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Abstract

Epidemiologists studying antimicrobial resistance are often interested in analyzing the associa-

tion between antimicrobial resistance and antimicrobial use in animals, and on the impact of

antimicrobial use in animals on the occurrence of resistance in bacteria affecting human populations.

Given the various potential antimicrobial use data sources, it seems likely there will be some

variability in the utility of the data for interpreting trends in antimicrobial resistance and investigating

the relationship between antimicrobial use in animals and antimicrobial resistance in bacteria

affecting human health. From an epidemiologic perspective, the major issues related to incorporation

of antimicrobial use data into antimicrobial resistance monitoring programs are the further devel-

opment of epidemiologic methods for collecting, quantifying, analyzing and interpreting use data; an

open and realistic consideration of the limitations of the data; developing an understanding of scaling,

temporal and spatial heterogeneity issues; and the interpretative problems of ecologic and atomistic

fallacy. Given the many potential biases in antimicrobial use data, attempts to relate levels of

antimicrobial use to levels of antimicrobial resistance should be done with caution until the data are

better understood and the aforementioned issues have been addressed.
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1. Why are antimicrobial use data important from an epidemiologic perspective?

Epidemiologists who study antimicrobial resistance are often interested in the relationship

between antimicrobial use and resistance in animals, and in the role that animal antimicrobial

use plays in the levels of resistance in bacteria affecting human populations. In order to

investigate these relationships, precise information about antimicrobial use is required. The

scale at which these data are collected can dramatically affect the utility of the data and the

inferences that can be drawn from them. Data can be collected at the national, regional, local

and farm level; from pharmaceutical companies, distributors, feedmills, pharmacies, over-

the-counter retailers, veterinary clinics, animal owners, and food animal producers; and in a

comprehensive manner (i.e. census) or from randomly or purposively selected sites (i.e.

sentinel site system). Given the different potential data sources, it is reasonable to assume that

not all antimicrobial use data will be equally useful in understanding trends in antimicrobial

resistance or investigating the relationship between antimicrobial use in animals and

antimicrobial resistance in bacteria affecting human health.

2. How might an epidemiologist use these data?

At the national level, aggregate antimicrobial use data can be calculated as the total

amount of antimicrobial used and/or produced in the country in a given year. Many

different groups have suggested that these data are important as a component of national

antimicrobial resistance monitoring programs (Nicholls et al., 2001; World Health

Organization, 2002). While it seems important to estimate the total amount of

antimicrobial used in a given year and what percentage of this use is allocated to animal

agriculture, these data will not, by themselves, provide much assistance in understanding

trends in antimicrobial resistance. One reason for this shortcoming is the fact that, at this

time in the United States, data are not available regarding how the antimicrobials were

used, to what species or production class they were administered, or for what indications

they were chosen. Another potential problem with these national estimates is the current

lack of understanding of the biological relevance of these aggregated data with respect to

aggregated antimicrobial resistance data derived from animal, human, food and

environmental samples.

At the other end of the antimicrobial drug distribution system, use data compiled by

end-users potentially have substantial utility. If the total amount of antimicrobial used on a

given premises were to be recorded along with the indication for treatment, the route of

administration, the dose and duration and other relevant data, then the use data could be

used to more accurately explain and predict changes in antimicrobial resistance on that

facility. However, such data collection would necessitate augmentation of existing record-

keeping by producers and, if done on a large scale, would require substantial devoted

resources. End-user data collection in the absence of electronic record-keeping and

sophisticated inventory control systems is, to some extent, problematic from a data

accuracy perspective. Missing, erroneous and extraneous data are among the possible

inaccuracies and require attention if they are to be avoided in data collection, processing,

analysis and interpretation.
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Although many studies investigating the dynamics of antimicrobial resistance have

focused on the phenotypic susceptibility of bacteria to various antimicrobials, the basis of

acquired resistance is genetic. Resistance genes linked to other resistance genes or adaptive

mechanisms can result in the maintenance of a resistance phenotype through exposure to an

unrelated antimicrobial or other environmental selection pressure. Antimicrobial use

patterns are critical for conducting epidemiologic studies into these co-selection

phenomena and attempting to explain the persistence of specific resistance mechanisms

in the absence of any obvious, direct selection pressure. Data collected at the farm or end-

user level are ideally suited for such investigations; however, these antimicrobial use data

do not help explain other important factors in the maintenance and spread of resistance,

including the impact of non-antimicrobial risk factors for antimicrobial resistance,

bacterial spread between farms and other ecological compartments (e.g. urban centers, the

environment), and exposure to active antimicrobial metabolites in the environment

