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Abstract

Integral to the success of surveillance programs is the quality of the measurement
systems used to collect data. However, the performance of the measurement systems used to
evaluate antimicrobial resistance and antimicrobial use is poorly defined. This thesis, therefore,
examines the quality of evidence arising from the phenotypic assays and questionnaires used in

the surveillance of animals.

The performance of disc diffusion was evaluated to determine its fitness-of-purpose as
a source of data for clinical decision-making and surveillance. Zone diameter and minimum
inhibitory concentration values obtained from the first Australia-wide prevalence studies of
clinical Escherichia coli and Staphylococcus pseudintermedius were used to estimate the
accuracy of disc diffusion relative to broth microdilution. Conventional measures of test
accuracy were described, including diagnostic sensitivity, specificity, and area-under-the-
receiver-operating characteristic (ROC) analysis. For most antimicrobials evaluated, disc
diffusion was accurate at predicting the resistance of clinical E. coli and S. pseudintermedius
that could otherwise be determined by broth microdilution. The assay performed strongly for
ciprofloxacin and ceftiofur, and less favourably for amoxicillin-clavulanic acid, cephalothin,
and cefoxitin. For S. pseudintermedius and oxacillin, the accuracy of broth microdilution was
moderately better than disc diffusion relative to mecA real-time PCR. The precision of disc
diffusion was investigated in a test-retest study using a linear mixed-model to estimate intra-
and inter-laboratory agreement. Agreement was measured as repeatability (r) and
reproducibility (R). The precision of disc diffusion was generally satisfactory for most
antimicrobial agents, including ceftiofur (r=4.9mm, R=5.8mm) and gentamicin (r=4.9mm,
R=5.4mm). However, the extent of variation in ampicillin (r=4.6mm, R=6.5mm) and

trimethoprim-sulfamethoxazole (r=6.6mm, R=7.2mm) was of some concern.



The management of antimicrobial resistance is aided by the collection of data on the use
of antimicrobial agents via questionnaires or other survey tools. In this thesis, the Australian
beef feedlot sector was used as a case study to examine a common survey method in which
multi-stakeholder engagement is expected, often leading to methodological constraints in
survey design. Here, a mailed questionnaire was used to obtain information on antimicrobial
use in beef feedlots. The response rate was 16.1%. For those responding to the survey, the use
of antimicrobials was found to be appropriate for the purpose indicated, and there was a strong
preference for drugs of low importance to human health. While the low response rate dictates
that inferences could only be weakly extended to the broader beef feedlot population, the data
was of value in informing the development of antimicrobial stewardship guidelines and acted
as a staging position for further research into antimicrobial use in other animal sectors.
However, more reliable methods of survey delivery should be considered for the on-going

collection of antimicrobial use data at the farm-level.

Overall, this thesis concludes that for E. coli and S. pseudintermedius, susceptibility
data from disc diffusion or broth microdilution generated in veterinary laboratories can
contribute to national surveillance programs. This information, coupled with data from surveys
of antimicrobial use at the farm-level, will be of substantial benefit to efforts aimed at managing

antimicrobial resistance in animals.
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Thesis Context

The research areas presented in this thesis contributed to a national multi-institution
collaboration which examined the phenotypic and genetic diversity of bacterial pathogens of
importance to animals and evaluated the measurement systems used to generate data for
surveillance programs. Participating organisations included The University of Adelaide, The
University of Sydney, Murdoch University, the Australian Government Department of
Agriculture and Water Resources, and the New South Wales Department of Primary Industries.
From January 2013 to January 2014, veterinary diagnostic laboratories (n=22) in Australia
contributed Escherichia coli and coagulase-positive staphylococci bacterial isolates from
clinical cases to The University of Adelaide reference laboratory. Isolates underwent

phenotypic, genotypic, and molecular testing at multiple institutions.

The quality of information derived from surveillance activities is dependent on the
validity and reliability of the measurement tools used to collect information. High-quality data
Is necessary to implement strategies that manage antimicrobial resistance in animal populations.
Hence, the research areas in this thesis focussed on three questions regarding the quality of the

measurement systems used to generate data for surveillance programs:

1. Are antimicrobial susceptibility data generated from the disc diffusion assay sufficiently
accurate for inclusion in national surveillance programs for animals? (Chapters 2 and 3)

2. How precise is disc diffusion when used in veterinary laboratories? (Chapter 4).

3. How well do stakeholder-driven questionnaires perform when used to collect farm-level

antimicrobial use data? (Chapter 5).

A review of national surveillance programs and previous research into antimicrobial
resistance and antimicrobial use in animals, along with a discussion on gaps in our collective
knowledge is presented in Chapter 1. Chapters 2-5 present the objectives, methods, results, and
discussion for each research area, while a detailed discussion, further research directions, and

conclusions from this thesis are found in Chapter 6.
xii



Chapter 1: Literature Review



Introduction

Antimicrobial resistance is a phenomenon that reveals the fragile interdependence
between people, animals, and the environment; where overuse and misuse of these compounds
have led to the rapid evolution and dissemination of antimicrobial resistance in bacterial
populations (United Nations 2016; WHO 2015). Challenges associated with containing
antimicrobial resistance are multidimensional. Of greatest concern are highly evolved
mechanisms for the dispersal of resistance elements and genetic diversity in factors which
rapidly select for resistance (Laxminarayan et al. 2013). Varying levels of awareness of
antimicrobial resistance among medical professionals (Fletcher-Lartey et al. 2016; Labricciosa
et al. 2018), veterinarians (Hardefeldt et al. 2017; Smith et al. 2018), and the community is a
major barrier to changing behaviours and reducing use. Furthermore, deficiencies in data
obtained by national surveillance programs impede our ability to mount an effective response
to antimicrobial resistance and the over-consumption of antimicrobial agents. Consequently,
there is a strong international consensus that integrated surveillance of people, animals, and the
environment is essential if we are to fully comprehend the challenges associated with

antimicrobial resistance (O'Neil 2016; OIE 2015b; WHO 2015).

This literature review introduces the central theme of this thesis — the quality of evidence
arising from the measurement systems used to understand and manage antimicrobial resistance.
Specifically, the diagnostic tests used to measure bacterial resistance, and the survey methods
used to collect antimicrobial usage data at the farm-level. This literature review provides an
overview of the surveillance of resistance in bacterial populations derived from animals; the
antimicrobial susceptibility tests used to determine resistance; the methods for evaluating
diagnostic test validity and precision; and the collection of antimicrobial usage data for

inclusion in national surveillance.



Surveillance for antimicrobial resistance in the microbiota of animals

Epidemiologists are careful to distinguish between the terms ‘surveillance’ and
‘monitoring’; however, in broader scientific usage, these terms are often synonymous despite
differences in well-recognised definitions. Where surveillance is recognised as the systematic,
on-going collection, analysis, interpretation, and dissemination of data to inform decision-
making, stimulate action, and evaluate risk mitigation activities (Hoinville et al. 2013; Thacker,
Qualters & Lee 2012; WHO 2015); monitoring occurs without a pre-defined risk mitigation
plan or defined threshold level for intervention (Hoinville et al. 2013; Salman 2003).
Surveillance can be categorised into five different purposes: (i) demonstration of freedom from
disease, (ii) early detection of disease, (iii) prevalence of disease in a population, (iv)
monitoring change in disease in a population over time, and (v) detection of cases to control
disease (Dohoo, Martin & Stryhn 2009; Hoinville 2011). For antimicrobial resistance, the role
of surveillance is to enhance our understanding of the epidemiology and risk factors which
influence emergence and spread, and with this information, implement, and evaluate

interventions which reduce the burden of resistance (WHO 2013).

