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Industry Summary:  
 

Antimicrobials are important tools for ensuring the health, welfare and productivity of pigs raised for food. 

Banning of antimicrobial growth promotant use in Denmark, and subsequently more widely in the EU, has 

prompted many entities to seek more restricted availability of antimicrobials for food animals in the USA. The 

primary target for restriction is the use of low dose, long term administration of antimicrobials for ‘production 

purposes’. This project evaluated the scientific evidence that low dose, long term use of antimicrobials in pig 

production augments public health risks from antimicrobial resistance. The appraisal focused on evidence cited 

in 4 key documents calling for regulatory restriction of low dose antimicrobial use (FDA Guidance for Industry 

#209; Preservation of Antimicrobials for Medical Treatment Act; Pew Commission Report on Industrial Farm 

Animal Production report; Keep Antibiotics Working Group annotated bibliography). A total of 154 papers 

cited by these sources were categorized as 1) descriptive (n = 48); 2) analytical (n = 37); or 3) reviews (n = 69). 

Two evaluation tools (one for original studies, one for reviews) were developed for systematically evaluating 

individual papers. Only 12 of the cited papers presented primary research data relevant to the specific purpose 

of this study (comparing the impact of low dose antimicrobial use to other modes of antimicrobial use in food 

animals). Further efforts were made to identify relevant primary research data relevant to the question. It is 

concluded that the vast majority the papers cited by these sources contain negligible primary research evidence 

to support the contention that low dose antimicrobial use exerts more selection pressure for resistant bacteria 

than therapeutic uses. Currently available evidence is inadequate to provide any meaningful conclusion 

regarding the relative effects of different modes of antimicrobial use on the emergence of antimicrobial 

resistance in pathogens or commensals in commercial swine populations. The precautionary principal 

underlying regulatory changes in Europe remains the centerpiece of arguments for similar regulation in the 

USA. We propose the most prudent option would be elimination, based on the precautionary principle, of use of 

antimicrobials for production purposes in feed of finishing pigs, but preservation of all existing therapeutic, 

metaphylactic and prophylactic options in weaned pigs. However, given the likely implementation of proposed 

changes, industry needs to focus on the expected negative impact on pig health, particularly related to enteric 

disease in weaned pigs, and the likely constraint of manpower of food animal veterinarians that will be 

necessary to provide greater veterinary oversight of all antimicrobial use in food producing animals.  
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Scientific Abstract  
 

The purpose of this project was to critically appraise evidence related to the relationship between antimicrobial 

use (AMU) in food animals and antimicrobial resistance (AMR) cited in 4 key documents that support greater 

regulatory restriction of low dose antimicrobial use in the USA (FDA Guidance for Industry #209a; Preservation 

of Antimicrobials for Medical Treatment Act; Pew Commission Report on Industrial Farm Animal Production 

report; Keep Antibiotics Working Group annotated bibliography). The specific goal was to ‘critically appraise 

the literature on antimicrobial use in pork production to determine the strength of evidence that long term use of 

certain levels of specific antimicrobial compounds in feed contributes greater risk to public health than other 

food animal antimicrobial uses’. Among the 154 references cited by these sources that were deemed relevant to 

AMU and AMR in food animals, only 37 (24%) were original studies that included some analysis of primary 

data (termed ‘analytical studies’). The remaining citations were either original studies that presented data on 

AMU or AMR but did not make comparisons among groups (termed ‘descriptive studies’; N = 48; 31%), or 

review papers or reports that did not present original data and analysis (termed ‘review studies’; n = 69; 45%). 

The studies were evaluated using appraisal tools (one for analytical and descriptive studies, one for reviews) 

developed to enable systematic evaluation of the individual papers.  

 

Only 12 (8%) of the cited papers were analytical studies that included primary research data relevant to the 

specific purpose of this project (comparing the impact of low dose antimicrobial use to other modes of 

antimicrobial use in food animals). These papers were reviewed in depth to identify strengths and weaknesses 

of the papers, and assess the evidence base for the conclusions drawn. Only one analytical paper (0.6% of the 

154 relevant cited papers) directly compared the effects of a low-dose and therapeutic dose of antimicrobials 

administered to food animals (poultry) on the prevalence of AMR. From the perspectives of causal inference or 

effect estimation, the 48 descriptive studies cited by the 4 key documents were collectively uninformative 

regarding the association of low-dose long term administration of antimicrobials to food animals with AMR. In 

both the analytical and descriptive studies which reported on AMU, both the measurement and recording of 

AMU were found to have shortcomings in many studies. For example, only 9 (6 analytical, 3 descriptive) 

studies provided comprehensive details of the drug, dose, route, and duration of administration of the 

antimicrobial(s) used. 

 

Appraisal of review studies focused on 37 reviews that specifically referred to AMU or AMR in their summary 

or stated objectives. None of the 37 reviews employed systematic review methods, but were narrative reviews 

(29) or reports (8). Only one review included the search methods used to identify cited sources, and only one 

(different) review specified inclusion and exclusion criteria for the studies they cited. Only 3 of the reviews 

discussed validity in analyzing studies or drawing inferences in their review process, and none discussed 

potential limitations. Collectively, these 37 sources cited 1,869 publications (ignoring duplications) of which 

1,012 (54.2%) were determined to be original studies providing original data.  The review papers appraised 

generally reiterated a small number of familiar examples linking antimicrobial use in animals and AMR. The 

majority of these examples related to antimicrobials used only therapeutically in the USA (e.g., 

fluoroquinolones), or antimicrobials that have never been available in the USA (avoparcin, nourseothricin). 

Collectively, the review studies presented negligible evidence of any differential effects among specific modes 

of antimicrobial use in swine production in selecting for antimicrobial resistance. 

 

                                                 
a The original appraisal assessed the Draft for FDA guidance 209. Additional references cited subsequently in the final guidance 

document, but not the draft, were later evaluated in the final revision of this report.   
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Due to the dearth of evidence that specifically addressed our core question (comparison of low-dose/long term 

use of antimicrobials in feed with other modes of AMU), we expanded the scope of the project to identify other 

original research studies that might inform this question. This process was not comprehensive, but adopted four 

strategies that identified 20 original studies, which were assessed in detail. Generally, these sources reported 

positive associations between aggregate AMU and AMR, but also bear testimony to the biological complexity 

of these relationships and the challenges of researching it. Five experimental studies specifically designed to 

compare low-dose/long term use and therapeutic uses in pigs generally reported no difference among treatment 

groups, or trends of more resistance among groups receiving therapeutic regimens. We remain unable to 

identify any convincing body of evidence indicating that low-dose/long term administration of antimicrobials is 

more likely to promote AMR than use by other modes. 

 

We noted that none of the 4 key sources cited any published quantitative assessments of the risk of human 

treatment failures related to specific practices of AMU in food animals. However, several quantitative risk 

assessments addressing low-dose/long term AMU have estimated the risks to be extremely small. Furthermore, 

a small number of recent studies of both pigs and poultry have found that use of antimicrobials at low doses to 

control endemic diseases in food animals can be associated with improvements to animal health that translate 

into less carcass contamination during processing. It is inferred that this could further translate into human 

health benefits through reduced risk of exposure to pathogens. This small body of work needs to be expanded as 

it suggests that some unintended and adverse human health consequences could ensue from a non-strategic 

prohibition of low-dose AMU in food animals. 

 

Currently available evidence is inadequate to provide any meaningful conclusion regarding the relative effects 

of different modes of antimicrobial use on the emergence of antimicrobial resistance in pathogens or 

commensals in commercial swine populations. The precautionary principle underlying regulatory changes in 

Europe remains the centerpiece of arguments for similar regulation in the USA, and FDA guidance 209 will 

likely lead to the removal of most growth promotant claims in the USA within 3 years. Our analysis suggests 

that this is not an optimal regulatory intervention. Data from Denmark shows that the lowest rate of aggregate 

antimicrobial use in the Danish swine industry occurred in 1999 after the withdrawal of growth promotants 

from finishing pigs, but before their withdrawal from weaned pigs. Recognition of the particular vulnerability, 

and therefore particular needs, of the weaned pig in relation to infectious disease control and prevention needs 

to be emphasized in discussions of strategic antimicrobial use, and its regulation, in swine. We are of the 

opinion that the available scientific data, and history of experiences in Europe, suggest that the most strategic 

path forward would be elimination, based on the precautionary principle, of AMU for production purposes in 

finishing pigs, but preservation of all existing therapeutic, metaphylactic and prophylactic options in weaned 

pigs (until 10 weeks of age). This would maintain flexibility in health management during the most crucial 

phase of swine production, yet should substantially reduce aggregate antimicrobial use with much less impact 

on animal health and welfare.  However, given the likely implementation of proposed changes, industry needs 

to focus on the expected negative impact on pig health, particularly related to enteric disease in weaned pigs, 

and the likely constraint of manpower of food animal veterinarians that will be necessary to provide greater 

veterinary oversight of all antimicrobial use in food producing animals.   
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Introduction 
 

In addition to their vital role in human medicine, antimicrobials are important tools for ensuring the health, 

welfare and productivity of animals raised for food, including pigs. Antimicrobial resistance is a pressing 

concern in human medicine throughout the world, and calls for more prudent use of these compounds are 

essentially unanimous. Reduction of antimicrobial use in all sectors is a laudable strategy to preserve the 

effectiveness of these compounds. However, and particularly in food animal medicine, it is only an intermediate 

goal in the quest to reduce the burden of human illness attributable to resistant organisms. It is notable that a 

recent review of interventions employed to reduce antimicrobial use in food animals in Denmark was 

accompanied by neither data nor claims of measurable benefits to human health consequent to this 

achievement.1   

 

The process of weighing policy options related to antimicrobial use in food animals should be evidence-based 

and arguably should include consideration of animal health and welfare, and environmental impacts, in addition 

to human health outcomes. Generally, it is reasonable to assume that reduction in aggregate use of 

antimicrobials in any arena will lessen the pressure of selection for resistant organisms. It is also plausible that 

different patterns of use of antimicrobials (e.g., selection of drug; route of administration; dose; duration) will 

exert differential selection pressures both qualitatively (organisms impacted) and quantitatively. In food animal 

settings, the myriad of potential options for deploying antimicrobials will presumably have diverse implications 

for public health (assuming all are non-zero). However, the pharmacoepidemiology of emergence and spread of 

antimicrobial resistance is complex and poorly understood, and particularly in relation to public health risks 

linked to animal food products. Optimization of antimicrobial use in food animals requires definition of 

practices of greatest value to maintaining animal health and well being, as well as practices that are more or less 

likely to select for antimicrobial resistant organisms, or resistance determinants, of public health importance.  

 

As antimicrobial use in pork production has been debated in the USA and elsewhere, there has been a popular 

but unproven thesis that administration of low doses of antimicrobials in feed (variably referred to as 

subtherapeutic, nontherapeutic, growth promotant or production uses) is more likely to select for resistant 

bacteria than are therapeutic doses, and hence lead to greater risk to public health.  That assumption underpins 

arguments to discontinue such uses with expectations of public health benefits and without substantial negative 

animal health impacts. Banning of antimicrobial growth promotant use in both Sweden and Denmark was 

associated with increased pig disease and mortality, notably post-weaning scours.2-4 this demonstrated that even 

though these antimicrobials were categorized as ‘growth promotants’, a practical consequence of their 

application was disease prevention in weaned pigs. Consequently, in Denmark cost of production increased 

following the ban, many producers (particularly small producers) exited the industry, and substantial changes to 

industry occurred in the effort to combat diarrheal diseases in weaned pigs (e.g., increased weaning age and 

widespread use of zinc in weaned pig diets). If low dose antimicrobial uses were similarly restricted in the 

United States, it is to be expected that similar health and production impacts would ensue. In reviewing the 

example of Danish regulations, it is also notable that aggregate use of antimicrobials in pigs in that country has 

not noticeably declined since the banning of growth promotant usages in weaned pigs in 2000.1 The lowest rate 

of use occurred in 1999, after the banning of growth promotants in finishing pigs, but before the ban in weaned 

pigs. Interventions that appear to have had more definitive impact on reducing aggregate antimicrobial use in 

pigs in Denmark are restrictions on veterinary sale of antimicrobials (in 1994) and the ‘yellow card’ system 

recently implemented, which statistically identifies, then investigates, individual farms and veterinarians 

determined to be using antimicrobials at the highest rates.1,5  

 

The FDA’s Guidance for Industry #209 6 states that some uses of low-level antimicrobials administered in feed 

are “injudicious”. The Preservation of Antibiotics for Medical Treatment Act 7, which calls for the 

discontinuation of all nontherapeutic or routine uses of certain classes of antimicrobials in animal agriculture, 

has been introduced in Congress for the past several sessions.  Many reports in the popular media have likened 
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the use of feed additive antimicrobials to sprinkling antibiotics on breakfast cereal.8,9   Low dose use has 

become a specific target for advocacy groups, legislators and regulators. The purpose of this review is to 

identify and appraise available evidence for the role of low-dose/long term (growth promotant) usage of 

antimicrobials in the emergence of resistant organisms and the potential impact on public health. The appraisal 

is focused on evidence cited in 4 key source documents calling for regulatory restriction of low dose 

antimicrobial use food animals in the USA: the FDA draft Guidance for Industry #209 (FDA-209);6 the 

Preservation of Antimicrobials for Medical Treatment (PAMTA) Act;7 the Pew Commission on Industrial Farm 

Animal Production (PEW) report;10 and the Keep Antibiotics Working Group (KAW) annotated bibliography.11  

 

Objectives 
 

1. Critically appraise the literature on antimicrobial use in pork production to determine the strength of 

evidence that long term use of specific levels of specific antimicrobial compounds in feed contributes 

greater risk to public health than other food animal antimicrobial uses.  