(Kummerer, 2003). Some of these data gaps can be addressed by collecting use data and

other relevant risk factor data from a larger sample of farms and other end-users over an

extended period of time. The most fundamental issue is that individual farms do not exist in

isolation but rather, in the context of antimicrobial resistance, are connected to all other

ecological compartments in which antimicrobials are used or antimicrobial resistant

bacteria occur. Therefore, while specific examination of associations between use and

resistance requires precise end-user data collection, contextual interpretation of results and

understanding the indications for further investigation of unexplained associations and

residual error can be facilitated by consideration of data collected from other points in the

distribution system and at higher levels of aggregation (local, regional, national).

Epidemiologists are generally concerned with such things as population dynamics,

descriptive, temporal, and spatial analysis, and investigation of associations between

exposures and outcomes. Epidemiological methods are often used to identify and estimate

the strength of various associations, such as the association between antimicrobial use (the

exposure variable) and the occurrence of resistance on the farm (the outcome), as well as

the error and variance of these associations. Association strength estimates are quantified

through the use of statistical methods including the construction of multivariable models.

While the collection of sufficiently precise data for investigation of associations between

use and resistance at the local (individual animal, farm) level is probably more logistically

feasible in the context of a field study, it could be collected as part of a monitoring system

through a sentinel site approach, with resistance data being collected from the same sites.

The main desired epidemiologic application of more broadly based antimicrobial use

data collected through a monitoring system or a national survey is in interpreting trends in

resistance data collected through the National Antimicrobial Resistance Monitoring

System (NARMS) and similar surveillance systems. Of course there are biases inherent in

these analyses and they will not typically provide the sort of precise estimates of

association that are possible for analyses conducted on a more focused scale. Conversely,

focused studies may lack the external validity necessary to provide information

interpretable at a national or regional population level due to problems such as the logistics

associated with studying a large number of randomly selected farms. It seems reasonable

that a combination approach is appropriate with focused studies providing data with good

internal validity and ecologic studies and surveillance providing data with good external
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validity. Surveillance and ecologic study data may be used to generate hypotheses for

subsequent testing by focused research that in turn can provide evidentiary explanations for

the trends and correlations observed by ecologic studies and surveillance. This research

might also lead to modifications and new directions for surveillance activity.

Another application of large-scale antimicrobial use data is the evaluation of

interventions designed to limit antimicrobial resistance through altering antimicrobial use

practices. Such interventions might include the development and dissemination of

antimicrobial prudent use guidelines or more specific clinical practice guidelines,

regulatory policy changes such as legislation that limits or withdraws the use of an

antimicrobial, the development and implementation of an antimicrobial use information

system such as the Veterinary Antimicrobial Decision Support System (VADS), an

evidence-based electronic decision support tool for food animal veterinarians developed at

Iowa State University (http://www.vetmed.iastate.edu/departments/vdpam/pam/vads.asp,

accessed June 12, 2005), or a producer antimicrobial use education program. Following the

implementation of an intervention, it is critical to prospectively evaluate its effectiveness

given that interventions consume resources to varying degrees, have potential economic

impacts and cannot necessarily be assumed to successfully accomplish their objectives. For

example, a regulatory intervention withdrawing an antimicrobial from agricultural use will

not necessarily result in a decline in the observed occurrence of resistance to that

antimicrobial. Resistance might be maintained through by co-selection or cross-resistance

to an antimicrobial still in use. Furthermore, if the presence of the resistance gene does not

impose a ‘‘fitness cost’’ on the transmissibility and survival of the bacterium, then the

resistance gene might persist for extended periods, as has been demonstrated in vitro and

through mathematical modeling (Lenski, 1997; Levin et al., 1997; Stewart et al., 1998). In

this example, it is also possible that the removal of the antimicrobial could have unintended

consequences such as increased human health risk, and consequently, an evaluation of this

intervention might conclude that the antimicrobial use poses less risk to human health than

its removal.