Table 1 demonstrates a range of antimicrobial resistance surveillance activities which
may fit within the five purposes of surveillance. From this table, comparisons can be made
between each of the surveillance purposes (columns) and the epidemiological considerations
(rows) required to design an effective surveillance program. For instance, the epidemiologic
considerations necessary for the design of a surveillance activity to detect emerging resistance
in a bacterial population are different from the design considerations for an activity which
measures trends in resistance over time. In the former scenario, resistance is unknown or absent
from a population, and the sampling strategy and sample size will be markedly different from
the latter scenario where resistance is already well-characterised. It is clear from Table 1 that
most national surveillance programs are in essence monitoring programs which have evolved

to adopt elements of surveillance over time (McEwen, S, Aarestrup & Jordan 2006).



Table 1. Surveillance and epidemiologic characteristics of animal-focused antimicrobial resistance surveillance related to the five purposes of
surveillance programs adapted from the WHO Guidance on the Integrated Surveillance of Antimicrobial Resistance in Foodborne Bacteria:
Application of One-Health Approach (2017b) and the Animal Health Surveillance Terminology Report from the International Conference on
Animal Health Surveillance (2011).

Surveillance Purpose

Freedom from
resistance

Early detection of
resistance

AMR prevalence/
distribution

Monitoring change

Case detection

Surveillance characteristics:

Political context

Management of outbreak,
trade, control,
prioritisation

Management of outbreak,
trade, control,
prioritisation

Prioritisation, control

Prioritisation, control,
trade

Control, prioritisation,
trade

Policy purpose

Public health information,
risk analysis, design
interventions, national
database, measure success
of interventions

Public health information,
risk analyses, design
interventions, guidance
for prescribers, national
database

Public health information,
risk analyses, design
interventions, guidance
for prescribers, national
database

Compare prevalence over
time, public health
information, risk
analyses, design
interventions, guidance
for prescribers, national
database

Determine interventions
and measure success of
interventions, risk
analyses, national
database

Surveillance objective

Demonstrate that a host
population is free of a
specified resistance gene
for certain bacterial/host
species

Detect emerging
resistance in a bacterial
species to trigger actions

Estimate prevalence and
spatial distribution of
resistance in a bacterial
species/ host population
at a point in time

Analyse changes in
prevalence/ incidence of
AMR in bacterial species/
host population over time

Find cases of AMR in
bacterial species from a
host population to
intervene

Expected outcome of
surveillance activity
(and trigger level(s))

Probability of freedom of
specified AMR in
bacteria from host
population

Identify new resistance
genes (may move to case
detection if want to
contain/ prevent transfer
of resistance)

Establish the prevalence
of AMR in bacteria from
host population.

Establish trends in the
prevalence of AMR in
bacteria from host
population.

Identification of units of
interest within host
population (e.g., farm or
individual animals) to
contain spread

Anticipated actions
taken

Based on political
outcomes and risk to
human health.
Restrictions on certain
antimicrobial classes in
host population

Based on political
outcomes and risk to
human health.
Restrictions on certain
antimicrobial classes in
host population

Restrictions on certain
antimicrobial classes in
host population. Methods
to prevent food
contamination

Restrictions on certain
antimicrobial classes in
host population. Methods
to prevent food
contamination

Restrictions on certain
antimicrobials in host
population, restrictions on
trade of animals, methods
to prevent contamination




Surveillance Purpose

Freedom from
resistance

Early detection of
resistance

AMR prevalence/
distribution

Monitoring change

Case detection

Epidemiological characteristics:

Context of surveillance

Record free status from

Detect novel or emerging

Obtain AMR point
prevalence data —

Monitor trends in AMR in

Detect specified AMR
genes to implement

purpose specified AMR genes AMR genes phenotypic and/or a population over time containment measures
genotypic data
AMR status Absent Absent Present Present Present

Scope of surveillance
activity

Ad hoc or continuous.
Could be part of a
portfolio of surveillance
activities looking at one
or more hazards. May be
a single surveillance
activity

Ad hoc or continuous.
Could be part of a
portfolio of surveillance
activities looking at one
or more hazards. May be
a single surveillance
activity

Ad hoc or one-off. Could
be part of a portfolio of
surveillance activities
looking at one or more
hazards

Continuous. Part of a
portfolio of surveillance
activities looking at one
or more hazards

Continuous. Part of a
network of surveillance
activities to control
hazard

Units of interest

Bacterial isolate
Resistance gene
Animal

Herd

Spatial region

Bacterial isolate
Resistance gene
Animal

Herd

Spatial region

Bacterial isolate
Resistance gene
Animal

Herd

Spatial region

Bacterial isolate
Resistance gene
Animal

Herd

Spatial region

Bacterial isolate
Resistance gene
Animal

Herd

Spatial region

Host population stream

Diseased — clinical
Healthy — farm, abattoir

Diseased — clinical

Healthy — farm, abattoir,
retail

Healthy — farm, abattoir,
retail

Healthy — farm
Diseased — clinical

Sampling strategy (for
selection of study
population)

Probabilistic
Risk-based
Multi-stage

Probabilistic
Risk-based
Multi-stage
Non-probabilistic
Convenience

Probabilistic
Representative
Multi-stage

Probabilistic
Representative
Multi-stage

Non-probabilistic
Purposive/ targeted

Sample size coverage
required to meet
objective

Medium (for rare
occurrence)

Medium-high (for rare
occurrence)

Low-medium (for higher
prevalence)

Low-medium (for higher
prevalence)

Medium-high (for
control/ eradication)

Origin of data

Active
Passive (lab data)

Active
Passive (lab data)

Active

Active
Passive (lab data)

Active

Sampling method

Bacterium or pooled
sampling

Bacterium or pooled
sampling

Bacterium or pooled
sampling

Bacterium or pooled
sampling

Bacterium or pooled
sampling




Surveillance Purpose

Freedom from

Early detection of

AMR prevalence/

Monitoring change

Case detection

resistance resistance distribution
Case definition :;ﬁb teft confirmed: Iﬁﬁgr;[g:;;s:nflrmed: Lab test confirmed: Lab test confirmed: tﬁgggsgﬁnflrmed:
(microbiological enotypic - Phenotypic Phenotypic X
interpretive criteria) Genotypic (PCR, WGS), ~ Genotypic (PCR, WGS),  poqpp ECOFF Genotypic (PCR, WGS),

ECOFF

ECOFF

ECOFF

Data measurements

Presence or absence

Presence or absence

Prevalence, distribution

Prevalence, Incidence

Prevalence count

Examples of
surveillance activities

There are no proof of
freedom activities.
However, proving
freedom from
carbapenem-resistant
Enterobacteriaceae
(CRE), colistin (mcr-1)
and vancomycin-resistant
(VRE) E. coli from
livestock will be desirable

Fluoroquinolone
resistance in food
animals; ESBLs in
salmonella from food
animals in Australia;
National Alert System for
Critical Antimicrobial
Resistances (CARAlert)
(2019)

Prevalence of AMR in
Salmonella and E. coli
from cattle in Australia in
2015 (Barlow et al.
2015); poultry (Barton &
Wilkins 2001) (Australian
Chicken Meat Federation
2018); pigs (Kidsley et al.
2018)

National surveillance
reporting prevalence of
AMR in E. coli from pigs
in Denmark since 1995
(DANMAP 2017);
Canada since 1997
(Government of Canada
2017)

Methicillin-resistant
Staphylococcus aureus in
animals (Jordan, D. et al.
2011; Sahibzada et al.
2017); National program
to control ceftiofur-
resistant Salmonella
enterica serovar
Heidelberg in poultry in
Canada (Dutil et al. 2010)

