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Abstract

Risk assessment seeks to estimate the probability and impact of human health effects due to

antimicrobial resistance arising from antimicrobial use in animals. Potential ecological pathways for

the flow of antimicrobial resistant bacteria and resistance determinants through the food supply and

environment are diverse and complicated and this has been a logistical barrier to direct epidemio-

logical measure of risk. Consequently, a number of indirect approaches to assessment have been

developed. This paper provides some examples of risk assessments that have been conducted with

and without antimicrobial use data, and identifies possible benefits and applications of quantitative

antimicrobial use data for risk assessment.
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1. From your perspective, why are quantitative antimicrobial use data

important?

The character and magnitude of the human health risks that are posed by antimicrobial

use in animals are central issues in the debate about how (and in some cases if) these drugs

should be used in animals. One approach to qualifying and/or quantifying the risk to human

health by various antimicrobial use practices is through the use of risk assessment methods.
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Risk is the probability that an adverse eventwill occur, alongwith its impact or consequences

(The Presidential Commission/Congressional Commission on Risk Assessment and Risk

Management, 1997) and risk assessment seeks to estimate these characteristics in qualitative

or quantitative terms. The most important risks from antimicrobials are posed by

antimicrobial resistance and by antimicrobial residues in edible foods from animals.

Approaches to assessing risk in these two fields are quite different; resistance risks (the focus

of this paper) are currently the most controversial and problematic and assessments to date

have largely been post-approval of antimicrobials for use, somewhat contentious and have

employed a range of differentmethods. In contrast,methods for assessing risks from residues

are generally pre-approval, well-established and widely accepted. While risk assessment is

an important consideration in the management of risk, it is not the only factor. Management

decisions should also consider the benefits of antimicrobial use in animals, such as improved

animal welfare, reduction in losses due to morbidity and mortality, and any production

efficiencies or food safety benefits that may arise from antimicrobial use.

Potential ecological pathways for the flow of antimicrobial resistant bacteria and

resistance determinants through the food supply and environment are diverse and

complicated (see Fig. 1, DeVincent and Viola, 2006). They may also be international in

scope, and take years or even decades to develop. Through numerous microbiological and

epidemiological studies, we have learned a great deal about the effects of antimicrobial

selection pressure and other factors on the emergence of resistance in bacteria from various

species of animals and humans (Institute of Medicine, 1989). We also know something

about the transmission of infections between animals and humans (Swartz, 2002), and

about the range of potential impacts of resistance on human health (Barza, 2002). However,

there is also much that remains unknown about these important topics. Ideally, direct and

comprehensive measurements of risk should be obtained through well-controlled field

studies. However, with respect to antimicrobial resistance, logistical and financial

considerations currently place practical limits on our ability to conduct studies of this type

that simultaneously span the farm-to-fork continuum, address the cumulative effect of

resistance in populations, and cover the full range of drugs, animals and bacterial species

of concern. It is, however, feasible to study segments of these pathways in isolation

(e.g. selection of resistance in bacteria, movement of resistance genes among bacteria, and

transfer of these bacteria through the food chain and the environment to humans) and then

to integrate the information in models that are biologically consistent and sensible, but are

nonetheless indirect assessments of risk.

To date, a number of indirect modeling approaches have been used to assess resistance

risk, including thosewith and without incorporation of antimicrobial use data. In this paper,

we briefly examine how antimicrobial use data have been used in some of the publicly

available human health risk assessments conducted to date, and then explain if and how

quantitative use data could be used to improve future assessments.

1.1. Examples of publicly available quantitative risk assessments conducted without

antimicrobial use data

One of the more contentious issues subjected to risk assessment is the use of

fluoroquinolones in animals. The U.S. Center for Veterinary Medicine, Food and Drug
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Administration (CVM-FDA) conducted a quantitative assessment of the human health

impact of fluoroquinolone (FQ) resistant Campylobacter attributed to the consumption

of chicken (Bartholomew et al., 2005). The main instrument of the assessment was a

linear model that multiplied various quantities of concern: (1) the mean annual number

of Campylobacter cases in the USA population; (2) the mean annual number of FQ

resistant Campylobacter cases attributable to chicken and (3) the mean annual number of

FQ resistant Campylobacter cases attributable to chicken, seeking care, treated with FQ

and therefore affected by the FQ resistance (the principle outcome of interest). Human

health impact was expressed in terms of the probability of being affected for various risk

groups (e.g. general population, people with campylobacteriosis seeking care and

prescribed antimicrobial) and the estimated number of people affected. The report

estimated that in 1999 the mean number of people in the USA that had FQ resistant

Campylobacter infection and received FQ (the adverse health impact) was 9261, with 5th

and 95th percentile estimates of 5227 and 15,326, respectively. An important assumption

of the model is that when FQ resistance is observed in Campylobacter from chicken, it is

caused by FQ use in chicken, but no attempts were made to link this to the quantity of

drug used.

