogens, its use is largely, practically limited to those indications the 
regulatory agency approved based on clinical trial data. Finding trial par
ticipants with suspected resistant infections is challenging in the United 
States, where these infections are relatively rare, a topic discussed later in 
the chapter. Box 6-1 discusses how the limited approved indications for 
the drug plazomicin contributed to its commercial failure. 

The bankruptcy of Achaogen described in Box 6-1 and those of sev
eral other similar small antibiotic developers led to widespread calls of a 
market failure for antimicrobials (Daniel et al., 2013; Gotham et al., 2021; 
Jacobs, 2019; Jit et al., 2020; O’Brien and Chu, 2020). Others have argued 
that, strictly speaking, this is not a market failure because, 

drugs with limited clinical benefit over existing treatments (which plaz
omicin was for urinary tract infections in the United States) provide 
smaller financial return. As such, Achaogen’s bankruptcy is not neces
sarily a good example of a broken market for antibiotics, nor should the 
company’s collapse serve as a justification to pressure governments to 
establish large-scale pull incentives for the multinational pharmaceutical 
industry. (Aagaard et al., 2021) 

1 After accounting for the cost of failures and the cost of capital. 



 

 
       

   
 
 

  
 

       

 

 

 

 

 

  
 

 
 

 

 

 

226 COMBATING AMR AND PROTECTING THE MIRACLE OF MODERN MEDICINE 

BOX 6-1  
Plazomicin and Achaogen  

Carbapenem-resistant Enterobacterales (CRE) is a Centers for Disease Con
trol and Prevention (CDC) urgent threat and a World Health Organization (WHO) 
level one priority pathogen, classified by both organizations as the highest threat 
to public health. In 2018, when the Food and Drug Administration (FDA) approved 
plazomicin, a new aminoglycoside targeting these pathogens, there was consider
able enthusiasm and projections that the drug would bring in $500 million a year in 
its peak year sales. (For reference, all branded antibiotics combined sold only $535 
million in 2018.) Although only licensed in the United States, the WHO promptly 
added plazomicin to the Essential Medicines List as a reserve group antibiotic. 

Projected sales never materialized, however. In its first year on the market, 
plazomicin sold only about $1 million. Before its initial public offering in 2014, 
Achaogen had substantial venture capital funding, notwithstanding at least $136 
million from the Biomedical Advanced Research and Development Authority, $80 
million from the National Institutes of Health and the Defense Threat Reduction 
Agency, and contributions from the Wellcome Trust. Its stock value declined around 
the time of plazomicin’s launch, as it often does for antibiotic companies because 
of uncertainty in the approvals process or speculation that the company might 
be bought. Faced with few options to raise money in the face of considerable 
postmarket and manufacturing expenses, Achaogen filed for bankruptcy in 2019. 

Plazomicin’s sales were held back by the fact that the drug was only approved 
to treat complicated urinary tract infections, meaning those caused by drug-resis
tant bacteria in patients with no other treatment options. Achaogen had sought 
FDA approval for CRE bloodstream infections, but this indication was denied, partly 
because of the small sample enrolled in the clinical trial. The inability to recruit trial 
participants with CRE bloodstream infections, in turn, stems at least in part from 
the fact that these infections are extremely rare in the United States. 

Plazomicin is a striking example of the gap between need and availability for 
new antimicrobials.This example prompted the ReACT network to call for changes 
to the design and conduct of clinical trials, allowing for greater participation in low- 
and middle-income countries and a global registration to ensure the drugs would 
be available in the parts of the world where they are most needed. 

SOURCES: Aagaard et al., 2021; Brozak, 2018; Carroll, 2019; Crunchbase, n.d.; GSA, 2020; 
Keane, 2018; Krause, 2021a. 

Furthermore, although Achaogen’s bankruptcy might deter other 
firms from entering the market, plazomicin is still available to patients. 
The key public health goal of making a new antimicrobial medicine avail
able was met. 

It is possible that while the global market for antimicrobials has failed, 
national markets in the high-income countries responsible for most new 
drug development are, ironically, performing. At the same time, the U.S. 
government, like other governments and international organizations, 
recognizes that, market failure or not, there is a serious mismatch in the 
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need for new antimicrobials and the willingness of industry to invest in 
them. To this end, the government encourages antimicrobial development 
with assistance to reduce the cost of research and development (i.e., push 
incentive) and to transition the products to market and sustain them (i.e., 
pull incentives) (Simpkin et al., 2017). Figure 6-1 shows how these various 
incentives work on the drug development timeline, showing also where 
push and pull incentives can overlap. 

Because the different types of incentive programs work at differ
ent stages of the development timeline, some quite distal, it is difficult 
to estimate the effectiveness, let alone the relative cost-effectiveness, of 
any one incentive program. Furthermore, the different incentives tend to 
work together as bundles of initiatives. The committee recognizes that 
the success of an incentive program is partly predetermined by earlier 
success of different programs or incentives. With this in mind, the next 
sections review the ways different push and pull incentives contribute to 
the antimicrobial drug pipeline. This is not an exhaustive discussion of the 
hundreds of incentive programs working around the world to stimulate 
the antimicrobials market and is heavily, though not exclusively, weighted 
to programs in the United States. 

Push Incentives 

Push incentives work early in the drug development timeline. They 
aim to reduce the costs of research and development to any one entity 
by spreading these costs across a range of interested parties (Renwick et 

FIGURE 6-1 Push and pull incentives operate at different stages of antimicrobial 
development. 
SOURCE: Renwick, M., and E. Mossialos, Fostering R&D of novel antibiotics and 
other technologies to prevent and treat infection, The European Journal of Public 
Health, 2020, Vol. 30, Supplement 5, by permission of Oxford University Press. 
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al., 2016). As Figure 6-2 shows, these early costs are high and the risk of 
failure is great. As a product moves into later development stages the risk 
of failure declines (see Figure 6-3). This high-risk, preclinical research is 
funded almost entirely by taxpayers (Aagaard et al., 2021). 
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FIGURE 6-2 Research and development cost, both direct and cost of capital, by
 
clinical trial phases.
 
SOURCES: Aagaard et al., 2021 ReAct Report: Ensuring sustainable access to ef
fective antibiotics for everyone everywhere. Figure based on TLV report.
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The goal of push incentives is to make drug development more attrac
tive to firms by minimizing early costs, encouraging cooperation of a 
diverse pool of experts from academia and research institutes, nongovern
mental organizations, and private industry. Push incentives work through 
three main pathways: increasing access to research by putting more tools 
and information in the public domain, investing in scientific training 
needed for antimicrobial development, and direct research funding (Mos
sialos et al., 2010; Renwick et al., 2016). 

The first two of these strategies are not specific to antimicrobial devel
opment, but are sometimes forgotten in considering the mix of govern
ment tools encouraging new antimicrobials. For example, the Community 
for Open Antimicrobial Drug Discovery, launched in 2015, uses high-
throughput screening to test drug compounds for antimicrobial activity 
(CO-ADD; Desselle et al., 2017).2 The service is free and aims to include 
academic chemists in the drug discovery process. The CDC and the Food 
and Drug Administration (FDA) Antibiotic Resistance Isolate Bank also 
works to increase access to research by making resistant organisms avail
able to researchers; the National Database of Antibiotic-Resistant Organ
isms discussed in Chapter 4 works at a similar, early stage in the pipeline 
through increasing access to standardized data on resistance genes, bac
terial genomes, and antibiotic susceptibility (CDC, 2020a; NLM, 2021). 
The Pew Charitable Trust’s Shared Platform for Antibiotic Research and 
Knowledge works at a similar point in drug discovery, providing a con
solidated, publicly available database of results (some previously unpub
lished) and insights garnered from scientists studying gram-negative bac
teria (Pew, 2021; Thomas et al., 2018). 

Grant funding for basic and applied scientific research is part of the 
earliest phase of push incentives (Årdal et al., 2018). Grants for training 
young scientists and other support to academia and research institutes 
would all fall into this category of early-stage push incentive (Ardal et al., 
2020). Figure 6-4 shows how the NIH’s National Institute of Allergy and 
Infectious Diseases (NIAID) extensive portfolio of basic science research 
informs understanding of host–pathogen interactions, virulence, resis
tance mechanisms, and novel drug targets, for example. 

While it is not always counted as part of the investment in develop
ing medical products, this early-stage research can be some of the most 
helpful in the long run. Resistance can emerge rapidly and in unpredict
able ways. The multidrug-resistant fungal pathogen Candida auris, for 
example, was unheard of before 2009 (CDC, 2019b). In a span of just a 

2 High-throughput screening is a drug discovery tool that relies on robotics and advanced 
computing to test a sample for a pathway or activity against an organism in millions of 
combinations in a short time (ScienceDirect, 2021b). 
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FIGURE 6-4 NIAID’s research grants in basic science inform a broad understand
ing of antimicrobial resistance.
 
SOURCE: Knisely, 2020.
 

few years, it has become a CDC urgent threat, with cases increasing over 
300 percent between 2015 and 2018 (CDC, 2019a; Chiller, 2017). Though 
information about this pathogen is limited, there is reason to suspect a 
case fatality rate of 30 to 60 percent for patients with invasive infection 
(CDC, 2019b). C. auris is a valuable reminder that it will be difficult to 
predict what pathogen will be of greatest public health threat even 5 or 
10 years in the future. The strong, adaptable research base described in 
Figure 6-4 is an investment in the response to future threats. 

Preclinical and Early Clinical Development 

There are also many push incentives providing direct funding for pre
clinical research and early clinical trials, sometimes called the midstage 
of antimicrobial development (Årdal et al., 2018). A recent review found 
that, as of mid-2019, there were 314 institutions around the world active 
in discovery and preclinical development of antibacterials, supporting a 
combined 407 projects (Theuretzbacher et al., 2020). Most institutions work
ing at these stages (81 percent) are small and medium-sized firms in North 
America and Europe (Theuretzbacher et al., 2020). As Figure 6-5 shows, this 
research is heavily weighted to direct-acting, small-molecule antibiotics. 

In the United States, the NIH and the Biomedical Advanced Research 
and Development Authority (BARDA) provide multiple grants and awards 
to support research and development into new antimicrobials (GAO, 2020; 
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FIGURE 6-5 Overview of the preclinical pipeline for antimicrobials and related 
products. 
SOURCE: Reprinted by permission from Springer Nature: Springer Nature, Nature 
Reviews Microbiology, The global preclinical antibacterial pipeline, Theuretzbacher 
et al., COPYRIGHT 2019. 

Simpkin et al., 2017). The Joint Programming Initiative on Antimicrobial 
Resistance provides similar research funding in Europe (JPIAMR, n.d.). 
Private foundations, including the Wellcome Trust and the Bill & Melinda 
Gates Foundation, also support development of new antimicrobials, either 
individually, or through public–private partnerships such as the Combat
ing Antibiotic-Resistant Bacteria Biopharmaceutical Accelerator (CARB
X), (CARB-X, 2021b; Knox, 2020). Many of these programs work at the 
preclinical stage and earlier, though the lines are not always clear. NIH 
grants can provide funding up to the point of regulatory approval, and 
BARDA’s activity is more concentrated in middle- and late-stage clinical 
trials (Årdal et al., 2018; Simpkin et al., 2017). The nonprofit Global Anti
biotic Research and Development Partnership (GARDP), described in Box 
6-2, works across all phases of drug development, though most heavily in 
clinical development and postmarket stages (Balasegaram, 2021). 

Combating Antibiotic Resistant Bacteria

Biopharmaceutical Accelerator
 

One of BARDA’s main contributions to the research and development 
of new antimicrobials, as well as other therapeutics, diagnostics, and pre
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In 2016 the WHO and the nonprofit Drugs for Neglected Diseases Initiative 
(DNDi), in consultation with various organizations working on antimicrobial re
sistance, founded the Global Antibiotic Research and Development Partnership 
(GARDP). After several years as a working group within DNDi, GARDP became 
an independent, nonprofit organization in 2019. GARDP works with public- and 
private-sector partners to develop new antibacterial medicines.  Their focus is on 
treatment for the WHO priority pathogens list, late-stage clinical trials, and access 
to these medicines in low- and middle-income countries.  

As a nonprofit, GARDP is able to take more risks, doing research in countries 
and patient groups where the commercial returns might be expected to be low, 
but the need is high (i.e., in low- and middle-income countries, among neonates).  
It can work with local partners to set up trial networks and expand licensing in 
the places of greatest need for new medicines.  To this end GARDP has invested 
€500 million to develop and deploy five new antibacterial medicines that work on 
WHO priority pathogens by 2025. Its special priorities are serious bacterial infec
tions that strike in hospitals, drug-resistant infections in children, neonatal sepsis, 
and sexually transmitted infections.  The figure shows a rough breakdown of the 
GARDP portfolio, not including cost-sharing agreements that account for a quarter 
to half of new projects. 

GARDP works at all stages of the drug development timeline, but its primary 
emphasis is on late-stage development and ensuring access.  This includes work
ing with regulators to ensure the authorization of new medicines and with contract 
manufacturers to ensure stable supply of the new drug.  

FIGURE Breakdown of the GARDP €500 million portfolio. 

SOURCES: Balasegaram, 2021; GARDP, 2021a. 

ventive products, was the 2016 creation of the nonprofit CARB-X (2021a) 
partnership. Other CARB-X contributors, either financially or in kind, 
include the Wellcome Trust, the German government (via the Federal 
Ministry for Education and Research), the Bill & Melinda Gates Founda

BOX 6-2 
 The Global Antibiotic Research and Development Partnership
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tion, the British government’s Global Antimicrobial Resistance Innova
tion Fund, and NIAID (CARB-X, 2021a). The program aims to speed the 
development of a range of antimicrobial products providing product 
developers with technical support and nondilutive funding (meaning the 
funding is added to other revenue streams but is not contingent on the 
owner selling a piece of the company) (CARB-X, 2020). CARB-X (2020) 
works mainly in preclinical development and early clinical trials for WHO 
and CDC priority pathogens.3 With $500 million of funding for its first 5 
years, CARB-X is the world’s largest early development investor in new 
antimicrobials and related products (Alm and Gallant, 2020). 

Figure 6-6 shows how, across its three funding cycles to date, CARB-X 
has invested heavily in the riskiest stages of product development. For 
therapeutic and preventive products this includes the process of refining 
an active compound (i.e., a hit) to a chemical prototype (i.e., a lead) and 
establishing the compound’s in vitro activity as well as other important 
chemical properties such as solubility, stability, and permeability through 
structure-activity relationship studies (lead optimization), steps that occur 
before preclinical development (Bleicher et al., 2003). (To give a sense of 

FIGURE 6-6 Distribution of CARB-X applications based on stage of technology
 
in development.
 
SOURCE:  Alm and Gallant, 2020. https://pubs.acs.org/doi/10.1021/acsinfecdis.
 
0c00026. Further permissions related to this material should be directed to  ACS
  
Publications.
 

3 CDC urgent threat pathogens are Clostridioides difficile, carbapenem-resistant Acineto
bacter, carbapenem-resistant Enterobacterales, Candida auris, and drug-resistant Neisseria 
gonorrhoeae (CDC, 2019a). The WHO critical threat pathogens are carbapenem-resistant 
Acinetobacter baumannii, carbapenem-resistant Pseudomonas aeruginosa, and carbapenem
resistant extended spectrum beta-lactamase-producing Enterobacterales (OECD et al., 2017). 

https://pubs.acs.org/doi/10.1021/acsinfecdis.0c00026
https://pubs.acs.org/doi/10.1021/acsinfecdis.0c00026
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the CARB-X scope of work, Figure 6-6 also shows investments across the 
analogous stages in diagnostics development.) 

CARB-X funds product development all over the world, but most of 
its funding goes to small firms in Europe and North America (Alm and 
Gallant, 2020; CARB-X, 2020). As a condition of receiving funding, prod
uct developers are required to develop plans for stewardships and access 
to their products within 3 months of entering phase 3 trials (CARB-X, 
2021e). At this point, however, most products would no longer be part of 
the CARB-X portfolio, but possibly handed off to BARDA for phase 2 and 
3 clinical trials (Singer et al., 2020). 

Mid- and Late-Stage Clinical Development 

While preclinical stages of antimicrobial research are the most finan
cially risky, later-stage trials have increasing technical and regulatory 
demands (Ardal et al., 2020; Ventola, 2015). Even effective drugs can 
sometimes fail to demonstrate their value at these stages because of prob
lems with trial design, its cited endpoints, or a lack of statistical power 
(Fogel, 2018). As projects advance from the preclinical and early clinical 
trials stages, different funding and technical support may be needed. In 
the United States, BARDA funding supports this stage of research and 
development (Buckmon, 2020). Through partnership with various private 
companies, BARDA supports the largest portfolio of antibacterial drug 
development in the world (Buckmon, 2020). 

BARDA’s Project BioShield and the Broad

Spectrum Antimicrobials Program
 

Project BioShield Act was signed into law in 2004 with the objective of 
accelerating the research, development, acquisition, and availability of med
ical countermeasures, those medical tools that the government would need 
to respond to biological or chemical weapons (HHS, 2019; Russell, 2007). 
The act created a special reserve fund from which the secretary of health 
can, with presidential approval, access up to $5.6 billion over 10 years to 
develop and procure medical countermeasures for which the government 
is the main market (MedicalCountermeasures.gov, 2019b; Coller, 2006). 
Through its provisions for emergency use, it allows FDA to give temporary 
authorization to unapproved medicines or unapproved use of approved 
ones (ASTHO, 2021). BARDA manages the development and purchasing of 
countermeasure products under Project BioShield (Houchens and Larsen, 
2017). To this end, BARDA provides advanced research and development 
contracts as well as market commitments to qualified pharmaceutical and 
biotechnology companies (Larsen and Disbrow, 2017). These contacts are 
intended to reduce the risk of developing products and improve their 
return on investment (Larsen and Disbrow, 2017). 

http://MedicalCountermeasures.gov
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In 2010, BARDA established the Broad Spectrum Antimicrobials Pro
gram to encourage research and development of novel antimicrobial drugs 
with broad-spectrum activity against pathogens that threaten national or 
global security (MedicalCountermeasures.gov, 2019a). The program fund
ing, like CARB-X funding, is nondilutive (Albrecht and Swenson, 2020). 
Should the product gain FDA approval the company would be free to sell 
it on the commercial market (Albrecht and Swenson, 2020). 

Initially, the Broad Spectrum Antimicrobials Program had to employ a 
so-called dual utility approach, meaning that drug candidates had to treat 
a clinically prevalent infection and be useful against one or more of the
biodefense threats listed in the Department of Homeland Security (DHS) 
material threat list (Billington, 2015; Eichberg, 2015). The DHS material 
threat list did not, however, overlap with the CDC list of antimicrobial 
resistance threats (Billington, 2015; Eichberg, 2015) (see Table 6-1). The 2014 
executive order Combating Antibiotic Resistant Bacteria gave BARDA the 
ability to target CDC priority pathogens (Billington, 2015). Further, the first 
National Action Plan for Combating Antibiotic-Resistant Bacteria, released in
March 2015, called for BARDA to partner with at least one drug or biotech
nology company to speed the development of antibacterial medicines (Bil
lington, 2015; PCAST, 2015). By 2018 the agency was to have 12 candidate 

TABLE 6-1 
Comparison of CDC and BSA Priority Bacterial Threats 

DHS High-Priority Bacterial Threats 

Clostridioides difficile Burkholderia mallei (glanders) 

Carbapenem-resistant Enterobacterales Burkholderia pseudomallei (melioidosis) 

Drug-resistant Neisseria gonorrhoeae Francisella tularensis (tularemia) 

Multidrug-resistant Acinetobacter  Rickettsia prowazekii (typhus) 

Drug-resistant Campylobacter  Yersinia pestis (plague) 

Fluconazole-resistant Candida (a fungus) Bacillus anthracis (anthrax) 

Extended spectrum ß-lactamase- 
producing Enterobacterales (ESBLs ) 

Vancomycin-resistant Enterococcus (VRE) 

Multidrug-resistant Pseudomonas 
aeruginosa 

Drug-resistant nontyphoidal Salmonella 

Drug-resistant Salmonella Typhi 

Drug-resistant Shigella 

Methicillin-resistant Staphylococcus aureus 
(MRSA) 

Drug-resistant Streptococcus pneumoniae 

Drug-resistant tuberculosis 

SOURCE: Adapted from Billington, 2015. The publisher for this copyrighted material is Mary Ann Liebert, 
Inc. publishers. 

CDC Urgent or Serious Antibiotic 
Resistance Threats 

http://MedicalCountermeasures.gov
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antibiotics in development, with at least two of these products submitted 
for FDA approval by 2020 (Billington, 2015; PCAST, 2015). 

Figure 6-7 presents BARDA’s antimicrobial drug candidate portfolio 
as of fall 2021. Along with supporting development of medicines for 
priority biothreats, such as plague and anthrax, the agency supports the 
development of treatment for CDC priority pathogens (Kadlec, 2019). 
Four of its antimicrobial candidates received FDA approval (Albrecht, 

!"#$$%&%!#'%()*+,-."%! 
STAGE OF 

DEVELOPMENT 
ROUTE OF 

ADMINISTRATION SPONSOR COMPOUND TYPE TARGET PATHOGENS 
AMR BIOTHREATS 

TARGET 
ND CATION 

Paratek (PBS) Nuzyra Tetracycline Broad Spectrum 1o anthrax 
2o plague, tularemia ABSSSI, CABP 

Basilea Ceftobiprole Cephalosporin S. aureus 1o tularemia ABSSSI, SAB 

GSK (OTA) Gepotidacin Topo II Inhibitor MDR GCI, CR-E. coli 1o plague 
2o tularemia, anthrax GC, uUTI 

Pfizer (OTA) Aztreonam-Avibactam BL/BLI Combo MDR G- 1o plague cIAI, HABP/VABP 

Spero Tebipenem BL Enterobacteriaceae 1o anthrax, plague cUTI 

ContraFect Exebacase Novel Class S. aureus SAB 

Summit Ridinilazole Novel Class C. difficile CDI 

VenatoRx VNRX-5133 BL/BLI Combo MDR G- 1o meliodosis cUTI, HABP/VABP 

Vedanta VE-303 Microbiome C. difficile rCDI 

Locus Biosciences LBP-EC01 Bacteriophage E. coli rUTI 

Qpex/MDCO (OTA) OMNIvance BL/BLI Combo CRE, CRAB, ESBLs, 
MDR P. aeruginosa cUTI, HABP/VABP 

Qpex/MDCO (OTA) ORIvance BL/BLI Combo CRE, ESBL cUTI 

Qpex/MDCO (OTA) QPX9003 Novel Polymyxin CRAB, 
MDR P. aeruginosa HABP/VABP 

Hoffman-LaRoche (OTA) RO7223280 Peptide A. baumannii 

Genentech (OTA) GDC-5780 Novel Arylomycin CRE, ESBL cUTI 

Genentech (OTA) GDC-0829 Novel Class CRE, ESBL, P. 
aeruginosa, A. baumannii cUTI, HABP/VABP 

DARPA/AstraZeneca (IAA) RNA-encoded Antibodies RNA S. aureus DFU, bacteremia 

Hoffman-LaRoche (OTA) Diagnostic IL-6 Sepsis Sepsis, COVID-19 

CARB-X Portfolio Multiple Multiple Multiple 

Phase 3 

Phase 3 

Phase 3 

Phase 3 

Phase 3 

Phase 3 

Phase 2 

Phase 1 

Approved 

Preclinical 

Preclinical 

Preclinical 

Phase 1 

Phase 1 

Phase 1 

Phase 3 

Phase 1 

Preclinical 

Preclinical P1 

FIGURE 6-7 BARDA’s antimicrobial portfolio, fall 2021. 
Figure legend: 

NOTE: ABSSSI = acute bacterial skin and skin structure infections; BL = beta-lac
tam; BL/BLI = beta-lactam/beta-lactamase inhibitor; CABP = community-acquired 
bacterial pneumonia; CDI = Clostridioides difficile infection; cIAI = complicated 
intra-abdominal infection; CRAB = carbapenem-resistant Acinetobacter bauman
nii; CRE = carbapenem-resistant Enterobacterales; cUTI = complicated urinary 
tract infection; DFUI = diabetic foot ulcer infections; ESBL = extended spectrum 
beta-lactamase; GCI = gonococcal infection; HABP/VABP = hospital-associated 
bacterial pneumonia/ventilator-associated bacterial pneumonia; MDR = multidrug 
resistant; MDR G– = multidrug-resistant gram-negative bacteria; rCDI = recur
rent Clostridioides difficile infection; rUTI = recurrent urinary tract infection; SAB 
= Staphylococcus aureus bacteremia; uUTI = uncomplicated urinary tract infection. 
SOURCE: Images were provided courtesy of the Biomedical Advanced Research 
and Development Authority (BARDA), a division within the Assistant Secretary 
for Preparedness and Response of the Department of Health and Human Services. 
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2020; Kadlec, 2019).4 As Figure 6-7 shows, another seven are in phase 3 
clinical trials (Kadlec, 2019). 

Broad Spectrum Antibacterial program contracts end when the spon
soring company receives new drug approval from FDA (Larsen and 
Disbrow, 2017). While other types of BARDA contracts include advance 
market commitments, there are no such provisions for broad-spectrum 
antimicrobials (Kadlec, 2019). BARDA can, however, arrange advance 
market commitments for qualified products needed for the national stock
pile (Albrecht, 2018). 

Increasing Attention to Push Funding 

While push incentives are helpful and necessary for antimicrobial 
development, they are not tied to results, so there is less of a direct rela
tionship between the incentive and its intended goals (Dutescu and Hillier, 
2021). For example, early-stage research funding cannot be readily contin
gent on ensuring access to new medicines or antimicrobial stewardship. 
Individual companies and scientists benefit from push incentives, but they 
are also seen to have broad, indirect value to society. These indirect benefits 
and the relatively straightforward implementation make push incentives 
attractive tools for governments and other funders (Dutescu and Hillier, 
2021). For these reasons, government and private incentive programs may 
be proportionately overinvested in early-stage and preclinical research 
(Simpkin et al., 2017). At the same time, the high-risk early stages may be 
the most appropriate place for public spending on drug development as it 
is the riskiest. Especially with antimicrobial medicines, the later stages of 
drug development have far less risk of failure. 