3. Issues and concerns pertaining to antimicrobial use data collection

3.1. Spatial and temporal heterogeneity, and scaling

An important consideration in antimicrobial use and resistance data analysis relates to

the issue of scaling. Antimicrobial use may be regarded as primarily a local phenomenon

since medications are administered at the individual animal or herd/flock level. The

management factors that influence the pattern and efficacy of antimicrobial use as well as

some determinants of the emergence and persistence of antimicrobial resistance can be

unique to an individual animal production facility. However, it is possible that multiple

facilities within a specific geographic area could have similar antimicrobial use patterns

because of shared antimicrobial providers (e.g. veterinarian, veterinary practice, feedmill,

over-the-counter outlet). Furthermore, antimicrobial end-users may be influenced in their

decision-making by factors operating at a regional or national level (e.g. commodity group

producer education programs, pharmaceutical company product promotion, agricultural
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and veterinary school curricula, producer group and veterinary organization position

statements, agricultural and veterinary opinion leaders).

Agricultural premises located in geographic proximity to one another are often served

by a single veterinarian or veterinary group and consequently, may employ similar

treatment protocols for similar infections. In addition, farms may share common pathogens

with neighboring farms. With similar antimicrobial pressures and the potential for

movement of bacteria among farms, one might expect specific bacterial clones or specific

resistance genes to be clustered on a local or regional scale. For example, Singer et al.

(1998) investigated the spatial and temporal distribution of ampicillin and tetracycline

resistance in Pasteurella multocida and Mannheimia haemolytica in bovine pneumonia

cases in California and observed spatial clusters of resistant isolates suggestive of regional

differences in antimicrobial use.

It is unclear whether local, regional or national factors predominate in influencing

antimicrobial use patterns. If we assume that antimicrobial use is predominately a local

phenomenon, antimicrobial use data can be expected to demonstrate substantial spatial and

temporal heterogeneity. The impact of animal agricultural antimicrobial use on human

health can also be a local phenomenon, for example in a local outbreak with primary spread

through direct contact; however, for the most part, antimicrobial resistance is a much more

global issue (O’Brien, 2002). Food supplies containing microbes with different levels of

resistance are derived from animals raised in one part of the country, slaughtered in another

and shipped as food to multiple locations throughout the United States to say nothing of

animal products imported from and exported to other parts of the world. In some

production systems, there is also a significant amount of animal movement among and

between regions that may reduce local clustering effects of antimicrobial usage. Water

supplies can be contaminated with resistant bacteria that have traveled much farther than

the local animal facilities. Consequently, scaling is an important consideration in the

appropriate utilization of antimicrobial use data. Use patterns, which are largely local

phenomena, must be scaled to a regional, national or international level. The methods for

accounting for this extreme heterogeneity are complex and require further development for

adequate and appropriate analysis of antimicrobial use data.

3.2. Fragmentary data

In attempting to interpret antimicrobial use data collected on a large scale (i.e. through a

national survey or monitoring system) it will be important to have data that are as complete

as possible and that covers all aspects of antimicrobial use in animals (e.g. therapeutic,

prophylactic, growth promotion, food animal, companion animal, sport animal). This does

not necessarily imply that data collection will have to be comprehensive, provided that

methods can be developed for interpolating data collected from various sources in order to

produce comprehensive estimates of end-use. Fragmentary data (i.e. data that are compiled

from a variety of sources in a non-standardized manner and without an over-arching plan),

while potentially useful early in the process of understanding use data and developing

methods, could generate biased or incorrect interpretations. At the very least, if data are

known to be incomplete, a thorough exploration of the various interpretations and biases

will be needed in order to avoid erroneous conclusions.
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3.3. Antimicrobial use quantification and reporting

Currently, there is no widely accepted optimal method for quantifying antimicrobial

use. The most basic format for quantification is kilograms (kg) of active ingredient used.