Anderson et al. (2001) also conducted an assessment of the impact on human health

of resistant Campylobacter jejuni from fluoroquinolone (FQ) use, but in beef cattle

rather than chickens. A mathematical model was developed to estimate the probability

of contamination of cooked ground beef or fresh beef. The model began at the retail

level and estimated the concentration of C. jejuni in contaminated product, the effects

of cooking on contamination, and the probability of infection or illness given

consumption of contaminated product. A second model incorporated the prevalence of

FQ resistance observed in human strains of C. jejuni (because sufficient data on animal

strains were not available) in various countries over time following approval of FQ in

livestock. The potential clinical impact of FQ resistance in C. jejuni was assessed by

estimating the number of human cases of FQ resistant C. jejuni infection from beef for

which treatment with FQ was undertaken. Inputs for the model were obtained from a

variety of sources, including published literature, surveillance reports and expert

opinion. The model estimated that in the first year of FQ use in beef cattle in the USA,

at least 10 and as many as 80 people would have FQ resistant infection for which

another drug or treatment strategy would be required, and 1–12 of the estimated 150

hospitalized cases may not respond to FQ therapy. The model did not explicitly include

antimicrobial use data; it was assumed that following approval of FQ use in cattle, FQ

resistance in C. jejuni of cattle would increase at a rate similar to that seen in C. jejuni

from humans.

1.2. Examples of publicly available quantitative risk assessments conducted with

antimicrobial use data

An early attempt to estimate quantitatively the human health impact of antimicrobial

use in animals was published by a committee of the U.S. Institute of Medicine (IOM) in

1989 (Institute of Medicine, 1989). The assessment focused on risk due to subtherapeutic

use of penicillin and tetracycline in feed, and because of limitations in data, the assessment
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was limited to fatal salmonellosis. The committee derived an estimate of the number of

people dying each year in the USA from resistant Salmonella infections of farm origin as

the product of five other estimates drawn from the literature and surveillance reports: (1)

the annual number of cases of salmonellosis reported annually in the USA; (2) the

fraction of human cases due to resistant Salmonella infections; (3) the fatality rate

among cases; (4) the fraction of these deaths associated with infection of farm origin and

(5) the fraction of (4) that arose from subtherapeutic use of antimicrobials in feed. By

using data from the literature and expert opinion, the authors presented in numerical

terms ‘‘low’’, ‘‘mid-range’’ and ‘‘high’’ values for each of the above quantities and the

derived outcome to delimit the range of plausible values. They concluded that the

likeliest estimate of the number of people dying each year in the USA from resistant

Salmonella infections of farm origin and attributable to subtherapeutic uses of penicillin

and/or tetracycline was most likely about 40, but accounting for reasonable uncertainty

was somewhere between 1 and 400. The authors found a lack of antimicrobial use data

for the USA and therefore did not directly incorporate use estimates in their assessment.

In the absence of accurate data on the frequency of subtherapeutic use of penicillin and

tetracycline and its effect on resistance in Salmonella, the committee made the

assumption (and recognised its limitations) that the antimicrobial resistance profile of

bacterial isolates is indicative of exposure of the animal host to the specific

antimicrobials included in the profile. The committee did, however, employ estimates

of antimicrobial use for calculating the fraction of antimicrobial resistant Salmonella

strains caused by subtherapeutic use of antimicrobials. In the absence of direct evidence

for the relative contribution of treatments for therapy, prophylaxis and growth promotion

on resistance selection, the committee made the assumption that the contribution of drug

used on the farm to the development of resistance would be in linear proportion to the

amount used for each of these three purposes. The committee concluded that records of

the amounts and reasons for use of antimicrobials on farms would be useful for

establishing the role of such use in human disease outbreaks. To improve the

informational underpinning of risk estimation, the committee recommended improved

monitoring and surveillance of antimicrobial use by sampling representative farms,

identifying rationales for use, concentrations of drugs in feed and exploring the

feasibility of routine antimicrobial use record-keeping.