In 2017 the Organisation for Economic Co-operation and Develop
ment (OECD) estimated that governments spent over $546 million a year 
on push funding for antimicrobial research and development (OECD 
et al., 2017). At the time, this amounted to 64 percent of research and 
development funding and 95 percent of the total incentive funding for 
antimicrobial development (OECD et al., 2017). The mix of incentives 
for antimicrobial development has changed more recently. There may be 
relatively less venture capital available today for small- and medium-sized 
biotechnology firms (Dall, 2020; Nielsen et al., 2019). On the other hand, 
growing international attention to the problem has brought new funders to 
early stage development. The Novo Nordisk Foundation’s REPAIR Impact 
Fund, for example, has a $165 million budget to invest in about 20 different 
therapies for antimicrobial resistance (Novo Nordisk Foundation, 2018). 

4 Vabomere® (a combination of meropenem and vaborbactam) by Melinta Therapeutics, 
Zemdri® (plazomicin by Achaogen [now Cipla]), Xerava® (eravacycline) by Tetraphase 
Pharmaceuticals, and Nuzyra® (omadacycline by Paratek Pharmaceuticals) (Albrecht, 2020). 
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The AMR Action Fund, announced in 2020, will supply about $1 billion 
in funding, as well as technical support, from a group of innovator phar
maceutical companies via their trade association to small biotechnology 
companies developing treatments for CDC or WHO priority pathogens 
(AMR Action Fund, 2021). This push funding will be available “across all 
stages of clinical development” (AMR Action Fund, 2020, 2021). Though 
financed mainly by pharmaceutical companies, private foundations are 
also involved, and the fund’s groundwork was set by the European Invest
ment Bank, the Wellcome Trust, and the WHO (Beyer et al., 2020). 

There is some imprecision in estimating the effects of push incen
tives, partly because some early-stage incentives work so broadly that 
they could not be reliably counted against any research and development 
funding total (Årdal et al., 2018). While push funding will be invaluable 
to maintaining a strong pipeline for antimicrobials and other products 
needed to fight resistance, there is growing consensus that they need to be 
paired with pull and hybrid incentives to maximize their usefulness and 
to compensate for the lack of a vigorous market for new antimicrobials 
(Årdal et al., 2018; Dutescu and Hillier, 2021; WHO, 2021). 

Pull Incentives 

While push incentives are geared toward reducing the cost of research 
and development, pull incentives are designed to facilitate higher mar
ket returns for product developers (Bhavnani et al., 2020; Renwick et al., 
2016). Pull incentives can be divided into two categories: ones that provide 
direct monetary reward, sometimes called outcome-based incentives, or 
ones that act through legal and regulatory channels to indirectly increase a 
company’s returns (called lego-regulatory incentives) (Renwick and Mos
sialos, 2020). Outcome-based pull incentives include lump-sum payments 
and cash rewards for sales and regulatory milestones. Advanced commit
ment to buy a certain amount of a drug or to license the patent for a set 
sum are also considered outcome-based pull incentives. Box 6-3 describes 
one such advance commitment program recently introduced in Congress. 

In contrast, legal and regulatory pulls are designed to increase finan
cial returns indirectly using strategies such as extension on market exclu
sivity or accelerated regulatory review (thereby reducing the time to bring 
a drug to market). By only rewarding successful development, both types 
of pull incentives aim to shift the risk associated with bringing a medicine 
to market from the developer to the payer. 

France and Germany have instituted a number of legal and regula
tory pull incentives that allow for more flexible pricing and accelerate the 
regulatory review process for antimicrobial drugs. Both programs work 
through attention to list price and sales incentives, though the French one 
puts more emphasis on rewarding added therapeutic value (Gotham et 
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BOX 6-3  
The Onshoring Essential Antibiotics Act  

The COVID-19 pandemic brought new attention to vulnerabilities in the global 
supply chain for medical products. But as early as 2016 an explosion at the Chinese 
factory—the world’s single producer of active ingredients for the combination an
tibiotic piperacillin-tazobactam—and Hurricane Maria’s disruption to Puerto Rican 
manufacturing of medical products had heightened federal interest in maintaining 
a stable supply of essential medicines. This interest is reflected in the Onshoring 
Essential Antibiotics Act introduced before the Senate Health, Education, Labor, 
and Pensions Committee in April 2021. 

The act proposes grant awards to the manufacturers of up to three essential, 
generic antimicrobial drugs. These awards, of up to $500 million, would be used 
for both direct manufacturing of antimicrobials and for building or recommissioning 
antimicrobial factories in the United States. The funds would also be available to 
purchase the antimicrobials made in these factories for the national stockpile. The 
act also sets aside an additional $2 million toward research determining what es
sential medicines are most vulnerable to supply chain disruptions. 

The Onshoring Essential Antibiotics Act is not intended to stimulate the antimi
crobial pipeline or the viability of new antimicrobials. But it is an example of how pull 
incentives can be used for generic antimicrobials. Long after the initial approvals 
cycle, antimicrobials and other essential medicines can face difficulties in reaching 
their target patient population. 

SOURCES: Mereish, 2018; Oehler and Gompf, 2020; Suzuki, 2021. Onshoring Essential 
Antibiotics Act, S. 1176, 117th Cong., 1st sess. (April 15, 2021). 

al., 2021). These incentives have been in effect since 2015 in France and 
2017 in Germany (Gotham et al., 2021).5 Formal outcome evaluations for 
these programs are not yet available, but it is reasonable to expect that 
they have increased company revenues from sales of their qualified anti
microbial drugs in those markets. The United States also uses several legal 
and regulatory pull incentives, Box 6-4 describes some of the more com
mon ones employed as of midyear 2021. Box 6-4 does not include some 
outcome-based pull incentives such as the purchase of a new antimicrobial 
for the national stockpile or an advanced purchase commitment. Since 
new antimicrobials have relatively small patient populations, it is difficult 
to envision such purchases being of sufficient volume to be a meaningful 
incentive. 

5 There is an additional law that was passed in 2020 in Germany that exempts certain an
timicrobials from the health technology assessment process used for making reimbursement 
decisions. The exemption is similar to that granted to orphan drugs, meaning those drugs 
aimed to treat rare diseases and conditions (Gotham et al., 2021). 
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BOX 6-4
 Legal and Regulatory Pull Incentives in the United States 

•	 Generating Antibiotic Incentives Now (GAIN) Act enacted in 2012 as part of 
the Food and Drug Administration Safety and Innovation Act provides ad
ditional years of marketing exclusivity to new antimicrobial drugs that meet 
the definition of a qualified infectious disease product, a designation that 
makes these drugs eligible for expedited regulatory review and approval. 

•	 Limited Population Pathway for Antibacterial and Antifungal Drugs enacted 
in 2016 as part of the 21st Century Cures Act allows for a more streamlined 
clinical development (i.e., smaller, shorter, or fewer clinical trials) for those 
drugs “intended to treat a serious or life-threatening infection in a limited 
population of patients with unmet needs.” 

•	 Revisions to the Centers for Medicare & Medicaid Services’ (CMS’s) New 
Technology Add-On Payments; as of 2019, the Inpatient Prospective Pay
ment System (IPPS) final rule increased reimbursement from 50 to 75 per
cent for all antimicrobial drugs designated as qualified infectious disease 
products. The rule also changed the severity level designations for a total 
of 18 resistant infections, thereby increasing reimbursement rates for care 
related to any of those infections. Further changes to CMS’s inpatient pay
ment are set for 2021; this will allow antimicrobials designated as qualified 
infectious disease products approved via the Limited Population Pathway to 
be eligible for additional reimbursement within the first 3 months of market 
authorization as opposed to waiting for the next fiscal year. 

SOURCES: Dall, 2019; Schneider, 2020. 

There are also two bills pending in Congress that include additional 
legal and regulatory incentives for antimicrobial manufacturers. First is 
the 2018 Re-Valuing Anti-Microbial Products Act (REVAMP). This act 
amends the Food, Drug, and Cosmetic Act to enable developers of prior
ity antimicrobial medicines designated as “qualified infectious disease 
products” to receive transferable extensions on market exclusivity for up 
to a year.6 The act’s provisions include a committee of FDA, CDC, and 
BARDA representatives as well as other experts from medicine, public 
health, economics, and related fields of research.7 The fact that Congress 
has taken no action on REVAMP since 2018 suggests it is not a priority 
and may not be revisited. 

The 2019 Congress saw proposed changes to Medicare’s system of 

6 The authorizing legislation of the modern FDA (2018a). 
7 REVAMP Act, HR 6294, 115th Cong., 2nd sess., Congressional Record 164, no. 109, daily 

ed. (June 28, 2018): H 5977. 
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bundled payments, the paying of hospitals or other providers for multi
ple, related services for a predetermined flat fee (Hardin et al., 2017). Bun
dled payments are meant to make medicine more efficient and remove the 
incentive to overtreat inherent in a fee-for-service system (Hardin et al., 
2017). One of the earliest forms of bundled payment, in places since the 
1980s, are “fixed payments for inpatient services associated with specific 
diagnoses and procedures” or Diagnosis Related Groups (Cortese et al., 
2018). By paying a flat fee for related services and medicines, the rule cre
ates a disincentive for hospitals to use newer, expensive antimicrobials 
and related diagnostics (Gotham et al., 2021). Revisions to the Develop
ing an Innovative Strategy for Antimicrobial Resistant Microorganisms 
(DISARM) Act would allow the Centers for Medicare & Medicaid Services 
(CMS) to reimburse antimicrobials qualified by FDA separately, in addi
tion to the bundled payments determined by diagnosis.8 Supporters of 
this change point to the limited patient pool and short treatment dura
tion for novel antimicrobials. By reimbursing more for these medicines 
in hospitals, they maintain, CMS would improve outcomes for patients 
with resistant infections, slow the emergence of resistance, and contribute 
to the market viability of companies making these drugs (Coukell, 2019; 
IDSA, 2019; Segerman, 2019). 

At the same time, research has shown that, however well-intentioned, 
recent pull incentives have not brought about the changes intended. To 
start, eligibility as a qualified infectious disease product, a determination 
on which many of the proposed incentives hinge, appear to be overly 
broad (Darrow and Kesselheim, 2020). Many serious, life-threatening 
infections already have good treatments on the market, yet the qualifica
tion process “disproportionately rewards modifications to existing drugs 
rather than the creation of novel drugs” (Darrow and Kesselheim, 2020). 
To put it another way, new antimicrobials that do not necessarily satisfy 
an unmet need can qualify for fast-track approval and extended exclusiv
ity protections afforded as a qualified infectious disease product. 

Ironically, uniform extensions on market exclusivity are most valu
able to the least innovative products. At the heart of the questions is the 
time value of money, the idea that money is worth more in the present 
than the same amount in the future because of forgone investments it 
could have been used for. In deciding whether to invest in a given drug 
development project, an investor calculates the net present value of that 
project in which future revenues are discounted by the cost of capital. 
(Due to this discounting, revenues in out-years are worth less than those 
realized in the shorter term.) Therefore, as Figure 6-8 shows, a 5-year 
extension to exclusivity is worth more than half the net present value of a 

8 DISARM Act of 2019, S 1712, 116th Cong., 1st sess. (June 4, 2018). 
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Discounted revenue from QIDP 5-year extension (net present value) 
Discounted revenue from initial exclusivity (net present value) 

FIGURE 6-8 Estimated contributions of the Generating New Antibiotic Incentives 
Now Act’s 5-year extensions on market exclusivity. The hypothetical value of the 
extension at time of market entry, assuming $100 million a year in revenue paid 
on the last day of the year and no revenue thereafter. 
NOTE: Biologics are not eligible for exclusivity under the act and are included for 
illustrative purposes only. 
SOURCE: Darrow, Jonathan J; Kesselheim, Aaron S, Incentivizing Antibiotic 
Development: Why Isn't the Generating Antibiotic Incentives Now (GAIN) Act 
Working?, Open Forum Infectious Diseases, 2020, Vol 7, Issue 1, by permission of 
Oxford University Press. 

drug’s revenue for modification to an existing drug, something otherwise 
determined to warrant a 3-year period of market exclusivity, but only 
about a quarter of the present value for an orphan drug product guaran
teed 7-year market exclusivity. Baseline differences in market exclusivity 
reflect the relative value different new medical products bring society. 
Blanket extension on market exclusivity undermines that calculation, 
disproportionately rewarding the least valuable products (Darrow and 
Kesselheim, 2020). 

CMS’s attempts to increase payment for novel antimicrobials have 
also met with roadblocks. To qualify for New Technology Add-On Pay
ments staff in the hospital pharmacy have to apply to CMS for reimburse
ment, expending significant, unbillable time and effort on the application 
(Bhavnani et al., 2020). To complicate the matter, although the expense 
of the new medicine and the staff time to file for an add-on payment 
are incurred at the pharmacy level, CMS reimburses the highest organi
zational level, the hospital (Bhavnani et al., 2020). This lump-sum pay
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ment is not broken out with details about what technologies are being 
reimbursed, information that could at least give the hospital executives 
a sense of which divisions’ work had contributed to the reimbursement 
(Bhavnani et al., 2020). Furthermore, even after reimbursement of 75 per
cent of a new antimicrobial’s launch price (what the CMS New Technol
ogy Add-On Payment would allow) the new drugs are still considerably 
more expensive than generics (Bhavnani et al., 2020). 

Nevertheless, the add-on payments do offer hospitals additional pay
ment for expensive, new antimicrobials. While there are problems with 
the tracking of these payments and with the administrative burden they 
put on staff, especially on pharmacy staff, these are not, strictly speaking, 
problems with the incentive, but rather with the way it is managed.

 It is difficult to gauge the effect of the 2016 Limited Population Path
way for Antibacterial and Antifungal drugs on stimulating the market, as 
only two drugs have been approved under it to date (FDA, 2020d). One 
treats lung disease caused by Mycobacterium avium complex, the other a 
type of highly resistant tuberculosis (FDA, 2020d). Unlike the other pull 
incentives described in Box 6-4, this pathway does not hinge on qualifi
cation as an infectious disease product but on FDA’s judgment that the 
medicine will affect “such factors as survival, day-to-day functioning, or 
the likelihood that the condition, if left untreated, will progress from a less 
severe condition to a more serious one” (FDA, 2020d). 

The Strength of the Pipeline 

Overall, the push and pull incentives in effect modestly improved 
the number of products in the antimicrobial drug pipeline. After a drop 
in the 1990s and early 2000s, the number of new antimicrobials FDA 
approves every year has risen recently (Spellberg, 2021; Spellberg et al., 
2013). In a 2019 paper, Cunha and colleagues (2019) estimated that the 
number of drug candidates in the pipeline has increased more than 10 
percent between 2014 and 2019 (see Figure 6-9). Moreover, during the 
same period, FDA approved a total of 20 new antimicrobial drugs, 17 
of which had activity against the so-called ESKAPE pathogens, patho
gens designated as urgent threats by the CDC or the WHO.9 Of these 17 
new antimicrobials, 12 qualified as infectious disease products, thereby 

9 ESKAPE pathogens include Enterococcus faecium, Staphylococcus aureus, Klebsiella pneu
moniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species (CDC, 
2019a). 
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FIGURE 6-9 Antimicrobial drug pipeline, by stage of development over time. 
SOURCE: Cunha et al., 2019. 

earning priority regulatory review and extended exclusivity protections 
(Berger et al., 2021; FDA, 2021c).10 

However, these figures only tell a partial story about the antimicrobial 
drug pipeline. Of the 43 new antimicrobials currently in clinical develop
ment, only 10 are of a novel class or target (Pew, 2014). Of the 15 new 
antimicrobials in phase 3 trials or granted new drug approval in the last 
quarter of 2020, only 4 had expected activity against CDC urgent threats 
or WHO critical, priority pathogens (Pew, 2014). In short, the majority of 
the pipeline drugs are not very different from existing antimicrobial medi
cines, nor do they have activity against those pathogens that are the most 
worrisome, mainly multidrug-resistant, gram-negative bacteria (WHO, 
2019b). Only 6 of the 50 antibiotics currently in the pipeline meet even one 
WHO criteria for being innovative,11 only two target multidrug-resistant, 
gram-negative pathogens (WHO, 2019a). 

Further, most of the recently approved drugs appear to offer little to 
no added clinical value over existing treatments (Schulz et al., 2019; WHO, 
2019b). A 2019 WHO review commented on “a visible mismatch between 
the few newly approved antibiotics and the WHO priority pathogen list” 
(WHO, 2019a). The review concluded that overall the newly approved 

10 FDA aims to take action within 6 months on an accepted new drug application that is 
designated as Priority Review rather than the 10 months under standard review (OECD et 
al., 2017). 

11 These criteria are no known cross-resistance with existing medicines, a new drug class, 
a new target, or a new mode of action (WHO, 2019b). 
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products' “lack of differentiation against existing treatments, their non-
inclusion in clinical guidelines, and their higher prices in comparison 
to existing generic treatments make it difficult to predict their place in 
the treatment landscape” (WHO, 2019a). While the existing incentives 
have helped revitalize research and development in antimicrobials and 
increased the number of antimicrobial drugs in the pipeline and on the 
market, they have not succeeded in bringing to market innovative new 
antimicrobial drugs for serious and life-threatening infections caused by 
pathogens of concern. 

It is difficult to say how many drug candidates or other products in 
development constitutes a strong pipeline. As Figure 6-9 showed, many 
candidates fall away in clinical trials before reaching the New Drug Appli
cation phase. Market entry rewards that fully or partially delink product 
revenues from quantity sold are one promising strategy. Such additional 
incentives could improve the expected net present value of antimicrobial 
drug projects compared to other therapeutic areas and entice large phar
maceutical companies to reenter the antimicrobial market, goals that exist
ing mechanisms have not yet achieved (Daniel et al., 2018; PACCARB, 
2019; WHO, 2019b). 

Participation of large, multinational companies in antibiotic develop
ment would also help ensure the viability of new antimicrobials. These 
companies are immensely profitable, with cumulative profits of over $8 
trillion between 2000 and 2018 (Ledley et al., 2020). Their diverse product 
lines generate sufficient revenue to offset the manufacturing and post-
market expenses associated with new antimicrobials during the roughly 
2 decades before the drugs become profitable (McKenna, 2020). But the 
same economic factors that drive small antimicrobial manufacturers to 
bankruptcy apply to large pharmaceutical companies as well. Publicly 
traded companies are not supposed to lose money on purpose, even if 
they have a lot of money to cover the losses. This is why 15 of the 18 
largest pharmaceutical companies have quit antimicrobial development 
in the last 20 years (Council of Canadian Academies, 2019; Talbot et al., 
2019). In their place are small and medium-sized biotechnology firms, 
which account for over 95 percent of the antimicrobials in development 
today (The Pew Charitable Trusts, 2020b). These companies do not have 
the capital reserves to withstand the time between launch and profitabil
ity, nor do they have comparable infrastructure, laboratories, or depth 
of staffing (Talbot et al., 2019; The Pew Charitable Trusts, 2020b; WHO, 
2019b). 
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Optimal Incentives for Antimicrobial Development 

The optimal incentives for antibiotic development would improve 
the drug’s net present value and facilitate cooperation of both large phar
maceutical companies and small biotechnology firms (Renwick et al., 
2016). Market entry rewards are one promising tool to this end. A recent 
systematic review found market entry rewards to be the most frequently 
suggested incentive for antimicrobial development (Dutescu and Hillier, 
2021). There is, however, no consensus on the appropriate size of the 
reward, eligibility criteria, or the implementation method. 

It is also difficult to judge the success of some incentives discussed in 
this chapter simply because they are so new. For example, the widely criti
cized 2019 revisions to the Inpatient Prospective Payment System may, 
in some ways, be seen as a failure (Outterson, 2019; The Pew Charitable 
Trusts, 2020a). At the same time, most impact evaluations for economic 
programs give longer than a year between program implementation and 
evaluation. Hospital administrations can move slowly, but it may be rash 
to conclude that they will not move at all to adjust to a new incentive. 

The Amount of Market Entry Reward 

The Infectious Diseases Society of America (IDSA) has proposed a 
reward of “at least $500 million” for new antibiotics that address unmet 
needs (Talbot et al., 2019). The O’Neill report and the European public– 
private partnership Drive-AB have suggested that a market entry pay
ment of $1 billion for each new antibiotic approved may be appropriate 
(Årdal et al., 2018; O’Neill, 2016). After the British government announced 
a plan to pay over $140 million for each new antibiotic approved, propos
als for a similar, proportionate payment from G20 countries led to calls 
for a pooled payment of $4 billion for each new drug (Mullard, 2020; Rex 
and Outterson, 2020). Given the United States accounts for almost half of 
global pharmaceutical sales, it is safe to conclude that the U.S. share of a 
$4 billion payment would be close to $2 billion per drug (Mikulic, 2021). 
In its 2017 recommendations on this question, the President’s Advisory 
Council on Combating Antibiotic-Resistant Bacteria recommended the 
use of market entry rewards, pointing to recent analyses suggesting $1 
to $2 billion or more may be needed (HHS, 2017). This represents a sig
nificant outlay of taxpayers’ money. To put it in perspective, $1 billion is 
comparable to FDA’s entire 2020 budget for food safety; the CDC’s total 
budget request for fiscal year 2020 was $6.6 billion (CDC, 2020b; FDA, 
2020c). 

The amount of the reward should be sufficiently large to entice entry 
but not so large that it results in what economists describe as rent seek
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ing, the practice of companies asking the government for financial pro
tections not proportionate to their value (Henderson, 2019). The reward 
amounts cited in the literature are often based on economic models with 
high parameter uncertainty. The O’Neill report’s $1 billion figure, for 
example, was based on a “broad estimate” of a $40 billion cost of inac
tion over 10 years (O’Neill, 2016). This estimate was in turn influenced 
by the report’s predictions of the future burden of resistance, a prediction 
of questionable reliability and based on uncertain methods (de Kraker et 
al., 2016; Harbarth, 2018). Drive-AB’s similar estimate was derived from 
economic modeling, though with more clearly stated assumptions (Årdal 
et al., 2018). One such explicit assumption of this model was that large 
pharmaceutical companies would not enter the market for profitability 
below a $50 to $500 million threshold (Årdal et al., 2018). This may reflect 
company expectations based on highly successful product launches. 

However, across the pharmaceutical market as a whole, both launch 
year and peak year sales for most drugs have been on the decline (Berndt 
et al., 2015). For example, from 2011 through 2015, 64 percent of all new 
drug launches garnered less than $100 million in annual sales within the 
first 5 years, and 23 percent earned less than $10 million per year (Aitken 
and Kleinrock, 2017). The average peak-year sales for new drugs have 
decreased by more than 50 percent from 2010 through 2018, from $816 
million to $316 million per annum (Steedman and Taylor, 2019). Given 
these trends, it may be more prudent to benchmark the market entry 
reward to independently reported industry averages, thereby reducing 
the likelihood of under- or over-incentivizing the market. 

Full or Partial Delinking of Sales and Revenues 

One of the main questions in offering a market entry reward for 
novel antimicrobials is the delinking of the drug’s revenues from sales. 
Originally proposed as a way to encourage development of medicines for 
neglected diseases, delinking essentially pays the development costs of a 
new drug up front, rather than gradually through sales (Aagaard et al., 
2021). Antimicrobials are well suited to some delinking of revenues, as the 
best interests of society are served not by selling the drug but by holding 
it in reserve to use only when needed. 

The delinking of sales and revenues is not necessarily an all-or-nothing 
proposal, however. In some models the market entry reward is paid in 
addition to sales revenue, meaning that the link between sales and revenues 
is partially delinked. The Duke-Margolis Center and Drive-AB consor
tium have both proposed partially delinked rewards, seeing them as more 
flexible, responsive to unpredictable changes in demand for the drug, 
more adaptable to different countries’ national reimbursement models, 
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and easier to pilot (Årdal et al., 2018; Schneider et al., 2020a). The Duke-
Margolis model specifically pointed to an impartial antibiotic manager that 
would adjust payments (in this case annual subscription fees) in response 
to ebbs and flows in demand, or to reflect its relative value to public health 
(Schneider et al., 2020a,b). The partially delinked model can also make 
payments contingent on meeting goals for stewardship or investments in 
the drug supply chain (Hillock et al., 2020). 

Other models advocate for full delinking of drug revenues from sales, 
citing concerns that, should manufacturers earn any sales revenues, their 
incentive to oversell remains (Aagaard et al., 2021). The full delinking of 
sales from revenues also allows for better controls on the drug’s price, 
assuring its affordability (Aagaard et al., 2021). Full delinkage requires the 
drug company to refrain from marketing or promoting the drug in any 
way (Sciarretta et al., 2016). In short, fully delinked reward payments are 
an alternative to sales revenues; partially delinked payments are a supple
ment to them (Okhravi et al., 2018). 

Especially when applying rewards internationally, partial delinking 
might seem more fair; high-income countries can and arguably should 
pay more for medicines than low- or middle-income ones. Some scholars 
have argued, however, that when the manufacturer’s incentive to sell in 
lucrative markets remains, it can aggravate inequities in access, giving 
companies an incentive to concentrate on rich-country markets, regardless 
of their relative need (Outterson et al., 2016). 

Payment Eligibility 

Suggested eligibility for a reward payment also varies. Some guide
lines emphasize rewarding only novel antimicrobials that target the high
est-priority pathogens (WEF, 2018). Others allow additional rewards for 
products with a novel mechanism of action, but do not make these criteria 
strict eligibility requirements for the payment (Talbot et al., 2019). A siz
able group, including the President’s Advisory Council on Combating 
Antibiotic-Resistant Bacteria and the Duke-Margolis Center, have advo
cated for a reward payment benchmarked to objective determination of 
the drug’s value to public health (Daniel et al., 2019; HHS, 2017). 

Despite good consensus that rewarding added clinical value is the 
best use of a market entry reward, this is something that is difficult to 
discern. FDA approval indicates that a new drug provides benefits that 
outweigh its known and potential risks for specific indications. Regula
tory approval is not, however, an endorsement of meaningful or added 
clinical value over existing treatments. This distinction is informed, in 
part, by late-stage clinical trials, trials that are classified, depending on 
the regulatory agency, as noninferiority (establishing the new drug is no 
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worse than old drugs), equivalence (neither better nor worse than exist
ing treatment), or superiority (establishing added clinical value over the 
old drug) (CPMP, 2000). This classification is based on criteria that are 
not always clear and are influenced by sample size and statistical power 
(Dunn et al., 2018). In some situations, companies may go in to the trial 
intending to establish superiority, but give an a priori margin for noninfe
riority if that result would be sufficient for licensing (CPMP, 2000). 