AMR, antimicrobial resistance; ECOFF, epidemiological cut-off value; PCR, polymerase-chain-reaction; WGS, whole-genome sequencing
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Over 20 countries have national antimicrobial surveillance programs which collect data
on bacteria from people, animals, and food products. In most countries, national surveillance is
focussed on pathogenic bacteria from people and zoonotic and commensal bacteria from
healthy food animals and retail meat products. Bacteria from food animals and retail meat
products of most interest are Salmonella spp., Campylobacter spp., Escherichia coli, and
Enterococcus spp. These bacteria are included as they are thought to play a role in the transfer
of genetic resistance elements to humans (OIE 2015b; WHO 2001). Countries without national
surveillance programs, Australia included, have conducted small studies of limited time
coverage to assess antimicrobial resistance in bacteria from food animals and retail meat
products (Australian Chicken Meat Federation 2018; Barton & Wilkins 2001; Jordan, D 2003).
Noticeably absent from most national surveillance programs is information on pathogenic
bacteria from animals, with just a few countries, such as Denmark (DANMAP 2017), Germany
(GERM-VET 2018), Norway (NORM/NORM-VET 2017), Sweden (Swedres-Svarm 2017),
and France (RESAPTH 2017), monitoring some pathogenic bacteria from animals. The lack of
data about pathogens represents a major knowledge gap regarding the prevalence of
antimicrobial resistance in animals. A concerted effort is needed to obtain data on antimicrobial
resistance in animal pathogens if we are to advance our understanding of the health risks posed
to animals, people, and the environment (Barber, Miller & McNamara 2003; European Union

2013; Guardabassi, Schwarz & Lloyd 2004).

A lack of standardisation in national surveillance programs is a significant challenge for
coordinated action on antimicrobial resistance (Bax et al. 2001; Fluit et al. 2006; Shaban et al.
2014; White et al. 2001; WHO 2017a). The absence of standardisation, particularly in sampling
procedures and laboratory testing methodologies, is a barrier to data-sharing and comparability
of resistance levels between countries (WHO 2013). At present, the only comparable
antimicrobial resistance surveillance data are from programs conducted in EU-member states,
the United States, and Canada (WHO 2013). The OIE (2016) and WHO (2017b) have published

guidelines on the standardisation of antimicrobial surveillance, and the European Parliament
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has enacted legislation to impose standardisation of antimicrobial resistance surveillance in all
member states (European Union 2013). However, countries may have different objectives for
surveillance, access to funding, legislation, infrastructure, and farm practices which will affect
the design, and standardisation, of surveillance activities and therefore the ability to compare

surveillance data.

Surveillance objectives should be specific, measurable, and time-dependent and form
the basis for planning and evaluation. The broadly agreed objectives for most surveillance
programs of antimicrobial resistance include the (i) determination of resistance in a population,
(if) monitoring changes in resistance, (iii) detection of new mechanisms of resistance, (iv)
investigation of the evolution of resistance, (v) determination of antimicrobial use patterns, and
(vi) development and monitoring of interventions, (Franklin et al. 2001; OIE 2015b; Silley,
Simjee & Schwarz 2012; WHO 2017b). For the most part, the objectives listed above are
comparable to the purposes of surveillance outlined in Table 1, specifically the early detection
of resistance, prevalence of resistance in populations, and monitoring change over time.
However, for many national surveillance programs, the program objectives are often criticised
for lacking clarity and relevance for animal populations (Jordan, D 2003; Lewis 2002). Poorly
defined objectives in surveillance programs can lead to weak study design and impact on the

quality and comparability of data outputs (Fluit et al. 2006; Franklin et al. 2001).

Central to surveillance is the collection of objective and robust data, which can be
achieved by a well-designed sampling strategy and the use of accurate and reliable
measurement systems. Here, sampling is addressed. The sampling strategy should have two
essential features: population representativeness and adequate sample size. Representativeness
ensures the sample subset is, as much as possible, an accurate and unbiased reflection of the
population from which the sample group is drawn; while a statistically appropriate sample size
results in valid data outputs (Dohoo, Martin & Stryhn 2009; Franklin et al. 2001; WHO 2013).
Flawed study design can result in weak data and inferior decision-making (Rempel, Pitout &

Laupland 2011). Balancing the cost of sampling and the usefulness of the data is a considerable
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challenge, especially in resource-challenged settings. Under-resourcing constrains the number
of samples collected, sites visited (e.g., farms, abattoirs) and regularity of sample collection.
Notwithstanding limitations in sampling, data outputs can still be useful, although they may be

insufficient to address the objectives of a national surveillance program.

Where representativeness in sampling is unachievable, as may be the case for certain
surveillance activities in animal populations, risk-based sampling can be an efficient and
resource-saving approach. This is particularly so for demonstrating freedom from disease or
absence of infection (e.g., the absence of certain multi-drug resistant genes in bacteria from a
food animal species). Risk-based sampling has been described as an approach whereby the
sampling strategy applied to different strata in a population is based on the probability of
infection (or carriage of resistance genes) in that strata (Cameron, AR 2012). For example,
cattle reared in an extensive grazing system will likely have a lower risk of acquiring and
disseminating resistance genes compared to cattle kept in a feedlot where infectious diseases
and exposure to antimicrobial agents may be high. Therefore, the sampling strategy in
extensively grazed cattle and feedlot cattle will be different based on their perceived level of
risk of exposure to antimicrobial agents, selection pressure in bacterial populations, and

carriage of resistant genes.

Sampling design is often considered the most common source of systematic error (bias)
in population measurements, yet it has historically received scant consideration when designing
antimicrobial resistance surveillance activities (Dunlop et al. 1999; Jordan, D 2003).
Inappropriate sampling occurs when it is incorrectly assumed that an event of interest (e.g.,
occurrence of resistant bacteria) is randomly distributed within the population of interest
(Dohoo, Martin & Stryhn 2009). The non-random distribution of infectious agents is known as
clustering. While it generally holds that the health status from animals within herds are more
alike than the health status of animals from separate herds, several studies have also reported
on clustering of resistant bacteria within faecal samples derived from individual animals and

groups of animals from the same herd (Benedict et al. 2015; Dunlop et al. 1999; Humphry et
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al. 2018). Thus, clustering can occur at multiple ‘levels’. Most national antimicrobial resistance
surveillance programs implicitly assume homogeneity in bacterial populations at the farm-level
and define the epidemiological unit of interest as a single bacterial isolate per farm. However,
this approach ignores the phenomenon of clustering and will reduce the likelihood of
identifying low-level or emerging bacterial resistance (Dunlop et al. 1999; Humphry et al. 2018;

Persoons et al. 2011; Vieira et al. 2008).

By assuming homogeneity at the farm-level, most national programs utilise standard
sample size calculations to determine the number of bacteria required to evaluate resistance
(Caprioli et al. 2000; Davison, Low & Woolhouse 2000; European Food Safety Authority
2012). This assumption underestimates the sample size required for any given level of accuracy
when clustering is present, and with this approach, it may not be possible to obtain an accurate
assessment of the prevalence of antimicrobial resistance in a bacterial population derived from
an animal species (Jordan, D 2003; Persoons et al. 2011; Shaban et al. 2014). Estimates of the
prevalence of antimicrobial resistance from food animals could be less biased if the sample size
was increased or the sampling unit was based on a pooled sample at the farm-level where
clustering could be accounted. Techniques described by Dunlop et al. (1999), Wagner et al.
(2002), Benedict et al. (2013), and Humphry et al. (2018) demonstrate the suitability of pooled
faecal sampling in estimating the low-level prevalence of antimicrobial resistance in bacteria
from animals. Coupled with affordable and reliable high-throughput laboratory testing, pooled
sampling at the farm-level could overcome current deficiencies in the reporting of prevalence
of resistance in food animals. Examination of ways to increase the sample size by using pooled
faecal sampling and high-throughput laboratory testing was an original objective of this thesis;
however, at the time of completion of the research phase, suitable protocols for exploiting the
robotic technology at the Murdoch University Antimicrobial Resistance and Infectious Diseases

(AMRID) Research Laboratory were still under development.
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Antimicrobial susceptibility data which routinely accumulates in veterinary diagnostic
laboratories could be used to enhance the current surveillance effort in animals. The collection
of clinical data from laboratories is a form of passive surveillance (Dohoo, Martin & Stryhn
2009; Thrusfield 2007). The strength of passive surveillance lies in its low cost and potential to
identify emerging or rare resistance in bacterial pathogens, an objective of all existing national
surveillance programs (Mather et al. 2016). However, passive surveillance is not without bias,
since such data is typically derived from clinically unwell individuals, and there is a reliance
on veterinarians (and consenting owners) to submit samples for investigation. For veterinary
laboratories to be a reliable data source, a high level of confidence is needed in the performance
of the phenotypic assays used in these laboratories. Specifically, the assays must be accurate

and reliable within- and between-laboratories (Bax et al. 2001).