 

2. Define the implications for the industry to guide industry policy and programming on appropriate 

antimicrobial usage.  

 

Materials and Methods 
 

The following steps outline the process followed in the appraisal, which commenced in June, 2011:  

 

 Obtain the 4 key documents (FDA-209; PAMTA; PEW; KAW) in PDF or other electronic format and 

compile the reference list for each document. 

 

 Screen the references cited in each source document, and identify all references with any relevance to 

antimicrobial usage and/or resistance. Titles were read and a conservative process of exclusion was used. 

For example, some of the key documents cited numerous references related to animal welfare or 

environmental impacts of agriculture other than antimicrobial resistance, and these were excluded from 

further consideration. At this preliminary screening, only articles with titles indicating subject matter clearly 

unrelated to antimicrobial use or resistance were eliminated. 

 

 Original documents of all retained citations were procured via several mechanisms, including  electronic 

searches via PubMed by authors’ last names and/or key words from the cited  titles.  If not accessible via 

PubMed, further searches were conducted using Google Scholar or Google with relevant search strings.  In 

some cases, lead authors of cited papers were contacted personally to obtain full text copies of the original 

papers.  

 

 References were compiled in a RefWorks database, ensuring that specific fields were included (minimally: 

Authors, Journal/Book, Year, Title of Article, and/or URL). Completeness of the RefWorks database was 

verified by cross checking with the original reference lists of the 4 key documents.   

 

 References were assessed for relevance to the appraisal objectives, and irrelevant references were identified 

and excluded. Six initial screening questions were used to obtain studies to be included for detailed 

appraisal.  

a. Does the article include a summary? 

b. Does the summary indicate observations on antimicrobial use? 

c. Does the summary indicate observations on antimicrobial resistance? 

d. Is/are the objective(s) clearly stated? 
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e. Do the objectives include evaluation of antimicrobial use? 

f. Do the objectives include evaluation of antimicrobial resistance? 

 

All studies in which either the summary/abstract or stated objectives indicated content related to 

antimicrobial use or resistance were retained for detailed appraisal. This final reference list was established 

in a RefWorks folder. 

 

 Originally, we envisioned applying a single appraisal approach to all studies. However, the nature of the 

studies varied widely, and each selected study was categorized into one of three study types 

 

a. Descriptive: study included data describing antimicrobial use or resistance without comparison 

groups  

b. Analytical: study included data on antimicrobial use or resistance and included at least one 

comparative analysis  

c. Review: study summarized previous work on antimicrobial use or resistance but did not present 

original data 

 

Separate appraisal tools for descriptive and analytical studies (Appendix 1) and for review studies 

(Appendix 2) were developed. The design of the tools was based published methods for systematic appraisal 

of literature.12,13 The specific questions were refined iteratively by the research team.  

 

 Each study was then appraised using the applicable tool. To facilitate data entry for recording attributes of 

each publication, forms were developed in a Microsoft Access database. Most questions are self-explanatory 

and required only a Yes/No answer (Yes being indicated by a check mark, and no check mark indicating 

No). For multiple choice questions, drop down menus were used to select between options. For some 

questions more than one answer may have been possible. For example, if a study included multiple 

subpopulations and the information was more complete on one subpopulation, or different methods may 

have been applied in different sections of a study. In these cases, assessment of the study was based on the 

highest quality or most informative subpopulation.  For example, when appraising antimicrobial resistance 

testing, if multiple methods were employed in one study the more refined method (e.g. MIC vs. disk 

diffusion) was recorded.   

 

 Appraisal of review studies included documentation of the number of papers cited, and the number of 

citations that were original studies. This was conducted by examining abstracts of all citations. If citations 

were book chapters, these were deemed not to be original studies and were not examined further. Some 

references cited in reviews could not be located and were recorded as “cannot find”.  

 

 Based on the data obtained using the appraisal tool, a subset of 12 studies was selected for more detailed 

evaluation. Selected studies were those that specifically addressed the use of antimicrobials in food animals 

in relation to resistance and implicated antimicrobial use in animals in the development of resistance based 

on direct evidence. A panel of three veterinarians (principal investigator; Research Assistant; Masters of 

Public Health resident) critically read the 12 key studies to collectively assess the design, results and 

conclusions of these studies.   

 

 To screen subsequent relevant literature not identified in the key source documents we used the Web of 

Knowledge citation index (http://wokinfo.com ) to identify studies that had cited any of 11 of the final key 

publications (the 12th study was initially not included for detailed appraisal at the time this was conducted). 

 Two approaches were used to screen the 967 studies identified. Firstly, a random sample of 50 citations was 

evaluated to estimate the proportion of studies that might yield original data comparing antibiotic resistance 

http://wokinfo.com/
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in relation to recorded antimicrobial use in food animals. Secondly we used ‘pig’ as a keyword to search the 

citation database, thereby identifying 160 publications which were then screened for analytical studies 

comparing antimicrobial resistance (AMR) and antimicrobial use (AMU) in swine. References among the 

967 papers that were not selected by these processes were not considered further. 

 

 Based on the assessments made using the review study appraisal tool, we identified a subset of 7 review 

papers with conclusions stating some relationship between modes of antimicrobial use and resistance. All 7 

reviews were examined in detail to evaluate the evidence they cited to support the inferences drawn in 

regarding this relationships. References cited to support statements linking antimicrobial use and resistance 

were identified and assessed for original data on this relationship. 

 

 A key paper 14 not cited among the original 4 sources, but known by the principal investigator to be an 

intensive study of antimicrobial use and resistance in commercial swine production, was used to identify 

other relevant but uncited information. Using the Web of Knowledge citation index, we located 55 papers 

that cited Dunlop et al (1998). The abstracts/objectives of these papers were screened for content of original 

data pertaining to AMU and AMR in food animals, and the relevant appraisal tool for descriptive and 

analytical studies was applied to 17 original studies.  Five of these papers included original data on AMR in 

relation to AMU, and were reviewed in detail by the same process used for papers cited in the FDA-209, 

PAMTA, PEW, and KAW documents. 

 

After completion of the appraisal, an expert panel of veterinary epidemiologistsb with experience in the field of 

antimicrobial resistance convened at the University of Minnesota to critique the appraisal. Input from the expert 

panel, including some additional references, was incorporated to finalize the report. Publication of the final 

FDA guidance 209 document occurred late in the appraisal process. The final document included 14 references 

not listed in the draft document, and these references were also evaluated. 

 

Results and Discussion 
 

Initial screening of the 4 key documents (FDA-209; PAMTA; PEW; KAW) yielded 154 papers that were 

identified as likely to provide some information pertinent to the relationship between antimicrobial use in food 

animals and antimicrobial resistance. These were further classified as Analytical (n = 37), Descriptive (n = 48), 

or Review (69) studies.  

 

Analytical Studies (Appendix 3) 
 

Further evaluation of the summaries (abstracts) and introductions of each paper was conducted to confirm that 

either the summary or the stated objectives referred to either antimicrobial use or antimicrobial resistance. 

Among the 37 analytical studies, 16 were excluded from further evaluation because neither antimicrobial use 

nor antimicrobial resistance were mentioned in either the abstract or stated objectives of the study (Table 1) 

 

Table 1: Attributes of identified analytical studies (n = 37) for selected screening criteria based on information 

related to antimicrobial use (AMU) or antimicrobial resistance (AMR) 

                                                 
b Julie Funk, Bo Norby (Michigan State University), Scott McEwen (Ontario Veterinary College), Leigh Rosengren (Rosengren 

Epidemiology Consulting, Canada),  Morgan Scott (Kansas State University), Randall Singer (University of Minnesota),  

Wondwossen Gebreyes (The Ohio State University – written comments only) 
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Yes No 

Abstract present 21 16 

Clear Objective stated 21 16 

Abstract refers to  AMU 13 24 

Abstract refers to AMR 19 18 

Objective refers to  AMU 11 26 

Objective refers to  AMR 19 18 

Abstract refers to AMU and AMR 11 26 

Objective refers to AMU and AMR 8 29 

AMU or AMR stated in abstract or objectives 21 16 

 

Of the 21 analytical studies considered further, 5 involved human subjects only, 10 had animal subjects, and 6 

included information on both human and animal subjects. Only 5 of the studies were conducted on swine and 

just 9 studies provided any inclusion/exclusion criteria for selection of study subjects. The vast majority of 

studies (19) were conducted in clinical or commercial settings (e.g., hospital or farm), and only 2 in an 

experimental setting.  Fourteen studies presented information on antimicrobial use that was obtained by either 

actual measurement of antimicrobial use (9 studies), by survey (4) or was not specified. Of these studies, 

reporting of the specific antibiotic used and the dose, route, and duration used were variable and only 7 studies 

provided information on all these basic aspects of AMU (Table 2)   

 

 

Table 2: Numbers of studies reporting details of antimicrobial compound, dose, route, and duration of 

administration among 14 analytical studies  that measured antimicrobial use (AMU)  

 

AMU  
measured 

Compound 
specified 

Dose 
stated 

Route 
stated 

Duration 
stated 

All 
stated 

Recorded (n  = 9) 9 6 7 7 6 
Survey (n = 4) 2 0 0 1 0 
Unknown (n = 1) 1 1 1 1 1 

Total (n = 14) 12 7 8 9 7 
 

Of the 21 analytical studies that reported AMR or AMU, 19 reported measurement of antimicrobial resistance. 

Of these 19 studies, all reported the method used to determine resistance (14 reported MIC methods, 4 zone 

diffusion methods, and one a genotyping method), and 11 reported the breakpoints used to define resistance (all 

using MIC methods).  

 

Application of statistical methods was also assessed for these 21 studies. Three studies did not include statistical 

analysis and a further study did not specify the statistical method used. Eight studies used only univariate 

analysis (12 used multivariate approaches) and 11 studies failed to include confidence intervals for reported 

sample statistics. 

 

Of the 19 studies that measured antimicrobial resistance, only 12 studies also measured or provided some 

information on AMU, and were thus selected for detailed review. Table 3 summarizes aspects of the discussion 

and inference for studies that did not (n = 9) and did (n = 12) included observations on both AMU and AMR. 
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Table 3: Number of analytical studies that discussed the limitations and representativeness of their studies, 

discussed the relationship between AMU and AMR, and implicated AMU in AMR 
Compared AMU 
and AMR 

Discussed 
Limitations 

Discussed 
Representativeness 

Discussed 
AMU and AMR 

Implicated 
AMU in AMR 

No (n = 9) 4 8 8 7 

Yes (n = 12) 5 8 11 10 

Total (n = 21) 9 16 19 17 

 

 

Most studies (16 of 21) included some discussion of the representativeness of their studies in relation to wider 

populations, but only a minority of studies (9) included specific discussion of the limitations of their approach. 

Most studies (17 of 20) implicated antimicrobial use in the emergence of antimicrobial resistance in their 

discussion or conclusions, although in 9 studies the inference was indirect (i.e. not based on the data collected in 

their respective study). Indeed, most studies (7 of 9) that did not compare AMU and AMR in any analysis still 

implicated antimicrobial use in the emergence of resistance in their discussion or conclusions (Table 3). The 

nine studies that did not measure both antimicrobial use and antimicrobial resistance were eliminated from 

further assessment as this precluded the possibility that they provided primary evidence regarding this 

relationship.  

 

 

General quality indicators for 12 analytical studies that reported both AMU and AMR  

 

Of the 12 studies which reported observations on both AMU and AMR, 3 were conducted in human subjects, 7 

in animal subjects, and one study included both animal and human subjects. Only 2 studies involved swine. 

General quality indicators for the publications are summarized by subject group in Table 4. Studies often failed 

to provide any details on the age, housing and nutrition of study subjects, which is arguably important for 

interpretation of the results in the context of animal production. Only 2 studies involved any replication of their 

observations. 

 

Table 4: Number of studies (n = 12) reporting details on age, housing and nutrition of experimental subjects, 

the presence of a control group, and replication of observations 

Subjects Age Housing Nutrition 
Control 
group Replication 

Animal (n = 7) 5 3 3 5 2 

Human (n = 3) 2 0 0 1 0 

Both(n = 2) 1 1 1 1 0 

Total (n = 12) 8 4 4 7 2 

 

Of the 12 studies, only 6 (5 being animal studies) provided comprehensive descriptions of antimicrobial 

administration regarding the compound, dose, route, and duration of administration (Table 5).    