These data, in order to be useful, must include time period information and animal

population data. A principal use for kg of active ingredient is as a basis for calculating other

drug-specific measures of use (e.g. milligram (mg) of active ingredient used per kg of meat

produced) (Nicholls et al., 2001; World Health Organization, 2002). However, kg of active

ingredient and mg of active ingredient per kg of meat do not capture the differences in

potency that might exist between a kg of Drug A and a kg of Drug B. Human antimicrobial

use is typically quantified in defined daily doses (DDDs) – the assumed average

maintenance dose per day for a drug used for its main indication in an adult as assigned by

the WHO Collaborating Centre for Drug Statistics Methodology (Oslo, Norway, http://

www.whocc.no/atcddd; accessed June 12, 2005). The Collaborating Centre is also

developing an international standard DDDanimal concept for cattle, pigs and chickens

(http://www.whocc.no/atcvet; accessed June 12, 2005). The strengths and limitations of the

DDD concept must be explored, but the most immediate concern is the wide range of

animal weights across different production classes and the difficulties inherent in

establishing accepted international standards for dose and main indication (Nicholls et al.,

2001). The concept of animal defined daily dose (ADD) has been used by DANMAP and

others (Danish Zoonosis Centre, 2002) and is similar to DDD but is based on specific and

accepted animal doses and animal weights for a given country (or study area). ADD is

therefore a more accurate reflection of actual use than DDDanimal since it is more closely

based on the way the drug is used in a given setting. However, comparisons using ADDs

derived in different settings using different doses and standard animal weights are more

difficult than with DDDanimal. Regardless of their strengths and weaknesses, ADD and

DDDanimal provide a starting point for presenting antimicrobial use data in a format that

allows for differences between antimicrobials and for developing more sophisticated

methods for presenting use data.

3.4. Validity of antimicrobial use data

The methods used to collect antimicrobial use data and the resulting internal and

external validity of these data need serious consideration. Because the methods used will

vary according to the data source and the logistics of collection, different validity issues

will arise within different components of the overall collection of use data. For example,

use data collected by surveys will be subject to the usual survey concerns including recall

bias and the accuracy of survey responses. On-farm data recording is also subject to

accuracy concerns. Dunlop et al. (1998) reported a 35% under-reporting rate for

antimicrobial use recorded by swine producers as compared with inventory and

disappearance data collected by the researchers. These discrepancies may have various

etiologies including misunderstandings by producers as to which drugs are considered

antimicrobials and lack of time during periods of increased workload, e.g. during disease

outbreaks. Unfortunately, periods of increased antimicrobial use, such as during a disease

outbreak, might be associated with higher rates of underreporting thus giving rise to a
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serious exposure misclassification. More intrusive data collection processes may produce

data with better internal validity but may also result in compliance problems, response bias

and decreased feasibility of using a random sample versus a convenience sample.

Understanding these data validity issues will be critical in designing data collection

methods, interpreting the results and generating error estimates.

3.5. Interpretation of antimicrobial use data

Data on the total consumption of antimicrobials, i.e. total tonnage of a given

antimicrobial used in the United States during a calendar year, will be of limited utility by

itself and should therefore be part of a broader monitoring system that includes data from

other sources. Although both WHO and OIE have described the collection of total

consumption data on a kg of active ingredient basis as a fundamental component of an

antimicrobial use monitoring and antimicrobial resistance management program (World

Health Organization, 2002; Nicholls et al., 2001), consensus has not been reached on how

such data should be interpreted in the absence of route and purpose of treatment and

amount per dose. In order to put the data in the proper context, it can be argued that use data

must have some biological relevance. This implies that data on the number of animals

treated, number of doses given, and indications for treatment must also be collected.

Collection of data this detailed is unlikely to be achievable at the national level but may be

achievable at a more regional or local level on a sentinel site basis. From an

epidemiological perspective, because of the spatial and temporal heterogeneity of disease

processes, agricultural practices, antimicrobial resistance and antimicrobial use patterns,

interpretations which are based on overall consumption data must be made with due

consideration and clear articulation of the data limitations in order to avoid biased and

imprecise inferences. Integration of the more local and precise data with the national

consumption data will require an estimation process with appropriate attention to scaling

issues and the variance and error of the estimates.