Antimicrobial susceptibility assays

In clinical settings, phenotypic antimicrobial susceptibility testing is used to determine
the susceptibility of a bacterial isolate to an antimicrobial agent as an aid to therapeutic
decision-making. While in surveillance, the use of phenotypic assays is different. Here, the
assays are used to gather temporal and spatial data to aid the design of policies and

interventions.

The two most common phenotypic assays used in veterinary laboratories are broth
microdilution and disc diffusion. Broth microdilution is the reference standard to which all other
phenotypic assays are compared (ISO 2006), and is preferred for national surveillance as it
generates quantitative data based on the minimum inhibitory concentration (MIC) (OIE 2018b).
However, disc diffusion, which measures the zone of inhibition around an antimicrobial agent-
infused disc on agar, is commonly used in veterinary laboratories. This is because disc diffusion
is affordable, customisable for a range of bacteria and antimicrobial agents, and requires
minimal investment in equipment compared to broth microdilution. Indeed, a recent survey of

American veterinary laboratories reported 71% of respondents performed disc diffusion
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(Dargatz, Erdman & Harris 2017), while in Australia, all veterinary laboratories reported using

disc diffusion to evaluate antimicrobial susceptibility (Hardefeldt et al. 2018).

Bacterial isolates are usually described as being “susceptible”, “intermediate”, or
“resistant” to an antimicrobial agent when the interpretative criteria, known as clinical
breakpoints, are applied. Clinical breakpoints are used to determine an isolate’s susceptibility
to the antimicrobial agents tested and to select the most suitable therapeutic agent. The clinical
interpretation of disc diffusion results is considered comparable to those from broth
microdilution, providing international standards for performing the assay such as those published
by the Clinical and Laboratory Standards Institute (CLSI) or EUCAST are observed (Lestari et
al. 2008; Matuschek, Brown & Kahlmeter 2014; Turnidge & Paterson 2007). Clinical
breakpoints are determined by expert committees which consider MIC distributions,
pharmacokinetics/ pharmacodynamics of the antimicrobial agent, and clinical outcomes
(Turnidge & Paterson 2007). However, there are few clinical breakpoints specific to veterinary
isolates/ drug combinations. Over-reliance on human breakpoints has led to challenges with the
clinical interpretation of veterinary bacterial pathogens. If human breakpoints are inappropriate
for a veterinary bacteria/ antimicrobial combination, the test result will be of limited value to
the clinician. Unsuitable breakpoints can lead to inappropriate selection of antimicrobial agents

and potentially select for resistance (Toutain et al. 2017).

When setting clinical breakpoints for veterinary medicine, several issues need to be
considered. Namely, antimicrobial agents may be administered to multiple animal species by
various routes, dose rates, and using formulations with short-acting or long-acting durations of
action. Also, bioavailability is variable depending on the species, breed, and animal behaviours
(Toutain et al. 2017). Hence, the ongoing appraisal of the most appropriate veterinary-specific
breakpoints is essential, particularly for clinical decision-making and the early detection of rare

and emerging resistance.
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The modified error-rate bounding method described by Brunden, Zurenko and Kapik
(1992) is commonly used by international standards groups such as CLSI to help determine
‘best-fit” zone diameter clinical breakpoints. ‘Best-fit' breakpoints are based on predefined
acceptable levels for misclassification errors (i.e., very major, major, minor errors) described
by I1SO (2006). Several superior model-based approaches have been developed to introduce
robustness to clinical breakpoint determination (Craig 2000; DePalma, Turnidge & Craig 2017,

Kronvall, Giske & Kahlmeter 2011).

Epidemiologic cut-off values (ECOFFs) are used as interpretative criteria in
surveillance settings. The ECOFF separates bacteria into wild-type and non-wild type
populations (Kahlmeter et al. 2003). Usually, bacteria assigned to the wild-type population do
not harbour resistance genes or resistance-mediating mutations, while those of the non-wild
type population commonly do. Since ECOFFs are not determined by the same criteria used to
establish clinical breakpoints they are less useful for therapeutic decision-making. Clinical
breakpoints and ECOFFS may be closely related for some antimicrobial agents and bacterial
species, however for other combinations, both types of interpretative criteria are far apart.
Direct comparison of susceptibility data is not always possible as studies use different clinical
breakpoints (ECDC/EFSA/EMA 2015; Silley 2012), so ECOFFs are recommended for use in
surveillance to enable direct comparison of bacterial/ antimicrobial resistance datasets
(Davison, Low & Woolhouse 2000; OIE 2016; Schwarz et al. 2010; Silley, Simjee & Schwarz
2012). However, fewer ECOFFS are presently available for animal bacteria, making reporting
and comparison of resistance levels between datasets challenging. For example, at the time of
writing, there was no zone diameter ECOFF published for E. coli and ceftiofur, a third-
generation cephalosporin used in food animals and categorised as highly important for human
health by the Australian Strategic and Advisory Group on Antimicrobial Resistance (2018) and

the OIE (2015a).
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Many national surveillance programs utilise genotypic and molecular tests to identify
acquired resistance genes in bacterial isolates from animals, such as the mecA gene associated
with methicillin-resistance in staphylococci species (Swedres-Svarm 2017), and the gentamicin
resistance gene aph(2”) in Campylobacter coli isolated from retail chicken meat (USDA 2017).
When used together, phenotypic and molecular testing offers the best information on the
management of multi-resistant bacterial infections and detection of new mechanisms of
bacterial resistance. However, veterinary laboratories have been slow to adopt the technology,
with Dargatz, Erdman and Harris (2017) reporting 6% of respondents to a survey of America
veterinary laboratories, used molecular technologies. In Australia, Hardefeldt et al. (2018)
reported very few veterinary laboratories utilise such technologies. Difficulties in the adoption
of molecular technologies will need to be overcome before veterinary laboratories can
incorporate them into testing regimes. This includes understanding the relationship between
phenotypic testing and resistance genes in different bacterial species, the development of user-
friendly platforms for interpretation of the data, and the cost of infrastructure and labour to

operate the equipment (Didelot et al. 2012; Frickmann, Masanta & Zautner 2014).