 

Table 5: Number of studies (n = 12) reporting details of antimicrobial administration (antimicrobial compound, 

dose, route, and duration of administration) 

Subjects 
Compound 
specified 

Dose 
stated 

Route 
stated 

Duration 
stated 

All  
stated 

Animal (n = 7) 7 5 5 6 5 

Both (n = 2) 2 1 1 1 1 

Human (n = 3) 1 0 0 0 0 

Total 10 6 6 7 6 
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Regarding measurement of antimicrobial resistance, 9 of the 12 studies used MIC methods, 2 used zone 

diffusion methods, and one used genotyping (i.e. detection of resistance genes). Eight of the 9 studies using 

MIC methods stated breakpoints used to define resistance. All but 2 studies employed statistical analysis, 

although one did not report the method used. Five studies used only univariate analysis, and 5 studies failed to 

include confidence levels for reported sample statistics. Only one of the 12 studies included a comparison of 

antimicrobial doses in the experimental design.15  

 
Specific comments on analytical studies reporting both AMU and AMR  

 
The following comments outline the evidence presented in the respective studies.  

 

Akwar et al. (2007):16 This cross-sectional observational study aimed 1) to estimate the prevalence of 

antimicrobial resistance among fecal E. coli from farm residents and identify risk factors associated with 

this resistance; and 2) to assess the effects of in-feed medication of swine rations on antimicrobial 

resistance among fecal E. coli from farm residents. The overall prevalence of resistance to E. coli among 

residents of farms that medicated swine rations was numerically (5.55% vs. 2.43%) but not significantly 

different (p = 0.06) from prevalence in residents of farms not medicating their swine rations. Pairwise 

comparisons showed some significant differences for individual antimicrobials, with the biggest 

difference seen with tetracycline resistance. Resistance was also observed to 3 antimicrobials 

(chloramphenicol, nitrofurantoin, streptomycin) that had been previously used but are no longer 

approved for use in food animals in Canada. Multivariable models were used to explore associations 

between antimicrobial use patterns and resistance to various antimicrobials. In several multivariable 

models, resistance in E. coli was associated with the time spent in pig barns, consumption of 

antimicrobials by residents, and treating of sick pigs within 3 months prior to the study. Use of 

tetracycline in weaner pigs, gentamicin in piglets, and tylosin in finisher pigs were positively associated 

with resistance in several models, though gentamicin use in piglets was presumably not in feed.  It was 

concluded that results of this study suggest medication of swine rations and other management factors 

lead to increased antimicrobial resistance among fecal E. coli in farm residents. This cross-sectional 

observational study of purposively selected farms should be viewed as an hypothesis generating study, 

rather than an hypothesis testing study. Antimicrobial use was based on survey responses rather than 

measurement of use, and details on dose and duration of administration were not included. Therefore, no 

information was provided on the relative impacts on resistance of therapeutic versus low-dose/long-term 

antimicrobial use in animals. 

 

Berrang et al (2007):17 This was an experimental study of subtherapeutic tylosin phosphate (20g/ton of 

feed) in broilers and macrolide resistance in Campylobacter spp. The study was conducted in an 

experimental setting simulating industry. The key outcome was the presence of erythromycin resistant 

Campylobacter on carcasses, which is of public health relevance because erythromycin is a common 

first choice treatment for human campylobacteriosis. The study comprised 3 replicate trials of 35 birds 

per group, and birds were exposed at 14 days old by mixing with seeder birds inoculated with 107 

macrolide susceptible C. jejuni. The treated and control birds were processed at 42 days old and 10 

whole carcass rinses were collected per group. Campylobacter were enumerated using agar containing 

erythromycin, and MIC were determined for all isolates. Tylosin exposure did not affect Campylobacter 

numbers on carcasses on fresh carcasses, but broilers fed tylosin had less carcass contamination after 

chilling. All Campylobacter from carcasses of birds fed tylosin phosphate were resistant to 

erythromycin, while none from control birds were resistant. The study indicates that subtherapeutic use 

is associated with AMR, but involved only one treatment dose, therefore no information is provided on 

the relative impacts on resistance of therapeutic versus low-dose/long-term antimicrobial use.  
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Endtz et al. (1991):18  This was a longitudinal study of fluoroquinolones (FQ) resistance in 

Campylobacter in the Netherlands. There was no measurement of FQ use, but the time frame of the 

study spanned the period when FQ use was introduced in both the human and animal populations, and 

FQ use increased in both humans and animals over this period. The inclusion of this study (and two 

similar ecological studies below) as ‘analytical’ studies, despite the absence of actual measurement of 

AMU, reflects the inclusive bias of our triage process at all levels. Prevalence of resistance increased 

from 0% to 11% (human) and to 14% (poultry products) in C. jejuni and C. coli, with resistance more 

prevalent in C. coli than C. jejuni. This paper is one of a group of similar and frequently cited papers 

that associate FQ use in poultry with resistance in human Campylobacter isolates.19,20 However, as FQs 

are used only therapeutically in food animals, and not by low-dose/long-term administration, the 

findings do not have direct relevance to growth promotant usage and provide no information about the 

relative impacts on resistance of therapeutic versus low-dose/long-term antimicrobial use in animals. 

 

Funk et al. (2006):21  This randomized controlled field trial examined the effect of subtherapeutic 

chlortetracycline use in swine feed on resistance in both Salmonella and overall aerobic gram negative 

intestinal flora. The study involved a convenience sample of 3 commercial swine farms (with 23 barns). 

Treatments [50g/ton CTC for the entire finisher period (10 – 24 weeks old), vs. control] were randomly 

allocated to barns started each week within the farms. Two farms used no other antimicrobials, while 

one farm used additional preventive and treatment protocols. Fecal sampling (96 pigs per barn) was 

conducted one time per barn within one month of expected market age. All samples underwent 

enrichment culture for Salmonella and a subset of 48 samples underwent aerobic culture for gram 

negative organisms. Multilevel modeling with MLWin (University of Bristol, Centre for Multilevel 

Modeling) was used to assess treatment effects and the variance structures, with separate models for 

each antimicrobial resistance and 4 models to examine relative odds of multiple resistance. Salmonella 

prevalence was low (only 15 isolates recovered) and with no significant difference between treatments. 

Among over 76,000 isolates of gram negative flora analyzed, 3 major phenotypes (pan-susceptible; 

tetracycline resistance only; tetracycline and ampicillin resistance) accounted for 97% of isolates. Odds 

of resistance to tetracycline (OR = 7.2), ampicillin (OR = 1.35) and ceftriaxone (OR = 2.4) were 

significantly increased in treated groups, with the last association highlighted as a concern due to 

apparent cross-selection of resistance to a third generation cephalosporin. It should be noted that, for the 

less epidemiologically literate readers, the reporting of odds ratios when AMR occurs at high prevalence 

can appear to overstate the apparent relative risk (or prevalence ratio) when comparing groups. For 

example, the impressive odds ratio for tetracycline (7.2) in this study derives from a prevalence of 

resistance of 97.5% for the exposed group and 84.3% for the unexposed group, yielding a prevalence 

ratio of only 1.16. Similarly, the OR for ceftriaxone (2.4) closely estimates the prevalence ratio (2.3) but 

the absolute difference in prevalence of ceftriaxone resistance between the groups (0.7% vs. 0.3%) is 

very small. The discussion highlighted the scarcity of controlled field studies undertaken to investigate 

the relationship between AMU and AMR in animal populations. As the study involved only one 

treatment dose, no information is provided on the relative impacts on resistance of therapeutic versus 

low-dose/long-term antimicrobial use in animals. 

 

Kieke et al (2006):22  This observational study was conducted to assess the association between poultry 

exposure and streptogramin resistant E. faecium in humans. Samples were obtained from 567 newly 

admitted hospital patients and 100 healthy vegetarians, and participants were interviewed regarding 

poultry exposure. Carcass washes from conventional (160) and antibiotic free (26) birds were sampled 

after selection by convenience. Constitutive quinupristin-dalfopristin resistance was absent in human E. 

faecium, but 56% of conventional poultry isolates were quinupristin-dalfopristin resistant. Inducible 

quinupristin-dalfopristin resistance was more common in samples from patients than in those from 

vegetarians, and in washes of conventional compared with antibiotic-free poultry. Higher poultry 
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consumption was associated with inducible quinupristin-dalfopristin resistance, but no common human 

and poultry isolates were identified based on PFGE typing. Exposure information was obtained by 

telephone interviews (within 62 days for patients) and antimicrobial use from medical records. The 

study did not have a healthy meat-eating control group, virginiamycin use in poultry was assumed but 

not confirmed, and there was no process to validate the human exposure information. The authors 

“suggest virginiamycin use in poultry contributes to human carriage of isolates that contain 

streptogramin resistance genes”. While indirectly implicating growth promotant usage in emergence of 

inducible Q/D resistance, no information is provided on the relative impacts on resistance of therapeutic 

versus low-dose/long-term antimicrobial use in animals. 

 
Ladely et al. (2007):15 This replicated experimental study of macrolide-resistance in Campylobacter in 

broilers was the only analytical study that directly compared subtherapeutic and therapeutic treatment 

regimes. The stated objective was to evaluate the effect of administering therapeutic and subtherapeutic 

concentrations of tylosin on the erythromycin susceptibility of C. jejuni and C. coli isolated from the 

ceca of treated broilers. The study involved 3 replicates (175 birds per replicate) of 7 treatments of 25 

birds (175 birds total) in a 2x3 +1 factorial design. One treatment group was an unexposed control (i.e. 

non-infected, not tylosin), and the remaining groups were exposed to either C. jejuni or C. coli with 

antimicrobial exposures of  1) tylosin in feed at 22 ppm for 4 weeks (from 2 weeks of age); 2) tylosin in 

water at 529 ppm for 5 days; or 3) no tylosin exposure. No macrolide-resistant strains were recovered 

from broilers that had not been administered tylosin, but macrolide-resistant isolates of both species 

were recovered from broilers administered tylosin at both subtherapeutic and therapeutic concentrations. 

Erythromycin resistance was significantly more prevalent among isolates from birds exposed to tylosin 

at subtherapeutic concentrations for 4 weeks (83.3 and 56.1% for C. coli and C. jejuni respectively) than 

in birds exposed to therapeutic concentrations for 5 days (33.3 and 7.9%). This is the only study in 

which therapeutic versus subtherapeutic use was compared and the results indicated greater prevalence 

of resistance with the latter. It should be noted that the doses used for birds in this study differ from the 

approved levels for swine of tylosin in water (0.50 grams per 200 gallons of water, or 132 ppm), or in 

swine feed for therapeutic (100g/ton) and growth promotion (20 to 100g/ton) use.  

 

Levy et al (1976):23 This prospective controlled study in a commercial setting involved sampling of 

birds, workers, families and neighbors. Birds were exposed from 3 months of age to 100g of 

oxytetracycline per ton of feed, stated by the authors to be a level used for therapy or prophylaxis. The 

main outcome was the prevalence of tetracycline resistance in coliforms. Increased resistance was 

observed rapidly in birds and after some months in workers. A decline in the prevalence of resistance 

was observed after withdrawal of the medicated feed. The statistical methods used to analyze the data 

were not specified, and there was no indication of how the (likely) assumption of independence between 

samples was handled, given birds were group housed. Multiple resistance was observed, yet the most 

common resistance pattern did not include tetracycline resistance, and more complex resistance patterns 

were found in people. This widely cited study provided some of the earliest descriptions linking 

antimicrobial use in poultry and resistance in human commensals. However, the avian population 

studied (from 3 months old) was different from the contemporary broiler industry, and the study 

involved only one treatment dose. No information is provided on the relative impacts on resistance of 

therapeutic versus low-dose/long-term antimicrobial use in animals. 

 

Peak et al: (2007)24: This longitudinal study involved measurement of tetracycline resistance genes and 

16S rRNA gene abundances in 8 lagoons at 5 cattle feedlots in USA over 6 months. The stated objective 

was to ‘To holistically assess factors that affect the abundance and seasonality of released resistance 

genes in surface water below CAFOs, especially related to on-site CAFO operating practices’ and 

examine how CAFO practices affect the absolute and relative resistance gene abundances downstream 

of CAFO operations. Tetracycline resistance varied between feedlot types and was positively associated 
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with herd size and 16srRNA level. Resistance was negatively associated with sunlight level and length 

of day and increased in autumn, particularly in the high use group. The study concluded there was a 

strong relationship between on-site antibiotic use and resistance gene abundance in surface water. 

However, the study had no replication and no quantitative data were gathered on tetracycline use for any 

feedlot, even though the study was prospective.  Little detail was provided on how feed lots were 

categorized by AMU, or any validation procedures to confirm exposures (interviews with operators and 

‘personal on-site investigations’). The frequency of sampling and number of samplings was not clear, 

and there is no indication that the analysis adjusted for the repeated measures within lagoons. The 

findings indicate the concentration of tetracycline resistance genes was correlated with apparent 

aggregate antimicrobial use. However, because antimicrobial use was not reliably measured, no 

information is provided on the relative impacts on resistance of therapeutic versus low-dose/long-term 

antimicrobial use in animals. 