Superiority in clinical trials is a clear indicator of added clinical value, 
but such trials are not often feasible for antimicrobial medicines. Since 
the use of a placebo control would be unethical, only patients suspected 
to have an infection caused by a pathogen susceptible to both the con
ventional and test drug are eligible (IDSA, 2012; Rex et al., 2017). There 
are also logistical challenges to recruiting patients with a specific, resis
tant pathogen within hours of their presentation for treatment, especially 
without rapid diagnostics (IDSA, 2012; Rex et al., 2017). These patients, 
especially those suffering from serious infections with resistant, gram-
negative pathogens, may be too mentally or physically deteriorated at 
intake to give informed consent (IDSA, 2012). Given these constraints on 
trial design, it is unsurprising that antimicrobial drugs approved by FDA 
between 2014 and 2019 used noninferiority pivotal trial designs (FDA, 
2021c). 

Superiority trials cannot replace the current system by which new 
antimicrobials are evaluated. Such trials are neither feasible nor necessary 
for new antimicrobial agents against resistant pathogens with limited or 
no treatment options (Rex et al., 2017). Furthermore, patients can have 
multiple infections with different pathogens; it is not always clear which 
one is the primary cause of disease, making it difficult to judge a patient’s 
suitability for a trial. In other cases, the diagnosis of infection may be 
based on clinical presentation rather than culture results, leading to a 
situation where the more seriously ill patients are more likely to be con
sidered for the new treatment, making the treatment’s superiority hard to 
judge (Stafford et al., 2014). 

At the same time, superiority trials can be useful. Additional thera
peutic value can be hard to discern in noninferiority trials, which are 
intended to show that the difference, if any, between the new treatment 
and its comparator is small (Gotham et al., 2021; HHS et al., 2016). A 
recent study of antimicrobial prescription guidelines from 70 hospitals in 
12 countries and regional standards from seven academic societies found 
that preferred antimicrobial treatment classes for the same infections var
ied widely, concluding “the lack of consensus seemed to emanate from 
a dearth of studies designed to determine superior treatment options, 
leaving the possibility for standards to vary when interpreting the same 
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FIGURE 6-10 Simulation of an adaptive randomized controlled trial for gram-
negative bloodstream infections. 
(A) The probability of early stopping of the aRCT (lines) and expected sample size 
(bars) for observed reduction in all mortality between the control (assumed at 30 
percent) and experimental group (variable between 1 percent and 29 percent). 
Brown arrow represents sample size (n = 278) for the main aRCT assumption, 
including power of 80 percent, α = 0.05, and efficacy (risk difference) of 10 percent. 
(B) Different phases of the aRCT, including participant enrollment and selection (blue), 
first interim analysis (green), second interim analysis (yellow), binding decision on 
early aRCT termination (gray), and final analysis (red). aRCT-adaptive, postmarketing 
randomized clinical trial. GNB gram-negative bacteria. * As one or multiple aRCTs are 
completed, their results can be added to the results of other existing trials in cumula
tive meta-analyses that provide new, comprehensive views of the developing evidence. 
SOURCE: Reprinted from The Lancet Infectious Diseases, Vol. 19, No. 12, Simone Lanini, 
John P. A. Ioannidis, Francesco Vairo, Michel Pletschette, Gina Portella, Virginia Di 
Bari, Alessia Mammone, Raffaella Pisapia, Stefano Merler, Boniface Nguhuni, Martin 
Langer, Antonino Di Caro, Sarah J. L. Edwards, Nicola Petrosillo, and Alimuddin 
Zumla. Non-inferiority versus superiority trial design for new antibiotics in an era 
of high antimicrobial resistance: The case for post-marketing, adaptive randomised 
controlled trials, e-444-e451, Copyright (2019), with permission from Elsevier. 
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literature base” (Rost et al., 2021). Evidence of clinical superiority could 
do much to harmonize clinical guidelines. 

Emerging approaches, such as data exchange and adaptive clinical 
trial designs, may enable conduct of superiority trials for antimicrobial 
drugs (Gatti et al., 2020; Lanini et al., 2019; Paul et al., 2021; Rubin, 2016; 
Trusheim et al., 2016). An adaptive clinical trial design allows for prospec
tive modifications to the trial design based on the accumulated data (HHS 
et al., 2019). As Figure 6-10 shows, adaptive randomized controlled trials 
require fewer participants, largely because stopping criteria are revis
ited at multiple points; the risk difference between groups calculated in 
interim analyses can influence the statistical power and needed sample 
sizes for later stages (Lanini et al., 2019). In other words, study param
eters are carefully modified while the adaptive trial is in progress on the 
basis of a review of interim data (Lanini et al., 2019). Such trials are better 
indicators of added clinical utility and should not be abandoned during 
pre- or postapproval evaluations. The amount of any market entry pay
ment should be proportionate to the quality of evidence provided in the 
clinical data submitted for regulatory approval. 

A Deliberative Process for Establishing Added Value 

The amount of market entry rewards, options for delinking revenues, 
and eligibility criteria all stand to affect the programs’ viability and its 
effects—both intentional and unintentional—on the global antimicrobials 
market. The varied experiences with legal and regulatory pull incentives 
described here point to a need for deliberation and piloting of possible 
market entry reward programs, as both Sweden and the United Kingdom 
are currently doing (Gotham et al., 2021). The Swedish program combines 
partially delinked rewards and a minimum guaranteed annual revenue 
amount for a qualifying drug that has efficacy against a WHO critical, pri
ority pathogen and an acceptable safety profile (Gotham et al., 2021). The 
British program uses fully delinked fixed annual payments in the range 
of $40 to $140 million regardless of volume (Gotham et al., 2021).12 Par
ticipation in both pilot programs is voluntary and requires companies to 
apply for consideration. The Swedish pilot program will run through 2022 
(Gotham et al., 2021). The British program launched, after some delays, in 
June 2020 (Mahase, 2020). Later that year, NHS England announced the 
selection of Fetroja®, a treatment for drug-resistant, gram-negative bacte
ria in patients with limited treatment options, and Zavicefta®, a combina
tion antibacterial used against serious, gram-negative infections (Bassetti 

12 The amount represents 2 percent of the $2 to $4 billion valuation for a new antimicrobial. 
The percentage is based on the UK share of global pharmaceutical sales (Gotham et al., 2021). 
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et al., 2021; BusinessWire, 2017; Perkins and Glover, 2020). Fetroja® is 
made by Shionogi and Zavicefta® by Pfizer; both products should be 
available to patients in late 2022 (Perkins and Glover, 2020). 

Market entry rewards require significant investment of taxpayer dol
lars. While the threat of antimicrobial resistance is real and more anti
microbial drugs are needed in our arsenal, it is important to ensure the 
best possible design and execution of reward payments to minimize the 
risk to taxpayers. Before funding any market entry reward, the gov
ernment needs to be clear that it is rewarding a truly novel and useful 
antimicrobial. 

Recommendation 6-1: A Department of Health and Human 
Services (HHS) interagency committee should establish well-
targeted, objective criteria to identify novel antimicrobials  with 
high  potential  for filling a  critical,  unmet  need.  HHS  should 
then  support  trials  to establish  the  additional  clinical  benefit 
and  optimal  use  of these  drugs.  

The importance of independent, objective criteria for determining  
eligibility for payment cannot be overstated. The success of any future  
market entry reward program depends on these criteria against which a  
product’s  true value  would  be  assessed. For this  reason, the committee  
recommends such criteria be set by an independent panel (Daniel et al.,  
2018). Recognizing that there will be differences of opinion as to what con
stitutes a product of meaningful value to public health, the deliberative  
process for setting criteria should be open and the relative weight given  
to  competing  criteria  made  public  (Schneider  et  al.,  2020b). 



An arbiter on what constitutes critical unmet need Pending legislation in 
Congress makes attention to the eligibility criteria for market entry rewards 
especially urgent. One of the main criticisms of the GAIN Act is its reli
ance on overly broad criteria to qualify as an infectious disease product 
(i.e., products for which there is an effective alternative are not excluded) 
(Gatti et al., 2020; Rubin, 2016). What is more, the designation as a quali
fied infectious disease product may be misunderstood to be a reflection 
of value, something that could justify excessive spending on a drug with 
limited to no added benefit to the public health (Darrow and Kesselheim, 
2020). The DISARM Act, currently introduced in the Senate, carries forward 
GAIN’s flawed eligibility criteria in its plan to raise CMS reimbursement 
on qualified antimicrobials. Therefore, the pending DISARM legislation 
gives some urgency to the need to narrow the eligibility criteria for market 
entry rewards. One important role for the proposed committee would be 
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to identify those products with greatest potential for clinical value to avoid 
continued reliance on the GAIN Act’s criteria. 

The Pioneering Antimicrobial Subscriptions to End Up-surging Resis
tance (PASTEUR) Act proposes that governments pay for new antimi
crobials by subscription, similar to the model NHS England is currently 
piloting.13 Antimicrobials determined to meet a critical need would earn 
annual contracts of between $750 million and $3 billion a year, paid out 
over a period of up to 10 years or length of patent exclusivity.14 This 
model would fully delink drug sales from revenues, as the award would 
be independent of quantity of drug sold. Eligibility for payments includes 
but is not limited to “treating infections for which there is unmet need; 
improving clinical outcomes for patients with multidrug-resistant infec
tions; being a first-approved drug that treats certain multidrug-resistant 
infections, and, to a lesser extent, second and third drugs that treat such 
infections; addressing an infection located in an organ or other location 
that is challenging to treat; or addressing a multidrug-resistant infection 
through a novel chemical scaffold or mechanism of action, especially 
through oral administration.”15 It also calls for regulatory measures to 
establish the relative weight assigned to each of these desired character
istics.16 Recent revisions to the PASTEUR Act make it clear that the sub
scription payments would end if the drug developer fails to submit a plan 
for registering it in low- and middle-income countries. Purchased drugs 
would also be available to Medicare, Medicaid, and Veterans Health 
Administration beneficiaries in the United States; the revisions also allow 
for smaller contracts with new developers and a requirement that the list 
of high-priority microbes for which medicines are needed be updated 
every other year.17 

The PASTEUR Act aims to reward drugs that improve clinical out
comes in drug-resistant infections. It contains similar provisions for the 
establishment of an interagency Committee on Critical Need Antimicrobi
als to identify products that meet a real clinical need.18 This group is an 
essential feature not just of the PASTEUR Act, but of any public effort to 
reward novel antimicrobials. For this reason, the committee recommends 
HHS convene this panel regardless of how or when Congress votes on 
the PASTEUR Act. 

A new antimicrobial’s real clinical value is not usually obvious at the 

13 The PASTEUR Act, HR 8920, 116th Cong., 2nd sess., Congressional Record 166, no. 208, 
daily ed. (December 9, 2020): H 7111. 

14 The PASTEUR Act, S 4760, 116th Cong., 2nd sess. (September 30, 2020). 
15 The PASTEUR Act, S 4760, 116th Cong., 2nd sess. (September 30, 2020). 
16 The PASTEUR Act, S 4760, 116th Cong., 2nd sess. (September 30, 2020). 
17 The PASTEUR Act, S 4760, 116th Cong., 2nd sess. (September 30, 2020). 
18 The PASTEUR Act, S 4760, 116th Cong., 2nd sess. (September 30, 2020). 
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time it is approved, however. The key challenge is to keep the drug on 
the market and used sparingly for long enough to establish its value and 
extend its label indications (Clift et al., 2015). It may be possible to use a 
drug’s early postmarket years, traditionally intended for surveillance of 
infrequent side effects and assessment of cost-effectiveness, for adaptive 
trials to this end (Lanini et al., 2019). These trials could be integrated into 
infection control programs in places that see considerable incidence of 
drug-resistant infections, including the long-term acute care hospitals 
and dialysis centers described in the previous chapter (Lanini et al., 2019). 

Public funding for trials that establish value One of the main advan
tages the proposed strategy would bring to the discussion of incentives 
for antimicrobial development is the public funding for late-stage trials. 
This would be a major incentive for drug developers, as clinical trials are 
costly to run. It would also benefit prescribers who may be reluctant to 
use a drug outside of its approved indications. Even those who are will
ing to authorize such use, infectious disease specialists, for example, have 
difficulty using new medicines off label because of lack of clarity on the 
dose or duration of treatment. By identifying the most promising antimi
crobials and supporting their late-stage trials, HHS could help bridge a 
crucial gap preventing use of new antimicrobials. 

Having the government support the label extension and clinical value 
trials for promising antimicrobials has several advantages. The first is 
cost. The exact costs of clinical trials are confidential, and industry esti
mates may be padded to justify high drug prices (Aagaard et al., 2021). 
In any case, roughly half the expense of the trial is driven by the cost of 
capital, the company’s lost opportunity to invest money used in the trial 
(Aagaard et al., 2021). The cost of capital is not an expense that would 
apply to a government funder, making the total cost of trials consider
ably lower. 

There would also be logistical advantages. As this chapter has 
explained, finding trial participants for antimicrobial studies is difficult. 
However, as COVID-19 has shown, trials working across multicenter 
consortiums can quickly enroll the patients they need and report trials 
results (Li Bassi et al., 2020). As with COVID-19, it may be wise to include 
international centers in the network both to ease the licensure of novel 
antimicrobials abroad and to speed the process of establishing added 
clinical value (Trusheim et al., 2016). 

The HHS interagency committee would select antimicrobials for 
which HHS would fund the additional studies on clinical value. At this 
time, the drug sponsor could also receive a milestone payment, which 
may be necessary to keep the company in business. This split approach 
to market entry rewards also controls the risk to the taxpayer, as the pay
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ment would be smaller than the single, lump-sum payments that have 
been proposed as market-entry rewards. It is also possible that the pro
posed interagency committee could conclude that, in certain cases, some 
kind of fully delinked lump sum reward would be warranted. 

This strategy is deliberative, and critics may find it too time consum
ing in a market where new antimicrobial developers routinely go bank
rupt in their drug’s first year on the market (Jacobs, 2019; Lepore and Kim, 
2021; Plackett, 2020). At the same time, it is not financially or politically 
feasible for Congress to authorize payments of a billion dollars or more 
without significant deliberation on the value of the investment. HHS is 
well positioned to advise on this value, so Congress can properly target 
the taxpayers’ investment in novel antimicrobials. 

A Nonprofit Model 

By providing trial funding and identifying candidate medicines that 
need it, the recommended strategy is essentially a public–private partner
ship for drug development. There is precedent for this kind of partnership 
in antimicrobial development, including CARB-X and the BARDA part
nerships discussed earlier in this chapter, as well as many similar part
nerships in Europe (Desselle et al., 2017). It is also possible, however, that 
drugs with a very small market may be natural nonprofits (i.e., it is not 
possible to profit from their sale). If so, one alternative to public spend
ing in the form of market entry rewards is to invest the same amount of 
money (or less) in a nonprofit drug development institute. 

A nonprofit model may be better suited to development of medicines 
with small markets and low peak sales (Nielsen et al., 2019). It would also 
be in a better position to promote judicious use of the drug if the devel
oper were a nonprofit as the imperative to sell the drug, often at odds with 
good stewardship, would be removed (Nielsen et al., 2019). New com
pounds could be introduced sequentially and over fairly long intervals, 
promoting good drug stewardship (Spellberg, 2021). For reference, four 
new antimicrobials targeting extremely drug-resistant, gram-negative 
bacilli have been introduced since 2015; they compete for a small market 
of carbapenem-resistant Enterobacterales infections (Nielsen et al., 2019). 

Another point in favor of a nonprofit model is that it may require less 
financial support from the taxpayer than the other incentive programs 
suggested. A $1 billion investment has been suggested as sufficient seed 
capital to create such an institute, and this money would be invested only 
once, making it more sustainable than long-term subsidies for drug com
panies (Nielsen et al., 2019; Spellberg, 2021). This type of institute might 
also be able to draw from expertise in government and academia (Des
selle et al., 2017). It would likely use the same contract manufacturers and 
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contract research organizations as the biotechnology firms engage today 
to manage the trial and manufacturing steps in the drug development 
process. One major difference, however, is that a nonprofit developer 
would not have the same expectation to recoup the costs of development 
with sales (Aagaard et al., 2021). This is an advantage with antimicrobial 
development as society benefits from the drugs being held in reserve. It is 
also not clear that the cost of developing a new antimicrobial even could 
be recouped through sales. Recent research indicates that the majority of 
new antimicrobials approved in the 2010s were accessible in only three 
countries (the United States, the United Kingdom, and Sweden) (Outter
son et al., 2021). It is possible that the expected sales of these medicines 
are not sufficient incentive for companies to outweigh the costs of seeking 
authorization in other markets (Outterson et al., 2021). 

At the same time, entry of a nonprofit antimicrobial drug developer 
could alter antimicrobial market dynamics and has the potential to crowd 
out private investment. In the committee’s judgment there is too much 
uncertainty to accurately assess whether this change would result in a 
net societal benefit to recommend this strategy. Such a change may be 
necessary in the future, however, and is an important topic for ongoing 
public discussion. 

Ensuring the global reach of new products Some of the precedent for 
nonprofit drug development comes from products intended largely for 
low- and middle-income country markets. The GARD-P and DNDi exam
ples discussed in Box 6-2 are evidence that nonprofit drug development is 
valuable, especially in developing products for patients who will not be 
able to pay for them. GARD-P and DNDi give considerable attention to 
the registration of new medicines in low- and middle-income countries, as 
does the nonprofit Medicines for Malaria Venture (DNDi, 2021; GARDP, 
2021b; MMV, 2021). 

The push and pull incentives described earlier in this chapter are 
evidence of the considerable sums of money the United States and other 
high-income countries are willing to spend to fight antimicrobial resis
tance. When the taxpayer spends a billion dollars or more to bring a new 
product to market, the government may rightly have a say in how and 
where that product is deployed. This logic underlies a condition of accept
ing CARB-X funds. Projects supported with the Global Antimicrobial 
Resistance Innovation Fund via the British government’s development 
assistance must produce a stewardship and access plan detailing how the 
product will be made available and affordable in low- and middle-income 
countries (CARB-X, 2021d). CARB-X stewardship and access guidelines 
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clarify that these products are intended to “primarily and directly benefit” 
patients in low- and middle-income countries (CARB-X, 2021d).19,20 

The emphasis on a primary and direct benefit to patients in low- and 
middle-income countries may be somewhat arbitrary, however. Given 
the vastly higher burden of antimicrobial resistance in these parts of the 
world and problems with access to safe, affordable medicines, it would 
seem that almost any product, at least any novel antimicrobial, rapid 
point-of-care diagnostic, or preventive product would be disproportion
ately beneficial in low- and middle-income country markets, markets 
these products do not currently reach. For this reason, the ReACT net
work, an international group dedicated to mitigating antimicrobial resis
tance, has proposed that any product developer that takes government 
money for product development should enter a patent pool facilitating 
global procurement (Aagaard et al., 2021). 

DIAGNOSTICS 

The process of culturing bacteria does not provide susceptibility 
information fast enough to inform the first choice of medicine (Okeke et 
al., 2011). For this reason, diagnostic testing is a rate-limiting step in the 
optimal use of antimicrobials. Slow or expensive diagnostic tests influ
ence providers to use empiric treatment and contribute to considerable 
misuse in human and animal health. A lack of rapid diagnostic tests also 
holds back the development of new antimicrobial medicines. With rapid 
diagnostics, researchers could identify participants for narrow-spectrum 
drug trials faster, removing a serious logistical hurdle in the new drug 
approval process (Okeke et al., 2011). 

Antimicrobials are underpriced because the price does not include the 
future cost of resistance (Okeke et al., 2011). One option to adjust the value 
calculation for using antimicrobials might lie with subsidizing the cost of 
the diagnostic tests that inform the decision to use antimicrobials in the 
first place. Making up-to-date diagnostic testing easier would advance the 
goal of antimicrobial stewardship and the correct use of new medicines. 
New drugs pose challenges to diagnostic laboratories, however. 

19 The same stewardship and access guidelines ask all product developers to describe 
plans for sublicensing the product in low- and middle-income countries via the Global 
Antibiotic Research and Development Partnership (GARDP), as well as compassionate use 
or equitable pricing plans (CARB-X, 2021d). 

20 This text has changed since the prepublication release of this report to clarify CARB
X sponsorship requirements around licensing drugs for use in low- and middle-income 
countries. 
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Barriers to Keeping Diagnostic Tests Up to Date21 

As the previous chapter discussed, antibiotic susceptibility testing 
is one of the mainstays of diagnostic microbiology. Susceptibility results 
allow providers to tailor antimicrobial treatment. These results can also 
prompt de-escalation from the broader-spectrum antibiotics often selected 
for empiric therapy to a narrower, more targeted antibiotic, thereby cur
tailing the selection pressure that drives emergence of resistant pathogens 
(van Belkum et al., 2020). When resistant pathogens are involved, sus
ceptibility testing gives insight into the mechanism of resistance. It can 
also identify asymptomatic patients infected with resistant pathogens, 
allowing for them to be isolated if necessary to control a resistant outbreak 
(Burnham et al., 2017). In cases of multi- and pan-resistant bacteria, there 
are generally few treatment options, and a newer antibiotic with activity 
against the target pathogen will be indicated. For this reason, susceptibil
ity testing for novel antibiotics is necessary. These tests ensure the drug 
can be used and establish the dosage appropriate to treat the infection. 

When clinical microbiology laboratories cannot test a pathogen’s sus
ceptibility to a new antimicrobial, then clinicians will not feel comfortable 
using it, seriously limiting the use of the new medicine. Another possibil
ity is that the drug would be misused, triggering the development of resis
tance before the new antimicrobial even sees wide, appropriate clinical 
use (Burnham et al., 2017). But there are multiple barriers to susceptibility 
testing for new antimicrobials. First is the inclusion of the microbe–drug 
combination in automated testing device panels (Krause, 2021b). As the 
previous chapter described, these are essentially flat test plates holding 
wells, or microtubes, each containing different concentrations of medi
cines. The test plates are read by machine; breakpoint changes are auto
matically updated as part of routine software updates. The number of 
wells the plates can hold is fixed, so adding a new medicine to the plate 
usually means removing something else and forfeiting the associated 
diagnostic information. Removing an old medicine in favor of a new one 
is not something most device companies are inclined to do, particularly 
when there is no strong demand for new antibiotics since these medicines 
are meant to be used only infrequently. 

In the absence of an automated testing option, the susceptibility of a 
pathogen to a new drug can be established with manual testing methods. 
The drug manufacturer will, for example, supply discs or strips (i.e., 
E-tests®) saturated with the drug, which diffuses onto a culture plate 

21 This section deals with the challenges of susceptibility testing in human medicine. Vet
erinary antimicrobial susceptibility testing is done with broth micro dilution; disk diffusion 
is less common (Bowden and Burbick, 2020). Challenges relating to the need for animal-
specific test breakpoints were discussed in Chapter 5. 
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inoculated with the target pathogen (ScienceDirect, 2021a). The drug’s 
potency against the target pathogen can be inferred from the diameter 
of growth it inhibits in the culture (ScienceDirect, 2021a). Using such 
manual methods is difficult for most clinical laboratories in the United 
States because they use automated methods. First of all, these methods 
are extremely time-consuming (Benkova et al., 2020). Culturing patho
gens requires an incubation of at least 16 hours, sometimes several days, 
while automated tests usually yield results in 6 to 12 hours (Benkova et 
al., 2020). Manual testing requires more staff time, the redirection of staff 
disrupts routine workflow, and test results do not automatically integrate 
with the hospital information system (Humphries et al., 2018c). These 
methods are used less frequently so fewer technicians practice them regu
larly enough to remain proficient (Humphries et al., 2018c; van Belkum 
et al., 2020). 

The disks and test strips manufacturers provide with new antibiotics 
are often designated as “research use only” until they receive regulatory 
clearance, a process that can take months or years. FDA does not autho
rize the use of research-only tests to inform clinical care as the manufac
turer’s tests have not been through regulatory clearance to establish their 
clinical performance (Humphries and Hindler, 2016). Research-only tests 
are meant to inform surveillance and to give clinical microbiologists better 
information about patterns of susceptibility in the organisms they are see
ing (Humphries and Hindler, 2016). As a condition of requesting reagents 
for research-only tests, the requesting scientist has to attest in writing that 
the results will not be reported to a physician or used to guide treatment; 
the clinical laboratory cannot bill for the tests (Humphries and Hindler, 
2016). The associated liability concerns are enough to prompt many hos
pitals to prohibit the use of research-only diagnostics (Humphries and 
Hindler, 2016). 

Most clinical laboratories in the United States today use only auto
mated methods for susceptibility testing (Humphries et al., 2018b,c). 
Therefore, the inclusion of new antimicrobials on automated testing sys
tems is a practical requirement for use, but is not, strictly speaking, essen
tial for the safe and effective use of the medicine. If it were, FDA would 
require the medicine and diagnostic be developed and reviewed simul
taneously, eliminating any lag time between the availability of the drug 
and associated diagnostics (FDA, 2018c). Since the regulatory approval for 
the medicine and diagnostic are separate, but related, the drug and device 
companies have to cooperate on the development of the automated test. 
This involves significant expense on both sides. 

The device company, for its part, must be regularly reevaluating 
the time needed to bring a new test through regulatory review against 
obligations to support testing changes for drugs already in wide use. The 
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volume of breakpoint changes alone creates an overwhelming amount 
of work when incorporating them into automated susceptibility testing 
devices (Brasso, 2017). Emerging resistance to a medicine that is heavily 
used has, after all, more immediate implications for public health than the 
introduction of a new one (Krause, 2021b). 