There is little consensus on standard antimicrobial panels to include for surveillance of
animal-derived bacterial species. Also, most antimicrobial agents tested in national surveillance
programs focus on classes of importance to human health. To address the lack of
standardisation, the European Parliament passed legislation which requires member states to
test a standard panel of 14 antimicrobial agents for animal-derived Salmonella and E. coli, and
12 antimicrobial agents for Enterococcus spp (European Union 2013). Some countries, such as
Denmark, test more antimicrobial agents than specified in the legislation (DANMAP 2017).
While decisions regarding which antimicrobial agents to test can be difficult, testing large
numbers of antimicrobial agents is both unnecessary (many antimicrobials have similar in vitro
activities) and cost-prohibitive (Silley, Simjee & Schwarz 2012). From an epidemiological
viewpoint, one could argue the ‘over-testing’ of isolates is inefficient when attempting to
manage a complex antimicrobial resistance surveillance program, particularly for countries
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with limited resources and infrastructure. A global agreement to test a restricted number of
antimicrobial agents per bacterial species and animal host will result in cost and time savings,
enable comparative analysis of datasets, and data generated will be targeted and relevant to

surveillance objectives.

Diagnostic test evaluation

An understanding of the performance of laboratory tests is critical to the design and
interpretation of surveillance and monitoring activities. Uncertainty regarding the performance
of diagnostic tests raises questions about the quality of data collected and reported by national
surveillance programs. Accurate data on animal-derived bacteria is essential as it is used to
inform antimicrobial use policies related to food animals, thus having ramifications for public
health (Tang et al. 2017). Diagnostic test performance is described by its accuracy and
precision. Accuracy refers to the deviation of a measurement from its ‘true’ value, while
precision refers to the closeness of measurements from the same sample (ISO 1994; OIE
2018a). All diagnostic tests are subject to random and systematic errors, resulting in potential
misclassification of test values (Gardner, I.A. & Greiner 2000). For phenotypic antimicrobial
susceptibility tests, misclassification may result in a bacterial isolate being categorised as
susceptible when it is truly resistant to an antimicrobial agent (worst case scenario in clinical
settings) or vice versa. Measurement errors can be complex to define, especially for
antimicrobial susceptibility tests where antimicrobial resistance is rapidly evolving, and the

criteria used to evaluate resistance status is continually changing.

Accuracy

Accuracy is traditionally described by diagnostic sensitivity and specificity. Put simply,
diagnostic sensitivity refers to the ability of a test to correctly identify subjects with the disease
of interest (e.g., phenotypically resistant), while specificity relates to the ability of a test to

correctly identify subjects free of disease (e.g., phenotypically susceptible). Estimation of
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diagnostic sensitivity and specificity is conditional on two factors, (i) knowledge of the true
status of a bacterium (determined by a reference test), and (ii) the threshold value (e.g., clinical
breakpoint) used to dichotomise measurement values into test positive (resistant) and test
negative (susceptible) groups (Dohoo, Martin & Stryhn 2009; Greiner & Gardner 2000).
Ideally, the reference test is perfect, such that the classification is always correct. However, most
reference tests are less than perfect and subject to systematic error (Gart & Buck 1966). When
errors in the reference test are disregarded, bias is present in the accuracy estimates, and these
estimates are at best ‘relative’. This bias will be such that the accuracy of the comparator test can
never exceed the errors inherent in the reference test (Enoe, Georgiadis & Johnson 2000; Greiner
& Gardner 2000). In antimicrobial susceptibility testing, broth microdilution is considered the
reference test against which all other assays are compared. However, the accuracy of broth
microdilution is not well understood and probably imperfect since there are few tests considered

superior other than a limited number of genetic or molecular tests.

The threshold value used to dichotomise test values has a critical influence on estimates
of diagnostic sensitivity and specificity (Greiner & Gardner 2000). Depending on the
distribution of measurement values in a sampled population, the positioning of the threshold
value will result in varying levels of misclassification errors. Figure 1 shows three different
zone diameter distributions, with the top graph demonstrating well-separated distributions. Few
misclassification errors occur when a clinical breakpoint is located somewhere between the two
populations. In the middle figure, where there is complete overlap, the measurement is of no
benefit as it is unable to discriminate between isolates that are resistant or susceptible. In the
bottom graph, a decision about the location of a clinical breakpoint will depend on which type
of misclassification error is more tolerable. For example, in clinical settings, a breakpoint that

results in a high number of false negative (i.e., false-susceptible) errors is unacceptable.
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Figure 1. Hypothetical distributions of resistant (red) and susceptible (blue) bacterial isolates with

corresponding receiver-operator characteristic (ROC) plots. Adapted from (Schwartz 2012).

The receiver-operating characteristic (ROC) analysis addresses issues associated with
dichotomising continuous data since it is independent of the threshold-value (Greiner, Pfeiffer
& Smith 2000). Accuracy is measured by the ROC area-under-the-curve (AUC), which
describes a test’s ability to separate a group into those with and without the disease (Gardner,
I. A. & Greiner 2006). In ROC analysis, each point on the curve represents a sensitivity and
specificity pair corresponding to the decision threshold. A test with perfect discrimination
(AUC = 1) has a curve which touches the top left corner of the graph, while a test with no
discriminatory power (AUC = 0.5) has no curve (Swets 1988). Figure 1 demonstrates the ROC
curve expected with each of the three distributions. The AUC = 1 (100% diagnostic sensitivity
and specificity) when there is no overlap between populations. However, the AUC estimate

suffers depending on the extent the two groups overlap, with an AUC of 0.5 occurring when
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the two populations completely overlap. Despite the advantages of using ROC analysis to
determine test accuracy, it does not discriminate between misclassification errors (Greiner &
Gardner 2000). Further, ROC analysis relies on the use of a ‘perfect’ reference test, which is
not always available. Although ROC analysis is integral to sensitivity and specificity estimates
for continuous outcome tests, it is not widely used in veterinary diagnostic test evaluation. This
is undoubtedly the case for the evaluation of the antimicrobial susceptibility tests where

measures of accuracy are infrequently reported, particularly for veterinary bacterial pathogens.

An advantage of reporting robust relative sensitivity and specificity estimates is that
apparent prevalence (derived from the comparator test) can be corrected to true prevalence
(derived from the reference test) (Rogan & Gladen 1978). Correcting apparent prevalence to
true prevalence allows for direct comparison of prevalence estimates from two different tests
(e.g., disc diffusion and broth microdilution). This feature is highly useful in surveillance where

estimates of prevalence are important epidemiologic indicators of resistance in the population.

Precision

Fundamental to the assessment of precision is the statistical estimation of reliability or
agreement by taking repeated measurements of the same subject (e.g., a bacterial isolate) within
(repeatability) and between (reproducibility) multiple laboratories. Reliability describes the
ratio of variability between subjects to the total variability of all measurements, while
agreement quantifies the degree to which two measurements are identical (Kottner et al. 2011).
Reliability studies estimate intra- and inter-laboratory reliability from intraclass correlation
coefficients (ICC) (Barnhart, Haber & Lin 2007; Bartlett & Frost 2008). The reliability ICC
describes the correlation between repeated measurements on the same sample and across
multiple samples and takes on values between zero and one, with one (i.e., high reliability)
representing no measurement error and zero indicating all variability is due to measurement

error (de Vet et al. 2006).
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In contrast, agreement studies are designed around the notions of repeatability and
reproducibility which describe within- and between-observer variability (Barnhart, Haber &
Lin 2007; 1SO 1994). Agreement is a characteristic of the test and does not depend on the
population in which measurements are made unless bias is present or the true value of the
measurement varies (Bartlett & Frost 2008). Agreement is measured in the same units as the
test. Repeatability studies have strict conditions on the measurement of precision (e.g., the same
technician, same equipment, short times intervals), while reproducibility studies allow for
changing conditions including different laboratories, and technicians (ISO 1994).
Reproducibility studies are particularly useful when inferences are made on the wider
population of potential observers such as veterinary laboratories operating in a national network

(Barnhart, Haber & Lin 2007; Bartlett & Frost 2008).