 

Smith J et al: (2007)25 The stated purpose of this study was to investigate the influence of antimicrobial 

administration on the distribution of resistance determinants and strain types among commensal E. coli 

strains isolated from broiler chicken intestines. The study involved 3 contract farms for one producer 

and an experimental flock with antimicrobial treatment and control groups. The history of antimicrobial 

usage on the commercial flocks was known. One flock had not been treated, and the other 2 were 

administered antimicrobials (FQ, tetracyclines) at therapeutic levels. In the treated flocks, fecal samples 

(100 pooled floor samples) were collected immediately after treatment. All groups in the experimental 

setting were fed a commercial corn-soy meal broiler diet containing monensin (90 g/ton) and bacitracin 

methylene disalicylate (50 g/ton). The birds in the treatment groups were given therapeutic 

concentrations of antimicrobials in their drinking water at 4 weeks old as follows: sarafloxacin, 20 ppm 

for 5 days; enrofloxacin, 25 ppm for 3 days; and oxytetracycline, 25 mg/lb for 5 days. Cecal contents 

from groups of 10 birds were sampled at 3, 5, and 7 weeks of age. Evaluation of resistance included both 

phenotypic and genotypic methods. The results indicated complex relationships in which the age of 

birds influenced the observed resistance in both the commercial and experimental settings. In 

comparisons among birds of the same age, FQ  MICs were significantly higher for isolates obtained 

from the enrofloxacin-treated group when the chickens were 5 and 7 weeks old than for isolates obtained 

from the other treatment groups. However, at 5 weeks of age, lower MICs for streptomycin were 

observed in E. coli isolates from the enrofloxacin treated birds than for other groups and the 

enrofloxacin-treated group also exhibited a lower prevalence of resistance to streptomycin, tetracycline, 

and sulfathiazole after treatment. Other observations included the likely importance of individual strains 

of  E. coli in influencing observed resistance profiles, and that the prevalence of integrons was 

influenced by age, farm and flock in addition to antimicrobial administration. In summary, the study 

reported complex outcomes resulting from administration of therapeutic levels of antimicrobials in 

commercial and experimental settings. However, the study did not address low-dose, long term 

administration and no information is provided on the relative impacts on resistance of therapeutic versus 

low-dose/long-term antimicrobial use in animals. 

 

Smith K et al (1999):19 This longitudinal observational study of FQ resistant Campylobacter infections 

in the USA is similar to that conducted in the Netherlands by Endtz et al., discussed above. The study 

was originally assessed as a descriptive study, but was included for detailed review as the only 

descriptive study making any direct inference (i.e., based on original data analyzed in the study) of 

antimicrobial use in relation to emergence of resistance, albeit at an ecological level and without actual 

measurement of exposure (again indicating the inclusive bias of our triage process). The study reports 

increased quinolone resistance in human Campylobacter isolates in the USA following the approval of 

fluoroquinolones (FQ) for therapeutic use in poultry. The study did not measure antimicrobial use in 

poultry, but inferred the association based on temporal patterns of resistance before and after the drug 

approval for animal use, supplemented by a cross-sectional data of FQ resistant Campylobacter in retail 
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poultry meat 19.  Again, as FQs are used only therapeutically, and not by low-dose/long-term 

administration, the findings do not have direct relevance to growth promotant usage and provide no 

information about the relative impacts on resistance of therapeutic versus low-dose/long-term 

antimicrobial use in animals. 

 

Unicomb et al. (2006):26 This Australian period prevalence study analyzed antimicrobial resistance 

patterns in C. jejuni isolates from 585 patients across 5 states. FQ have not been approved for use in 

food animals in that country, and a low prevalence (2%) of resistance was reported.  In multivariate 

models controlling for age and underlying disease, cases infected with ciprofloxacin-resistant strains did 

not differ from cases with ciprofloxacin sensitive infections with respect to disease severity (fever, 

vomiting, bloody stools, duration of diarrhea) or likelihood and length of hospitalization. No 

observations were made on antimicrobial use or resistance in animals, and FQ are used therapeutically in 

food animals in other countries. No information is provided on the relative impacts on resistance of 

therapeutic versus low-dose/long-term antimicrobial use in animals. (This reference was not used in 

citation index to identify later papers of relevance) 

 

Van Duijkeren et al: (2008)27: This cross-sectional observational study of 31 farms compared the 

occurrence of MRSA in farms with antimicrobial use history, and concluded that ‘use of standard 

antimicrobial medication of the pigs seemed to be a risk factor for MRSA carriage’. MRSA prevalence 

was determined by testing 10 nasal swabs (selected by convenience), and animals of different ages were 

tested on different farm types. Antimicrobial use was determined based on a questionnaire of whether 

the groups of pigs sampled had received antibiotics, which drugs, and when (recording only group 

treatments but not individual animal treatments). Six of the farms tested supplied pigs to some of the 

other farms, and MRSA colonization was closely related between the source and recipient farms. 

Statistical analysis was not performed, possibly due the lack of independence between farms (i.e. source 

and recipient herds were similar in MRSA status). No information on dose was provided, and the 

purpose of administration (i.e., therapeutic or otherwise) was not specified for most farms. Therefore, no 

information is provided on the relative impacts on resistance of therapeutic versus low-dose/long-term 

antimicrobial use. 

 

Using the Web of Science Citation index, we identified 967 papers that cited 11 of these papers (excluding the 

Unicomb paper) which we entered into a RefWorks database. To assess the likely yield of original papers 

reporting associations between AMU and AMR in swine, we randomly sampled 50 of the 967 papers that cited 

the papers reviewed above. Among the 50 selected papers, 39 (78%) were original studies but only 3 (6%) were 

original studies that included data on either antimicrobial use or resistance in animals. Only one paper28 

provided relevant original data on the relationship between antimicrobial use and resistance in swine (discussed 

below under Supplementary Information), suggesting the likely yield of original data among these 967 

subsequent studies would also be low. However, an estimated yield of only 2% suggested a likely yield of some 

15-20 relevant publications. Therefore we then searched this RefWorks database using the keyword of ‘pig’, 

and screened 160 titles selected by this process. This yielded 16 papers that are also discussed later (see 

Supplementary Information) with respect to the relationship between modes of AMU and AMR.    

 

Descriptive Studies (Appendix 5) 
 

Studies were designated ‘descriptive’ rather than ‘analytical’ if they included data on antimicrobial use or 

resistance but did not have comparison groups. Twelve of the 48 studies initially included as descriptive were 

triaged from further consideration as further evaluation indicated neither AMU nor AMR were the subject of 

investigation. Among the 36 studies retained, 13 involved animal subjects (8 of swine); 6 involved human 

subjects; 5 involved both human and animal samples; and the remainder did not involve studies on live subjects 
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(e.g., reports on environmental sampling, etc.). Of 36 papers with an abstract, 29 referred to AMR and 7 to 

AMU. Similarly, the majority of stated objectives of these studies indicated description of AMR rather than 

AMU to be the goal of the study (Table 6). 

 

Table 6: Attributes of identified descriptive studies (n = 36) for selected screening criteria based on information 

related to antimicrobial use (AMU) or antimicrobial resistance (AMR) 

 

 Yes No 

Abstract present 35 1 

Clear Objective stated 35 1 

Abstract refers to  AMU 7 29 

Abstract refers to AMR 29 7 

Objective refers to  AMU 3 33 

Objective refers to  AMR 27 9 

Abstract refers to AMU and AMR 6 30 

Objective refers to AMU and AMR 3 33 

AMU or AMR stated in abstract or 

objectives 35 1 

   

Of the 24 studies involving human or animal subjects, only 6 indicated inclusion/exclusion criteria for selecting 

study subjects and no details of age (14), housing (18), and nutrition (23), were given in the majority of reports. 

None of the studies were conducted in an experimental setting or included replication of observations. Of 7 

studies which reported antimicrobial use, none recorded use directly (3 used surveys and methods for collection 

were not specified in 4), and only 3 studies included details regarding the drug, dose, route and duration of 

administration (Table 7). 

 

Table 7: Number of descriptive studies (n = 7) reporting details of antimicrobial use (antimicrobial compound, 

dose, route, and duration of administration) 

AMU measured 
Compound 
specified 

Dose 
stated 

Route 
stated 

Duration 
stated 

All  
stated 

Recorded (n =0)  - - - - - 

Survey (n = 3) 3 2 2 2 1 

Unknown (n = 4) 4 2 2 2 2 

Grand Total 7 4 4 4 3 

 

In the 26 studies that reported observations on antimicrobial resistance, 11 used methods that estimated MICs 

(of which 8 specified the breakpoints used); 5 used zone diffusion methods; 8 detected resistance genes rather 

than phenotype; and 2 studies did not specify the method. Of the 26 studies, 13 included some statistical 

analysis (5 using a multivariate method), and only 5 provided confidence intervals for reported sample statistics. 

No study made any assessment of antimicrobial dose in relation to antimicrobial resistance, and only one study 
19 made any direct inference (i.e., based on original data analyzed in the study) of antimicrobial use in relation 

to emergence of resistance. This study was discussed above with the analytical studies. It was not among the 7 

studies that discussed limitations to their study design or inference (Table 8). It is notable that despite the 

absence of measurement of both AMU and AMR in these descriptive studies, 16 of the 36 implicated 

antimicrobial use in antimicrobial resistance in the discussion or conclusions (Table 8).   
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Table 8: Number of descriptive studies that discussed the limitations and representativeness of their studies, 

discussed the relationship between AMU and AMR, and implicated AMU in AMR 

 
Compared AMU 
and AMR 

Discussed 
Limitations 

Discussed 
Representativeness   

 Discussed AMU 
and AMR 

 Implicated 
AMU in AMR 

No (n = 15)  7 14 15 15 

Yes (n = 1) 0 1 1 1 

Total (n = 16) 7 15 16 16 

 
Purely descriptive studies constitute an important sector of the scientific literature as they can identify issues 

that may merit more concentrated investigation, or potentially informative trends in the temporal or spatial 

distribution of phenomena of interest. However, in the absence of a well-defined context, citation of purposively 

selected descriptive studies can  be misleading, and particularly for very complex issues such as the 

epidemiology of AMR. It is long established that resistance determinants can be prevalent in pristine 

environments with no record of antimicrobial exposure.29  More recent studies documenting multiple resistance 

in bacteria in ancient permafrost samples30 and the microbiome of an isolated cave31 further emphasize the 

potential for misleading inference linking AMR to AMU when based solely on descriptive data on resistance. It 

is evident that antibiotic resistance genes are widespread in nature and can persist without selection pressures 

emanating from anthropogenic activities including antimicrobial use.32 It should be noted that resistance genes 

found in pristine environments likely serve different purposes in their host organism that conferring resistance. 

However, from the perspectives of causal inference or effect estimation, the 48 descriptive studies cited by the 4 

key documents are collectively uninformative regarding the association of low-dose long term administration of 

antimicrobials to food animals with AMR. 

 

Review Studies (Appendix 6) 
 

The 4 key documents cited 69 relevant papers that we identified to be review/report papers rather than original 

studies. Among these, the titles of the review suggested that antimicrobial resistance or use was the focus of 47 

reviews, and a further 3 stated AMU and/or AMR to be the subject of the review in a summary or statement of 

objectives. Further assessment was limited to 37 reviews that specifically referred to AMU or AMR in a 

summary (33 referred to AMR, and 31 to AMU in the summary) or stated objectives (25 referred to AMR and 

17 to AMU). None of the 37 reviews employed systematic review methods, but were narrative reviews (29) or 

reports (8).  Of all 37 reviews, only 1 stated the search methods used to identify cited sources. Similarly, only 

one (different) review specified inclusion and exclusion criteria for the studies they cited. No reviews stated that 

any criteria of validity assessment were used in the selection of studies cited, or indicated any measures were 

taken to identify or address potential biases in selection of cited sources. Only 3 of the reviews discussed 

validity in analyzing studies or drawing inferences in their review process, and no reviews discussed potential 

limitations of their study. Collectively, these 37 sources cited 1,869 publications (ignoring duplications) of 

which 1,012 (54.2%) were determined to be studies providing original data. That is, almost half the sources 

cited by the review papers were other reviews and reports, rather than primary sources. The proportion of 

primary sources varied among individual reviews from 0% to 83%. 

 

Information presented on resistance for specific antimicrobial-bacterial pairings 

 

Twenty five reviews discussed specific antimicrobial compounds or classes linked to resistance in specific 

bacteria. The most commonly discussed drug class was fluoroquinolones (17 reviews), predominantly in 

relation of Campylobacter (12 of 17), but also in other bacterial species (Table 9). Evidence from several 

countries supports a role of use of FQ in poultry in the emergence of FQ resistant Campylobacter in humans.33 

The regular citing of this relationship among review papers reflects that it is perhaps the best documented 
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circumstance linking a specific antimicrobial used in food animals to occurrence of resistance in an important 

zoonotic pathogen, although the degree of impact on public health has been questioned.20 However, in the USA 

and elsewhere, FQ are used for therapeutic purposes in animals and not by low-dose, long-term administration 

and this scenario is not directly relevant to concerns regarding low-dose, long term AMU.  