Developing tests for new antimicrobials can be slowed when actual 
breakpoints are lower than what the manufacturer predicted, as often 
happens when the wild-type pathogens’ resistance mechanisms render 
it less susceptible to the drug than was initially assumed (Carpenter and 
Brasso, 2016). Changes in the indications for use can also present a bar
rier. Indications for a new antimicrobial are usually narrow during drug 
development (Theuretzbacher et al., 2020). Early on, the range of patho
gens the new molecule has activity against is not always clear or may 
be described only generally (e.g., active against gram-negative bacteria) 
(Theuretzbacher et al., 2020). Because of the demands of clinical trials and 
participant recruitment, the drug developers usually apply for approval 
using only one indication. Many pathogens against which the drug shows 
activity, especially rare ones or uncommon clinical presentations, are not 
included on the FDA approved drug label (Boucher et al., 2017). Such 
regulatory changes make it impossible for the device manufacturer to 
start developing the susceptibility test before the drug company has at 
least filed a new drug application containing the proposed drug label 
and indication with FDA (Carpenter and Brasso, 2016). Even then, only 
those pathogens and indications included in the final FDA-approved drug 
label can be included in the regulatory application for the device (Shawar, 
2016). 

After any changes to automated susceptibility tests, either the addi
tion of new drugs or updating of breakpoints, the testing device and 
software all need to be updated (Humphries et al., 2018c). This has long 
presented a challenge to clinical microbiology labs. Even after the Clin
ical and Laboratory Standards Institute (CLSI) had gone through the 
research to revise a breakpoint, it could take years for these standards 
to be included in automated devices. A 2016 survey of California clinical 
laboratories found that only 72 percent of the state’s 128 clinical microbiol
ogy laboratories used the most recent carbapenem breakpoints for Entero
bacterales and that implementing the new breakpoint took a median of 4.5 
half years (Humphries et al., 2018b). The use of an outdated breakpoint 
can cause clinicians to make incorrect treatment decisions, to say nothing 
of downstream effects such as failing to implement contact precautions 
and allowing an outbreak to spread. 

The mismatch of regulatory timelines for drug and diagnostic devel
opers contributes to the delay in bringing new antimicrobials into auto
mated test panels. More recent changes in the FDA review for automated 
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susceptibility test devices has brought the timelines into better alignment, 
but there is still a lag time of up to several years between an antimicrobial 
being introduced into clinical practice and routine diagnostic testing of 
pathogens’ susceptibility to it gaining regulatory clearance (Burnham et 
al., 2017). This delay limits the market viability of the medicine. 

The validation and trials necessary to bring a new automated sus
ceptibility test to market are time consuming and costly (van Belkum et 
al., 2020). Regulatory approvals are separate for each new antimicrobial 
and each new indication (Carpenter and Brasso, 2016). Still, much has 
improved in the last 5 years, especially for manual test methods such as 
disk diffusion, which can be included in the data the company submits 
with the new drug application. For example, because of close and early 
collaboration among the drug developer, device company, and FDA, three 
manual susceptibility tests for the new drug delafloxacin gained regula
tory clearance in only 44 days (compared to the more typical lag time of 
several years) (FDA, 2019a; Humphries et al., 2018a). 

FDA’s 2016 draft guidance publication, Coordinated Development of
Antimicrobial Drugs and Antimicrobial Susceptibility Test Devices, encour
aged collaboration between drug and device companies in relatively early 
stages of drug development (FDA, 2019a). Collecting clinical isolates, 
previously a major bottleneck in test development, improved with the 
creation of the FDA and the CDC Antibiotic Resistance Isolate Bank, 
which provides isolates to companies developing diagnostic tools and for 
validation studies (CDC, 2020a; Shawar, 2016). 

The 21st Century Cures Act, signed into law in 2016, also helped by 
ensuring a more efficient process for updating breakpoints. Rather than 
having FDA-recognized breakpoint criteria on drug labels, the act moves 
this information online (FDA, 2020a; Humphries et al., 2018a). Two web
sites, one for antifungals and one for antibacterials, lists all the current 
FDA-recognized breakpoints from drug labels (FDA, 2017, 2020a). Every 
6 months, FDA has to update the breakpoint websites, ensuring more 
timely addition of new or revised breakpoints into clinical practice; the 
agency can also recognize any new or updated breakpoints not included 
on a drug’s label. Therefore, the automated device companies can use any 
breakpoints from these websites in their applications for regulatory clear
ance. Removing breakpoints from drug labels also decouples the drug’s 
label indications from susceptibility testing, allowing device manufac
turers to use breakpoints for microbe–drug combinations with demon
strated in vitro activity, even if there are not necessarily in vivo studies 
establishing the same (FDA, 2020a; Humphries et al., 2018a). The act also 
recognizes some but not all CLSI breakpoints (Humphries et al., 2018a). 

Despite significant recent progress, driven in large part by the 21st 
Century Cures Act, there are still regulatory restrictions that stand in the 



Challenge
Addressed by 21st 
Century Cures Act?

Test devices cleared after 2007 can only test 
antimicrobials against organisms for which there 
are clinical indications listed in drug label

Yes

Current breakpoints are not available on all test 
devices used by clinical laboratories

Partially

Lack of test devices for new drugs No

 Comments

 Progress:
• 21st Century Cures Act removes breakpoints from the drug label, 

decoupling prescribing indications from susceptibility testing
• CLSI breakpoints for some off-label organisms are now recognized by 

FDA and listed on the breakpoints website (e.g., cefepime for 
Citrobacter spp; daptomycin for Enterococcus faecium)

• Diagnostic manufacturers may now submit to FDA for clearance 
of test devices for these organisms recognized by FDA and listed 

    on the breakpoints website
• CLSI will present rationale for including some additional breakpoints 

for off-label organisms recognized by CLSI but not yet recognized 
by FDA for review and approval by FDA (e.g., meropenem for 
Acinetobacter spp)

 Ongoing Risk:
• The data required by FDA CDER to approve older CLSI breakpoints 

that are not listed in drug labels are unknown
• FDA CDRH has no current pathway for how to address the 

scenario where no clinical breakpoint exists, but an epidemiological 
    cutoff is published by CLSI

 Progress:
• Recognition of many CLSI breakpoints by FDA allows test device 

manufacturers to use these breakpoints for FDA clearance of their test 
    devices
 Ongoing risk:
• Diagnostic manufacturers are not required to update test devices with 

current breakpoints under existing regulations; updates are voluntary 
and may not be a priority for the manufacturer

 Progress outside 21st Century Cures Act:
• Streamlined process coordinated by CDRH for clearance of test devices 

for new drugs has resulted in quicker timelines for some drugs
 Ongoing risk:
• Development of tests for new drugs on automated test devices remains 

slow and is costly
• Implementation of tests for new drugs in clinical laboratories is slowed 

by verification requirements

NOTE: CDER = Center for Drug Evaluation and Research; CDRH = Center for Devices and Radiological 
Health; CLSI = Clinical and Laboratory Standards Institute; FDA = Food and Drug Administration.
SOURCE: Humphries, R. M., and J. Hindler, Twenty-first Century Cures Act and Antimicrobial Susceptibility 
Testing: Clinical Implications in the Era of Multidrug Resistance, Clinical Infectious Diseases, 2018, Vol. 67, 
Issue 7, by permission of Oxford University Press.

 

  

    

    
    

    

    
    
    

    

    

    

    
    

    

    

    

262 COMBATING AMR AND PROTECTING THE MIRACLE OF MODERN MEDICINE 

TABLE 6-2 
Antimicrobial Susceptibility Testing Challenges Addressed by the 
21st Century Cures Act and Remaining Needs 

Challenge 
Addressed by 21st 
Century Cures Act?  

Test devices cleared after 2007 can only test 
antimicrobials against organisms for which there 
are clinical indications listed in drug label 

Yes 

Current breakpoints are not available on all test 
devices used by clinical laboratories 

Partially 

Lack of test devices for new drugs No 



Challenge
Addressed by 21st 
Century Cures Act?

Test devices cleared after 2007 can only test 
antimicrobials against organisms for which there 
are clinical indications listed in drug label

Yes

Current breakpoints are not available on all test 
devices used by clinical laboratories

Partially

Lack of test devices for new drugs No
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Current breakpoints are not available on all test 
devices used by clinical laboratories

Partially

Lack of test devices for new drugs No
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 Comments

 Progress: 
• 21st Century Cures Act removes breakpoints from the drug label, 

decoupling prescribing indications from susceptibility testing     
• CLSI breakpoints for some off-label organisms are now recognized by 
 FDA and listed on the breakpoints website (e.g., cefepime for 
 Citrobacter spp; daptomycin for Enterococcus faecium) 

   
   
• Diagnostic manufacturers may now submit to FDA for clearance 
 of test devices for these organisms recognized by FDA and listed 
 on the breakpoints website 

   
   
• CLSI will present rationale for including some additional breakpoints 

for off-label organisms recognized by CLSI but not yet recognized 
by FDA for review and approval by FDA (e.g., meropenem for 
Acinetobacter spp)

    
    
    
 Ongoing Risk: 
• The data required by FDA CDER to approve older CLSI breakpoints 
 that are not listed in drug labels are unknown    

• FDA CDRH has no current pathway for how to address the 
  scenario where no clinical breakpoint exists, but an epidemiological 
  cutoff is published by CLSI

  
  

 Progress: 
• Recognition of many CLSI breakpoints by FDA allows test device 
  manufacturers to use these breakpoints for FDA clearance of their test 
  devices

  
  
 Ongoing risk: 
• Diagnostic manufacturers are not required to update test devices with 
 current breakpoints under existing regulations; updates are voluntary 
 and may not be a priority for the manufacturer

   
   

 Progress outside 21st Century Cures Act: 
• Streamlined process coordinated by CDRH for clearance of test devices 

for new drugs has resulted in quicker timelines for some drugs
 Ongoing risk: 
• Development of tests for new drugs on automated test devices remains 

slow and is costly 
• Implementation of tests for new drugs in clinical laboratories is slowed 

by verification requirements 

NOTE: CDER = Center for Drug Evaluation and Research; CDRH = Center for Devices and Radiological 
Health; CLSI = Clinical and Laboratory Standards Institute; FDA = Food and Drug Administration. 
SOURCE: Humphries, R. M., and J. Hindler, Twenty-first Century Cures Act and Antimicrobial Susceptibility 
Testing: Clinical Implications in the Era of Multidrug Resistance, Clinical Infectious Diseases, 2018, Vol. 67, 
Issue 7, by permission of Oxford University Press. 



 

 
  

 
 
 
 

     

 
 
 
 
 
 
 

 
 

         
 
 

 

 
         

 
 
 
 
 

    

 
 

 
 

     

 
      

264 COMBATING AMR AND PROTECTING THE MIRACLE OF MODERN MEDICINE 

way of prompt regulatory clearance of antimicrobial susceptibility test 
devices (see Table 6-2). One important limitation is that automated test 
devices are still limited to only the microbe–drug combinations approved 
by FDA (Humphries et al., 2018a). FDA strongly discourages testing or 
interpretation of pathogens not included in the approved drug label, even 
if, as sometimes happens with antimicrobials, the off-label indication is 
widely used (Humphries et al., 2018a). 

Furthermore, FDA still retains full authority to accept or reject break
points proposed by CLSI. There are still many CLSI breakpoints not 
recognized by FDA, sometimes because the agency recognizes an older 
or higher breakpoint (FDA, 2021a). FDA’s willingness to recognize some 
CLSI breakpoints is related to the agency’s formal recognition of CLSI 
as a standards development organization (FDA, 2021a). This recognition 
hinges on CLSI meeting statutory requirements for transparency, scientific 
rigor, vetting its volunteers for conflicts of interest, and soliciting public 
input on technical decisions (FDA, 2021a). Because automated suscep
tibility test manufacturers can use the recognized breakpoints from the 
FDA websites in their test development, it streamlines the manufacturer’s 
process to keep the devices up to date (FDA, 2021a). 

As antimicrobial resistance continues to emerge and more data are 
available, breakpoint changes will only be needed more frequently. Every 
investment in keeping automated testing devices up to date is an invest
ment in keeping clinical practice more responsive to antimicrobial resis
tance and protecting public health (Humphries, 2018). By recognizing all 
CLSI breakpoints, FDA could allow for more widespread use of break
point criteria for many additional microbe–drug combinations. This in 
turn would allow susceptibility test manufacturers to report minimum 
inhibitory concentrations for the antibiotics that currently do not have 
FDA recognized breakpoints. This would speed the regulatory clearance 
by widening the number of recognized breakpoints without putting a 
burden on the manufacturer to develop them. This process would also 
lessen some burden on clinical laboratories to resort to manual testing to 
report these susceptibility results. 

Recommendation 6-2: To reduce regulatory hurdles in bringing
automated susceptibility tests to market, the Food and Drug
Administration should coordinate the review of new antimi
crobials with the review of their automated susceptibility tests
and work with the Clinical Laboratories Standards Institute to 
issue and update breakpoints for microbe–drug combinations. 

Ideally, automated susceptibility testing devices would include new 
antimicrobials immediately upon market entry and revised breakpoints 
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for older drugs as they are approved. This would mean the new drug 
and device approvals work simultaneously, not sequentially, as they cur
rently do (i.e., the device application begins after the new drug approval). 
Since 2012, FDA has expedited the review process for novel antimicrobi
als (FDA, 2018d). A similar fast track approval option is necessary for 
automated susceptibility testing devices. This process would be akin 
to Operation Warp Speed for vaccine development and emergency use 
authorization granted to diagnostic tests during the COVID-19 pandemic 
(FDA, 2021b). 

To this end, FDA and the susceptibility test device manufacturers 
should work together to define a less restrictive pathway for validation 
studies and new ways to assess device performance. This accelerated 
review would not compromise the quality of the devices cleared for diag
nostic use, as recent experience with COVID-19 has shown. For example, 
allowing multiple antimicrobials or multiple indications to be included in 
one submission (called bundling) could ease the application burden and 
fees for industry. Current FDA policy allows for “one drug, one method of 
reading, and one method of inoculation” in susceptibility test submissions, 
although the manufacturer is able to bundle gram-positive and gram-
negative claims provided the same procedure is followed (FDA, 2018b). 

Furthermore, the label indications for new antimicrobials are usually 
restrictive. If CLSI has established breakpoints for other microbe–drug 
combinations, it would greatly ease clinical practice to recognize them. 
But FDA’s process for assessing CLSI breakpoints and their timeline for 
doing so is not clear (Humphries et al., 2018a). Antimicrobial drug labels 
are not all encompassing. The nature of the drug’s biological activity 
against microbes means that there will be demonstrable in vivo activity 
against organisms not included in the initial regulatory review. 

A consequence of FDA not recognizing all CLSI breakpoints is that 
automated test device manufacturers are not allowed to report out the 
minimum inhibitory concentration for any drug without breakpoints rec
ognized by FDA (Zimmer, 2021). Device companies should also be able 
to share the minimum inhibitory concentrations for microbe–drug com
binations, even when the breakpoint interpretation is not recognized by 
FDA. Including minimum inhibitory concentrations in the automated test 
would allow clinical laboratories to interpret the susceptibility pattern 
for organisms even when only non-FDA recognized breakpoints exists. 
For example, currently FDA only recognizes meropenem breakpoints for 
gram-negative bacteria such as Enterobacterales, Pseudomonas aeruginosa, 
and Acinetobacter species. Despite existing meropenem breakpoints estab
lished by CLSI years ago, FDA still does not recognize breakpoints for 
Burkholderia cepacia complex and non-Enterobacterales. In the absence of 
FDA acceptance for these other organisms, manufacturers are prohibited 
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from reporting meropenem inhibitory concentrations for the latter two 
organism groups (CLSI, 2021; FDA, 2020e). If clinical laboratories had this 
information, they could avoid the need for manual test methods that few 
labs can support, thereby broadening drugs’ usefulness in clinical practice. 

Successful implementation of this recommendation will remove some 
of the barriers automated susceptibility test manufacturers face in devel
oping tests for new antimicrobials and updated breakpoints. This updat
ing is a voluntary process for the companies. Even with the assistance 
that the Antibiotic Resistance Isolate Bank and streamlining of breakpoint 
recognition has provided, the trials and validation involved are expensive 
and time consuming. The companies have little incentive to go through 
this process, except the moral incentive to protect public health. 

The Reinvigorating Antibiotic and Diagnostic Innovation (READI) 
Act, introduced to Congress in 2015, aimed to encourage research and 
development on new antibiotics and rapid diagnostics for antimicrobial-
resistant pathogens by providing a 50 percent tax credit against clinical 
testing expenses to companies that create these products.22 This tax credit 
might be an even more meaningful incentive for the manufacturers of 
automated susceptibility devices to offset their clinical trial expenses 
incurred accommodating breakpoint revisions (Humphries et al., 2018a).23 

Recommendation 6-3: Congress should make automated sus
ceptibility test manufacturers eligible for tax incentives to bring
new automated susceptibility tests to market. 

Tax incentives and streamlining regulatory processes could do much 
to reduce the lag time in bringing automated susceptibility tests to mar
ket, but there are some drugs for which there will simply never be suf
ficient demand to warrant inclusion in an automated susceptibility panel. 
The decision to add a new drug to these panels is influenced by local and 
national epidemiology of resistance patterns as well as customer demand 
for the test. For those drugs that will not be included in the automated 
test panel, manual diagnostic testing will be necessary. Such tests pose 
challenges to clinical labs. The next section discusses a strategy to mitigate 
these challenges. 

22 Reinvigorating Antibiotic and Diagnostic Innovation Act of 2017, HR 1840, 115th Cong., 
1st sess., Congressional Record 163, no. 56, daily ed. (March 30, 2017): H 2601. 

23 Reinvigorating Antibiotic and Diagnostic Innovation Act of 2015, HR 3539, 114th Cong., 
1st sess., Congressional Record 161, no. 134, daily ed. (September 17, 2015): H 6137. 
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The Antibiotic Resistance Laboratory Network 

New antimicrobials and breakpoint changes also pose significant chal
lenges to clinical laboratories. The logistics of manual testing make it unre
alistic for most clinical labs. While clearance of automated susceptibility 
test panels would remove a major hurdle, it is still likely that the testing for 
new antimicrobials will not be a priority if the drug is not commonly used 
or not on the hospital formulary. The CDC Antibiotic Resistance Labora
tory Network (ARLN) aims to fill this gap by funding 55 public health 
laboratories, as well as seven regional labs, and the National Tuberculosis 
Molecular Surveillance Center to test pathogens that are beyond the capac
ity of clinical microbiology laboratories (CDC, 2021d). The committee com
mends the CDC for this valuable service. At the same time, there is room 
to improve the network’s ability to support public health and clinical labs. 

The ARLN offers expanded susceptibility testing for hard-to-treat 
infections with Enterobacterales that carry metallo-beta-lactamases, 
enzymes that make bacteria resistant to beta-lactam antibacterials, includ
ing the carbapenems (CDC, 2021d; Palzkill, 2013). This service is free 
of charge, but all samples must be sent with confirmation that they are 
not susceptible to all the beta-lactam medicines tested, “including either 
ceftazidime/avibactam or meropenem/vaborbactam,” and send confir
matory molecular testing that the isolate has at least one metallo-beta-lac
tamase gene (CDC, 2021a). These inclusion criteria are difficult for some 
hospital laboratories to meet, especially if they do not have the means 
to test these broad-spectrum medicines. The other services the network 
provides (colonization screening, whole genome sequencing, molecular 
testing for resistance genes, culturing for carbapenemase, and identifica
tion of pathogens) have similar requirements for submission that can be 
challenging for clinical laboratories (CDC, 2021d). 

Between 2017 and 2019, 42,423 carbapenem-resistant Enterobacterales 
and nearly 15,000 carbapenem-resistant Pseudomonas aeruginosa isolates 
were tested through the ARLN (CDC, 2021c; Vallabhaneni et al., 2021). 
This represents a significant investment in public health laboratories, but 
one that has not necessarily reached clinical laboratories or other micro
biology labs. For example, in fiscal year 2020 the CDC invested over $6.9 
million in resistance programming in California alone, much of it through 
the ARLN, only $609,000 of which went to universities or health care 
partners, and that to only two universities (CDC, 2021b). This investment 
stands to grow: the CDC’s fiscal year 2022 budget included $672 million 
for expanding the ARLN domestically and internationally (IDSA, 2021). 

Expanding the ARLN would be helpful, but this expansion would 
ideally be done in a way that extends the reach of the services offered in 
the most efficient and economical way possible. To this end, inclusion of 



 

 
 
 

  
 
 

       
 

     

 

 

      
    

 
  

 
  

 
  

 
 

           
  

            
 
 
 
 
 

  
         

 

  
      

268 COMBATING AMR AND PROTECTING THE MIRACLE OF MODERN MEDICINE 

all broad-spectrum drugs in the expanded susceptibility testing service 
would be helpful, including cefiderocol and others not yet offered. In a 
larger sense, it would help to have the network put at least as much of an 
emphasis on clinical diagnostics as on surveillance. The ARLN emphasis 
on surveillance means that many of the results are reported to the CDC 
but not back to the clinical laboratories sending the samples (Vallabhaneni 
et al., 2021). There is a difference between the public health laboratories’ 
responsibility for surveillance and the need for support for challenging 
clinical testing. Relative to the emphasis on surveillance, the ARLN’s sup
port for clinical testing is less. 

Recommendation 6-4: The Centers for Disease Control and 
Prevention (CDC) should expand the capacity of the Antibi
otic Resistance Laboratory Network by offering expedited,
expanded susceptibility testing of all broad-spectrum antibiot
ics via certain CLIA-certified laboratories.24 The CDC should 
also promote this service to clinical laboratories. 

It is not reasonable to expect hospital clinical microbiology labora
tories to be able to test microbe–drug combinations they see only once 
or twice a year. Laboratories need a backstop for these tests. The ARLN 
provides this service to clinical laboratories struggling with diagnostic 
testing and test interpretation for resistant bacteria. At the same time, 
there is room to improve the efficiency of the service, the turnaround 
time on results, and the amount of testing offered. Currently, the ARLN’s 
extended susceptibility testing offers results within 3 business days (CDC, 
2021a). Clinical laboratories may be able to turn these results around more 
quickly; 48 hours would be the ideal response time for most cases, allow
ing that some microbes are slow growing and may take longer. 

The Clinical Laboratory Improvement Amendments of 1988 (CLIA) 
are a set of federal regulations for laboratories that work with human 
specimens for the diagnosis, treatment, or prevention of disease (CDC, 
2018). Before any laboratory can accept human samples for diagnostic 
testing, the Centers for Medicare & Medicaid Services have to certify that 
the lab meets CLIA regulations (FDA, 2020b). CLIA certification would 
be a minimum criteria for supporting the expanded susceptibility testing 
program recommended. 

CDC could take advantage of CLIA-certified laboratories to expand 
susceptibility testing. Academic medical centers, for example, have labo
ratory technologists and clinical microbiologists with expertise in diag

24 The Clinical Laboratory Improvement Amendments (CLIA) regulate testing and are 
required for laboratories handling human samples. 
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nostic testing. These laboratory scientists routinely use these skills and 
may even be available for consulting on challenging cases. 

Most of the CLIA-certified laboratories best placed to offer expanded 
susceptibility testing will be at tertiary care, teaching hospitals. Major 
medical centers often have an infrastructure in place to do broad-spectrum 
antimicrobial susceptibility testing. Many of these laboratories are already 
offering in-house testing similar to the ARLN extended panel. It would 
generally be less of a burden on staff in academic laboratories to do these 
tests than it might be for the public health system. Furthermore, some 
academic medical centers already serve as reference laboratories, so they 
have systems in place to receive and process isolates from external labo
ratories. The challenge would be ensuring they have protected time to do 
them, which a formal contract with the CDC could provide. Furthermore, 
many of these laboratories already have community support programs in 
place, sometimes necessitated by a surge in demand for diagnostic testing 
because of COVID-19 (Tsai et al., 2021; Warrington et al., 2021). 

It is not enough for the CDC to expand the ARLN’s capacity for sus
ceptibility testing if the service is not thoroughly communicated to the 
clinical laboratory managers who would need to use it. The CDC could 
promote the service through state and local health offices and with regular 
targeted outreach in clinical laboratories. 

INVESTING IN ONE HEALTH SOLUTIONS 

As this chapter has discussed, there are serious difficulties bringing 
needed antimicrobial medicines to market in the United States and other 
high-income countries. There are also barriers to product development 
that cut across countries as well as some that are far more pronounced 
in low- and middle-income countries. In general, less attention is paid 
to products for animal health. No drug developer will bring a new anti
microbial to market specifically for use in animals, for example. A One 
Health approach to product development takes a broader view of the 
need for new products—both therapeutic and preventive. A One Health 
model is helpful in guiding countries’ support for products intended for 
crop and animal agriculture, aquaculture, and the environment, and as 
such is called out, at least in principle, in many countries’ national action 
plans for antimicrobial resistance (GCOA and IDSA, 2021). 

While not ignoring the pressing need for improving the market for 
small-molecule antimicrobials and diagnostics, proper management of 
antimicrobial resistance in humans, animals, and the environment will 
require attention to a larger range of products. Given the global transmis
sion of resistance and a shared, global vulnerability to resistant patho
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gens, some product development initiatives would be most valuable if 
undertaken with a goal of shared global access to novel products. 

Need for Innovative Products 

This section discusses how international cooperation could stimulate 
development of some important tools for fighting resistance. New antimi
crobial medicines are obviously one type of essential and needed product. It 
is also possible that attention to novel delivery mechanisms could do much 
to improve the antimicrobial activity of existing or repurposed medicines. 
Nanostructured materials, for example, can be used to deliver antimicro
bials, and some nanoparticles have antimicrobial activity on their own 
(Baptista et al., 2018). Advances in materials science have brought about 
new biomaterials to deliver antimicrobials and antibacterial polymers with 
preventive uses such as catheters that resist infection (Kalelkar et al., 2021). 

There is a need for a variety of new and innovative products to 
combat antimicrobial resistance. Factors unique to the development of 
novel small molecule medicines are discussed earlier in this chapter; 
this section will give more attention to the need for new diagnostics and 
preventive tools for human and animal health. This is not an exhaus
tive discussion of all preventive products needed, however. Promising 
anti-virulence and phage therapies, for example, are not discussed in 
detail, neither are nanostructures. Rather, this section will highlight some 
important needs and challenges in the market for point-of-care diagnos
tics and some widely used preventive products. 