There is no standard approach to the statistical exploration of reliability and agreement,
as study objectives and design factors such as the sampling strategy and type of data collected
have a large bearing on assumptions used in estimation model-building (Kottner et al. 2011).
When reviewing literature on the precision of the disc diffusion assay, previous studies have
tended to limit evaluation to well-characterised strains such as the ATCC quality control strains
recommended by CLSI or EUCAST (Hombach et al. 2017; Hombach, Zbinden & Bottger 2013;
Idelevich et al. 2016; Lehtopolku et al. 2012; Matuschek, Brown & Kahlmeter 2014; Medeiros

& Crellin 2000; Murray, Zeitinger & Krogstad 1982).

Surveillance of antimicrobial use in animals

There are many motivations in administering antimicrobial agents to animals. Of most
concern to the wider community is the use of antimicrobial agents considered medically
important to people and the non-therapeutic use of antimicrobial agents for growth promotion
(McEwen, SA & Collignon 2018; O'Neill 2014; WHO 2013). Much of this concern is centred

on the poorly-defined contribution antimicrobial use in animals makes toward the development
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of resistance in human bacterial populations (FAO/OIE/WHO 2004; Magouras et al. 2017,
Tang et al. 2017). While there is a body of evidence demonstrating transfer of antimicrobial
resistant bacteria between animals and people via direct contact or from food or environmental
sources (Jordan, D. et al. 2011; Liu et al. 2016; McEwen, SA & Collignon 2018; VVan Hoovels
et al. 2006), there is little consensus regarding the overall effect antimicrobial use in animals
has on human health. Notwithstanding this uncertainty, there is strong international support for
the judicious use of antimicrobial agents in animals as a means of protecting public health and

animal health (FAO/OIE/WHO 2004; United Nations 2016).

Many countries, particularly those in the European Union, have introduced restrictions
or prohibitions on the use of important classes of antimicrobials in food animals, legislated
antimicrobial reduction targets, undertaken benchmarking at the farm-level, and encouraged
the adoption of antimicrobial stewardship programs (European Medicines Agency and
European Food Safety Authority 2017). In Australia, a veterinary prescription is required for
schedule 4 antimicrobial agents, and strict conditions for off-label or unregistered use of
antimicrobials in food animals has been legislated for decades. The United States has recently
introduced restrictions on the use of medically important antimicrobial agents in feed and now
require greater veterinary oversight in the treatment of food animals. Similarly, in Canada, all

medically important antimicrobial agents now require a veterinary prescription.

Restrictions on the use of certain antimicrobial classes in food animals have been
reported to result in a reduction in antimicrobial resistance levels in those species (Aarestrup,
FM et al. 2001; Bengtsson & Wierup 2006). For example, when the European Commission
banned the use of avoparcin in animals in 1997, there was a marked reduction in the prevalence
of vancomycin-resistant enterococci (VRE) in poultry faecal samples. Demark reported a
decrease in VRE prevalence in poultry samples from over 80% in 1995, to less than 5% in 1998
(Aarestrup, F 2015), and the Netherlands reported a decrease from 80% to 31% in the two years
between 1997-1999 (van den Bogaard, Bruinsma & Stobberingh 2000). In Australia,

fluoroguinolones and fourth-generation cephalosporins have never been registered for use in
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livestock, and consequently, bacterial resistance to these antimicrobial classes in livestock has
not been reported (Cheng et al. 2012). When Canadian chicken producers voluntarily withdrew
from using ceftiofur in 2005, the prevalence of ceftiofur resistance in Salmonella Heidelberg
isolated from retail chicken meat dropped from over 60% to 7% by 2006. When ceftiofur use
was partially reinstated in 2007, the prevalence of ceftiofur resistance in Salmonella Heidelberg
strains increased to 18% by 2008 (Dutil et al. 2010). However, restrictions on antimicrobial use
on their own may not eliminate resistant genes from an animal population, with recent studies
demonstrating that for some antimicrobial agents such as avoparcin and ceftiofur, low-level
prevalence of organisms resistant to these drugs can remain in a population of animals over
time (Abraham et al. 2018; DANMAP 2017). Consequently, restriction or reduction in the use
of an antimicrobial agent does not inevitably lead to the complete elimination of resistance

(EMA/AMEG 2019).

Most national surveillance programs do not collect antimicrobial usage data from
companion animals, except for a small number of countries, including Denmark and Sweden
(DANMAP 2017; Swedres-Svarm 2017). Consequently, it is almost impossible to determine
the extent of antimicrobial use and the potential effects this use has on the development of
resistance in companion animals (Guardabassi, Schwarz & Lloyd 2004; Rushton 2015). Given
there is limited legislative oversight, and a reported higher propensity to use antimicrobials of
critical importance to humans in companion animal medicine, it is imperative that data is
collected on the extent of antimicrobial use this sector. For example, Buckland et al. (2016)
reported in their UK study of 374 small animals veterinary clinics that of all antimicrobial
events described, 60% of events in dogs and 81% of events in cats were prescribed antimicrobial
agents classified as critically important to human health. Other studies have also described a
reliance on critically important antimicrobial agents in companion animals (Barber, Miller &
McNamara 2003; Guardabassi, Schwarz & Lloyd 2004; Murphy et al. 2012; Smith et al. 2018).
In Australia, it was reported that 18% of antimicrobial events used fluoroquinolones to treat
dogs empirically, and 16% of antimicrobial events used a third-generation cephalosporin (i.e.,
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cefovecin) for empirical treatment of cats (Hardefeldt et al. 2017). The study by Hardefeldt et
al. (2017) also reported rates of use of critically important antimicrobial agents were
substantially increased in pets with chronic conditions. Given direct contact is considered a
likely transmission method of resistant bacteria between humans and pets, capturing usage data
could be of enormous benefit in understanding the epidemiology of localised antimicrobial
resistance spread, and the development of interventions and stewardship programs that aim to
minimise the use of critically important antimicrobial agents in pets (Guardabassi 2013; Tang

etal. 2017)

Information on antimicrobial use in food animals is not readily available in most
countries, so the quantity and type of antimicrobial agents used in each sector are mostly
unknown. For instance, in 2017, just 107 member countries were able to contribute quantitative
antimicrobial use data to the OIE global database for the monitoring of antimicrobial agents,
with most information limited to sales and import data (OIE 2017). In Australia, antimicrobial
use data in animals are limited to nationally aggregated sales data with little other
accompanying information (Australian Pesticides and Veterinary Medicines Authority 2014).
Thus, alternative sources for collecting antimicrobial use data in food animals is needed in
Australia. Few countries, other than Denmark and the Netherlands have implemented nation-
wide automated monitoring systems (DANMAP 2017; Stege et al. 2003). These systems collect
clinic and farm-level data, which is far more useful for developing effective interventions to
manage antimicrobial use in animals. Other software-based monitoring systems such as
VetCompass and SAVSNET, have been shown to be minimally intrusive in the collection of
prescription-level data from small animal practices, however both require substantial resource
allocation to extract and analyse data given the absence of standardisation of veterinary record-

keeping (Buckland et al. 2016; Singleton et al. 2018).

Perhaps the most practical alternative to automated systems is the structured
questionnaire, where point-prevalence data obtained from veterinarians and producers can be

used for detailed analysis of antimicrobial use by species, production type, age class, and
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disease syndromes. While questionnaires have well-recognised limitations, they are a proven
method for data collection in the scientific literature (Bowling 2005). Questionnaires can be
efficient, standardised, affordable, confidential, time-flexible, and adaptable for use in multiple
species and over-time (Jordan, D. et al. 2009; WHO 2013). For food animals, the cooperation
of farmers and veterinarians is critical to obtaining accurate antimicrobial use data, particularly
given the complex issues and sensitivities surrounding the quantity, types, and reasons for use.
Inevitably, multi-stakeholder involvement will be required to encourage farmers and
veterinarians to share antimicrobial use data in food animals voluntarily. Engagement with
multiple stakeholders can lead to increased complexity in the planning, execution, and analysis

of results, and thereby potentially impact on the quality of inferences arising from the survey.