 

Table 9: Specific organism-antimicrobial pairs cited in 25 reviews of the relationship between antimicrobial use 

in animals and antimicrobial resistance 
 

Enterococci 20 

Vancomycin 13 

Quinupristin/dalfopristin 7 
  

Salmonella 16 

Multiple drug resistance 10 

Fluoroquinolones 3 

Ceftriaxone 3 
  

Campylobacter 13 

Fluoroquinolones 12 

Macrolides, Tetracyclines 1 
  

E. coli/coliforms 11 

Nourseothricin 4 

Tetracyclines 3 

Fluoroquinolones 2 

Extended spectrum beta lactams 1 

    Gentamicin, apramycin 1 

STEC   

Multiple drug resistance 1 

Streptococci   

Tylosin 1 

 

Enterococci (particularly E. faecium) were the most commonly discussed organisms (20 of 25 reviews) in 

reviews addressing specific antimicrobial-bacteria relationships, mostly in regard to vancomycin resistance 

linked to the use of avoparcin as a growth promotant (13 reviews), but also for quinupristin/dalfopristin 

resistance linked to use of virginiamycin in animals (Table 9). The experience with avoparcin use as a growth 

promotant in Europe is perhaps the best established example demonstrating that low-dose/long term AMU in 

animals can be associated with increased prevalence of resistant commensal organisms in animals, farm 

workers and people in the general community. However, relative to the example of FQ resistant Campylobacter, 

there is even less convincing evidence that this phenomenon led to any significant human illness.34  Prior to the 

banning of avoparcin use in Europe, carriage of vancomycin resistant enterococci (VRE), particularly E. 

faecium, was common among healthy humans and livestock, but human clinical disease was rare. In contrast in 

the USA, where glycopeptides such as avoparcin have never been approved for use in animals, carriage of VRE 

by healthy people in the community is rare, yet clinical disease associated with VRE has been prevalent since 

the early 1990s, particularly in intensive care patients.35 

 

The divergent patterns of glycopeptide use in the USA (common use in humans but no use in animals) versus 

Europe (common use in animals, sparing use in humans) has been posited as one  explanation of  the 

epidemiological differences in human clinical disease.36 Cursorily this observation points glycopeptide use in 
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humans, rather than in animals, being associated with human clinical VRE infections. Furthermore, while the 

prevalence of VRE among animals and healthy community members in Europe decreased after the banning of 

avoparcin in 1996, the prevalence of nosocomial ampicillin and vancomycin resistant enterococcal infections 

subsequently increased.34,37 The European Antimicrobial Resistance Surveillance System reported the 

proportion of glycopeptide-resistant E. faecium isolates from blood increased dramatically after 2000 in several 

European countries. However, the emergence of a particularly virulent subtype of E. faecium across 3 

continents has been proposed to have had more influence on the epidemiology of VRE infections than 

antimicrobial use patterns. This virulent strain (clonal complex 17) appears to be a hospital-adapted lineage that 

is resistant to ampicillin and fluoroquinolones, and typically contains virulence factors that have been absent 

from all strains tested from animals and asymptomatic human carriers.38,39 In summary, on one hand the 

avoparcin experience in Europe illustrates the concept that low-dose, long term administration of antimicrobials 

can lead to increased prevalence of resistant commensal organisms in animals and also associated human 

populations. On the other hand, it also demonstrates a scenario in which growth promotant use in animals 

animal, despite selection of resistant commensal organisms, was uncoupled from (or even negatively associated 

with) the public health burden of resistant infections caused by the respective bacterial species (i.e., history of 

VRE infections in USA vs. Europe, and in Europe before and after the banning of avoparcin).   

 

Virginiamycin had been used as a growth promotant in animals for decades (e.g., since 1974 in the USA) 

without concern for resistance, because products of the streptogramin class were not historically available in 

human medicine. Around 2000 (1999 in the USA) quinupristin/ dalfopristin (Synercid), an injectable 

streptogramin, was approved in many countries to treat infections associated with vancomycin-resistant 

Enterococcus faecium bacteremia.  This immediately focused attention upon potential public health 

implications of virginiamycin use in food animals. Similar to avoparcin and VRE, as highlighted in these review 

papers, several studies have reported high prevalence of streptogramin resistance in animal enterococcal 

isolates. However, unlike avoparcin, there is as yet little evidence that this has been associated with a high 

prevalence of resistance in human isolates. A study conducted by the CDC found little resistance to 

quinupristin-dalfopristin (Q/D) among enterococci isolated from people in the United States through mid-1999, 

despite decades of virginiamycin use in farm animals.40 A large study of more than 6,000 enterococcal isolates 

from animals in the USA concluded that Q/D resistance among enterococci from animal sources in the USA 

may be less prevalent than in earlier reports with more limited sampling. They also observed that genes 

mediating resistance to Q/D were not widespread despite the long history of virginiamycin use for growth 

promotion in animals.41 The putative association between virginiamycin use in animals and treatment failures of 

humans with Q/D resistant enterococcal infections to date has minimal evidentiary support. Discussions of this 

relationship in the review studies cited by the key sources were largely speculative or hypothetical. 

Furthermore, the potential importance of this putative relationship is likely declining because Synercid use is 

relatively rare due to its practical limitations for therapy, including the need for central venous administration, 

metabolic interactions, an adverse-effect profile, and a lack of activity against E. faecalis.42 

 

Sixteen reviews also discussed concerns about antimicrobial resistance in Salmonella both generally and for 

specific subpopulations such as S. Typhimurium DT104 and multiple resistant S. Newport. The majority 

discussed concerns with multiple drug resistance, and some cited specific concerns related to FQ and 

ceftriaxone resistance. Again, these specific drugs are used therapeutically rather than by low-dose/long-term 

administration. No concrete evidence was identified among these reviews to implicate growth promotant usage 

with emergence of specific patterns of antimicrobial resistance in Salmonella.  

 

Resistance in E. coli or coliforms was discussed in 11 reviews in relation to both therapeutic use 

(fluoroquinolones, extended spectrum beta lactams, tetracyclines, gentamicin, apramycin) and growth 

promotant use (nourseothricin, tetracyclines). The growth promotant nourseothricin was linked to the 

emergence of streptothricin resistant coliforms in animals and humans in Eastern Europe. There was also some 

evidence of possible clinical implications in humans as 1% of isolates from urinary tract infections in the region 
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were resistant to nourseothricin.43 However, as with avoparcin, nourseothricin has never been available for use 

in food animals in the USA.  

 

Information presented regarding antimicrobial dose and AMR 

 

Five reviews (including one report) addressed the issue of antimicrobial dose and the emergence of resistance. 

However, the conclusions of 7 reviews (2 of which did not address dose specifically) included statements 

related to the effect of antimicrobial dose, or low-dose usage, on resistance. As the subject of dose and duration 

of administration is the central purpose of this appraisal, some comments on the content of those 7 reviews are 

given below.   

Goforth and Goforth (2000):44 This review was authored by lawyers and appears to be targeted more to a 

legal than a scientific readership. The documentation of many statements is minimal and illustrative (i.e., 

examples of sources that have stated the concept discussed) rather than analytical (i.e., summarizing of 

diverse scientific data or opinions). Only 18 of 58 cited sources were primary sources. The review is 

characterized by general statements only loosely supported by specific sources. For example, it is stated 

(with no sources cited) that use of subtherapeutic antibiotics in food animals“is having devastating and 

potentially irreversible effects on the viability of antibiotics as agents to effectively treat diseases in human 

beings.” Although the focus of the review was ‘subtherapeutic’ antimicrobial use in animals, it included no 

substantive consideration of the relative impacts on AMR of low-dose, long term AMU in food animals 

versus other modes of use.  

Aarestrup and Seyfarth (2002):1,45 This is a short review summarizing the Danish experience with banning 

of growth promotant antimicrobials. The salient observation is that some reduction in prevalence of some 

resistant bacteria was documented through the DANMAP surveillance system. No information is provided 

on public health outcomes, nor information on the relative impacts on resistance of therapeutic versus 

subtherapeutic uses.  

Catry et al. (2003):46 This paper takes a detailed theoretical approach towards understanding the 

relationship between antimicrobial use and resistance. The authors examine relationships between dose, 

treatment interval, duration of antimicrobial treatment and formulation and the emergence of antimicrobial 

resistance in individual patients. Salient points include that dose, as a risk factor, can be interpreted as the 

total amount of active substance used in a population during a certain time period, and regional and 

international surveys have shown that resistance in a population is directly related to the amount 

(aggregate) of antimicrobial drugs used. The paper also discusses the theory of a ‘selection window’ for 

resistance, whose characteristics are defined by the therapeutic regimens (drug, dose, interval, etc.), but 

also concludes that ‘more in vivo experiments and clinical data are required to assess the practical value of 

this … theory’. The authors cite other review papers (74 of 155 cited papers were primary sources) in 

positing that prolonged oral administration of low dosages of antimicrobial drugs may lead to selection 

windows in the digestive tract in which resistance development is promoted. No information is provided on 

primary studies on the relative impacts on AMR of therapeutic versus low-dose/long term AMU in animal 

populations. The authors considered that, as in Europe, the argument for removal of antimicrobial growth 

promotants is founded on the precautionary principle. 

Khachatourians (1998):47 This is a general review of antimicrobial use and resistance in food animals. A 

negative perspective is evident throughout regarding ‘animal husbandry’ uses of antimicrobials, but no 

information is provided on primary studies of the relative impacts on resistance of therapeutic versus low-

dose/long term AMU in animal populations.  
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Shea (2004): 48 The review concludes that ‘nontherapeutic uses contribute to resistance and create health 

dangers for humans’, but no information is provided on primary studies of the relative impacts on 

resistance of therapeutic versus low-dose/long term AMU in animal populations.  

Smolinski et al (1998): 49 This is a broad review of microbial threats to health that has only cursory 

discussion of antimicrobial use in animals and posits that ‘the use of antimicrobials for growth production 

has abetted the rise in infectious diseases by contributing to antimicrobial resistance’. No information is 

provided on primary studies of the relative impacts on resistance of therapeutic versus low-dose/long term 

AMU in animal populations.  

Levy (1987): 50 The author reviews previous studies from his group that demonstrated that low dose 

oxytetracycline administration in feed to poultry led to increased resistance in E. coli in the birds and 

human handlers, and that prevalence of resistance declined following the removal of the compound. The 

review illustrates other examples of antimicrobial use in food animals linked to emergence of resistance but 

does not provide information on primary studies of the relative impacts on resistance of therapeutic versus 

low-dose/long term AMU in animal populations.  

Summary of cited review papers 

The review papers cited by the key sources generally reiterate the most storied examples linking AMU in 

animals and AMR. However, both individually and collectively, they fail to identify specific studies that 

explicitly contrast the impact of low-dose, long duration (growth promotion) administration relative to other 

modes of AMU in food animals. The narrative nature of all these reviews; their almost universal failure to 

specify methods for procuring the sources cited; and the overall paucity of discussion of study validity or 

potential biases together undermine the standing of this body of references as offering an authoritative  response 

to this specific question. Collectively, these review studies present negligible evidence of any differential effects 

among specific modes of antimicrobial use in swine production in selecting for antimicrobial resistance. 

Consequently, they also offer no substantive evidence that cessation of low-dose, long term administration of 

antimicrobials in food animal production would have outcomes that might differ predictably from those 

resulting from aggregate reduction of antimicrobial use by any mechanism. They present no evidence that 

measures to reduce low-dose, long term administration of antimicrobials that do not reduce aggregate 

antimicrobial use would have any measurable benefit with respect to prevalence of antimicrobial resistant 

organisms in food animal reservoirs and, by extension, to public health.    

 

The apparent growth in alternative production systems over the last decade has led to a number of studies 

comparing ‘conventional’ and ‘alternative’ systems with respect to zoonotic pathogens and AMR. A relatively 

recent systematic review and meta-analysis compared the prevalence of selected pathogens, and associated 

antimicrobial resistance, in organic and conventional food animal systems. The authors concluded that 

limitations of study design diminished the value of many studies and the feasibility of performing a meaningful 

analysis.51 The authors stated “most studies included in this review were observational cross-sectional studies, 

which can only provide evidence for an association and cannot establish causation due to a lack of temporal 

evidence. … Furthermore, many of the studies were based on a small sample size, and their purpose is most 

suitable for generating rather than testing hypotheses. They are a valuable source of initial evidence on new and 

emerging topics but do not provide high-quality evidence for systematic reviews or meta-analyses.” These same 

limitations are prominent among the literature cited by the key FDA-209, PAMTA, PEW and KAW that we 

have examined in this appraisal.  
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Supplementary information 

The original scope of this appraisal was defined to be the references cited by FDA-209, PAMTA, PEW and 

KAW. Our original assumption was that these sources, which articulate arguments for removal of growth 

promotant usage in food animals based on public health concerns related to AMR, would have collectively 

identified the most convincing evidence to support such regulatory interventions. However, our appraisal 

process found that none of the cited papers presented specific evidence to support the contention that growth 

promotant usage in swine presented greater risk for selection of dissemination of antimicrobial resistance than 

other modes of AMU, or could be linked to any defined or measurable public health outcome. Furthermore, 

only one paper15 cited by the key sources presented evidence to support this contention in any food animal 

species (poultry). This led us to question the core assumption about the comprehensiveness of the key sources, 

particularly as we were aware of some relevant publications that none of the key sources had cited. 