Point-of-Care Diagnostics 

The diagnostic tests currently considered rapid are those feasible 
in one microbiologist’s 8-hour shift (van Belkum et al., 2019). Espe
cially with gram-negative infections, starting antibiotic treatment with 
a properly targeted treatment in the first 6 to 12 hours is crucial for 
the patient’s recovery prospects (Burnham et al., 2017). There is good 
evidence that antibiotic use declines with increasing use of rapid diag
nostics (Goossens et al., 2005; van de Sande-Bruinsma et al., 2008). 
Rapid tests are also essential to support clinical trials for new antimi
crobial medicines. Such tests enable the identification of the appropriate 
patients, thereby reducing the total number of enrolled patients in a 
trial (Okeke et al., 2011). 

As this chapter has discussed, the true value of diagnostics can be 
difficult to determine. The problem of lack of funding and low return on 
investment (real or perceived) is a special barrier to bringing rapid diag
nostics to market, especially in the low- and middle-income countries 
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TABLE 6-3 
Clinical Needs for Rapid Point-of-Care Diagnostics for Respiratory Tract Infections 

Technology 
Requirements Purpose 

Desired 
Characteristics 

Technological 
Innovation and Current Stage of Development 

Viral  
respiratory  
infections 

Point-of-care (eg, 
primary care office,  
outpatient clinics, 
accident and 
emergency) 

To distinguish viral and 
bacterial infections 
and inform antiviral 
therapy.  
Infection control and 
bed management 
allowing patients with 
different 
viruses to be 
separated; outbreak 
tracing 

• Rapid <1h 
• Able to be operated by 
 front-line clinical staff 
 (eg, nurse or family 
 practitioner) 

  
  
  
• Ability to process multiple

samples simultaneously 
 

   
• Low cost 

Community- 
acquired 
pneumonia 

Near-patient, rapid 
response (eg, in larger
outpatient clinic or 
laboratory adjacent 
to accident and 
emergency) 

 
To diagnose cause 
of infection and 
recommend effective 
and proportionate  
antimicrobial therapy,  
to asses whether 
patient should be 
admitted 

• Rapid <1h 
• Ability to detect pathogen 
 and distinguish pathogen 
 from colonisers 

  
  
• Ability to detect drug 

resistance    
•  Low to medium cost, 

operation  by  front-line 
staff 

   
   
• Adaptation for resource 
 limited settings   

• Multiplex NAAT based tests for a variety 
 of pathogens and resistance determinants 
 requiring minimal user skill and hands-on 
 time (already available but with minimal data 
 regarding performance and clinical utility) 

  
  
  
  
• Quantitative NAAT-based tests allowing 

pathogens and colonisers to be distinguished 
(in concept) 

   
   
• Simple tests on a non-invasive sample able 

to distinguish viral and bacterial infections 
(conceptual) 

   
   

• Multiplexed NAAT based tests for high
   throughput test platforms requiring 

minimum user skill and hands-on time 
(currently available in low-throughput format) 

• Breath-based tests for key viral pathogens 
such as influenza (in development) 

• Simple tests on a non-invasive sample able 
to distinguish viral and bacterial infection 

   (conceptual) 

continued 
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TABLE 6-3 Continued 

Technology 
Requirements Purpose 

Desired 
Characteristics 

Technological 
Innovation and Current Stage of Development 

Hospital-
acquired 
pneumonia 
and ventilator
associated 
pneumonia 

Rapid response (near 
intensive care unit/in 
clinical microbiology 
laboratory with 
good transport and 
communication 
systems) 

To diagnose cause 
of infection and 
recommend effective 
and proportionate  
antimicrobial therapy 

• Rapid <2 h, round-the
clock service    

• Ability to detect 
 pathogens and distinguish 
 them from colonisers. 

  
  
• Ability to detect drug 

resistance    
• Low to medium cost, 

operation by  trained 
personnel capable of 
complex interpretation of 
results 

   
   
   
   

• Rapid, highly multiplexed NAAT based tests 
and platforms incorporating a wide variety 
of pathogens and resitance determinants 
requiring minimum user skill and hands-on 
time (currently in development) 

   
   
   
   
• Quantitative NAAT-based tests allowing 
 pathogens and colonisers to be distinguished 
 (in concept) 

  
  
• Next-generation sequencing based 
 diagnostics allowing the identification of 
 rare and unusual pathogens and the rapid 
 generation of antibiotic susceptibility profiles 
 (in concept) 

  
  
  
  

-

Tuberculosis Point of care (eg, 
doctors office,  
tuberculosis clinic) 

To identify those with 
acute tuberculosis and 
needing therapy 

• Rapid <1 h 
• Reliable detection of 

drug-resistance    
• Suitable for resource 

limited setting (eg, 
requiring minimum 
operator training, low cost, 
limited power 
requirements, room 
temperature storage) 

   
   
   
   
   
   

• NAAT based tests for “sample-in answer out” 
platforms (already available)    

• Hand-held NAAT based tests that can 
be operated by battery or solar power (in 
development) 

   
   
• Breath-based tests 

NOTE: NAAT = nucleic acid amplification techniques. 
SOURCE: Reprinted from The Lancet Infectious Diseases, Vol. 14, No. 11, Alimuddin Zumla, Jaffar A. Al-Tawfiq, Virve I. Enne, Mike Kidd, Christian Drosten, Judy Breuer, 
Marcel A. Muller, David Hui, Markus Maeurer, Matthew Bates, Peter Mwaba, Rafaat Al-Hakeem, Gregory Gray, Philippe Gautret, Abdullah A. Al-Rabeeah, Ziad A. Memish, 
Vanya Gant, Rapid point of care diagnostic tests for viral and bacterial respiratory tract infections—needs, advances, and future prospects, 1123-1135, Copyright (2014), with 
permission from Elsevier. 
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that bear the highest burden of resistant infections (Okeke et al., 2011). 
For the tests to achieve the needed reach in these settings, they need to 
be easily usable and not dependent on clean water, electricity, or specialty 
training (Moeller et al., 2007). Models suggest that rapid diagnostics for 
respiratory tract infections alone could avert over 150,000 child deaths 
a year and far more unnecessary courses of antimicrobial (Okeke et al., 
2011). Yet the diagnostic tests needed for respiratory infections shown in 
Table 6-3, and published as part of a 2014 Lancet series, are, for the most 
part, still needed today.25 

Products for Human Health 

The purpose of antimicrobial chemotherapy is to treat infection. Anti
microbials are also used injudiciously when infections are suspected but 
not actually present. Therefore, tools that can prevent infections or lower 
the burden of viral illness have the potential to reduce both judicious and 
inappropriate antimicrobial use. Vaccines can do this. They can also pre
vent healthy, vaccinated people from being colonized by resistant bacteria 
(Anderson et al., 2018; Bloom et al., 2018; Lipsitch and Siber, 2016). As the 
previous chapter discussed, these benefits can extend beyond those who 
receive the vaccine by way of population effects. 

More infectious diseases today are vaccine-preventable than in any 
other time in history. Vaccines that prevent human infections caused by 
bacteria, particularly those bacteria that are resistance prone, such as 
pneumococci, Haemophilus influenzae, cholera, and typhoid fever, may 
also prevent the emergence of resistance (Kaufhold et al., 2019; Lewnard 
et al., 2020; Lipsitch and Siber, 2016; Moore et al., 2015; Okeke, 2009). 
Viral vaccines such as influenza vaccine, rotavirus and, more recently, 
respiratory syncytial virus and COVID-19 vaccines prevent syndromes 
for which antimicrobials are commonly misused, and can therefore also 
lower selective pressure for antimicrobial resistance (Buckley et al., 2019; 
Lewnard et al., 2020; Vekemans et al., 2021). The formidable net effect that 
vaccines could have on antimicrobial resistance in humans is generally 
under-appreciated and grossly under-exploited (Vekemans et al., 2021). 

Vaccines specifically targeted at resistant bacteria, particularly those 
that have been highlighted as urgent or serious threats by the CDC, 
and as critical or high-priority resistant pathogens by the WHO, remain 
to be approved. Some promising candidates are in development; there 
are four in the CARB-X portfolio, for example. But it could take years 
before they are available to prevent resistant infections (Vekemans et al., 

25 The committee recognizes some changes since this table’s publication, including the 
introduction of rapid, highly multiplexed nucleic acid amplification tests. 
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2021). Such “anti-resistance” vaccines would be valuable for high-risk 
groups such as residents in nursing homes or women with recurrent 
urinary tract infections. They could also be used to vaccinate patients 
upon hospital admission to protect them against antimicrobial resistant 
nosocomial pathogens. Outside hospitals and other care facilities there 
is also a pressing need for Neisseria gonorrhoeae and Shigella vaccines as 
multiple drug-resistant pathogens belonging to these species are spread
ing worrisomely. 

When resistant bacterial infections cannot be prevented through 
hygiene or contact precautions or with the use of specific vaccines, resis
tant organisms and the resistance genes they carry can spread. Therefore, 
vaccination is one area where inadequate deployment in other parts of 
the world contributes to the burden of resistance in the United States (as 
does inadequate deployment in the United States). Global travel is easy, 
and most travel vaccines are not required even when good options exist 
(McAteer et al., 2020). Therefore, antibiotic-resistant organisms and resis
tance genes can be imported via travel and trade (D’Souza et al., 2021; 
Frost et al., 2019). 

Preventive Products for Animal Health 

Intensive agriculture in high-income countries depended on antimi
crobials well before developments in biosecurity, and selective breeding 
made these interventions less necessary. Farmers in low- and middle-
income countries need not repeat this pattern. Preventive tools will be 
essential to reducing agricultural use of antimicrobials. Even if new anti
microbial medicines were coming to market frequently, none would likely 
be authorized for veterinary use (Laxminarayan et al., 2015). It is there
fore important to look to preventive measures to control the emergence 
of resistance and reduce the need for antimicrobials in agriculture and 
aquaculture. 

Infection prevention strategies for animals, as for humans, include 
access to safe water, improved sanitation and biosecurity, selective breed
ing, and vaccines. They also include therapeutic alternatives to antimicro
bials such as antibodies, probiotics and fecal transplant therapy, bacterio
phages, and antimicrobial peptides, among many others (Czaplewski et 
al., 2016; Ghosh et al., 2019). Another promising alternative tool to directly 
fight antimicrobial resistance is the use of oligonucleotides for silencing 
resistance genes or other approaches still in research stages (Czaplewski 
et al., 2016). Many of these strategies show great promise but will require 
further experimental and translational expertise to bring them to market 
if they are to deliver clinical benefit (Czaplewski et al., 2016). 

While new antimicrobial medicines are sorely needed, in the long 
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term, preventive tools and alternative therapies may do more to break 
the cycle of resistance (Roope et al., 2019). The next sections discuss two 
commonly used tools to avoid antimicrobial use in agriculture: vaccines 
and probiotics. 

Agricultural vaccines Reducing the use of antimicrobials in animal pro
duction demands alternatives that can be used to maintain animal health 
and welfare and sustain the productivity of animal agriculture. Vaccines 
have been successfully used for the prevention and control of infectious 
diseases and represent promising alternatives for antibiotics (Hoelzer et 
al., 2018). In Norway, for example, aggressive vaccination, in conjunction 
with good management, has eliminated the need for antibiotics in salmon 
production (WHO, 2015). Vaccination has also successfully resulted in 
less use of antibiotics in terrestrial animal species such as swine and 
poultry (Hoelzer et al., 2018). Despite the demonstrated benefits of vacci
nation, there is still a significant shortage of efficacious and economically 
affordable vaccines for animal agriculture (Hoelzer et al., 2018). There are 
too few vaccines, and those that are approved tend to be less affective 
against polymicrobial infections, which often occur under natural condi
tions (Chae, 2016; Chamorro and Palomares, 2020). The cost of vaccine 
production and difficulty in administration further limit their use (Hoel
zer et al., 2018). 

Vaccines and other innovative products for preventing infection in 
animals are especially needed in low- and middle-income countries. This 
need motivated the World Organisation for Animal Health (known by 
the historical acronym OIE), to convene two expert groups to set priori
ties for agricultural vaccine development (Erlacher-Vindel, 2019). Their 
choices highlighted diseases for which there is no available vaccine or the 
existing vaccine is impractical to use (e.g., every fish in a pond has to be 
individually vaccinated) or cost prohibitive (OIE, 2015, 2018). In response, 
animal medicines producers, through their industry association Health 
for Animals, committed $10 billion to research and development for these 
vaccines and other preventive products to reduce the need for antimicro
bials in animals (Health for Animals, 2020). To this end, the industry com
mitted to developing 100 new animal vaccines, 20 new diagnostic tools, 
and at least 50 other nutritional or immune-boosting products (Health for 
Animals, 2020). This is valuable work and an area where government sup
port at relatively modest levels could help ensure the products reach their 
intended markets. Cooperative regulatory review, for example, would 
facilitate prompt licensing of the new vaccines. International cooperation, 
harmonized review, and a common application form could also do much 
to improve the reach of new animal vaccines, much as the regulatory 
cooperation via the International Council for Harmonization of Technical 
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Requirements for Pharmaceuticals for Human Use has done for human 
medicine. 

In promoting livestock and finfish vaccines for use in low- and mid
dle-income countries, it will be important to ensure the products are 
affordable and can be easily administered on farms. Without an economic 
reason, producers are unlikely to consider the use of vaccines in lieu of 
antimicrobials, thus losing the benefits of vaccines as an alternative to 
antimicrobials. 

New vaccines could control considerable antimicrobial use in agricul
ture. The committee recognizes that it is not possible to produce vaccines 
against every pathogen in every animal species. Nevertheless, an OIE 
ad hoc group looking at this topic developed a list of priority diseases 
and pathogens in poultry, swine, and finfish (OIE, 2015). Similarly, the 
American Veterinary Medical Association’s Committee on Antimicrobi
als has identified host and species-specific pathogens of concern in both 
food-producing and companion animals (Scheftel et al., 2020). These lists 
are a good starting point for research and development efforts in animal 
vaccines. 

Microbiome strategies Probiotics are “live micro-organisms that, when 
administered in adequate amounts, confer a health benefit on the host” 
(FAO and WHO, 2002). Bacteria, yeast, and microalgae can all act as pro
biotics. Prebiotics are feed ingredients, such as complex carbohydrates, 
that modulate the microbiome of the host, promoting the growth of ben
eficial organisms (Davani-Davari et al., 2019). 

Pre- and probiotics are relatively inexpensive, easy to use, accessible, 
and an environmentally friendly option for disease management. When 

TABLE 6-4 
Regulation of Directly Fed Micro-Organisms (Probiotics) by FDA 

Claim or Intended Use Legal Status Regulated as  Regulated by 

Cure, mitigate, treat, or 
prevent disease 

New animal drug Drug FDA 

Affect the structure and 
function of the body 

New animal drug Drug FDA 

Without any therapeutic 
or structure/function claim 
(micro-organisms listed in 
AAFCO official publication) 

Food Food State  
government 

Without any therapeutic 
or structure/function claim 
(micro-organisms not listed in 
AAFCO official publication) 

Food additives Food additives FDA 

SOURCE: FAO, 2016, reprinted with permission. 
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used in animal feeds, they have an FDA designation of “Generally Recog
nized as Safe,” meaning they are not subject to premarket review, given 
a recognition among qualified experts that the product has been shown 
to be safe under its intended condition of use (FAO, 2016; FDA, 2019b). 
But, as Table 6-4 shows, there are different regulatory requirements if the 
probiotic is intended as a treatment or preventive product for disease. 

Probiotics can work as immune modulators to enhance growth and 
prevent disease (FAO, 2016). For animals, these are mainly enteric dis
eases, but for aquatic species there is evidence that probiotics work against 
a variety of diseases and enhance reproduction, maintain water quality, 
inhibit pathogenic bacterial growth, and aid in nutrient metabolism (FAO, 
2016; Martinez Cruz et al., 2012). Most probiotics need to be used daily to 
be beneficial to the host (Chauhan and Singh, 2018). 

Probiotics can be a powerful tool to manage the risks of antimicrobial 
treatment on the gut microbiota that can lead to secondary infections 
(Ghosh et al., 2019; Schmidt et al., 2017). They have also been shown 
to improve animal growth, meat yield, and quality; to decrease zoo
notic pathogens; and to increase survival to bacterial and viral challenge 
in a variety of animals used in agriculture, from chickens to shellfish 
(FAO, 2016; Hasan and Banerjee, 2020; Hoseinifar et al., 2018). Though 
the mechanism through which probiotics work is not always clear, there 
is evidence that they can alter stress and inflammatory response; reduce 
the permability of the gut walls; change the microbial flora of the gut or 
other tissues; promote the production of digestive enzymes and their 
metabolites; compete for space and nutrients with pathogenic bacteria; 
and, in aquaculture, improve water quality (FAO, 2016; Hasan and Baner
jee, 2020; Hoseinifar et al., 2018). The relative contribution of any one of 
these mechanisms may differ between probiotic strains (even between 
those closely related), so there is an advantage to mixing probiotics with 
complementary mechanisms of action (FAO, 2016; Hasan and Banerjee, 
2020; Hoseinifar et al., 2018). 

Despite extensive research on the benefits of probiotics in animal agri
culture, there are relatively few commercially available probiotic and pre
biotic products consistently used in clinical practice or animal husbandry 
(FAO, 2016; Hasan and Banerjee, 2020). One challenge lies with screening 
candidate probiotic strains, a technique that relies heavily on in vitro iden
tification of bacterial strains with antimicrobial activity, especially activity 
against the most common target pathogens. Figure 6-11 shows the main 
questions in the safety screening of these products. The next step is an eval
uation of activity in small-scale cultures. This approach does not account 
for other potential mechanisms of action, nor does it capture the complex 
microbe, host, and ecosystem interactions (de Souza Vandenberghe et al., 
2017). Therefore, many probiotic candidates with good laboratory poten
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Does the 
micro-organism

harbor tranferable 
antibiotic resistance 

genes? 

Is the proposed
micro-organism
identified to 

the strain level? 

Is there 
any evidence
of infections 

associated with 
the organism? 

Does the 
micro-organism

cause excessive 
stimulation of the 
immune system? 

micro-organism 

Does the 
micro-organism

produce
any toxin? 

FIGURE 6-11 Major questions in assessing the safety of micro-organisms being
 
considered for use in animal feed.
 
SOURCE: FAO, 2016.
 

tial show inconsistent performance in the field (Day et al., 2019; Terpou 
et al., 2019). There are also barriers related to cost. Some micro-organisms 
that show promise in laboratory and small-scale commercial trials cannot 
be easily and cheaply grown at large scales (e.g., through fermentation) or 
formulated into stable products that can be easily transported, stored, and 
delivered (Cunningham et al., 2021; Fenster et al., 2019). 

These are not unsurmountable obstacles. Research to develop high-
throughput screening for probiotics could allow for investigation of the 
mechanisms of action in the target environmental conditions, facilitating 
discovery of effective probiotics. The same tools are already being used in 
antimicrobial development and animal breeding. The challenge is direct
ing more attention to this problem in industry, academia, and nonprofits 
and establishing a product development and regulatory environment 
conducive to research and commercial development in the field. 

As Table 6-4 showed, probiotics that avoid therapeutic label claims 
face considerably less regulatory scrutiny. Reports of uneven quality are 
common, especially among probiotics for human use (Drago et al., 2010; 
Jackson et al., 2019). Supplements not containing the labeled organisms 
are common; a 2013 study found less than a third of commercial, human 
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probiotics tested met label claims for micro-organisms listed and their 
viability (Drago et al., 2010). Increasing research and industry interest 
in probiotics would need to be mindful of this potential pitfall, possibly 
contributing to third-party certification to ensure product quality and 
confidence in the market (Jackson et al., 2019). 

Facilitating Cooperation on Product Development 

Insufficient exchange of information between the public and private 
sectors holds back the development of new medicines, diagnostics, and 
preventive products for antimicrobial resistance (van Belkum et al., 2019). 
The recent success of the product development partnerships for COVID-19 
vaccines, diagnostics, and therapeutics depended on steady funding and 
collaboration among industry, government, and academia. The NIH Rapid 
Acceleration of Diagnostics program, for example, worked to speed the 
development of point-of-care and laboratory diagnostics for COVID-19 
(NIH, 2021). Such partnerships can make faster action possible and limit 
redundancy of effort, especially when political will for action is high. 

There is some indication that political will for action against antimi
crobial resistance has reached a tipping point. A recent statement from 
finance ministers and central bank governors of the G7 countries pledged 
to “work together with our health colleagues … including with industry, 
to explore proposals for strengthening market incentives for antibiotic 
drug development” (USDT, 2021). The analogous meeting for health min
isters produced a statement about cooperation in the implementation of 
clinical trials for therapeutics and vaccines (G7 Research Group, 2021). 
The health ministers commented on the need for internationally coordi
nated testing and the sharing of test materials in response to “pandemic 
threats” (G7 Research Group, 2021). Their statements are evidence of 
growing global commitment to cooperation on product development. 

The international product development partnerships put in place 
for COVID-19 have transferrable elements especially relevant to product 
development for other infectious threats. This is the ideal framework 
upon which to build a coordinated product development partnership for 
antimicrobial resistance. A partnership of this scale could help make the 
U.S. investment in antimicrobial resistance more of a One Health effort, 
with coordinated action on the human, animal, and environmental fronts. 

Recommendation 6-5: The Department of Health and Human
Services should establish a public–private partnership similar
to ACTIV for antimicrobial resistance, bringing together the
Biomedical Advanced Research and Development Authority, the 



280 COMBATING AMR AND PROTECTING THE MIRACLE OF MODERN MEDICINE

National Institutes of Health, the U.S. Department of Agricul-
ture, the Environmental Protection Agency, and the Department 
of Defense and interested academic, industry, and nonprofit 
organizations. The partnership would have working groups on 
diagnostics, alternatives to antibiotics, and prevention, with a 
goal of supporting a diversified and balanced portfolio of tools 
to reduce antimicrobial resistance using a One Health approach. 

Public–private partnerships are well suited to medical product devel-
opment, as Figure 6-12 illustrates. Such partnerships are able to draw on 
a range of needed expertise and have the benefit of a relatively long time 
horizon. These types of collaborations are well known in antimicrobial 
resistance. The CARB-X public–private partnership discussed earlier in this 
chapter is clearly important to development and market shaping for new 
medical products. A public–private partnership was able to bring the Xpert 
MTB/Rif assay, a rapid diagnostic for rifampicin-resistant tuberculosis, to 

FIGURE 6-12 Main participants in a public–private partnership and their core 
strengths for medical product development.
SOURCE: Andrew M. Davis, Ola Engkvist, Rebecca J. Fairclough, Isabella Feier-
berg, Adrian Freeman, and Preeti Iyer, Public-private partnerships: Compound 
and data sharing in drug discovery and development, SLAS Discovery (vol. 26, no. 
5) pp. 604-619, copyright © 2021 by SAGE Publications. Reprinted by permission 
of SAGE Publications.

Public–
Private

Partnerships

Pharma
– Compound collections
– High-throughput screening
– Pre/clinical data
– Clinical development
– Manufacturing

Academia
– Scientific expertise
– Assay development
– Clinical research
– Expertise in rare, orphan, 
   and neglected diseases

Funder/Government
– Funding
– Project management
– Specialist expertise

Key Benefits
–  Opens up new options to discontinued compounds
–  Funding calls target areas of significant unmet need or public health priorities
–  Enhancing knowledge of diseases and drive scientific research
–  Allows integration of disparate data, promote learning from others and sharing
    experience

Figure 6-12
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116 countries with a high burden of tuberculosis (Albert et al., 2016; Bill 
& Melinda Gates Foundation, 2012; CDC, 2016). Another public–private 
partnership, the Foundation for Innovative Diagnostics, works with various 
governments and private-sector partners to develop diagnostic tests and 
bring them to market in low- and middle-income countries (FIND, 2021b). 
The foundation’s road map emphasizes developing diagnostics for resistant 
infections, particularly those that cause gonorrhea and chlamydia, as well 
as neonatal sepsis and severe infections in hospitals (FIND, 2021a). 

The committee is not suggesting that the government replicate these 
efforts. Rather, the needed partnership would complement these and other 
programs from development banks, multilaterals, and various regional 
cooperatives (Okeke et al., 2011). As with ACTIV, this would require 
multisite, multi-arm trials of different medical products simultaneously in 
different countries (Murray et al., 2021). This kind of coordinated global 
attention will be essential in trials on resistant pathogens, as the major 
burden of these infections is in low- and middle-income countries. 

There is also already good evidence that the private sector would be 
amenable to joining the type of partnership suggested. The AMR Indus
try Alliance (2019), for example, is a 5-year old coalition of private-sec
tor partners working on solutions to prevent and mitigate antimicrobial 
resistance. This coalition includes generic and innovator pharmaceutical 
companies as well as diagnostics companies and small biotechnology 
firms (AMR Industry Alliance, 2019). Such collaboration is essential to 
One Health progress. For example, reducing manufacturing discharge has 
been an AMR Industry Alliance priority, and something its members have 
collaborated on to identify best practices (AMR Industry Alliance, 2019). 
The AMR Industry Alliance progress report gives attention to access, 
especially access to affordable medicines and diagnostics in low- and 
middle-income countries, as well as access to vaccines and preventive 
products (AMR Industry Alliance, 2020). The Health for Animals industry 
coalition has a similar commitment to the development of animal health 
vaccines, medicines, immune boosters, and development of best practices 
(Health for Animals, 2017). These industry coalitions would be good 
targets for inclusion among the proposed partnership’s private-sector 
contributors. 

The ACTIV model, with its collaborative working groups and strate
gies for streamlined trials, is the best model to coordinate our national 
investment in antimicrobial resistance (Collins and Stoffels, 2020). The 
model is also helpful in avoiding duplication of effort both within the 
United States and internationally. It is easier for one large collabora
tive body to work in close connection with counterpart organizations in 
other parts of the world, including multilaterals and foundations (Col
lins and Stoffels, 2020). This is an area where the NIH and BARDA have 
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developed considerable expertise over the last 18 months, and one that 
could be adapted to speed the development of needed medical products 
to fight antimicrobial resistance. The NIH and BARDA also have valu
able relationships with foreign research efforts, including the European 
Commission’s Joint Programming Initiative on Antimicrobial Resistance 
(JPIAMR, 2021a,b). JPIAMR (2021a,b) aims to coordinate research and 
encourage collaborative action against antimicrobial resistance among its 
member countries, mostly in Europe, and internationally. Continuing and 
building on such collaborative relationships would be an important role 
for the partnership envisioned in this recommendation. 