There is, however, likely some utility in conducting population level analyses of

antimicrobial use data. There has been discussion recently of the general tendency for

epidemiologists to regard populations as collections of individuals and to focus on

collecting and analyzing data at the individual or small group (i.e. herd or flock) looking for

proximal determinants (Dohoo et al., 2003; Diez-Roux, 1998). However, although each

higher level or aggregation incorporates all the characteristics of the lower levels, it may

also assume new characteristics. Thus, a population is not merely a sum of its parts but may

have characteristics of its own which warrant study (Dohoo et al., 2003; Diez-Roux, 1998).

Although we have discussed the epidemiology of antimicrobial use and antimicrobial

resistance as primarily local phenomena, they likely also operate at larger population

levels. Analysis of antimicrobial use data and of the relationship between use and

resistance at the population level may provide some information beyond that provided by

data collection and analysis at a more local level.

As previously discussed, antimicrobial use may be influenced by factors other than local

on-farm or veterinary factors including pharmaceutical marketing programs, producer and

veterinarian education, prudent use guidelines, use regulations and market pressures, all of

which could be regarded as population level factors. Therefore, comparisons between
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antimicrobial use at regional, national and international levels may be helpful in

evaluating factors affecting the ways in which antimicrobials are used, and the impact of

changes in use on changes in resistance. Since some interventions (e.g. label restriction,

access restriction, prudent use guidelines) are enacted at the national level by regulatory,

industry or professional bodies it is logical to evaluate their effectiveness at the national

level. Furthermore if factors affecting use or the relationship between use and resistance

operate to any extent at the population level, some interventions should be designed to

function at that level. Bacterial populations are both local and ecologic in nature. The

bacterial biota can be regarded as a series of contiguous semi-overlapping micro-niches

in and on humans, animals, and plants, and in the environment (O’Brien, 2002).

Selection pressures for antimicrobial resistance in bacteria, while operating at many

proximate levels (within an animal, within a group of animals or on the farm), may also

operate on a broader scale. It is plausible that some aspects of the bacterial response to

exposure to antimicrobials may only be apparent when analyzed at the ecologic scale.

The results of such population level and other higher strata analyses and the use of data

collected at different strata must be handled carefully so as to avoid both ecologic and

atomistic/individualistic (using data from lower levels to make inferences about higher

levels) fallacies.

The focus of inquiry into the impact of antimicrobial use in animals on the occurrence

and spread of resistance in animal and human populations is on direct routes of spread

(animal to animal contact, animal to human contact) and the food chain, but full

exploration of this issue will require a more thorough investigation of the potential indirect

routes of dissemination. A wide variety of pharmaceutical compounds have been detected

at low concentrations in lakes, rivers, and groundwater (Holm et al., 1995; Kolpin et al.,

2002; Raloff, 1998; Buser et al., 1998; Meyer et al., 2000). Environmental residues of

antimicrobials and their metabolites may select for resistant strains in environmental

bacterial populations and increase the rate at which genetic exchange occurs as has been

demonstrated in vitro in tetracycline resistance in Bacteroides (Stevens et al., 1993; Speer

et al., 1992). Use data will be an important component in developing an understanding of

the spatial distribution of environmental selection pressures.

3.6. Overcoming obstacles

From an epidemiologic perspective, the principle requirements for overcoming

obstacles related to antimicrobial use data are further development of epidemiologic

methods for collecting, quantifying, analyzing and interpreting use data, an open and

realistic consideration of the limitations of the data, scaling issues, temporal and spatial

heterogeneity and the interpretative problems of ecologic and atomistic fallacy. The

objectives of antimicrobial use data collection should be clearly articulated. If the

objectives are not being fulfilled and if there is no clear benefit to collecting use data from a

given source, the data collection should be altered or discontinued. Methods for use data

collection will need to be refined, and these methods must include a means for generating

estimates of under- or over-reporting. Finally, analyses should be conducted with the

awareness that the techniques for analyzing use data and integrating it with resistance data

are still imperfect and in development.
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