 

Consequently, we expanded the scope of the study to identify other peer reviewed publications that might 

specifically inform our core question, and particularly in relation to swine production. Due to resource 

limitations, this was not an exhaustive or systematic review. The process involved identifying further research 

via the following steps:  

 

 Citation index search based on 11 analytical studies cited by the key sources that compared AMU and 

AMR (yielding 160 papers involving swine, and 10 for detailed review) 

 Citation index search based on one pivotal paper not cited by the key sources (yielding 55 studies, 17 

that were critically appraised and 5 for detailed review) 

 Update of reference list in the final FDA guidance compared to the draft document (14 additional 

references including 5 original studies, none for detailed review ) 

 Risk assessments of low dose AMU in food animals in relation to public health and animal health that 

were not cited by the key sources (7 studies) 

 Additional references suggested by the expert review panel (6 papers, 4 for detailed review) 

 

Publications citing 11 analytical studies comparing AMU and AMR 

 

967 papers that by October 2011 had cited any of 11 papers reviewed in detail in the analytical papers section 

were selected using ‘pig’ as a keyword in the RefWorks database. Abstracts of the 160 papers identified were 

screened and papers that indicated any comparison of antimicrobial treatment regimens with respect to AMR 

were reviewed in detail.  

 

Mathew et al. (1999):52 This observational study was designed to investigate the effects of pig age and 

level of antibiotic use on antibiotic resistance patterns in E. coli. Farms were classified as low antibiotic 

use if subtherapeutic feed-based antibiotics were not used or if only subtherapeutic concentrations of 

tetracyclines were used for brief periods, or high use (7 farms) which routinely used subtherapeutic feed-

based antibiotics and/or injectable antibiotics. However, detailed measurement of AMU was not 

conducted and therapeutic and non-therapeutic uses were not directly compared. A much broader range 

of compounds was used on high use farms, and resistance generally was more prevalent in high use than 

low use farms. However, pig age was seen to have a strong influence on the prevalence of resistance in 

both groups. The study supports the concept that aggregate AMU is likely associated with greater 

resistance, but no comparison of modes of administration was conducted 

 

Wagner et al. (2008):53 This experimental study in feeder pigs reported the impact of five different 

antimicrobial regimes in a 2x2+1 design. Two antimicrobials were administered as both pulse doses 

(chlortetracycline  at 400ppm; tylosin at 100 g/ton), respectively and low-level continuous 
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administration in feed (chlortetracycline at 100 g/ton until 2 weeks before market;  tylosin 40 g/ton until 

market age). The fifth group was not exposed to antimicrobials. Pulse doses were fed for 1 week, 

followed by 3 weeks of no antimicrobial, another week of antimicrobial, then 12 weeks without 

antimicrobials. Outcomes were the prevalence in fecal samples of Salmonella, and of antimicrobial 

resistance in both Salmonella spp. and generic E. coli. Salmonella prevalence in feces was higher at the 

time of placement of pigs compared to samples taken when the animals were close to market weight. 

Differences in resistance of Salmonella were not observed among treatment groups. Only resistance to 

cephalothin increased in E. coli under the pulse treatment with chlortetracycline. The authors concluded 

that the dosing regimens examined in this study did not influence the prevalence of antimicrobial 

resistance in Salmonella spp. or E. coli. However, high prevalence of resistance (>905) was observed in 

all groups for tetracyclines, sulfamethoxazole, and streptomycin.  

 

Bibbal et al. (2007):54 This experimental study in 7 week old pigs (without previous antimicrobial 

exposure) compared three ampicillin dosage regimens on ampicillin resistance among 

Enterobacteriaceae in swine feces. The exposure regimens used a single exposure dose (20mg/kg body 

weight) delivered either by injection or orally via water, with and without food deprivation. Treated 

animals excreted significantly higher percentages of resistant Enterobacteriaceae than the control group, 

but no significant differences were observed among the three treatment regimens.  

However, oral administration in fed pigs led to higher excretion of blaTEM genes than intramuscular 

administration . All doses were therapeutic and selected for resistance but no low-dose exposures were 

evaluated.   

 

Harada et al. (2008): 55 This observational study was similar to that of Mathew et al (1999), in that it 

compared resistance patterns in E. coli in relation to prior antimicrobial exposure on farms. Observations 

generally indicated that resistance was more prevalent in pigs exposed to the respective antimicrobials 

on the farm, and some patterns of cross-selection for resistance were seen. However, the study recorded 

only therapeutic uses of antimicrobials. The authors also reported that all the observed resistance 

patterns also occurred in E. coli isolates from pigs that were not exposed to antimicrobial therapy during 

at least 6 months. The authors speculated that resistance observed in the absence of recent therapeutic 

selective pressure might be associated with historic use or other factors such as subtherapeutic 

antimicrobial use, but no data were presented to support this.  

 

Juntunen et al. (2010): 56 This field study at a single swine farm compared antimicrobial resistance in 

Campylobacter coli in feces from  untreated sows and piglets (n = 57), weaned pigs treated with tylosin 

(n = 68) and pigs of the treated group 3–5 weeks after withdrawal of tylosin (n = 15). Weaned pigs were 

later  sampled after tylosin had not been administered for 7 months at the farm. Resistance to at least one 

antimicrobial agent was more common among isolates from the treated pigs than in those from the 

untreated animals. Resistance to ciprofloxacin, erythromycin, nalidixic acid and streptomycin was 

higher among isolates from the treated pigs than untreated animals. Resistance against at least one 

antimicrobial was significantly lower when tylosin had not been administered for 7 months. The study 

did not include any age matched controls and the dosage used (140g/metric tonne) exceeds the approved 

level for therapeutic use of tylosin in the USA. No comparison with low-dose administration was 

included. 

 

Literak et al. (2010):57 This observational study reported susceptibility patterns to 12 antimicrobial 

agents in E. coli isolates from 2 swine farms in the Czech Republic. The farms had different antibiotic 

exposure histories: Farm A was a breeding stock supplier that used no antimicrobials for prophylaxis or 

growth promotion; According to the records, for 2 years prior to testing amoxicillin was the only 

antimicrobial used on the farm to treat 276 pigs (total use of 1090 g of amoxicillin). On Farm B, in the 2 

years before sampling pigs were administered amoxicillin, tetracyclines, lincomycin-spectinomycin, 
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tulathromycin, ceftiofur, ampicillin, florfenicol (amounts specified for each) as well as unspecified 

amounts of penicillin and streptomycin.  The authors summarize that ‘Irrespective of the antimicrobial 

policy, the prevalence 

of resistant pig E. coli isolates was high in both farms’. Resistance to tetracyclines was most prevalent 

on both farms, and a high prevalence of resistance was also seen to sulfonamides, despite absence of 

sulfonamide use on either farm.  

 

Tadesse et al. (2011): 58 This observational study reported prevalence and antimicrobial resistance 

profiles of Campylobacter spp. on farm at following slaughter in 34 cohorts of pigs raised in 

conventional and antimicrobial-free (ABF) farms in 4 US states (in 2 regions). ABF was defined as 

farms not using any antimicrobials postweaning; conventional farms were those using antimicrobials 

routinely for prophylactic and therapeutic purposes. At the farm level, a logistic regression model was 

used to compare Campylobacter prevalence and prevalence of resistance to 6 antimicrobial agents 

among farm types and regions. At post slaughter level, the analysis additionally included assessment of 

prevalence between systems within regions. In the on-farm samples, resistance was most common to 

tetracyclines (65%; no difference between ABF and conventional) and erythromycin [47%; higher in 

conventional (63%) than ABF (37%)], and no significant differences were found for the other 4 

antimicrobials. Much fewer isolates were recovered during processing, making the data more uncertain, 

but resistance to chloramphenicol and nalidixic acid was more prevalent in preevisceration samples from 

ABF than conventional carcasses. FQ resistant isolates were also detected in samples from both ABF 

and conventional cohorts. AMU was not measured on the conventional farms, nor clearly validated for 

the ABF farms, and the study does not provide evidence comparing low-dose, long term AMU with 

other modes of use. 

 

Thakur and Gebreyes (2005): 59 Similar to the study of Tadesse et al (above), the objective of this 

observational study was to compare the prevalence and antimicrobial resistance of Campylobacter 

species in swine reared in conventional and (ABF) production systems. Information on AMU was 

collected from swine producers. In in both nursery and finishing stages of the conventional system, 

oxytetracycline (400 g/ton) and tylosin (40g/ton) were added to the feed, and penicillin and ceftiofur 

administered by injection. In the ABF system, no antimicrobials were used after weaning. Samples were 

collected from 21 groups of pigs over 2 years, but the number of farm sites included in each group is not 

clear. Campylobacter coli constituted 99% of the isolates detected. Isolates were tested with the agar 

dilution method for susceptibility to six antimicrobials, and resistance was most prevalent to tetracycline 

(66%) and erythromycin (54%). Frequency of resistance to these two antimicrobials was significantly 

higher among conventional herds (83.4% for tetracycline and 77% for erythromycin) than among ABF 

herds (56.2% for tetracycline and 34.5% for erythromycin). Multidrug-resistant C. coli strains were 

detected in both the conventional (7%) and ABF (4%) herds. In addition to the higher prevalence of 

resistance observed in the conventional farms, the  authors noted the high prevalence of antimicrobial-

resistant C. coli in both conventional and ABF pig production systems, pointing to the apparent ability 

of antimicrobial-resistant Campylobacter to persist in swine farm environments regardless of levels of 

antimicrobial use. Antimicrobial use was not directly measured on the conventional farms, where both 

therapeutic and growth promotant use occurred, therefore no information is available on the relative 

impacts of low-dose/long term AMU versus other modes of administration. 

 

Varga et al. (2009): This observational study aimed to identify potential associations between reported 

AMU and AMR of fecal and environmental Salmonella recovered from 60 Alberta finishing swine 

farms. The study was based upon an earlier study of Salmonella prevalence in which some information 

on AMU had been collected by survey of producers and veterinarians. AMU was categorized by drug 

class and route of administration (feed, injection, water), but not by dose. Analyses were restricted to 6 

antimicrobials for which the prevalence of resistance at the pen level was at least 4%. Relatively 
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complex multivariate models were used and included adjustment for clustering. In-feed use of tylosin in 

finishers was associated with increased odds of resistance of Salmonella to ampicillin, streptomycin, and 

multiple antimicrobials. Injectable penicillin use in growers was associated with decreased odds of 

resistance of Salmonella to streptomycin, kanamycin, and multiple antimicrobials. In finishers, 

injectable penicillin use in finishers was associated with decreased odds of resistance to ampicillin and 

chloramphenicol. A limitation of the study was that the analysis could not address AMR by serotype due 

to the large diversity of serotypes among the available isolates. Previous studies have indicated that 

AMR can vary markedly among serotypes within farms, and hence from animals with the same 

antimicrobial exposure history.65 The overall conclusion of the authors was that AMU in pig production 

was inconsistently associated with AMR in Salmonella from finishing swine, but that moderate to high 

variation in AMR prevalence at pen and farm levels suggested that interventions at the pen and farm 

levels might be beneficial in reducing the prevalence of AMR. 

 

Wiuff et al. (2003): 60 This short term study compared FQ resistance in pigs experimentally infected 

with Salmonella prior to exposure to FQ administered both orally, and parenterally at 3 doses. FQ 

resistance developed rapidly and at high prevalence among the coliform flora independent of route of 

administration, dose or time of initiation of the treatment. Prevalence of FQ resistance among the 

introduced Salmonella was lower with the intramuscular route, and at doses 3 or 6 times the 

recommended dose. The authors concluded that resistance is readily selected by treatment with 

enrofloxacin at the recommended dose, and that small changes in the active drug concentrations can 

change the intensity of selection. However, the study addresses only therapeutic use, and FQ cannot be 

administered for growth promotion in the USA. 