There is also a need to balance investments in antimicrobial resis
tance across new medicines, diagnostics, and preventive products. Some 
products have considerable market potential that the private sector will 
recognize; not all products need the same level of government investment 
in development. Determining the right balance of investments across 
product types is challenging and would benefit from explicit public dis
cussion of the sort a prominent public–private partnership could engen
der. BARDA and the NIH have experience managing this discussion as 
they have perspective on what society’s relative investment is in small-
molecule therapeutics. The Department of Defense (DOD) would also 
provide valuable perspective, drawing from its experience in medicines, 
diagnostics, and vaccines to treat infectious diseases (USAMRIID, 2021). 
The DOD has experience with some of the nontraditional therapies for 
resistant infections. Phage therapy, for example, has received relatively 
greater attention in military medicine than in other practice settings, 
including recent funding for clinical trials of phage therapy (Clevenger, 
2020; Gelman et al., 2018; Trudil, 2015). 

It will also be important to the One Health orientation of this strat
egy to include the Environmental Protection Agency (EPA) and the U.S. 
Department of Agriculture (USDA) among the partnership’s convening 
agencies. The EPA has programs to fund small business to produce inno
vative technologies for use in environmental monitoring, water remedia
tion, and viral decontamination; it also provides for cooperative research 
and development agreements and technology transfer (EPA, 2021). It 
would also be important to involve the EPA in the development of any 
product that might be used on crops or in water. Similarly, USDA (2014) 
has an agency action plan on antimicrobial resistance that calls for the 
development of alternatives to antimicrobials and other mitigating tech
nologies. When the discussion turns to the optimal balance of spending 
across a range of innovative products, the involvement of government 
experts from the range of One Health disciplines will be crucial. 

Global, coordinated efforts were helpful in streamlining supply 
chains and procurement for COVID-19 diagnostics (Peplow, 2020; The 
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Rockefeller Foundation, 2020). There were transferable lessons learned 
in responding to COVID-19 that would apply to the problem of antimi
crobial resistance. For example, rapid portable tests that do not rely on 
laboratory infrastructure similar to those developed for COVID-19 would 
be essential for fighting infections in low- and middle-income countries 
(WHO, 2020). 

A global, cooperative approach to product development could also 
have the advantage of easing regulatory review. This could be important 
for animal preventive products for which the regulatory barriers among 
countries can vary widely, and for alternative therapies (e.g., bacterio
phages) that may require novel regulatory review (Czaplewski et al., 2016; 
Hauser et al., 2016; Nwokoro et al., 2016; Rex et al., 2014). Licensing and 
deploying new diagnostics are also serious challenges in low- and middle-
income countries, where the regulatory systems and product distribution 
chains are not necessarily designed to handle these products (Peeling and 
Mabey, 2010). The ACTIV partnership had strategies to speed regulatory 
review across its international collaborating centers, mainly by sharing 
regulator’s questions and coordinating regulatory submissions (Murray 
et al., 2021). The experience with COVID-19 prompted a statement from 
the International Coalition of Medicines Regulatory Authorities (ICMRA, 
2020) stating its commitment to aligning regulatory requirements and col
laborating on accelerated approvals, taking advantage of the opportunity 
“to advance regulatory understanding and convergence.” 
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The National Action Plan for Combating
 
Antibiotic-Resistant Bacteria
 

The need for a coordinated and cohesive approach to preventing, 
detecting, and controlling infections related to antimicrobial-resistant 
pathogens is a national and international concern. The need was the basis 
of the 2015 World Health Assembly resolution on antimicrobial resistance, 
which encouraged countries to develop national action plans and to col
laborate with other countries in their implementation (Shallcross and 
Davies, 2014). This chapter describes the U.S. government’s work since 
2015 to combat antimicrobial resistance in the United States and interna
tionally. To advance this analysis, the committee commissioned the Center 
for Infectious Disease Research and Policy (CIDRAP) at the University of 
Minnesota to review agencies’ progress against the National Action Plan 
for Combating Antibiotic-Resistant Bacteria 2015–2020. This chapter will first 
review this action plan, its goals, and its implementation. Next, it will 
review the Government Accountability Office (GAO) report on progress 
made with regard to antibiotic resistance and human health. The follow
ing section reviews the CIDRAP commissioned analysis. The last section 
of the chapter discusses the recently released National Action Plan for 
Combating Antibiotic-Resistant Bacteria 2020–2025, including the new objec
tives and milestones set for the federal government over the next 5 years. 
The chapter concludes with a brief assessment of progress made by the 
federal government in preventing, controlling, and treating antimicrobial 
resistance in the United States and around the world and identifies the 
major challenges the agencies have encountered in this work. 
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  Create a regional public health laboratory network to strengthen national 

capacity to detect resistant bacterial strains and a specimen repository to 
facilitate development and evaluation of diagnostic tests and treatments. 

  Expand and strengthen the national infrastructure for public health surveil
lance and data reporting, and provide incentives for timely reporting of 
antibiotic resistance and antibiotic use in all health care settings. 

  Develop, expand, and maintain capacity in state and federal veterinary 
and food safety laboratories to conduct antibiotic susceptibility testing and 
characterize select zoonotic and animal pathogens. 
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THE 2015 NATIONAL ACTION PLAN
 

In September 2014, the White House released a National Strategy for 
Combating Antibiotic-Resistant Bacteria (The White House, 2014). This 
document identified the federal government’s priorities to prevent, detect, 
and control outbreaks of resistant pathogens recognized by the Centers 
for Disease Control and Prevention (CDC) as urgent or serious threats 
(The White House, 2014). The strategy also put considerable emphasis 
on the continued availability of effective therapies for the treatment of 
bacterial infections and the ability to detect and control emerging resistant 
pathogens in humans and animals (The White House, 2014). Box 7-1 lists 
the goals and objectives set out in the first national strategy document, 
goals that were further divided into subobjectives and milestones for the 
first, third, and fifth years of the plan. 

BOX 7-1  
Five Goals and Objectives of the National Strategy  

for Combating Antibiotic-Resistant Bacteria  

1.	 Slow the emergence of resistant bacteria and prevent the spread of resistant 
infections. 
1.1	 I mplement public health programs and reporting policies that advance  

antibiotic-resistance prevention and foster antibiotic stewardship in health 
care settings and the community. 

1.2	 Eliminate the  use of medically important antibiotics for growth promotion in  
food-producing animals, and bring other agricultural uses of antibiotics, for 
treatment, control, and prevention of disease, under veterinary oversight. 

1.3	 Identify and implement measures to foster stewardship of antibiotics in 
animals. 

2.	 Strengthen national One Health surveillance efforts to combat resistance. 
2.1	 

2.2	 

2.3	 

2.4	 Enhance monitoring of antibiotic-resistance patterns, as well as antibiotic 
sales, usage, and management practices, at multiple points in the produc
tion chain for food animals and retail meat. 

3.	 Advance development and use of rapid and innovative diagnostic tests for 
identification and characterization of resistant bacteria. 
3.1	 De velop and validate new diagnostics—including tests that rapidly dis

tinguish between viral and bacterial pathogens and tests that detect an
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BOX 7-1 Continued 

tibiotic resistance—that can be implemented easily in a wide range of 
settings. 

3.2	 Expand availability and use of diagnostics to improve treatment of antibiotic-
resistant infections, enhance infection control, and facilitate outbreak detec
tion and response in health care and community settings. 

4.	 Accelerate basic and applied research and development for new antibiotics, 
other therapeutics, and vaccines. 
4.1	 Conduct research to enhance understanding of en vironmental factors  

that facilitate the development of antibiotic resistance and the spread of 
resistance genes that are common to animals and humans. 

4.2	 Increase research f ocused on understanding the nature of microbial com
munities, how antibiotics affect them, and how they can be harnessed to 
prevent disease. 

4.3	 Intensify research and de velopment of new therapeutics and vaccines, 
first-in-class drugs, and new combination therapies for treatment of bacte
rial infections. 

4.4	 De velop nontraditional therapeutics and innovative strategies to minimize 
outbreaks caused by resistant bacteria in human and animal populations. 

4.5	 Expand ongoing efforts to provide key data and materials to support the 
development of promising antibacterial drug candidates. 

5.	 Improve international collaboration and capacities for antibiotic-resistance pre
vention, surveillance, control, and antibiotic research and development. 
5.1	 Promote labor atory capability to identify at least three of the seven WHO 

priority antimicrobial-resistant pathogens using standardized, reliable de
tection assays. 

5.2	 Collabor ate with WHO, OIE, and other international efforts focused on 
the development of integrated, laboratory-based surveillance to detect  
and monitor antibiotic-resistance in relevant animal and human foodborne 
pathogens. 

5.3	 De velop a mechanism for international communication of critical events 
that may signify new resistance trends with global public and animal health  
implications. 

5.4	 Promote the gener ation and dissemination of information needed to ef
fectively address antibiotic resistance. 

5.5	 Estab lish and promote international collaboration and public–private part
nerships to incentivize development of new therapeutics to counter anti
biotic resistance including new, next-generation, and other alternatives 
to antibiotics, vaccines, and affordable, rapidly deployable, point-of-need 
diagnostics. 

5.6	 Suppor t countries to develop and implement national plans to combat  
antibiotic resistance and strategies to enhance antimicrobial stewardship. 

5.7	 P artner with other nations to promote quality, safety, and efficacy of anti
biotics and strengthen their pharmaceutical supply chains. 

5.8	 Co ordinate regulatory approaches by collaborating with international orga
nizations such as FAO and OIE to harmonize international data submis
sion requirements and risk assessment. 

SOURCE: The White House, 2014. 
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The National Action Plan for Combating Antibiotic-Resistant Bacteria 2015–
2020 (hereafter, the 2015 action plan), provided agencies with a road map 
to achieve the goals shown in Box 7-1 (The White House, 2015). The 2015 
action plan also included national targets, as determined by the CDC, 
that the plan aimed to achieve by 2020. These targets were categorized 
as responding to CDC-recognized urgent threats and CDC-recognized 
serious threats (see Box 7-2). These quantitative targets were intended to 
reduce the incidence of threats to both human and animal health, particu
larly for carbapenem-resistant Enterobacterales, methicillin-resistant Staph
ylococcus aureus, and Clostridioides difficile. For each goal in the action plan, 
there are several (two to six) expected outcomes that might reasonably fol
low the achievement of the cited milestones. Several of these outcomes are 
quantitative, such as a percentage reduction in inappropriate antibacterial 
prescriptions (The White House, 2015). But most of the expected outcomes 
listed are process outcomes, such as developing a global database to col
lect information on antimicrobial use in animals (The White House, 2015). 

BOX 7-2  
National Targets to Combat Antimicrobial-Resistant Bacteria  

CDC-Recognized Urgent Threats 

•	 Reduce by 50 percent the incidence of overall Clostridioides difficile infec
tion compared to estimates from 2011. 

•	 Reduce by 60 percent carbapenem-resistant Enterobacterales infections 
acquired during hospitalization compared to estimates. 

•	 Maintain the prevalence of ceftriaxone-resistant Neisseria gonorrhoeae 
below 2 percent compared to estimates from 2013. 

CDC-Recognized Serious Threats 

•	 Reduce by 35 percent multidrug-resistant Pseudomonas spp. infections 
acquired during hospitalization compared to estimates from 2011. 

•	 Reduce by at least 50 percent overall methicillin-resistant Staphylococcus 
aureus bloodstream infections by 2020 as compared to 2011. 

•	 Reduce by 25 percent multidrug-resistant nontyphoidal Salmonella infec
tions compared to estimates from 2010–2012. 

•	 Reduce by 15 percent the number of multidrug-resistant tuberculosis 
infections. 

•	 Reduce by at least 25 percent the rate of antibiotic-resistant invasive pneu
mococcal disease among < 5-year-olds compared to estimates from 2008. 

•	 Reduce by at least 25 percent the rate of antibiotic-resistant invasive pneu
mococcal disease among > 65-year-olds compared to estimates from 2008. 

SOURCE: The White House, 2015. 



 

    
 

 
 
 

 
 
 

 
  

 

 
 

        
 

           
 
 
 

    
       

  
 
 

          
       

  
 

       

 
 

305 COMBATING ANTIBIOTIC-RESISTANT BACTERIA 

The 2015 action plan also created a federal government task force, co-
chaired by the secretaries of defense, agriculture, and health and human 
services, charged with monitoring progress against cited goals and objec
tives and updating the president on their progress every year (The White 
House, 2015). The action plan also set out 230 milestones, spread among 
each of the five goals to be achieved in the first, third, or last year of the 
plan (Moore, 2021). 

Federal agencies identified in the action plan include the Department 
of Health and Human Services (HHS) and its agencies,1 the Department of 
Defense (DOD), the Department of Veterans Affairs (VA), the U.S. Depart
ment of Agriculture (USDA),2 the Environmental Protection Agency 
(EPA), the U.S. Agency for International Development (USAID), and the 
Department of State (The White House, 2015). Many of the milestones 
in the 2015 action plan require collaboration among agencies or depart
ments. For example, subobjective 4.1.2 states that within 1 year “FDA, 
USDA, CDC, and NIH will bring together experts in food production, 
agriculture, and public health to encourage collaborative research—from 
basic research to clinical testing—on antibiotic resistance” (The White 
House, 2015, p. 42). However, such milestones are vague, subject to inter
pretation, and lack a defined or measurable outcome against which to 
determine success. Furthermore, for many of the targets outlined in Box 
7-2, it is not evident that there are baseline measures against which the 
targets could be measured. 

Some of the cited goals and milestones require input and dissemina
tion from professional associations such as the American Veterinary Medi
cal Association and various state and regional organizations. The 2015 
action plan also sets specific milestones for some states, as well as Puerto 
Rico and the District of Columbia (The White House, 2015). Finally, many 
of the federal agencies are called on to work with multilaterals such as 
the World Health Organization (WHO), the Food and Agriculture Orga
nization of the United Nations, and the World Organisation for Animal 
Health to develop a variety of databases, systems, and capacities to meet 
the action plan goals (The White House, 2015). 

Many of the milestones in the 2015 action plan involve data track
ing and sharing and laboratory surveillance or goals that depend on 
coordinated effort across government agencies and at various levels (i.e., 
federal, state, county) (The White House, 2015). This need for coordina

1 Including the Centers for Medicare & Medicaid Services (CMS), the Centers for Disease  
Prevention and Control (CDC), the  Agency for Healthcare Research and Quality (AHRQ),  
the Food and Drug  Administration (FDA), the National Institutes of Health (NIH), and the  
Biomedical  Advanced Research  and  Development  Authority  (BARDA). 

2 Including the  Animal and Plant Health Inspection Service, the  Agricultural Research  
Service,  and  the  Food  Safety  Inspection  Service.  
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tion is reflected across the 2015 action plan. For example, under the goal 
of strengthening One Health surveillance, there were milestones on inte
grating data from the National Healthcare Safety Network, the Emerging 
Infections Program, the National Antimicrobial Resistance Monitoring 
System, the National Animal Health Monitoring System, the National 
Animal Health Laboratory Network, and the Veterinary Laboratory Inves
tigation and Response Network. The advancing of One Health surveil
lance was also tied to the creation of a regional network of public health 
laboratories with standardized methods for testing, and monitoring anti
microbial sales, use, and emerging resistance across the food production 
system (The White House, 2015). 

The agencies implementing the 2015 action plan published regular 
progress reports (USTFCARB, 2017, 2018, 2019). These progress reports 
summarize the major activities advancing the 2015 action plan, but not 
information on specific milestones. 

GOVERNMENT ACCOUNTABILITY OFFICE REPORTS 

Between 2017 and 2020, GAO reviewed the progress of federal agen
cies against the 2015 action plan. The 2020 report looked closely at CDC’s 
surveillance work, as well as federal efforts to encourage diagnostic 
testing, the development of new treatments for resistant infections, and 
the promotion of antimicrobial stewardship (GAO, 2020). GAO (2017) 
reviewed the use of medically important antimicrobials in animal agri
culture in a 2017 report. 

Key Findings from the Government Accountability Office 2020 Report 

After reviewing relevant literature and interviewing involved offi
cials, the GAO report summarized the progress the various agencies had 
made against their milestones. The report noted four important chal
lenges the agencies faced in implementing the action plan. First, despite 
expanded surveillance, the CDC still faces an uphill battle in measuring 
the magnitude of the problem (GAO, 2020). Despite expanding surveil
lance for its priority bacteria via collaborative systems with state and 
local health partners, the report concluded, “[T]he precise magnitude 
and trend in antibiotic resistance are unknown” (GAO, 2020). A lack of 
a central surveillance system is part of the problem, as various divisions 
at the CDC are responsible for tracking different infections and diseases. 
In response to the 2015 action plan, the CDC has established several new 
networks to assess the scope of antimicrobial resistance such as the Anti
biotic Resistance Laboratory Network in 2016, the Emerging Infections 
Program, and the Enhanced Gonococcal Isolate Surveillance Program. 
Nevertheless, hospital participation in the National Healthcare Safety 
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Network was found to be low and the resistant gonorrhea surveillance 
system perhaps not representative of the general population (GAO, 2020). 
GAO also found that testing for resistance in clinical practice is often not 
up to date and laboratories may report only the interpretation of a test 
(e.g., pathogen susceptible or resistant to antimicrobial) rather than the 
more useful quantitative test results (GAO, 2020). The report also com
mented on the difficulties the CDC faces in assembling accurate data for 
prompt inclusion in its Threats Reports (GAO, 2020). 

The report also commented on the challenges associated with diag
nostic testing, emphasizing the need for rapid, point-of-care tests, espe
cially for resistant gonorrhea and resistant Campylobacter (GAO, 2020). 
Rapid tests to distinguish viral from bacterial infections are also urgently 
needed and called for in the 2015 action plan. To this end, both HHS and 
DOD are investing in diagnostics development (GAO, 2020). Many of 
HHS’s efforts, via NIH and BARDA, are focused on supporting the fed
eral biopharmaceutical accelerator program, CARB-X (officially, Combat
ing Antibiotic-Resistant Bacteria Biopharmaceutical Accelerator) (GAO, 
2020). GAO found that despite supporting important research and reduc
ing duplicative research funding, HHS had not given sufficient attention 
to the managing of clinical outcomes research, something “important for 
encouraging the use of diagnostic tests for antibiotic resistance, among 
other things, because such studies can demonstrate the benefits of those 
tests” (GAO, 2020, p. 38). FDA also has a role in advancing diagnostic test
ing. The report commended FDA on its efforts to recognize the Clinical 
and Laboratory Standards Institute’s interpretive criteria for antimicrobial 
susceptibility testing (information that companies rely on to bring new 
tests to market), a topic discussed further in Chapter 5 (GAO, 2020). FDA 
has also made some gains in determining whether laboratories are using 
up-to-date criteria for susceptibility testing (GAO, 2020). 

The GAO report commented on the dearth of antibacterial classes 
available to treat resistant infections, finding the current drug pipeline to 
be insufficient, possibly because of the cost of antimicrobial development 
and regulatory barriers (GAO, 2020). The relatively low cost of many 
antibiotics, their use for short periods of time, and the often small number 
of patients who require them are all disincentives for companies to invest 
in the field. FDA commented on the additional challenges of conduct
ing clinical trials, demonstrating clinical value, and gaining approval 
for multiple indications, all topics discussed in Chapter 6. Overall, GAO 
found these incentives to be inadequate. HHS did not agree, however, that 
post-market financial rewards should be paid for the development of new 
antimicrobials (GAO, 2020). 

The GAO report also gave some attention to antimicrobial steward
ship programs. It found the Centers for Medicare & Medicaid Services 
(CMS), DOD, and the VA had strengthened stewardship in hospitals and 
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nursing homes. CMS incentives for appropriate clinical use of antimicro
bials were also well received, as were Agency for Healthcare Research 
and Quality (AHRQ) and CDC stewardship guidance documents (GAO, 
2020). Based on its analysis, GAO made eight recommendations on how 
to improve progress against the goals and objectives of the 2015 action 
plan, shown in Box 7-3 (GAO, 2020). 

Key Findings from the Government Accountability Office 2017 Report 

The 2017 GAO report on the use of pharmaceuticals in animals found 
that since the agency’s previous report in 2011 FDA had increased veteri
nary oversight of antimicrobials and was engaged in promising work on 
label changes for veterinary antimicrobials, though these changes were 

BOX 7-3   
GAO Recommendations for Improving   
Progress on the National Action Plan  

1.	 The CDC should determine participation rates and distribution needed in the 
Antibiotic Resistance Option of the National Healthcare Safety Network for 
conducting regional and national assessments of antibiotic resistance of public 
health importance. 

2.	 The CDC should ensure its evaluation of its surveillance system for antibiotic-
resistant gonorrhea includes measures of its representativeness, using spe
cially designed studies if needed. 

3.	 The CDC should provide information on uncertainties for antibiotic resistance 
estimates in its consolidated Threats Reports, including standard errors or 
confidence intervals, as appropriate. 

4.	 The CDC should plan for timely, consolidated reports of antibiotic resistance in 
priority pathogens at regular intervals. 

5.	 HHS should identify leadership and clarify roles and responsibilities among 
HHS agencies to assess the clinical outcomes of diagnostic testing for identify
ing antibiotic-resistant bacteria. 

6.	 The FDA Center for Devices and Radiological Health should conduct additional 
monitoring and evaluation of the status of FDA-authorized tests that rely on 
breakpoints, on a regular basis, to determine whether test manufacturers are 
updating breakpoints. 

7.	 HHS should develop a strategic framework to further incentivize the develop
ment of new treatments for antibiotic-resistant infections, including the use of 
postmarket financial incentives, and make recommendations to Congress for 
necessary authority. 

8.	 The CARB Task Force should include in its annual updates plans for addressing 
any barriers preventing full implementation of the national action plan and, as 
appropriate, make recommendations for new or modified actions. 

SOURCE: Adapted from GAO, 2020, reprinted with permission. 
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not fully implemented in 2017 (GAO, 2017). The report also described 
joint efforts by FDA and USDA to improve data collection on antimicro
bial use and resistant infections in food-producing animals. To a similar 
end, the report reiterated a 2011 recommendation that HHS and USDA 
monitor antimicrobial use and resistance on farms, noting that neither 
FDA nor USDA’s Animal and Plant Health Inspection Service “have met
rics to assess the impact of actions they have taken, which is inconsistent 
with leading practices for performance measurement” (GAO, 2017). 

The GAO report commented on a lack of a clear framework to deter
mine when farm-level investigations of foodborne illnesses would be 
necessary, suggesting that the CDC, USDA, and other stakeholders coor
dinate to develop such guidance and identify factors that contribute to or 
cause foodborne illness including illnesses caused by resistant pathogens 
(GAO, 2017). Box 7-4 shows the recommendations from the 2017 GAO 
report. 

BOX 7-4  
GAO Recommendations on the Use of Medically  

Important Drugs in Food Animals  

The Secretary of Health and Human Services should direct the commissioner 
of FDA to take the following three actions: 

•	 Develop a process, which may include time frames, to establish appropri
ate durations of use on labels of all medically important antibiotics used 
in food animals. 

•	 Establish steps to increase veterinary oversight of medically important 
antibiotics administered in routes other than feed and water, such as injec
tions and tablets. 

•	 Develop performance measures and targets for actions to manage the use 
of antibiotics such as revising the veterinary feed directive and developing 
guidance documents on judicious use. 

The Secretary of Agriculture should take the following actions: 

•	 Direct the administrator of the Animal and Plant Health Inspection Ser
vice (APHIS) to develop performance measures and targets for collecting 
farm-specific data on antibiotic use in food animals and antibiotic-resistant 
bacteria in food animals. 

•	 Direct the administrator of APHIS and the administrator of the Food Safety 
Inspection Service (FSIS) to work with the director of the CDC to develop 
a framework for deciding when on-farm investigations are warranted dur
ing outbreaks. 

SOURCE: GAO, 2017, reprinted with permission. 
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FEDERAL GOVERNMENT IMPLEMENTATION
 
OF THE 2015 NATIONAL ACTION PLAN
 

To better understand agencies’ successes and failures in implementing 
the 2015 national action plan, the committee commissioned an independent 
analysis from CIDRAP. This analysis is available as an online supplement 
at https://www.nap.edu/resource/26350/Background_Analysis.pdf. 