The interpretation of antimicrobial use data is challenging when there are several
metrics used to quantify the data, and the information requirements of stakeholders are very
different. Despite the efforts of national surveillance programs, it is widely recognised that the
reporting of antimicrobial sales data is of limited benefit (Cameron, A & McAllister 2016;
Guardabassi, Schwarz & Lloyd 2004; Rushton 2015; Silley, Simjee & Schwarz 2012). Silley,
Simjee and Schwarz (2012) contend that between-country comparisons on antimicrobial use
per species based on the tonnage of antimicrobial agents sold are misleading and that these data
should never be used as proof of causality between animal use and resistance trends in people.
However, others appear content to draw such conclusions, notwithstanding the limitations in
the quality and accuracy of the data (Chantziaras et al. 2014; ECDC/EFSA/EMA 2015; Tang
etal. 2017). Until we can reliably, accurately, and routinely collect antimicrobial use data at the

herd-level, interpretation of the data should be limited.
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The case for enhanced surveillance of antimicrobial resistance in animals

The term efficiency refers to the ability to accomplish a task with a minimum of
resources, saving money, time, and labor. As such, it is essential to consider whether
efficiencies can be identified in the conduct of antimicrobial resistance surveillance without
compromising program objectives (which may not be sufficiently detailed in the first instance).
Many of the challenges associated with surveillance of animals are yet to be overcome. EXisting
national surveillance programs have evolved from a strong microbiological approach to
surveillance where the emphasis is placed on measuring the attributes of the individual isolate
rather than defining the status of the broader population. In these programs, relatively small
numbers of bacterial isolates per host species are tested against many antimicrobial agents.
While this strategy yields excellent information regarding the resistance status of each isolate
evaluated (high internal validity), it is an expensive approach to conducting surveillance in
animals, has questionable external validity, may not be fit for all intended purposes when
applied to surveillance in food animals (i.e. a focus at the population level), or is well suited to

all countries, especially those with limited budgets.

An aspect of antimicrobial resistance surveillance missing from most national programs
is the meaningfulness of the data to the livestock sector. Surveillance objectives and
interventions are focused on public health outcomes without providing many benefits to
participating livestock sectors, such as managing endemic bacterial diseases of livestock.
Moreover, few programs report resistance and antimicrobial use data relevant to companion
animals, further eroding opportunities to address antimicrobial resistance issues in animals
adequately. The expansion of surveillance programs to evaluate bacterial pathogens from
animals would have a positive effect on the implementation of strategies which aim to contain
antimicrobial resistance in animals and provide veterinarians with the necessary information to

optimise antimicrobial use.
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Scope and aims of this thesis

This thesis presented an opportunity to identify innovative solutions to address issues
associated with the quality of data arising from national surveillance programs for antimicrobial

resistance. Questions raised and discussed in this thesis included:

1. Is the disc diffusion assay accurate for use in a national surveillance program?

There is an opportunity to collect susceptibility data from veterinary laboratories for use in
national surveillance provided results from disc diffusion are comparable to broth
microdilution. In this thesis, | evaluated the accuracy of disc diffusion relative to broth
microdilution for two important pathogens of animals — E. coli and S. pseudintermedius
(Chapters 2 and 3). The overlap between these two chapters is only partial since Chapter 3
expands on the methodology of its predecessor by including the evaluation of phenotypic assays

against genetic approaches for detecting the presence of resistance determinants.

2. How precise is the disc diffusion assay in veterinary diagnostic laboratories?

Understanding measurement imprecision (variability) in a diagnostic test is critical for
interpretation of results. Standardisation of protocols is necessary to ensure data can be repeated
by different technicians either within the same laboratory or reproduced at different
laboratories. It is essential for laboratories participating in national surveillance to adopt
standardised protocols when performing the disc diffusion assay. Research into the repeatability
and reproducibility of disc diffusion testing in Australian veterinary diagnostic laboratories will

validate if it is possible to source surveillance data from laboratories (Chapter 4).
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3. Is robotic technology possible for the evaluation of antimicrobial resistance in large

numbers of commensal bacteria?

Current surveillance approaches suffer from very small sample sizes. The advantage of larger
sample sizes is that it overcomes serious design weakness related to inadequate coverage of
animal populations and generates more precise estimates of prevalence. If laboratory capacity
Is increased through the adoption of efficient testing methods, there is scope to increase the
number of isolates appraised in surveillance. Furthermore, evaluation of the optimal number of
antimicrobial agents to be included in a panel will reduce costs and may free up resources to
evaluate more isolates. While it was intended that this thesis undertake a pilot study using high-
throughput robotic technologies, the robotic equipment was not available in time for research
to take place. This remains an important area of research to explore efficiency gains in

surveillance.

4. How well do questionnaires perform as part of a stakeholder-driven approach to collect

farm-level data on antimicrobial use?

Data based on antimicrobial sales is of limited value in the design of interventions to optimise
antimicrobial use in livestock. Capturing antimicrobial usage data and information on
stewardship practices at the farm-level will help identify factors that contribute to the
persistence of resistant bacteria. However, the cooperation of herd-owners and veterinarians is
critical to obtaining such data given the complex issues that exist involving specific
antimicrobial agents, diseases, and treatment regimes. Herd-level data also benefit livestock
producers and veterinarians in the development of prescribing guidelines and stewardship

principles (Chapter 5).
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Chapter 2:

Relative Performance of Antimicrobial Susceptibility Assays on Clinical

Escherichia coli Isolates from Animals
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Contextual Statement

Phenotypic assays such as disc diffusion and broth microdilution are used in clinical and
surveillance settings to determine the antimicrobial susceptibility of bacterial isolates. While
broth microdilution is the preferred assay for surveillance, disc diffusion is commonly used in
veterinary diagnostic laboratories. There is considerable scope to acquire disc diffusion data
from veterinary laboratories for the surveillance of bacterial pathogens provided the results are
comparable to broth microdilution. However, the performance of phenotypic assays is poorly
understood, as they are used in veterinary diagnostic laboratories. This raises questions about
the quality of information reported by national surveillance programs for antimicrobial
resistance. Thus, the aim of this study was to evaluate the accuracy of disc diffusion relative to
broth microdilution (the reference test) for clinical Escherichia coli isolates (n=994) derived
from companion animals. In this study, conventional statistical methods are used to evaluate
the accuracy of disc diffusion relative to broth microdilution, including the reporting of relative
diagnostic sensitivity and specificity, likelihood ratio pairs, and receiver-operating

characteristic (ROC) analysis.
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ARTICLE INFO ABSTRACT

The assessment of antimicrobial resistance in bacteria derived from animals is often performed using the disc
diffusion assay. However broth-microdilution is the preferred assay for national antimicrobial resistance sur-
veillance programs. This study aimed to evaluate the accuracy of disc diffusion relative to broth-microdilution

Keywords:
Disc diffusion
Broth-microdilution

Accuracy across a panel of 12 antimicrobials using data from a collection of 994 clinical Escherichia coli isolates from
RO(; . . . animals. Disc diffusion performance was evaluated by diagnostic sensitivity, specificity, likelihood ratio pairs
Antimicrobial resistance : B e 2 - 3 2 : E

Siiiveillange and receive-operating characteristic (ROC) analysis. Data was dichotomised using CLSI susceptible and resistant

clinical breakpoints. In addition, disc diffusion breakpoints produced using diffusion Breakpoint Estimation
Testing Software (dBETS) were evaluated. Analysis revealed considerable variability in performance estimates
for disc diffusion susceptible and resistant breakpoints (AUC ranges: 0.78-0.99 and 0.92-1.0, respectively)
across the panel of antimicrobials. Ciprofloxacin, tetracycline, and ampicillin estimates were robust across both
breakpoints, whereas estimates for several antimicrobials including amoxicillin-clavulanic acid, cefoxitin and
gentamicin were less favourable using susceptible breakpoints. Overall performance estimates were moderately
improved when dBETS susceptible breakpoints were applied. For most antimicrobials, disc diffusion was ac-
curate at predicting resistance of clinical E. coli from animals that could otherwise be determined by broth-
microdilution. While disc diffusion is suboptimal for assessing the proportion of fully susceptible isolates for
some drugs, sensitivity and specificity estimates provided here allow for the use of standard formula to correct
this. For this reason, disc diffusion has applicability in national surveillance provided the performance of the
assay is taken into account.