Recently, assessments of the risk of macrolide antimicrobials (tylosin or tilmicosin)

used in fed cattle, poultry and swine on the treatment of human foodborne disease were

reported (Hurd et al., 2004). The adverse effects of interest were human illnesses caused by

macrolide-resistant Campylobacter or macrolide-resistant Enterococcus faecium (hazar-

dous agents) that were treated with a human antimicrobial from the macrolide class. Risk

was modeled as the yearly probability that an average person in the USA population would

experience an adverse therapeutic event (e.g. longer duration of diarrhea, progression to

more severe disease, or mortality) from ameal that originated from a contaminated carcass.

The models were constructed in the general framework of ‘‘Guidance for industry #152’’

(Food and Drug Administration, Center for Veterinary Medicine, 2003), and estimated the

following probabilities or frequencies: (1) survey-based estimates of the frequency of food

animal treatment with macrolides; (2) hazardous agent selected above background level;

(3) hazardous agent escapes from the farm; (4) hazardous agent remains on carcass after
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harvest; (5) hazardous agent survives to retail meat; (6) contaminated product is

mishandled and presented to consumer; (7) consumer becomes ill; (8) patient treated with

macrolide and (9) macrolide treatment failure. Input data for the model were obtained

from approved antimicrobial label claims, published literature and USA government

surveys. The models estimated an annual probability of less than 1 in 10 million

Campylobacter-derived and approximately 1 in 3 billion E. faecium-derived risk.

Antimicrobial use data were incorporated into the ‘‘release assessment’’ components of

the models, which in OIE terminology (Vose et al., 2001) describe the probability that

factors related to the use of macrolides in animals would result in the emergence of

resistant bacteria or resistance determinants. Annual estimates of the numbers of animals

treated with tylosin and tilmicosin were derived from national mail surveys of producers

(Hurd et al., 2004).

2. How might you (or your colleagues) make use of antimicrobial use data?

Most, if not all of the risk assessments conducted to date have been ‘‘drug’’ and

‘‘bug’’-specific and have focused on a single type of human health impact (e.g. mortality

or treatment of resistant infection). Although concerns have been expressed that this

approach is too narrow for a comprehensive assessment of risk (Bailar and Travers,

2002), motives for undertaking such assessments are often related to the regulatory

management of specific drugs. Furthermore, resistance concerns and data limitations

contribute to the focus on one or a few species of micro organisms, for example,

Salmonella or Campylobacter, that are included in national surveillance programs, while

organisms not so extensively studied receive less attention. In the regulatory context,

whether conducted by regulators, pharmaceutical companies or other parties, there are

two major applications for risk assessment of antimicrobials: pre-approval and post-

approval of the compound.

In the USA, recent attention has focused on the pre-approval risk assessment process.

For example, the Center for Veterinary Medicine, Food and Drug Administrations

(CVM-FDA) recently published ‘‘Guidance for industry #152’’, a recommended

qualitative approach (Food and Drug Administration, Center for Veterinary Medicine,

2003), based on the OIE model (Vose et al., 2001), for assessing resistance risks in new

animal drug applications, although the possibility of quantitative assessments is not

excluded. Antimicrobial use information could be relevant to the release assessment

component of the CVM-FDA approach. Release assessment is defined by CVM-FDA as

‘‘the probability that the proposed use of the antimicrobial new animal drug in food-

producing animals will result in the emergence or selection of resistant bacteria in the

animal’’. CVM-FDA recommends that drug sponsors qualitatively characterize each

relevant factor (e.g. antimicrobial use) as high, medium or low with respect to their

likelihood of favouring resistance. Other things being equal, an increase in the quantity

of antimicrobial used in a population or country could logically increase the likelihood

of favouring resistance. Therefore, a quantitative estimate of use, or anticipated use in

the case of a pre-approval assessment, could be useful in qualitatively characterizing

risk.
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3. Are there any additional issues or concerns pertaining to antimicrobial use

surveillance that you feel are particularly relevant to your community and/or

from your perspective?