After review of publicly available progress reports and consultation 
with agency staff, the CIDRAP analysis found that, according to the agen
cies’ self-assessments, 93 percent of the 230 milestones laid out in 2015 
action plan were completed successfully and on time, while 2.5 percent 
were partially completed, another 2.5 percent still in progress, and only 2 
percent not achieved (Moore, 2021) (see Table 7-1). The committee cautions 
that interpretation of this seemingly exceptional success should be care
fully qualified. The number of agencies involved and the number of actions 
assigned to them made it necessary for CIDRAP investigators to rely heav-

TABLE 7-1 
Summary of Federal Agency 2015 Action Plan Milestones and Progress Toward 
Achieving Them 

Agency 
Total 
Milestonesa  Completed 

Partially 
Complete In Progress Not Achieved 

HHS 28 26 — 1 1 

BARDA 13 13 — — — 

CDC 92 89 2 — 3 

CMS 14 11 1 1 1 

FDA 56 54 — 3b — 

NIH 34 34 — — — 

DOD 32 30 1 1 

EPA 2 1 — — —c 

USAID 10 10 — — — 

USDA 57  53  2 3b  — 

VA 4 4 — — — 

a Many of the milestones involved participation by more than one agency, so the total number of milestones 
presented in this table exceeds the 230 milestones in the 2015 action plan because of the overlap among 
agencies (Moore, 2021) 
b For milestones that are in progress, USDA and FDA milestones overlap, so there are only three different 
milestones for these two agencies, giving a total of six milestones that were in progress at the time of this 
report (Moore, 2021). 
c This applies to the following milestone under Goal 4, Objective 4.1: “On an annual basis: HHS, NIH, FDA, 
USDA, CDC, DOD, and EPA will conduct a review to ensure that U.S. government research resources are 
focused on high-priority antibiotic resistance issues (including basic research on the emergence and spread 
of resistance genes) and facilitate use of advanced technologies in research on antibiotic resistance (e.g., 
whole genome sequencing, proteomics, metagenomics, structural biology, bioinformatics).” The EPA had 
a minor role in the 2015–2020 action plan and did not have a research agenda or budget for antimicrobial 
resistance-related activities; therefore, no annual review was undertaken because no resources were focused 
on antimicrobial resistance. As result, CIDRAP decided to classify this milestone as “not applicable” for the 
EPA. This milestone was completed for all of the other federal agencies listed, so this milestone was catego
rized as completed in the overall table 

SOURCE: Moore, 2021. 

https://www.nap.edu/resource/26350/Background_Analysis.pdf
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ily on the agency staffs’ own analysis of their progress. This is not, therefore, 
an impartial analysis. It is likely that a disinterested observer could reach 
different conclusions regarding how well agencies had implemented the 

TABLE 7-2 
Summary of Federal Agencies Progress and Challenges Implementing the 
National Action Plan for Combating Antimicrobial-Resistant Bacteria 2015–2020 

Agency Selected Agency Accomplishments for 2015–2020 

HHS • Assistant Secretary for Planning and Evaluation has coordinated    
the federal CARB Task Force 

• Implemented Global Action Plan on Antimicrobial Resistance 
• Released the AHRQ Safety Program for Long-Term Care: 

Preventing Catheter-Associated Urinary Tract Infections and 
Other Hospital-Associated Infections 

BARDA • Cosponsored Combating Antibiotic-Resistant Bacteria 
Biopharmaceutical Accelerator (CARB-X); success of CARB-X 
demonstrated by FDA approval of three antibiotics whose 
development was supported by BARDA 

CDC • Antibiotic Resistance Laboratory Network has expanded testing 
for pathogens, colonization testing, and use of whole genome
sequencing  

• CDC and FDA Antibiotic Resistance Isolate Bank 
• New communication activities such as the “Be Antibiotics Aware” 

national awareness program for health care providers and public 
• Increased support for laboratory and response capacities to 

health departments across the nation 

CMS • Published a final rule in 2016, “Medicare and Medicaid Programs: 
Reform of Requirements for Long-Term Care Facilities” (81 FR 68688)    

• Finalized new regulations in 2019 that require hospitals to develop and 
implement antibiotic stewardship programs    

FDA • CDC and FDA Antibiotic Resistance Isolate Bank 
• Developed and implemented a strategy with a voluntary approach 

with relation to the use of medically important pharmaceuticals in 
food-producing animals for growth promotion, resulting in the 
Veterinary Feed Directive Final Rule and follow-upactivities 

• Initiatives to streamline FDA’s work such as a review of susceptibility 
devices to help in rapid detection of resistance, a website that helps 
streamline the review criteria, and guidance on coordinated 
development, which allows sponsors to approach FDA early so 
their devices are available when a drug is approved 

NIH • Launched (with BARDA) the National Database of Antibiotic
 Resistant Organisms   

• Cosponsored the Antimicrobial Resistance Diagnostic Challenge 
• Cosponsored creation of CARB-X 
• Expanded and strengthened the Antibiotic Resistance Leadership 

Group    
• Completing several clinical trials to inform optimal use of existing    

antibiotics 
• Supported the development of nontraditional therapeutics such 

as phage therapy, antivirulence inhibitors, monoclonal antibodies,
and microbiome-based approaches 
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TABLE 7-2 Continued 

Agency Selected Agency Accomplishments for 2015–2020 

DOD • Created a centralized laboratory network for early identification of 
   emerging threats 
• Implemented a mobile web application for clinicians on antimicrobial 
   stewardship 
• Established Antimicrobial Stewardship Program Working Group to 

oversee the EpiData Center, Multidrug-Resistant Organism Repository 
& Surveillance Network, and the Pharmacovigilance Center 

EPA • Using the National Aquatic Resource Surveys program to look 
 at antimicrobial resistance in surface water and generate national
 maps on antimicrobial resistance 

  
  
• Entered formal agreement to work with National Antibiotic 

Resistance Monitoring System, including the formation of 
National Antibiotic Resistance Monitoring System environmental
working group 

   
   
   

USAID • Provided support for countries to develop and implement national 
multisectoral antimicrobial resistance strategies or national action plans 

• Strengthened infection prevention and control measures by 
development and strengthening of national infection prevention and 
control committees, national infection prevention and control action 
plans, and national infection prevention and control committees, 
national infection prevention and control action plans, and national 
infection prevention and control standards 

• Supported Infection Prevention and Control Assessment Framework 
   assessments at 111 facilities 
• Supported the Clean Clinic Approach, a quality improvement strategy 

to strengthen water sanitation and hygiene in health facilities in 
   partner countries 
• Provided technical assistance, training, and commodities to 

strengthen laboratory capacity to detect antimicrobial resistance, 
including in large poultry markets 

• Supported development of antimicrobial stewardship plans and 
activities that promote appropriate antibiotic use 

• Provided support in 25 countries to strengthen the timely diagnosis 
and appropriate case management of severe bacterial infections 

• Developed the Medicines Quality Database, a free, web-based
   internationally referenced database 

USDA • Conducted National Animal Health Monitoring System surveys in U.S. 
 feedlots and swine operations in 2017   

• Established the National Animal Health Laboratory Network 
• Expanded antimicrobial resistance testing by including more 
 commodities (e.g., chickens) and initiating the cecum sampling program   

• Provided National Veterinary Accreditation Program modules for 
 veterinarians   

• USDA National Institute of Food and Agriculture funded research, 
extension, and education activities through the USDA Agriculture and 
Food Research Initiative Programs and Hatch Multistate projects 

   
   
• Conducting whole genome sequencing for National Antibiotic 

Resistance Monitoring System and published data in National Database 
of Antibiotic-Resistant Organisms in near real time 

   
   

VA  • Implemented functional stewardship programs at all VA centers 
• All VA facilities are reporting antibiotic use data to CDC 

NOTE: AHRQ = Agency for Healthcare Research and Quality; BARDA = Biomedical Advanced Research and 
Development Authority; CDC = Centers for Disease Control and Prevention; CMS = Centers for Medicare & 
Medicaid Services; DOD = U.S. Department of Defense; EPA = U.S. Environmental Protection Agency; FDA 
= U.S. Food and Drug Administration; HHS = U.S. Department of Health and Human Service; NIH = National 
Institutes of Health; USAID = U.S. Agency for International Development; USDA = U.S. Department of 
Agriculture; VA = U.S. Department of Veterans Affairs. 
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2015 action plan and, more importantly, if the work was effective at advanc
ing the plan's ultimate goals. 

Table 7-2 lists selected highlights of each agency’s accomplishments 
in this time. 

Readers seeking more detail should consult the CIDRAP final report in 
the online supplement  available at https://www.nap.edu/resource/26350/ 
Background_Analysis.pdf. 

Agencies’ Self-Reported Key Challenges 

The CIDRAP analysis, which relied heavily on agencies’ self-reporting, 
found that few agencies had indicated substantial challenges in achiev
ing the assigned milestones under the 2015 action plan and that the vast 
majority were accomplished on time (Moore, 2021). This finding was not 
accompanied by independent confirmation of agencies’ progress, however. 

The committee found the CIDRAP analysis to be helpful in summa
rizing the various agencies’ milestones and their activities in response 
to the 2015 action plan and appreciates that obtaining data to measure 
actual progress toward the agencies’ milestones would be difficult and 
labor intensive. Nevertheless, such data would highlight areas where 
more work is needed. It would also allow for better clarity as to which 
milestones are relatively straightforward and which ones are difficult. 
While the CIDRAP report provides an overview of agencies’ activities in 
response to the 2015 action plan, its reliance on self-reporting and agency 
review could have introduced considerable bias into its findings. This 
analysis gives good insight into the scope of the work agencies took on in 
response to the 2015 action plan, but it is not an independent assessment 
of their work or achievements. 

The CDC, for example, indicated that it has accomplished 89 of its 
92 milestones and reported only 2 milestones as incomplete (conducting 
two randomized control trials to prevent the spread of multidrug-resistant 
tuberculosis) (Moore, 2021). The CDC was to establish up to 10 new sites 
to monitor drug-resistant pathogens as part of its Emerging Infections 
Program. The agency was not able to expand the program, however, citing 
limited resources, although it did increase the number of pathogens being 
reported by existing sites (Moore, 2021). This raises other questions, such as 
how and when expansion would proceed if funding were to become avail
able, or what steps might be taken to ensure a representative cross-section 
of sites was chosen. 

CMS participants noted that although the agency expanded require
ments on antibiotic stewardship to hospitals as of 2019, it had not expanded 
the conditions of participation for dialysis centers, ambulatory surgery 
centers, and other sites. No explanation for the lack of expansion was 

https://www.nap.edu/resource/26350/Background_Analysis.pdf
https://www.nap.edu/resource/26350/Background_Analysis.pdf
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given (Moore, 2021). Similarly, CMS efforts to monitor antimicrobial use 
through changes to the Inpatient Quality Reporting rules of the National 
Healthcare Safety Network were described as incomplete because “other 
issues [took] priority,” but the respondents indicated that a formal rule 
may not be necessary if voluntary participation were good (Moore, 2021). 
It would be helpful to understand how the success of voluntary reporting 
was evaluated or what criteria might be used to determine if a reporting 
rule were necessary. 

The DOD Chemical Biological Defense Program and the Defense 
Threat Reduction Agency were meant to fund a new antimicrobial to the 
investigational new drug stage but did not as its lead candidate failed 
toxicological studies (Moore, 2021). 

USDA indicated that, as of spring 2021, two of its milestones were 
still in progress and two were partially complete. These involved imple
mentation research on antimicrobial stewardship on farms and how the 
2017 Veterinary Feed Directive changed practices. After initial surveys in 
2016, a funding lapse prevented further work (Moore, 2021). The COVID
19 pandemic also prevented some monitoring of changes in antimicrobial 
stewardship in livestock (Moore, 2021). 

USDA was also called on to provide veterinary accreditation training 
modules for use in low- or middle-income countries. This training would 
increase ability to monitor resistance and report outbreaks to the WHO and 
other stakeholders. USDA reported this task as partially completed. Despite 
having translated training materials into Spanish, it has not had funding to 
translate training materials into other languages (Moore, 2021). 

NATIONAL ACTION PLAN FOR COMBATING
 
ANTIBIOTIC-RESISTANT BACTERIA, 2020–2025
 

The National Action Plan for Combating Antibiotic-Resistant Bacteria,
2020–2025 (hereafter, the 2020 action plan) builds on the 2015–2020 
action plan (FTF CARB, 2020). The 2015 action plan required federal 
and local departments and agencies and their partners to establish pro
cesses, especially processes for collaboration among agencies, with the 
private sector, and internationally, and set baseline measures. The 2020 
action plan builds on the successes of the 2015 action plan and lays out 
a strategy for combating antibiotic resistance over the next 5 years. The 
goals of the 2020 action plan mirror the five goals of the 2015 action 
plan, but with updated targets and objectives to reflect the progress and 
challenges of the prior plan. Box 7-5 summarizes how the 2020 action 
plan will work. 

The 2020 action plan has a greater One Health emphasis, though this 
does not translate, for example, into a greater role for the EPA (PCAST, 
2020). The committee also notes that the relationship between climate 
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change and antimicrobial resistance is not mentioned in the 2020 action 
plan, a serious concern given the potential for direct effects on water, soil, 
agriculture, and livestock. Climate change could also provoke migra
tion of humans, their domestic animals, and wildlife, which will have 
implications for the spread of microbial pathogens (Podesta, 2019; Rojas-
Downing et al., 2017; Seebacher and Post, 2015). A One Health orientation 
to the problem can be challenging to put into practice, but more explicit 
attention to the ways in which various agencies’ work may be influenced 
by climate change could help make this One Health framework more 
concrete. 

Implementing the 2020 Action Plan 

The 2020 action plan clearly lays out future challenges inherent to 
the global problem of antimicrobial resistance. Box 7-6 shows some of the 
challenges to reaching these goals, many informed by the experience of 
implementing the 2015 action plan. 

Addressing the challenges shown in Box 7-6 requires an understand
ing of what outcomes will be most useful in determining success and 
how those outcomes will be measured. Many of the action plan’s targets 
already have measurable outcomes for federal agencies, and each agency 
or department is to report progress on meeting its outcomes on an annual 

BOX 7-5  
Building Off the Previous 5-Year Action Plan  

The National Action Plan for Combating Antibiotic-Resistant Bacteria 2020– 
2025 cites ways it will build off the previous 5-year action plan, including: 

•	 Expanding evidence-based activities that have already been shown to 
reduce antibiotic resistance, such as optimizing the use of antibiotics in 
human and animal health settings; 

•	 Continuing to prioritize infection prevention to slow the spread of resistant 
infections and reduce the need for antibiotic use; 

•	 Supporting innovative approaches to developing and deploying diagnostic 
tests and treatment strategies; 

•	 Emphasizing a One Health approach that recognizes the relationships 
between the health of humans, animals, plants, and the environment; and 

•	 Collecting and using data to better understand where resistance is oc
curring, supporting the development of new diagnostics and treatment 
options, and advancing international coordination. 

SOURCE: PCAST, 2020, reprinted with permission. 
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BOX 7-6  
Challenges to Reaching the Goals in the National Action Plan
 

on Combating Antimicrobial-Resistant Bacteria 2020–2025
 

Goal 1: Reduce the emergence of resistance 

•	 Changing behaviors to ensure optimal infection prevention practices and 
appropriate prescribing of antibiotics 

•	 Identifying and scaling up best practices across spectrums of care, ensur
ing their continuity, and coordinating these practices across One Health 

•	 Engaging all relevant stakeholders for buy-in and support of best practices 

Goal 2: Strengthen testing, data collection, and data sharing 

•	 Maintaining ongoing support for laboratory staff, continuously maintaining 
their testing equipment, and advancing their testing methodologies 

•	 Sharing electronic data on antibiotic use and resistance 
•	 Developing and implementing minimum data quality standards of 

measurement 
•	 Ensuring enough resources to support isolate and data repositories 
•	 Implementing new federal policies and processes for the secure and con

fidential storage and sharing of data 

Goal 3: Support research, development, and adoption of rapid diagnostics 

•	 Addressing the high cost of some components of the diagnostic tests 
•	 Overcoming technical difficulties in preparing and obtaining clinical samples 
•	 Identifying microbe–drug interactions 
•	 Enhancing return on investment for new diagnostics 

Goal 4: Research and develop new antibiotics, novel therapies, and vaccines 

•	 Reducing the high rate of attrition within the antibiotic discovery pipeline 
•	 Discovering new classes of antibiotics with activity against gram-negative 

bacteria 
•	 Developing more nonantibiotic therapeutics 
•	 Decreasing the lag time between completing and publishing the results of 

basic and applied research studies 

Goal 5: Strengthen global collaboration 

•	 Developing global consensus around updates to international guidance 
•	 Supporting partner countries to better identify the emergence and spread 

of antibiotic resistance 
•	 Addressing the need for substantial and well-aligned resources, including 

the ability to tap experts to help with the containment of resistance and to 
establish a well-functioning international network to detect and respond to 
antibiotic resistance 

SOURCE: Adapted from FTF CARB, 2020. 
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basis. At the same time, some targets are open ended, and the agency that 
is responsible for meeting the target is not specified.3 In such cases it is 
difficult to establish accountability for outcomes or to know which agency 
will and which will not support a given milestone. Other objectives may 
be difficult to achieve because they are vague or not amenable to evalu
ation, such as increasing surveillance networks capacity to control out
breaks. It is difficult to know how such progress might be measured and 
if the measurements would be objective. The committee acknowledges 
that measurable outcomes are not necessarily useful ones. For example, 
a target of supporting 1,000 publications on antimicrobial resistance by 
2021, though measurable and specific, is of questionable value. It is also 
arguably unrealistic given that 2020 national strategy was only published 
in 2021 (FTF CARB, 2020). 

This is not to say that meaningful outcomes related to antimicrobial 
resistance are immeasurable. The CDC (2019) Antibiotic Resistance Threats 
in the United States, 2019 report documented changes in the burden of 
resistant infections, including drawing attention to areas where targets 
had not been met. For example, although the 2015 action plan set a target 
of reducing methicillin-resistant Staphylococcus aureus 50 percent by 2020 
(relative to 2011 levels), the 2019 report cited only a 21 percent reduction 
(CDC, 2019). The same pattern held for infections from multiresistant 
Pseudomonas aeruginosa, falling 6 percentage points short of the target 
(CDC, 2019). The report also indicated that despite progress on some 
pathogens, there was a 315 percent increase in the number of infections 
associated with erythromycin-resistant invasive group A Streptococcus and 
a 124 percent increase in drug-resistant Neisseria gonorrhoeae infections 
(CDC, 2019). 

It would also be helpful to track expenditures in support of the action 
plan and report these annually. This process would give evidence for 
continued support for the program at the level of agency leadership and 
Congress. It could also highlight areas of effective and efficient achieve
ment that might be replicated in other agencies. 

The committee supports the systematic quantitative and qualitative 
tracking of activities and outcomes related to the milestones and goals 
presented in the 2020 action plan. Independent development and assess
ment of these goals would not only help the United States but also its 
international partners to understand the best and most effective strategies 
to combat antimicrobial resistance. 

3 For example, for goal 3, objective 2.1, to stimulate research on the appropriate use of  
diagnostics and  AHRQ, CDC, NIH, and DOD are to “invite research applications and sup
port research on the appropriate use of CARB-related diagnostics in human clinical and  
veterinary  care”  (FTF  CARB,  2020). 
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Recommendation 7-1: Congress should direct the Government
Accountability Office (GAO) to conduct biennial evaluations
of federal agencies’ progress toward meeting the goals of the
2020–2025 National Action Plan for Combating Antibiotic-
Resistant Bacteria to ensure objective assessment of agencies’
activities. Congress and GAO should consider ways to use their
evaluations to direct course corrections when necessary. 

Both the 2015 and the 2020 action plans call on the U.S. government to 
report on progress. The federal Task Force for Combating Antibiotic-Resis
tant Bacteria prepared annual progress reports under the 2015 action plan. 
These are essentially self-reports, however. While helpful, such reports are 
not necessarily objective or comprehensive. As the task force explained, 
they are intended to provide “a narrative description of high-impact activi
ties” (USTFCARB, 2018, p. 2). The CIDRAP analysis commissioned by this 
committee also provided a snapshot of agency accomplishments. But it also 
relied on progress reports, self-reports, and other sources reviewed by the 
agencies. Though informative, it is not an entirely objective status report. 

As is evident from its previous work, GAO is well positioned to 
conduct objective independent evaluations of agencies' successes and 
failures. These reviews might be made more manageable by focusing 
each biennial review on two or three goals and the activities undertaken 
across agencies to achieve those goals. GAO could also invite input from 
nongovernmental organizations, private industry, and professional societ
ies to provide a more complete picture of progress across all organizations 
involved in the action plans. 

Even an independent review can only look at progress against stated 
goals. A reliance on process outcomes (things like creating a databases, 
meeting with other agencies) makes it easier to claim successes. Meeting 
process milestones will not necessarily translate into meaningful improve
ments in antimicrobial use or the spread of resistant pathogens. There are 
many influences on the burden of resistant infections in health, and infer
ring the casual relationship between health policy and health outcomes 
is difficult. Establishing causality might be an ambitious goal, but more 
attention to data describing the association between public policy and the 
burden of antimicrobial resistance would be helpful. 

As part of the evaluation envisioned in this recommendation, imple
menting agencies could give some attention to defining outcome measures 
and concrete indicators of progress against the goals of the national strat
egy, not just the steps outlined in the action plan. This may also be a role for 
the President’s Advisory Council on Combating Antibiotic-Resistant Bacte
ria. In its recommendations to the secretary of health the advisory council 
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might be able to identify indicators that better reflect the relationships 
between the agencies’ work and progress against antimicrobial resistance. 

The committee also recognizes that agencies’ priorities can change. 
Antimicrobial resistance is a dynamic problem, and it could be helpful to 
have a system in place to help agencies adjust to changes in the disease 
burden or to benefit from new technologies. One tool that Congress has 
used to facilitate course corrections on complex government programs 
is annual reporting on certain programs designated as high risk (GAO, 
2021). Programs with a high-risk designation, such as federal oversight 
of food safety and medical products, have a higher visibility to Congress 
and to the heads of the agencies involved (GAO, 2000, 2021). This higher 
level of oversight can translate into greater support and resources directed 
to the agencies’ needs. Risks to public health and safety are candidates 
for high-risk designation, as is the assessment of “agencies’ management 
functions to determine how they contributed to program performance” 
(GAO, 2000). Both these criteria apply to the CARB program. Adding 
federal action against antimicrobial resistance to the GAO High Risk 
List might bring welcome attention to the topic. Such attention could be 
especially helpful in the face of uncertainty regarding how the COVID
19 pandemic will influence the emergence and prevalence of resistant 
pathogens (Knight et al., 2021; Rawson et al., 2020). Depending on how 
this relationship unfolds, it could be important to update national policies 
aimed at mitigating antimicrobial resistance (Rawson et al., 2020). 
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A Role for the United States in
 
Coordinated Global Action
 

The COVID-19 pandemic has reinforced how microbial pathogens 
can spread rapidly and without respect for national borders. The spread 
of resistant pathogens and resistance genes can be equally rapid but more 
insidious. The consequences of the spread of SARS-CoV-2 were relatively 
clear and direct, while resistant pathogens may move around the world 
undetected until they are established in a population. 

The global dissemination pathways for antibiotic-resistant bacteria 
are well documented and include international travelers carrying resis
tant bacteria on their skin, in their gut, or in their upper respiratory sys
tem (Arcilla et al., 2017; Nurjadi et al., 2015; Reuland et al., 2016; Walker 
et al., 2018; Worby et al., 2020). Returning travelers may also contract a 
resistant infection as a patient in a country where these infections are 
more prevalent and infection control measures inadequate (CDC, 2021; 
Khawaja et al., 2017). Importation of contaminated food, fish, and ani
mals is another important dissemination pathway, as is the migration 
of wildlife (Arnold et al., 2016; Jung and Rubin, 2020). Once within the 
community and especially within a health system, resistant bacteria are 
difficult to control. As Chapter 3 discussed, the health and economic 
effects of antimicrobial resistance may extend far beyond the initial infec
tion and its effects. 

For all these reasons, a national strategy to combat antimicrobial 
resistance will depend on global investment and sustained interna
tional engagement integrated across human, animal, and environmental 
health. Part of the challenge of responding to antimicrobial resistance is 
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that, while the U.S. strategy and action plan, like most countries’ strate
gies and action plans, evoke a One Health grounding, putting it into 
practice is difficult (GCOA and IDSA, 2021). Ultimately, every imple
menting agency involved in the response to antimicrobial resistance 
has its own mandate and mission, and none of these is explicitly a One 
Health mission. As the previous chapter explained, the implementing 
agencies are to be commended on their progress in meeting the goals set 
in the National Action Plan for Combating Antimicrobial Resistance, 2015– 
2020. At the same time, meaningful and measurable progress against 
antimicrobial resistance will hinge on cross-sectoral policies and the 
balancing of human, animal, and environmental health priorities. A 
recent assessment of 11 countries’ progress against their national action 
plans found the environmental component of most national strategies 
needs more attention and that integrating private-sector involvement 
into the national strategy is also challenging (GCOA and IDSA, 2021). 
In short, the holistic management of a One Health agenda is challenging 
for most countries. 

This challenge of coordinating a One Health response is compounded 
when working internationally, making global coordination essential. In 
surveillance, for example, an investment in improving our national sys
tem will return more if comparable effort is directed to integrating sur
veillance data internationally. A surveillance system that only detects and 
responds to resistant bacteria in the United States will be at a constant 
disadvantage, missing early signals of emerging resistance. An interna
tional link would provide U.S. authorities with prompt information about 
emerging threats, allowing them to communicate these risks to health 
officials throughout the United States. Early warning about such threats 
could help providers at hospitals, nursing homes, and other health care 
facilities to detect, prepare for, and control the widespread transmission 
of the resistant pathogens within their networks. 

The integration of surveillance data from human, animal, and envi
ronmental sources will be a critical component of a global strategy 
against antimicrobial resistance. The largest increases in antimicrobial 
consumption over the past 2 decades, for both humans and livestock, 
have occurred in low- and middle-income countries (Klein et al., 2021; 
Tiseo et al., 2020). Between 2000 and 2015 these countries saw a 90 per
cent increase in use of antimicrobials on the World Health Organization 
(WHO) Watch List, including most of the highest-priority agents among 
the critically important antimicrobials for human medicine (Klein et 
al., 2021). As the Global Burden of Disease modeling shows, low- and 
middle-income countries bear the highest burden of resistant infections; 
deaths rates from resistant infections were highest in sub-Saharan Africa 
(AMR Collaborators, in review). 
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Low- and middle-income countries frequently have a high burden of 
human infectious diseases and a growing demand for animal-source foods 
(IHME, 2021; Our World in Data, 2021; Tarawali, 2018). These needs can 
contribute to inappropriate antimicrobial use, especially when linked with 
poor health systems, inadequate infection prevention programs, weakly reg
ulated access to antimicrobials, and minimal laboratory diagnostic capacity. 
For the rest of this century, human population growth will be concentrated 
in low-income countries, mostly in tropical or subtropical latitudes—sub-
Saharan Africa’s population is projected to double in the next 30 years and 
reach over 3 billion by 2100 (Vollset et al., 2020). This population trend will 
likely drive increased antimicrobial use in humans, animals, and crops. 

The need for coordinated action against antimicrobial resistance is 
urgent and growing. An international investment in this problem is both 
morally compelling and in the best interest of the United States. As the 
COVID-19 pandemic has illustrated, infectious pathogens have no regard 
for national borders. COVID-19 has drawn attention to the ways in which 
the United States can use its technical depth in science and medicine for 
global public benefit. The National Institutes of Health (NIH) Accelerating 
COVID-19 Therapeutic Interventions and Vaccines (ACTIV) partnership, 
discussed in Chapter 6, for example, brought together multiple govern
ment agencies, the European Medicines Agency, and various representa
tives from academia, industry, and philanthropy to hasten the develop
ment of novel medical products (NIH, 2021). 

A national response to antimicrobial resistance proportionate to the 
size and scope of the threat would work across government agencies and 
in collaborative, bilateral and multilateral relationships internationally. 
A program modeled on the President’s Emergency Plan for AIDS Relief 
(PEPFAR) may be best suited to this problem. 