 

When delineating the original scope of this appraisal, we did not intend to pursue the initiatives described in this 

section of supplementary information. Our decision to do so was prompted by the paucity of informative 

original studies cited by the key sources, particularly with respect to swine. Our efforts to identify other relevant 

sources were not comprehensive (due to resource limitations), but structured with the hope of efficiently 

locating highly relevant original studies by 1) screening studies that cited 11 sources that we identified to be 

most informative among the original citations of the key documents; 2) screening studies that cited a pivotal 

study of AMU and AMR in swine published in 1998; 3) screening additional references cited in the final FGA 

Guidance 209 document; 4) reviewing studies identified by the expert review panel. Generally, these sources 

reported positive associations between AMU and AMR, but also bear testimony to the biological complexity of 

these relationships and the challenges of researching it. Five experimental studies specifically designed to 

compare low-dose long term administration of antimicrobials with therapeutic use 53,61-64 consistently observed 

an increase in AMR associated with AMU, but reported no differences among modes of AMU. We remain 

unable to identify any substantial body of evidence indicating that low-dose/long term administration of 

antimicrobials is more likely to promote AMR than use by other modes. In the absence of this evidence, 

strategies that aim to reduce aggregate AMU in food animals, rather than specific uses, appears the most 

justifiable goal. 

 

 

Citation index search based on key swine papers 

 

We were surprised that none of the key sources had cited a series of detailed studies conducted in Canada that 

made a relatively comprehensive effort to measure AMU on swine farms and its relationship with resistance in 

E. coli.14,65-67 We used the capstone paper of this series (14 in the Web of Science citation index to identify 

subsequent papers that might provide specific information about the relationship between AMU and resistance 

in swine. By this means, 55 subsequent papers were identified, and our initial screening process identified 17 

primary studies which were evaluated using the appraisal tool for descriptive and analytical studies. By this 

process, we identified 5 papers that compared antimicrobial use and resistance in food animals, which we 
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reviewed in detail along with the capstone publications. Key observations and inferences are summarized 

below: 

 

Dunlop et al (1998): 14,65-67 These studies presented analyses performed on data collected from 34 

purposively selected swine farms in Ontario, Canada. Antimicrobial use in feed, water, and by injection 

was measured on all farms for 2 months and patterns of use and rates of treatment described. Twenty 

fecal samples from finisher hogs within 1 month of slaughter were collected on two occasions 1 month 

apart from each study farm. Prevalences of resistance among fecal E. coli and variability of resistance 

among and within farms were described. Logistic regression models of antimicrobial use and resistance 

in fecal E. coli of swine tested the hypothesis that the use of antimicrobials at the group and individual-

animal levels was associated with prevalence of resistance to antimicrobials (carbadox, gentamicin, 

nitrofurantoin, spectinomycin,  sulfisoxazole, tetracyclines) that were used on the farm, and also to other 

antimicrobials. The final models included the antimicrobial treatment covariates and farm management 

factors that best explained the variation in resistance to these drugs. Results indicated that antimicrobial 

use during swine production was associated with increased resistance to those antimicrobials among 

fecal E. coli of finisher pigs. Furthermore, medication of feed was associated with resistance in models 

for 7 antimicrobials, while individual animal treatment was significant in only one model. It was 

concluded that individual treatment with antimicrobials had significantly less impact on the promotion 

or maintenance of resistance than did medication of rations. However, explicit comparisons of dose and 

duration of exposure, as opposed to route of administration, were not reported. Furthermore, 

antimicrobial use was not invariably associated with increased resistance and there was no strong 

evidence that prevalence of E. coli resistance to nitrofurantoin or spectinomycin was higher on farms 

that used these antimicrobials. Also for the growth promotant carbadox, although resistance was 

associated with use, prevalence of resistance was low. Resistance was also observed on 5 farms that did 

not use antimicrobials (including 47% resistance to tetracyclines), and the authors inferred that factors or 

substances other than antimicrobial exposure may be important in maintaining antimicrobial resistance 

in populations of bacteria. The authors cautiously advised that, although very plausible, the cross-

sectional nature of the study limits the ability to infer that the relationships were causal. Furthermore 

they state that they were unable to fully control for the confounding effects of individual treatments on 

group treatments because individual fecal samples from finisher pigs and individual antimicrobial 

treatment rates were aggregated to the herd level. 

 

Alali et al. (2009): 28 This longitudinal ecological study in a prison system examined the relationship 

between the prevalence of resistant commensal E. coli in human wastewater and swine composite fecal 

samples arising from group-level cohorts of humans and swine and concurrent antibiotic use in the host 

species. Fecal and wastewater samples were collected over 36 months and related to monthly 

antimicrobial use data. Human antimicrobial use was based on medical records. No formal antibiotic 

recording system was employed. Data on feed grade antibiotic use was derived from records of diet 

formulations and aggregated with monthly antibiotic dispensing records to estimate aggregate use by 

antibiotic class. Among swine workers, odds of tetracycline resistance were increased significantly for 

tetracycline use at the third quartile and above of mean monthly dosage (MMD) in pigs (OR = 1.8) 

compared to months with no use. The odds of tetracycline resistance in swine increased significantly 

with chlortetracycline use in medicated feed for the upper tercile of MMD category (OR = 2.9) as 

compared to no use. The authors concluded that ‘the overall effects of concurrent human and swine 

antibiotic use on resistant E. coli levels were inconsistent and modest in this study.’ However, the 

observations support the generally accepted view that aggregate exposure to antibiotics in populations 

appears to be related to resistance measured at the population level, and underline the complexity of 

these relationships. Because of the aggregated nature of the exposure data, no information on specific 

patterns of use is provided. 
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Checkley et al. (2010): 68 This randomized controlled trial evaluated associations between antimicrobial 

use and the prevalence of antimicrobial resistance in fecal E. coli from feedlot cattle. Specifically they 

compared metaphylactic (injectable) and prophylactic (in feed) antimicrobial use in groups of cattle and 

the prevalence of antimicrobial resistant fecal E. coli at several points during the feeding period. 

Animals were randomized to 3 treatments: control (no antimicrobials); oxytetracycline in feed at 110 

g/ton; and long-acting oxytetracycline injection of 20 mg/kg body weight subcutaneously. Other 

antimicrobial treatments were conducted according to normal procedures to treat illnesses on the feedlot. 

Treatments were allocated by pen with 8 pens per treatment group. MICs to 7 antimicrobials were 

determined on 3 generic E. coli isolates per animal. Increased prevalence of resistance was observed in 

both treatment groups compared to controls soon after arrival, but differences were short term and no 

differences were detected preslaughter. Oxytetracycline administration in feed was associated with an 

increased proportion of animals with 1 or more fecal E. coli isolates resistant to tetracycline and 

sulphamethoxazole. Resistance increased in all groups regardless of treatment between arrival and 

preslaughter sampling, at which time no differences in resistance among groups were found.  

 

O’Connor et al. (2008): 69 This randomized controlled trial in a research feedlot compared changes in 

the prevalence of resistance to antibiotics in E. coli from cattle receiving oxytetracycline injected 

subcutaneously in addition to in-feed chlortetracycline, with E. coli from cattle receiving only in-feed 

chlortetracycline. Resistance to 19 antibiotics was examined. Injectable oxytetracycline was 

significantly associated increased prevalence of resistance only to chloramphenicol and sulfisoxazole. 

The study did not include an untreated control group, and injected and uninjected animals were housed 

together. Due to the lack of a control group, and the fact that all animals received the same antimicrobial 

in feed, the study provides no information regarding relative impacts on resistance of therapeutic versus 

subtherapeutic uses in animal populations. 

 

Rosengren et al. (2007):70 This cross-sectional observational study examined resistance of  E. coli in 

grow finish pigs to 16 antimicrobials in relation to historic records of AMU on the farms.  The data were 

derived from farm records for AMU in feed and water. Data for each exposure of suckling, nursery, 

grow-finish pig, or sows in the previous 12 months included the product used, number of pigs exposed, 

and duration of exposure. Antimicrobial use was aggregated by class and described as the exposure per 

pig-day (or 1,000 or 100,000 pigs days), but parenteral AMU was not measured. The statistical models 

were based on binomial models using generalized estimating equations to adjust for clustering. Models 

were constructed for 7 compounds, only one of which (tetracyclines) was used in the feed or water of 

the farms. Six of the seven antimicrobial resistance outcomes had significant AMU risk factors of which 

3 were associations with exposure to drugs in the same antimicrobial class. In contrast,  

resistances to kanamycin and streptomycin were not associated with use of these classes of drugs.  Two 

models indicated negative associations between AMU and AMR. Overall the study supports a positive 

association between aggregate AMU and AMR, but does not provide direct comparison of different 

modes of AMU by dose or purpose.  

 

Varga et al.  (2009): 71 This cross-sectional observational study employed multivariable models to 

examine associations between reported patterns of antimicrobial use on 90 swine farms in Western 

Canada and antimicrobial resistance in E. coli isolated from pen fecal samples. Antimicrobial use was 

assessed with a one-time questionnaire of producers. Analysis was restricted to 7 antimicrobials to 

which resistance was detected in at least 5% of samples, and was reported only for the 78 farrow-to-

finish farms in the study.  AMU variables were binary in the analysis, representing reported group or 

specific AMU via feed and water, or individual AMU via injection, in various phases of pig production. 

Specific data on dose or duration of administration were not included. Similarly outcome variables were 

also binary. Associations between reported AMU and resistance to individual antimicrobials were 

examined with independent logistic regression models for each antimicrobial. Two models also explored 
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multiple resistance outcomes. Relatively complex multivariate modeling was use to attempt to account 

for repeated observations and the hierarchical structure of the data. As the study modeled a large number 

of exposures and outcomes, the results are complex, but overall suggested that AMU on these farms, and 

particularly in-feed AMU, was positively associated with resistance in E. coli isolates. In feed use was 

also positively associated with AMR in both models examining multiple resistance. They also found use 

of an injectable trimethoprim–sulfonamide in nursery pigs and injectable oxytetracycline in growers was 

negatively associated with resistance, an observation the authors considered as inconsistent with most 

theory and evidence regarding antimicrobial resistance. A limitation of the study, indicated by the 

authors, was that no information was obtained about the rationale for AMU (i.e., therapeutic or growth 

promotion), dose or duration of treatment, changes in AMU over time, or dose regimens. The study 

supports that aggregate AMU is associated with resistance, particularly in feed administration, but does 

not explicitly examine dose and duration relationships due to limited measurement of AMU.  

 

 

Risk assessments of low dose AMU in food animals on public health and animal health 

 

None of the 4 key documents (FDA-209, PAMTA, PEW and KAW) employed systematic review methods or 

described the processes by which they selected their sources. Although PAMTA and KAW are clearly 

politically (moreso than scientifically) oriented sources, PEW and FDA-209 are more likely to be perceived as 

ostensibly ‘scientific’ documents. For completeness, we identified several comprehensive quantitative 

assessments of the risk of human treatment failures related to specific practices of AMU in food animals. 72-76.  

These studies have uniformly estimated the risks to be extremely (or ‘vanishingly’) small. Published 

quantitative risk assessments that address AMU in animals in relation to human health were recently reviewed 

in detail.77 The studies included involved both low-dose/long term use and therapeutic use for compounds 

considered of ‘critical importance’ to human health. While some studies estimated relatively high burdens of 

resistant Campylobacter and Salmonella infections that might be attributable to AMU in animals, they did not 

assess any specific modes of AMU. McEwen (2012) pointed out that in all cases important data gaps were 

recognized and contributed substantial uncertainty to the model outcomes. However, we did not  identify any 

published quantitative risk assessment that predicts substantial risk of human clinical treatment failures 

associated with any specific antimicrobial use in food animals.   

 

Furthermore, some relatively recent studies present evidence that use of antimicrobials at low doses to control 

endemic diseases in food animals can be associated with improvements to animal health that translate into less 

carcass contamination during processing, and thereby may deliver human health benefits through reduced risk 

of exposure to pathogens.78-80 This body of work is currently very small, but the implications are substantial and 

more research is indicated to confirm or refute these observations. 

 

Updated reference list from Final FDA guidance 209  

 

This appraisal was first conducted using the FDA draft guidance 209 document. The reference list of the final 

guidance 209 document included 14 papers not included in the draft version. Of these 14, 11 were original 

studies.71,81-90 These studies were screened to evaluate their stated objectives and methods and major outcomes. 

Generally all studies presented information indicating positive associations between AMU and AMR. However, 

because none of the studies compared low-dose/long-term antimicrobial use with other modes of AMU they 

were not assessed further. 