As the above examples show, not all assessments are pre-approval. Some post-

approval assessments (e.g. subtherapeutic use of penicillin and tetracycline in feed, and

therapeutic use of fluoroquinolone in poultry) have been initiated by specific regulatory

concerns for public health. There is also interest, however, in a broader approach to post-

approval assessments. Many regulatory agencies and other organizations (e.g. WHO)

have called for the systematic review of resistance risks posed by antimicrobials

currently on the market (Health Canada, 2002; World Health Organization, 2000).

Perhaps surprisingly, the concept of evaluating resistance risks in the regulatory process

is quite new, even though resistance phenomena have been recognised for decades. In

most cases, resistance risks were not considered in the original human safety evaluations

of currently registered drugs; instead, the evaluations concentrated on the potential

human health effects of drug residues in edible foods from treated animals. Drug use

information could be very useful for such post-approval assessments of resistance risks,

and the optimal type and form of this information may vary with the risk assessment

model that is used. As the examples show, the absence of good quality, quantitative

antimicrobial use data has required the use of some substantial assumptions in risk

assessment models. If these assumptions are reasonable and the models are not

particularly sensitive to the uncertainties involved, this may be of little consequence.

However, if the model results are considered unfavourable by one or more affected

parties, assumptions are challenged, or sensitivity analysis shows that model outcomes

are substantially affected by changes in antimicrobial use estimates, then more accurate

estimates of antimicrobial use would be beneficial.

Several post-approval quantitative risk assessments have employed the general

approach first used by the IOM in 1989 (Food and Drug Administration, Center for

Veterinary Medicine, 2001; Travers and Barza, 2002). In this approach, national

surveillance data on foodborne disease and antimicrobial resistance, supplemented with

more focused survey or research data, are used to estimate the total number of cases of

human illness in a population, then estimate the proportion resistant to antimicrobials,

and then the proportion of these due to use of antimicrobials in animals. This may be

viewed as a ‘‘top-down’’ approach because it begins with measurement of human disease

incidence. As seen with the previously described IOM model, national estimates of

antimicrobial use, stratified by various routes of administration in different species, could

be used to weight the contribution to resistance selection in the various compartments.

Aggregate estimates of use at the national or regional level could be of some value, but

this implicitly assumes that resistance is attributable to animal uses, and national

estimates have some relevance to local phenomena, which may not be true. Attribution is

relevant on two levels. First, there is the question of whether the resistance is attributable

to the use in animals. Second, there is the question of whether the infection is attributable

to a specific food item. Therefore, representative quantitative data stratified by species,

route of administration and duration of administration would be preferred. Furthermore,

as the IOM committee pointed out, there would be considerable value in collecting
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quantitative antimicrobial use information from farmers and veterinarians in order to

assist in the interpretation of epidemiological data arising from investigation of outbreaks

of resistant infections in humans or animals because the results of these studies may be

useful inputs for risk assessment models.

The main alternative post-approval risk assessment approach that has been used is a

‘‘bottom-up’’ or ‘‘farm-to-fork’’ approach (Hurd et al., 2004). This approach attempts to

model microbial infection, spread and acquisition of resistance through animal production,

then harvest, and preparation stages of various animal-derived food product processing,

eventually leading to consumption by humans. Quantitative use data clearly have a role in

this type of assessment, as seen in the macrolide examples described above. Accurate

estimates of the probability of exposure to antimicrobials, duration of exposure and route

of administration would enhance this type of risk assessment approach. In North America,

such information could be collected through a combination of periodic cross-sectional

surveys of representative samples of farms (for routine treatment practices at the farm

level), and longitudinal studies involving sentinel farms and veterinary clinics (for

individual animal treatment rates, duration and route of administration data). Aggregate

national or regional sales data (e.g. kg active ingredient), if routinely collected and made

publicly available by regulatory agencies or industry, could be used to validate the

estimates of the extent of use (e.g. proportion of animals exposed, age-class of animals

treated) that are based on survey data and sentinel studies. Such validated data would lend

credibility to the risk assessments in which they are used.

In conclusion, quantitative antimicrobial use data have been useful in modeling the

human health impact of such use when these data were available. The validity, credibility

and usefulness of future assessments would be enhanced by use of data that are available in

a variety of formats, including aggregated national sales figures, survey-based estimates of

the proportion of animals treated, stratified by drug, route of administration, animal age-

class and duration of treatment, and longitudinal data from sentinel farms or veterinary

practices.
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