Since its founding in 2003 PEPFAR has invested over $85 billion in the 
fight against the HIV epidemic, saving over 20 million lives in 50 coun
tries and contributing to a 39 percent reduction in AIDS deaths since 2010 
(Department of State, 2021; UNAIDS, 2020). Key to this success was the 
coordinated work of multiple government agencies, including those that 
are also essential to combat the threat of antimicrobial resistance. 

An antimicrobial-resistance program modeled off PEPFAR would 
expand the global engagement of U.S. agencies. Key to this engagement 
would be the strengthening of international surveillance for resistant 
pathogens through increased support for both national and multilateral 
surveillance systems, such as the WHO’s Global Antimicrobial Resistance 
and Use Surveillance System (GLASS), described in Chapter 4, and the 
coordinated efforts of the tripartite program on antimicrobial resistance of 
the WHO, the Food and Agriculture Organization of the United Nations 
(FAO), and the World Organisation for Animal Health (known by the his
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torical acronym OIE). Such support would allow for a better understand
ing of the true burden of resistant infections, allowing for better targeted 
response strategies, and provide critical, early warning information about 
emerging resistant threats. A PEPFAR-like program would also allow U.S. 
agencies to mitigate the need for antibiotics by improving infection pre
vention and antimicrobial stewardship in both human and animal health 
in low- and middle-income countries. Lastly, it would provide sustained 
leadership and accountability in the form of a Global Coordinator for 
Antimicrobial Resistance modeled on the Global AIDS Coordinator. The 
global coordinator would help ensure accountability. This person could 
also require rigorous program evaluations, setting up a cycle of increas
ingly more effective and better targeted interventions. 

Recommendation 8-1: Congress should expand the United States
global engagement on antimicrobial resistance by (1) strength
ening surveillance of resistant pathogens both by supporting
existing, multilateral surveillance systems and by expanding
U.S. agencies’ international surveillance programs; (2) reduc
ing need for antimicrobials by broadening agencies’ work on
infection prevention and antimicrobial stewardship in humans
and animals; and (3) ensuring sustained leadership and critical
evaluation by creating a Global Coordinator for Antimicrobial
Resistance similar to the Global AIDS Coordinator. 

The urgent threat of antimicrobial resistance requires a sustained 
global response from the United States. The committee does not envi
sion this program would replace U.S. support for various international 
efforts such as the Tripartite Program. Rather, the proposed program 
would work in collaboration with existing networks and build off exist
ing bilateral relationships in order to better coordinate global and national 
efforts. For example, the Centers for Disease Control and Prevention 
(CDC) already works in over 60 countries in bilateral partnerships with 
ministries of health and other host country organizations (CDC, 2017). 
USAID works in over 100 countries; the agency’s strategic plan empha
sizes the prevention of outbreaks and infectious diseases (USAID, 2021c; 
USAID and Department of State, 2018). 

The main novel contributions of the proposed program are the 
emphasis on supporting countries’ surveillance capabilities and the global 
surveillance effort for antimicrobial resistance; the efforts made to reduce 
the need for antimicrobials in low- and middle-income countries; and 
the creation of the global coordinator. By implementing these programs 
the United States could expand its leadership in combating antimicrobial 
resistance around the world. 
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STRENGTHENING SURVEILLANCE
 

Since its start in 2015, the WHO GLASS program has enrolled 109 
countries (WHO, 2020). GLASS provides a global system for collecting 
national data on antimicrobial use and resistance and a snapshot of each 
country’s microbial surveillance systems. The Emerging Antimicrobial 
Resistance Reporting tool is an important component of GLASS, as it pro
vides WHO with early notification about new resistance patterns (WHO, 
2021c). The system provides a critical service in low- and middle-income 
countries, where the burden of infectious disease and antimicrobial use 
can create hot spots for the emergence and spread of resistant pathogens. 

GLASS also coordinates with regional networks, including the Central 
Asian and European Surveillance of Antimicrobial Resistance, the Euro
pean Antimicrobial Resistance Surveillance Network, the Latin American 
Network for Antimicrobial Resistance Surveillance, and with the UK Flem
ing Fund, which helps low- and middle- income countries fight antimicro
bial resistance by improving surveillance (WHO, 2017). These data sources 
are skewed, however, toward higher-income countries (WHO, 2020). In 
2019, less than 15 percent of low- and middle-income countries reported 
any antimicrobial resistance information to these networks, and most of 
what was reported was from selected hospital and clinical laboratories 
(WHO, 2020). These samples are not representative of national burdens of 
resistant pathogens, as data may be based on bacterial isolates from only a 
few surveillance sites (Schnall et al., 2019; WHO, 2020). Since a surveillance 
system is only as good as the information that is entered into it, the lack 
of nationally representative, high-quality data on antimicrobial use and 
resistance limits the WHO’s and member countries’ ability to conduct risk 
assessments or to use these data to monitor resistant threats. 

Since 2015 the WHO has expanded GLASS’ scope to include infor
mation on antimicrobial use, health care–associated infections, and resis
tant pathogens in food (WHO, 2021c). It has also developed a capac
ity-building component that includes technical support and laboratory 
strengthening (WHO, 2021c). The sustained effort from the WHO has 
also drawn attention to the need for antimicrobial surveillance and 
helped ministries in low- and middle-income countries build better 
integrated surveillance systems from the start (Charitonos et al., 2019; 
The Fleming Fund, 2016). GLASS also provides implementation guid
ance specifically tailored to meet the challenges encountered in low-
and middle-income countries, such as lack of a national action plan on 
antimicrobial resistance, the need for an accredited, coordination labo
ratory at a sentinel surveillance site, and the need for training clinical, 
laboratory, information technology, and public health personnel about 
antimicrobial resistance (Seale et al., 2017). 
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The GLASS program has also made efforts to measure antimicrobial 
consumption in certain countries (WHO, 2021d). Surveys can be useful to 
measure antimicrobial consumption, especially in structured settings such 
as hospitals (Versporten et al., 2018). Measuring consumption in animals, 
and even in outpatient human medicine, can be more complicated. Sales 
data, still widely used as a proxy for use in animals, are almost impossible 
to interpret (FDA, 2020). Proposed measures of use include veterinary 
antimicrobial sales, as well as total consumption expressed per 1,000 
people per day, and consumption ratios of broad- to narrow-spectrum 
antimicrobials (ECDC et al., 2017). All these measures have biases, and it 
is not clear which are best suited to facilitate comparisons between set
tings and over time. 

One Health Surveillance 

In 2018 GLASS piloted a program for surveillance of extended-spec
trum beta-lactamase Escherichia coli in human samples, poultry, water 
(specifically sewage), market runoff, and urban rivers in nine countries 
(WHO, 2021b). Such efforts are indicative of a long-term One Health 
vision for the program. But for the most part, GLASS’s target population 
for routine surveillance is patients on whom clinical samples were drawn 
at health facilities (WHO, 2021a). This choice is understandable, and 
the narrow focus may help country surveillance experts and the WHO 
support staff keep the scope manageable and quality good. One useful 
role the United States could play would be in building off the GLASS 
framework to give more attention to animal and environmental sentinel 
surveillance. 

This One Health attention would not necessarily need to be built from 
scratch. The FAO also supports countries in developing surveillance for 
resistant pathogens in food and agriculture. It provides guidelines on 
data management and susceptibility testing tools for aquaculture, and 
supports reference centers in eight countries to build tools and knowl
edge about antimicrobial surveillance in food and food-producing ani
mals (FAO, 2016, 2019, 2021a,b,c; Smith, 2019). The WHO and the FAO 
Codex Alimentarius Commission also supports the monitoring of resis
tant pathogens in food and agriculture (FAO, 2016). The U.S. effort would 
do well to work with these and other networks to integrate data from a 
range of sources. In veterinary surveillance in particular the efforts being 
made in low- and middle-income countries are often still in early stages. 
Deliberate attention from the United States could be a catalytic investment 
in moving animal and environmental surveillance forward. 

To start, U.S. efforts could aim to integrate more and different types 
of surveillance information, as described in Chapter 4, to give a better pic
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ture of the burden of resistance across human, animal, and environmental 
health. Coordinating for data standardization and automated capture, 
for example, would reduce the reporting burden on hospitals, clinics, 
and public health laboratories, something that would be disproportion
ately valuable in parts of the world with shortages of health workers 
and infrastructure. Similarly, an effort to automate surveillance would 
mean faster turnaround on information, something valuable in low- and 
middle-income countries, where the opportunity costs of wasting time 
or resources are high and good data to guide antimicrobial stewardship 
activities are scarce. 

Attention to surveillance would complement U.S. government agen
cies’ existing programming. For example, the CDC is a national lead 
agency on the Global Health Security Agenda, an effort to strengthen 
the prevention, detection, and response to infectious threats (CDC, 2021). 
The CDC also leads the national Antibiotic Resistance Solutions Initia
tive, a program that improves capacity for surveillance, response, and 
containment of resistant pathogens in the United States (CDC, 2020f; 
PCAST, 2020). As part of the Global Health Security Agenda, USAID 
has worked with OIE and FAO on surveillance of zoonotic disease and 
on strengthening of veterinary laboratories, albeit on a relatively small 
scale (USAID, 2019a). The Department of Defense (DOD), through the 
Defense Threat Reduction Agency, has supported increased laboratory 
capacity for detecting specific zoonotic pathogens that pose a clear risk 
to human health (DARPA, 2019). The committee commends these efforts 
and encourages agencies to build off the knowledge gained from these 
programs to improve information flow between these systems and human 
health surveillance networks and to work toward transferable strategies 
for use in low- and middle-income countries.

 One useful strategy to build surveillance capacity is the network of 
networks approach (Novossiolova et al., 2020). In both agriculture and 
human medicine, there are so many diverse systems for collecting animal 
health information, many of them managed by industry, that working 
across networks is always desirable (Ashley et al., 2018; Lees and Prince, 
2017). The network of networks approach has an advantage of redun
dancy; a signal missed in local- or provincial-level surveillance may be 
picked up at the national level (Ashley et al., 2018; Lees and Prince, 2017). 
It can also integrate data from different types of surveillance systems. For 
example, the CDC works through its Antibiotic Resistance Laboratory 
Network and other networks such as PulseNet, which monitors food-
borne outbreaks, to detect and respond to resistant pathogens (CDC, 2019; 
PCAST, 2020). This approach would be invaluable in low- and middle-
income countries where there are often surveillance networks not part of 
the WHO GLASS system (Africa CDC, 2018; Gandra et al., 2020). 
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In working against a complex health threat, most countries and orga
nizations will understandably want to channel their efforts into direct 
health programs, likely programs for human health. This instinct is under
standable; politicians and health experts already have ideas about what 
their communities need and how to use their resources. At the same time, 
any programming or policy intended to combat antimicrobial resistance 
depends on a foundation of information that surveillance networks sup
ply. Without this information it will be almost impossible to know if pro
grams are having their intended effect or if resources are being allocated 
wisely. Yet a recent analysis of 11 countries’ ability to meet their commit
ments to combating antimicrobial resistance found that so far the problem 
has failed to inspire political action, especially evident in government 
allocations for surveillance, stewardship, and environmental manage
ment (GCOA and IDSA, 2021). The report described the environmental 
programming as “vastly underfunded, preventing the full integration of 
a One Health approach across sectors” (GCOA and IDSA, 2021). This may 
be the foundational problem complicating the global response to antimi
crobial resistance. Leadership from the U.S. government on developing 
surveillance would have meaningful ramifications across the world. 

REDUCING NEED 

The emergence and spread of antimicrobial-resistant bacteria is the 
inevitable consequence of antimicrobial use. Mitigating this problem 
requires attention to antimicrobial use, especially in global hotspots. A 
higher burden of infectious disease and problems with infection control 
in health care contribute to the greater need for antibiotics in low- and 
middle-income countries. There is also a problem of inappropriate anti
microbial use, often a consequence of limited access to medicines and to 
quality health services (Das and Horton, 2016). 

Controlling Infection 

One path to reduce the need for antimicrobials is to attack the root 
problems such as crowding, contaminated water and food, lack of sanita
tion, and inadequate infection prevention measures (Holmes et al., 2016). 
Improving wastewater management and sanitation in low- and middle-
income countries may be the most important step to controlling antimi
crobial resistance globally (GCOA and IDSA, 2021). This is an area where 
the USAID has considerable experience and relatively consistent involve
ment across administrations. The agency’s water and sanitation programs 
operated in 51 countries, providing safe drinking water for over 53 mil
lion people between 2008 and 2019 (USAID, 2020, 2021b). One role the 
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suggested program could take on might be expanding on USAID water 
and sanitation programs, as well as those implemented by foundations 
and nongovernmental organizations, to measure the effects of improving 
the water and sanitation infrastructure on the burden of infectious disease 
and antimicrobial use. Structured appropriately, analysis should be able to 
identify what components of the program drove the decrease, leading to 
better understanding of the relationship between hygiene, antimicrobial 
use, and the development of resistance. 

The CDC (2020b,d,e) also has a global water, sanitation, and hygiene 
portfolio, including a program that aims to improve sanitation in hos
pitals and clinics in eight partner countries. As Chapters 2 and 5 dis
cussed, hospital-acquired infections are dangerous; they can spread 
rapidly among a vulnerable, often immunocompromised, population. 
Figure 8-1 shows estimates of the sanitation conditions in health facilities 
(including hospitals, clinics, and dispensaries) across 78 low- and middle-
income countries. The serious problems with piped water, infrastructure 
for handwashing and toilets, and unsafe waste disposal are all risk factors 
for the development and spread of antimicrobial-resistant infections. The 
CDC’s programs emphasize observation and analysis of the conditions 
in the health center, evaluations, and in-depth interviews with adminis
trators and staff (CDC, 2020a). Sometimes the programs introduce tools 
for hand hygiene or new latrines (CDC, 2020c). These efforts, much like 
the agency’s global program in health care infection prevention, have 
the potential to control the emergence and spread of resistant pathogens. 
Such work would be an excellent target for expansion and scaling up in 
partner countries. 

In low- and middle-income countries, the need for infection preven
tion is paramount but often difficult to put into practice. Problems with 
a reliable supply chain for disinfectants, personal protective equipment, 
and other consumables are common problems (Vilar-Compte et al., 2017). 
There is also evidence that lack of staff training on infection control and 

to piped water handwashing 
waste disposal 

FIGURE 8-1 Environmental conditions in health facilities in 78 low- and middle-

income countries.
 
SOURCES: CDC, 2020e; Cronk and Bartram, 2018.
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a shortage of infection control experts is at the root of the problem, as are 
general crowding and problems disposing of biomedical waste (Man
chanda et al., 2018). Both the CDC and USAID have considerable experi
ence in these areas. Expanding programming would serve the dual goals 
of protecting local communities and mitigating emergence and global 
spread of resistant pathogens. 

The problem of unstable supply chains applies to medicines as well. 
Frequent stock outs and poor demand forecasting, combined with a back
ground problem of substandard medicine quality, all contribute to the 
emergence of resistance (Pisa and McCurdy, 2019). The supply of veteri
nary antimicrobials may be even less reliable, with some evidence indicat
ing that informal, unregulated channels account for the vast majority of 
veterinary antimicrobials in some countries (Poupaud et al., 2021). This 
is an area where USAID has some experience that could be expanded on 
in implementing this recommendation (USAID, 2019b). 

Medical Tourism 

As with investment in surveillance, an investment in infection control 
would benefit the United States. Not only do health care–acquired infec
tions contribute to the global burden of antimicrobial resistance, they have 
a more direct effect on the United States when its residents travel overseas 
for health care. It is difficult to know the volume of the market for medi
cal tourism. Estimates of the number of patients traveling for health care 
range from 4 to 16 million, with roughly 1 million of them originating in 
the United States (Chen and Wilson, 2013; Dalen and Alpert, 2019). Of the 
top 10 destinations for medical tourism, 6 are middle-income countries 
(Costa Rica, India, Malaysia, Mexico, Thailand, and Turkey) (Dalen and 
Alpert, 2019). The care sought there can be weight loss, fertility, or cardiac 
treatments; surgeries are also common, including transplantation, cosmetic 
surgery, and dentistry (Dalen and Alpert, 2019). Before COVID-19, this 
practice was predicted to be increasing, and it may return as the pandemic 
fades (Chen and Wilson, 2013; Dalen and Alpert, 2019). 

Medical tourists are at high risk of acquiring a resistant infection (Chen 
and Wilson, 2013). Once home, these patients can be the source of drug-
resistant outbreaks in their home countries (Bokhary et al., 2021). In 2018 the 
CDC identified an outbreak of carbapenem-resistant Pseudomonas aeruginosa 
among patients who had traveled to Mexico for bariatric surgery (Baum, 
2019). The previous year, the CDC reported on an outbreak of nontubercu
lous mycobacteria surgical site infections among 52 patients in nine states, 
all of whom had undergone cosmetic surgery in the Dominican Republic 
(Gaines et al., 2018). These pathogens can then spread in U.S. hospitals and 
clinics, increasing the risk to other patients in the system. And while medi
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cal tourists are a special category of high-risk traveler, ordinary travelers 
frequently become colonized with drug-resistant pathogens, commonly 
resistant enteric bacteria, and may carry them a month or longer (Arcilla et 
al., 2017; Bokhary et al., 2021). Travelers may carry home bacteria that mir
ror the microbiological milieu of the place visited. A recent well-publicized 
case of a young volunteer in India who needed an emergency amputation 
and contracted multiple drug-resistant bacteria (including, but not limited 
to, Pseudomonas aeruginosa, Klebsiella pneumoniae, Morganella morganii, 
and Enterococcus) are reminders of the vulnerability of the health system 
to imported resistant pathogens (IDSA, 2021; PBS, 2013). 

Stewardship and Research 

Antimicrobial stewardship also faces unique challenges in low- and 
middle-income countries (Galindo-Fraga et al., 2018). In an effort to sup
port countries in their health security programs, the WHO (2021e) pro
vides a voluntary external evaluation of countries’ capabilities to comply 
with the International Health Regulations and respond to a variety of 
health threats, including antimicrobial resistance. A recent analysis of 
these evaluations in sub-Saharan Africa found that countries’ antimi
crobial stewardship was the weakest link in overall response plans for 
antimicrobial resistance (Elton et al., 2020). It follows that attention to 
national stewardship guidelines, which most countries in the region still 
need to create and implement, would produce major benefits in terms of 
controlling resistance (Elton et al., 2020). Antimicrobial stewardship is an 
area U.S. government agencies, especially the CDC and the NIH, have 
expertise, broadly across humans and animals and narrowly in hospitals. 

Stewardship is also an area where government agencies could build 
on existing efforts. The WHO (2019), for example, has a toolkit to guide the 
implementation of antimicrobial stewardship programs in low- and mid
dle-income countries. Some research indicates that a lack of funding and 
staff can be serious barriers to implementing this toolkit, however (Maki 
et al., 2020). This is an area where U.S. government assistance modeled on 
the PEPFAR program could be helpful. Attention to the health workforce 
in partner countries was central to the PEPFAR strategy (USAID, 2021a). 
PEPFAR gives considerable attention to monitoring health workers, how 
they are deployed, and their capacity, central to routine monitoring and 
program management (USAID, 2021a). This kind of information would 
be useful in considering how to use staff most effectively in antimicrobial 
stewardship programs. More distal influences on antimicrobial steward
ship, including management of the medicines supply chain, the capacity 
of microbiology laboratories, and the education of the health workforce, 
would also be key work areas for the proposed program. 
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Other barriers to implementing antimicrobial stewardship in low-
and middle-income countries include a lack of microbiology laboratory 
capacity, patient expectations, and the need to provide “just in case” 
treatment for patients in rural or remote areas (Maki et al., 2020; Mathew 
et al., 2020). The best steps to address these barriers will vary by setting, 
though an emphasis on building laboratory capacity and tools to develop 
better, more reliable antibiograms may be common across many settings 
(Mathew et al., 2020; Nicholson et al., 2018). By working in partnership 
with host country governments, U.S. experts could be part of an iterative 
process to tailor stewardship programs to the local context (see Figure 
8-2). Such international partnerships may also be good tools to drive 
more political will for designing stewardship programs suitable to the 
challenges and context in low- and middle-income countries (Mathew et 
al., 2020). 

Respiratory and gastrointestinal infections lead to considerable anti
bacterial use even when the causative pathogen is viral. As Chapters 5 
and 6 discussed, widespread vaccination could reduce the need for anti
microbials in both human and animal health, but the evidence for such 
an effect is limited and based largely on data from Europe and North 
America. The strategy described in Chapter 5 to improve our under-

sustainability 

FIGURE  8-2  The iterative  steps  of  antimicrobial  stewardship  design. 
SOURCE:  Resman,  2020. 
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standing of vaccination’s effect on mitigating antimicrobial resistance in 
humans could be equally valuable in studying animal vaccination. Chap
ter 6 describes a strategy to help bring more animal health products to 
market, and attention to the ability of such products to reduce antimicro
bial use as indicators of resistance would be important to measure in the 
rollout of these products. Respiratory and gastrointestinal disease drive 
both prophylactic and therapeutic antimicrobial use in terrestrial animals. 
Additional research on the downstream value and cost-effectiveness of 
vaccines and preventive products for use in animals could help drive a 
cycle of investment, development, and use of these products. 

ENSURING SUSTAINED LEADERSHIP 

The ambitious, global program envisioned in this recommendation 
represents a significant investment from the U.S. taxpayer. Given the 
scope of this investment and the need for coordination with an increas
ingly large groups of stakeholders both in the United States and abroad, 
there is a need for a designated national leader on the antimicrobial-resis
tance effort. This role would be modeled off the Global AIDS Coordinator, 
with the same responsibility for monitoring and oversight of international 
response (FBS, 2018). 

PEPFAR’s Global AIDS Coordinator oversees all the U.S. govern
ment’s international work on combating HIV and AIDS, helping ensure 
efficiency and avoiding any duplication of effort. PEPFAR’s success is in 
some ways attributable to this level of oversight, and the committee sees 
value in replicating this feature of PEPFAR to the efforts on antimicrobial 
resistance, creating a global antimicrobial-resistance coordinator. This 
person’s responsibilities could include monitoring progress in reducing 
antimicrobial use and emerging resistance in the United States, as well as 
overseeing the government’s activities in low- and middle-income coun
tries. For example, the global coordinator envisioned in this recommenda
tion would remain abreast of the work of the public–private partnership 
described in Recommendation 6-4. At the same time, the Department 
of Health and Human Services’ (HHS’s) Office of Global Affairs might 
provide continuous technical input to support the coordinator’s efforts. 

As is evident from this report, addressing the global threat of anti
microbial resistance and its direct effects on the U.S. health care sys
tem is complex, engaging multiple U.S. government agencies, various 
international organizations in human and animal health, national health 
systems, pharmaceutical and food production industries, and philan
thropic partners (e.g., Wellcome Trust). Combating and controlling resis
tant pathogens requires ongoing action in a range of sectors, including 
hospital, laboratories, infrastructure (e.g., WASH), and animal, fisheries, 
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and environmental management. These actions range from providing 
incentives for antibiotic discovery to changing health care practices or 
regulatory frameworks. 

Coordinating the response to the threat of antimicrobial resistance is 
challenging, both within the U.S. government and with international part
ners such as WHO, OIE, and FAO, and in international economic forums 
such as the G20, the G7, and the Organisation for Economic Co-operation 
and Development. HHS’s Office of Global Affairs has the main coordi
nating responsibility for these tasks. This role extends beyond technical 
coordination and includes multinational and intergovernmental commit
ments. The National Action Plan for Combating Antibiotic-Resistant Bacteria,
2020–2025 also calls on other U.S. government departments, including the 
Department of State and DOD to engage with multinational organizations 
to provide financial and technical expertise on antimicrobial resistance 
(FTF CARB, 2020). However, the committee notes that although many 
departments are involved in global antimicrobial-resistance efforts, there 
is no mandate for coordination across all of the involved organizations 
(although there is some coordination and collaboration called for among 
a few agencies). 

A recent review of 11 countries’ response to antimicrobial resistance 
found that antimicrobial resistance is a low priority across most of the 
countries analyzed (GCOA and IDSA, 2021). By designating a Global 
Antimicrobial Resistance Coordinator similar to the Global AIDS Coor
dinator, the U.S. government could demonstrate national commitment to 
the problem and help build it in partner counties. The global coordinator 
could also work to mobilize interest of other key funding organizations, as 
the Global AIDS Coordinator has done in the past (Das, 2007). The inter
disciplinary One Health nature of response to antimicrobial resistance 
makes accountability for results more important. Given the number and 
diversity of stakeholders in this field, there is considerable potential for 
duplication of effort or failure to build off of parallel and complementary 
work. 

The committee recognizes that antimicrobial resistance is in some 
ways a more complicated problem than HIV as it is not the result of 
any one pathogen or type of exposure. But some of the lessons learned 
from preventing and treating HIV are applicable to other global health 
crises, including antimicrobial resistance. Because of PEPFAR, there are 
processes in place for working with multiple government partners, inter
governmental agencies, the pharmaceutical industry, and various private 
philanthropic organizations. One common criticism of PEPFAR and other 
disease-specific programs is that they create distortions in health delivery 
and in the workforce where services of good quality are provided only to 
some, HIV-positive people for example, because of the vast donor infra
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structure and spending to support the program for one disease (Biesma 
et al., 2009; Tangcharoensathien and Patcharanarumol, 2010). A global 
program for antimicrobial resistance might be able to build off the lessons 
learned from other global health initiatives and avoid this pitfall (Atun et 
al., 2008; Biesma et al., 2009). 

Through its very nature, response to antimicrobial resistance involves 
action across different parts of the human, animal, and environmental 
health systems. Channeling resources wisely into such a varied response 
is, the committee recognizes, daunting. But by supporting a truly sys
temic, One Health response, this program may be able to drive meaning
ful progress on a range of health indicators. An investment in microbiol
ogy laboratory capacity, for example, could reverberate across the health 
system. Attention to animal health could improve livelihoods and food 
security. Across these sectors, the global coordinator would work as a 
champion, building support for antimicrobial resistance with interna
tional organizations and with counterpart programs abroad. 
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research questions regarding the occurrence, fate, and transport of patho
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