 

Additional references suggested by the expert review panel 

 

The expert panel convened to review the final draft of this report identified some additional studies relevant to 

the core question of the relative impact of low-dose/long term use of antimicrobials on emergence of AMR. 
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These included a series of publications that directly compared ‘therapeutic’ (220 ppm for 14 days followed by 

71 days without antimicrobials); ‘subtherapeutic’ (27.5 ppm for 85 days) of chlortetracycline in feed, and no 

administration, on resistance in coliforms and anaerobic bacteria in the feces or intestinal tracts of pigs.61-64 This 

set of studies compared the effects of these treatments in 2 sub-populations of growing pigs that originated from 

unrelated breeding herds with different histories of AMU [one herd being antibiotic free (ABF) for 8 years; the 

other conventional herd regularly using antimicrobials, particularly chlortetracycline, in feed]. All pigs were 

housed together with treatments separated by empty in a new facility, and pigs were sampled at several time 

points before, during, and after application of the treatments. Salient observations were that resistance was less 

common in pigs sourced from the ABF herd before treatments; that administration of chlortetracycline at either 

dose increased the percentage of resistant organisms, particularly in the ABF sourced pigs; that removal of 

antimicrobials did not result in any immediate of marked reduction in resistance; and that patterns of resistance 

were complex and influenced by factors other than the use of antimicrobials in feed, including sampling factors 

(fecal vs. intestinal content; coliforms vs. anaerobes). Notably, in the study of fecal coliforms, it was concluded 

that return of pigs from a therapeutic treatment regime to antimicrobial free feed did not result in an observable 

reduction in AMR, and that resistance (including multiple resistance) tended to be less among isolates from the 

subtherapeutic treatment group compared to the therapeutic group.64 It is noted that these studies were 

conducted on relatively small populations of pigs (36-40) and that the joint housing of treatment groups likely 

led to some transmission of organism among the groups. Acknowledging these limitations, the data did not 

indicate that the low-dose, longer term use led to more resistance than short term therapeutic use 

 

 

Summary and Conclusions 

 
Availability of antimicrobials for use in human medicine, veterinary medicine and food animal production is a 

privilege rather than a right. Given the current high level of scrutiny of antimicrobial use in all arenas, it is 

remarkable to think that in the 1950s antimicrobials became available for over-the-counter sale and use in food 

animal populations in many developed countries. Moreover, low-dose/long duration feeding of antimicrobials 

was widely adopted in food animal production after it was recognized that this could enhance growth rate and 

feed efficiency in poultry and swine. At that time, the phenomenon of antimicrobial resistance emerging 

consequent to antimicrobial use was already well established, albeit of less immediate clinical consequence. It is 

also notable that unrestricted over-the-counter sale of antimicrobials remains the norm for both humans and 

animals in many developing countries. Few would argue that this is wise, and the likelihood of imprudent use is 

inevitably a function of availability. However, it has been difficult to establish that antimicrobial use in food 

animals has been detrimental in terms of the incidence of clinical treatment failures in human infections. An 

extensive North American review in 2006 concluded that “the extent to which antibiotic use in food animals 

produces clinically important antibiotic resistant infections in humans is unknown”.91 This enduring uncertainty 

over the public health consequences of antimicrobial use in animals has frustrated groups who have avidly and 

conscientiously pursued greater regulation of antimicrobial use in food animals in the USA.  

 

The vast majority the papers cited by these key sources (FDA-209, PAMTA, PEW, KAW) contain no primary 

data to support the contention that low-dose/long term antimicrobial use exerts more selection pressure for 

resistant bacteria than therapeutic uses, or augments public health risks from antimicrobial resistant organisms. 

Generally, considerable shortcomings in design or reporting of these studies of AMU and AMR were prevalent. 

Prominent examples were the failure to comprehensively describe AMU in terms of drug, dose, duration and 

route of administration; failure to provide even minimal details on selection of subjects and age, housing and 

nutrition of research subjects; and superficial description of statistical methods and failure to even report 

confidence intervals in many studies. Among all the citations of the 4 core documents, only one study directly 

compared the effects of modes of AMU in a food animal species (poultry) on AMR in a zoonotic pathogen.15 

Specifically with respect to swine, we identified more analytical studies addressing the relationship between 
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AMU and AMR in swine that were overlooked by authors of the core documents (see Supplementary 

Information), than had been cited by them. However, these latter sources collectively bear testimony more to 

the complexity of the biological systems involved, than to any evident difference in AMR related to specific 

modes of AMU. The dearth of randomized controlled trials in the relevant literature is striking, and contributes 

to the enduring difficulty in drawing credible and robust inferences about this question.  Our ultimate 

assessment is that available evidence is inadequate to provide any meaningful comparison of different modes of 

antimicrobial resistance in relation to the emergence of antimicrobial resistance in pathogens or commensals in 

commercial swine populations.  In the absence of evidence indicating any differential effect among modes of 

antimicrobial use in food animals, the conservative position should be that reducing aggregate use of 

antimicrobials is the most appropriate goal.        

 

We believe that there is broad consensus that reduction in aggregate use of antimicrobials in any arena will 

lessen the selection pressure for resistant organisms. Many, though not all, would also accept that the process of 

weighing policy options related to antimicrobial use in food animals should be evidence-based and include 

consideration of animal health and welfare, and environmental impacts, in addition to putative human health 

concerns. As we traverse the spectrum of ‘therapy-metaphylaxis-prophylaxis-growth promotion’ uses, 

enthusiasm for antimicrobial use in animals will understandably decline. If one assumes that any reduction of 

antimicrobial use is desirable (i.e., less is better) it seems logical to eliminate uses that are ‘less necessary’ or 

less justifiable in terms of benefits to animal health and welfare. A truly strategic approach would require 

understanding of the relative consequences (in terms of prevalence of resistant organisms with implications for 

public health, and their actual clinical impact) of these different strategies for deploying antimicrobials in food 

animal populations. Optimization of antimicrobial use in food animals also requires better definition of 

practices of greatest value to maintaining animal health and well-being.  

 

Both the Swedish and Danish bans on antimicrobial growth promotants in pigs had documented adverse 

consequences for pig health, most notably the increased incidence of enteric disease in weaned pigs and 

increased need for therapeutic antimicrobials. 2,4,92  More recently, antimicrobial use in fattening pigs in the 

Netherlands also increased markedly (around 50%) from 2006 to 2008 following the removal of antimicrobials 

for growth promotion.c Given the consistency of this outcome in 3 countries, the expectation should be that 

aggregate AMU in swine would increase in the immediate (1 – 2 years) aftermath of removal of growth 

promotant claims in the USA. In both Denmark and Sweden, the impact of removal of growth promotant 

antimicrobials on the health of finishing pigs appears to have been minimal. We should not ignore the data from 

Denmark showing that the lowest rate of aggregate antimicrobial use in the Danish swine industry occurred in 

1999 after the withdrawal of growth promotants from finishing pigs, but before the their withdrawal from 

weaned pigs. 1 Recognition of the particular vulnerability, and therefore particular needs, of the weaned pig in 

relation to infectious disease control and prevention needs to be emphasized in discussions of strategic 

antimicrobial use in swine.  

 

FDA guidance 209 will likely lead to the removal of most, if not all, growth promotant claims in the USA 

within 3 years for all ages of pigs. Considering the available scientific data, and the history of experiences in 

Europe, we propose that a more prudent path forward would have been the elimination (based on the 

precautionary principle), of use of antimicrobials for production purposes in feed of finishing pigs, but 

preservation of all existing therapeutic, metaphylactic and prophylactic options in weaned pigs (e.g., up to 10 

weeks of age). This should substantially reduce aggregate antimicrobial use in the final 4 months prior to 

marketing when daily feed intake of pigs is highest, but would also maintain flexibility in health management 

during the most crucial 6-7 weeks of post-weaning life.  However, as the regulatory changes already in motion 

are unlikely to be significantly altered, the focus of the industry and swine veterinary community needs to shift 

towards managing the probable effects on pig health and welfare. It is well documented that in Denmark cost of 

                                                 
c http://www.wageningenur.nl/en/Research-Results/Projects-and-programmes/MARAN-Antibiotic-usage.htm 

http://www.wageningenur.nl/en/Research-Results/Projects-and-programmes/MARAN-Antibiotic-usage.htm
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production increased following the growth promotant ban, many producers (particularly small producers) exited 

the industry, and substantial changes to industry occurred in the effort to combat diarrheal diseases in weaned 

pigs (e.g., increased weaning age and widespread use of zinc in weaned pig diets). If low dose antimicrobial 

uses were similarly restricted in the United States, it is to be expected that similar health and production impacts 

would ensue. It is also feasible that the negative consequences could be more dramatic, given the overall 

younger age of weaning in the USA and less intensive veterinary oversight of many herds. 

 

A key factor influencing the impact of expected regulatory changes on animal health will be the implementation 

strategies that are put in place by the FDA, particularly in relation to phasing out of over-the-counter sales and 

the need for veterinary oversight. The current document calls for more voluntary involvement of veterinarians 

in all uses of antimicrobials for food producing animals, but does not specify how this will be achieved. In 

Europe, all antimicrobials used for food producing animals are prescription only, and prescriptions are usually 

time limited to ensure frequent veterinary involvement on farms. For example, in Denmark pig farmers must 

sign a voluntary veterinary advisory service contract with a veterinarian stipulating that the veterinarian must 

visit the farm not less than 12 times a year. Veterinarians can prescribe antibiotics for no longer than 35 days for 

a site following a farm visit.d The stipulation for regular herd health visits to underpin prescription of veterinary 

medicines in Denmark was in place from 1994, or about 3 to 5 years prior to the removal of growth promotants 

from finishing or nursery pigs. Although the veterinary-client-patient relationship plays a central role in 

veterinary prescription drug use in the USA, it places much less stringent demands on veterinary oversight than 

in Europe. This present two major challenges that need to be anticipated in the USA – 1) availability of 

veterinarians to deal with increased incidence of disease, particularly enteric disease of weaned pigs, following 

restrictions on currently available products; and 2) veterinary manpower and cost to meet requirements for 

greater oversight and need for prescriptions.  

 

  

 

                                                 
d https://www.foedevarestyrelsen.dk/english/Animal/AnimalHealth/Veterinary_medicine/Pages/default.aspx  

https://www.foedevarestyrelsen.dk/english/Animal/AnimalHealth/Veterinary_medicine/Pages/default.aspx
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APPENDIX 1: APPRAISAL TOOL FOR DESCRIPTIVE AND ANALYTICAL 

STUDIES 
 

Summary/objectives 
 

1. Does article include a summary? 

2. Does the summary indicate observations on antimicrobial use? 

3. Does the summary indicate observations on antimicrobial resistance? 

4. Is/are the objective(s) clearly stated? 

5. Does objective include evaluation of antimicrobial use? 

6. Does objective include evaluation of antimicrobial resistance? 

 

Methods 
 

Study population 

 

7. Are inclusion/exclusion criteria for selecting subjects described? 

8. Is the study population animal or human? 

9. If animal, are they swine or other animals? 

10. Is the age of the subjects described? 

11. Is the housing system described? 

12. Is the nutrition of the animals described? 

13. Was the study done in an experimental or commercial/clinical setting? 

 

Treatments 

 

14. Were multiple groups (treatments) included? 

15. Was an untreated control group included? 

16. Was the study replicated? 

 

Antimicrobial Use 

 

17. Was antimicrobial use reported? 

18. Was the antimicrobial specified? 

19. Was antimicrobial use recorded, or obtained by survey questionnaire? 

20. Was the antimicrobial dose reported? 

21. Was the antimicrobial route recorded? 

22. Was the antimicrobial duration recorded? 

23. Were antimicrobial blood (or tissue/urine/other) levels measured? 

 

Antimicrobial Resistance 

 

24. Was antimicrobial resistance reported? 

25. Was the method of resistance testing described or referenced? 

26. Was the resistance description categorical, or by MIC? 

27. Was the origin of MIC breakpoints specified? 

Statistical Analysis 
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28. Was it conducted? 

29. Were specific statistical tests indicated? 

30. Were multivariate methods used? 

31. Were confidence intervals included? 

 

Results 
 

32. Does the analysis directly compare antimicrobial resistance in relation to use? 

33. Is there comparison of antimicrobial dose and resistance? 

 

Discussion 
 

34. Were the limitations of the study discussed? 

35. Was the relationship of the study population to other populations discussed? 

36. Is the use of antimicrobials in food animals in relation to resistance discussed? 

37. Is antimicrobial use in animals implicated in the development of resistance? 

38. If so, is this with direct evidence or by inference? 
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APPENDIX 2: APPRAISAL TOOL FOR REVIEW STUDIES         
 
1. Does article include a summary? 

2. Does the summary indicate observations on antimicrobial use? 

3. Does the summary indicate observations on antimicrobial resistance? 

4. Is/are the objective(s) clearly stated? 

5. Does objective include evaluation of antimicrobial use? 

6. Does objective include evaluation of antimicrobial resistance? 

7. Was the review narrative, systematic or a meta-analysis? 

8. Were the search methods used to find evidence reported? 

9. Were the criteria for inclusion/exclusion of studies reported? 

10. Was study validity a specific criterion for inclusion/exclusion? 

11. Did the study selection methods indicate measures to avoid bias? 

12. How many studies were cited? 

13. How many original studies were cited? 

14. Was study validity discussed in analyzing studies or in drawing inferences in review? 

15. Were methods used to combine the findings of relevant studies (to reach a conclusion) reported? 

16. Did the review specifically compare studies of antimicrobial dose and emergence of resistance? 

17. Does the review focus on specific antimicrobial uses linked to resistance in specific bacteria? 

18. Do the conclusions address the effects of antimicrobial dose on resistance? 

19. Were the limitations of the study discussed? 
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