1. Introduction

The emergence and spread of bacteria resistant to multiple anti-
microbials including ‘last-line of defence’ drugs is a critical threat to the
well-being of humans, animals and the environment. Strong interna-
tional consensus for global action on antimicrobial resistance (AMR)
has been established within the United Nations General Assembly
(United Nations, 2016) and international agencies responsible for
human health, animal health and agriculture (OIE, 2015; WHO,

2015b). National surveillance programs are the cornerstone in global
efforts to contain the spread of AMR (WHO, 2015a). Integrated national
surveillance involving the coordinated collection of data on AMR in
humans, animals and the environment is critical for detecting emerging
forms of resistance and evaluating the success of policies designed to
contain AMR (Laxminarayan et al., 2013).

Surveillance of AMR in animal-derived bacteria is typically focussed
on commensal and zoonotic bacteria from food-producing animals ra-
ther than clinical isolates from diseased animals. While zoonotic
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Table 1

Veterinary Microbiology 214 (2018) 56-64

Disc diffusion and broth-microdilution interpretative criteria for twelve antimicrobials evaluated in this study and applied to 994 clinical Escherichia coli isolates derived from animals.

Susceptible Breakpoints

Resistant Breakpoints

Antimicrobial Abbreviation  Disc diffusion zone Broth-microdilution MIC Disc diffusion zone Broth-microdilution MIC MIC range (ug/
diameter (mm) (ug/ml) diameter (mm) (ug/ml) ml)
Amoxicillin-clavulanic acid AMC =18 =8 =13" =32° 1.0-64
Amikacin AMK =17" =16" =14" =64" 0.5-64
Ampicillin AMP 217" =8" <13* =32" 1.0-128
Cephalothin CEF =18" =8 <14* =32" 2.0-128
Ceftiofur CFT =21" =2° =17* =8 0.06-64
Ciprofloxacin cIp =21" =1" <15" =4" 0.008-8
Cefovecin CVN =23 =2° =19° =8 0.12-128
Cefoxitin FOX =18" =8" =14 =32" 1.0-128
Gentamicin GEN =16’ =2" =12" =8" 0.12-64
Imipenem IPM =23 =1° =19° =4" 0.06-4
Trimethoprim- SXT =16" =27 =10" =4" 0.12-16
sulfamethoxazole
Tetracycline TET =19* =4 =14 =16" 0.12-128
“ Derived from CLSI VET01-S3.
" Derived from CLSI M100-525.
© Cefovecin breakpoints based on facturer’s r dation

Table 2

Diagnostic performance estimates of disc diffusion relative to broth-microdilution for 994 clinical Escherichia coli isolates from animals using CLSI susceptible and resistant breakpoints.
DSe, diagnostic sensitivity; DSp diagnostic specificity; AUC, area under the curve. Exact 95% confidence intervals are given in Supplementary materials.

Susceptible Breakpoint Estimates

Resistant Breakpoint Estimates

Antimicrobial Relative DSe Relative DSp AUC Relative DSe Relative DSp AUC
Amoxicillin-clavulanic acid 0.23 0.99 0.82 0.79 0.99 0.98
Amikacin NA 0.99 NA NA 1.0 NA

Ampicillin 0.93 0.81 0.96 0.97 0.95 0.98
Cephalothin 0.70 0.81 0.82 0.75 0.98 0.92
Ceftiofur 0.84 0.99 0.94 0.94 0.99 0.98
Ciprofloxacin 0.96 1.0 0.99 0.99 1.0 1.0

Cefovecin 0.67 0.96 0.87 0.88 0.99 0.97
Cefoxitin 0.33 1.0 0.78 0.83 0.99 0.97
Gentamicin 0.50 0.99 0.82 0.92 1.0 0.97
Imipenem NA 0.99 NA NA 1.0 NA

Trimethoprim-sulfamethoxazole 0.70 0.99 0.93 0.72 0.99 0.94
Tetracycline 0.93 0.98 0.97 0.95 0.99 0.98

NA, not available due to insufficient data for the analysis.

bacteria such as Salmonella spp. and Campylobacter spp. pose the
greatest health threat to humans, commensal organisms of the gastro-
intestinal tract such as Escherichia coli are also considered high-risk for
the transmission of antimicrobial resistance genes to human bacteria
via food products (Shaban et al., 2014). A barrier to achieving com-
prehensive surveillance of all AMR risks in animals is the acquisition of
data from a sufficient number of clinical isolates. This could be over-
come by collecting antimicrobial assay results from veterinary labora-
tories either as minimum inhibitory concentration (MIC) from dilution-
based assays or millimetres of zone diameter from diffusion-based as-
says. The MIC is widely considered to be the superior measure for
quantifying an isolate’s susceptibility to antimicrobials (Turnidge and
Paterson, 2007), and hence, broth-microdilution is the preferred sus-
ceptibility assay for national surveillance programs (ISO, 2006; OIE,
2017b). However, disc diffusion is often favoured by veterinary la-
boratories as it is affordable and readily customisable for a range of
animal pathogens. There is considerable scope to merge susceptibility
data acquired from disc diffusion from multiple laboratories into na-
tional surveillance provided the results are comparable to those from
MIC assays.

The overall accuracy of disc diffusion relative to broth-microdilu-
tion remains inconclusive despite several previous studies having
evaluated the assay’s performance across a range of bacterial species
and antimicrobials (Benedict et al., 2013; Hoelzer et al., 2011; Klement
et al., 2005; Rhodes et al., 2014; Saini et al., 2011; Schumacher et al.,
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2001). This may be due to limitations of isolates entering such studies
including small sample size, study validity (i.e. isolates are not obtained
from an epidemiologically relevant population from which inferences
can be drawn) and low prevalence of resistance to antimicrobials,
particularly those that are critically important to humans. For instance,
of those studies which include animal-derived E. coli, only Benedict
et al. (2013) (n = 3362), Klement et al. (2005) (n = 231) and Rhodes
et al. (2014) (n = 304) assessed more than 200 isolates. Many previous
studies have also constrained the evaluation of test performance to
descriptive measures such as observed agreement of dichotomous re-
sults, simple linear regression and error-rate bounding without con-
sidering modern statistical approaches that fully exploit the data to aid
interpretation of test performance.

Inevitably the assessment of diagnostic test accuracy relies on the
reference test (usually broth-microdilution) and the cut-point (or
breakpoint) used to dichotomise the data. In the context of AMR, the
clinical breakpoint may define full susceptibility (susceptible break-
point), resistance (resistant breakpoint) or the non-susceptible popula-
tion (i.e. the combination of resistant and intermediate isolates) based
on available pharmacokinetic data. In the evaluation of disc diffusion
performance, some studies have applied the resistant breakpoint
(Benedict et al., 2013; Hoelzer et al., 2011) while others applied the
susceptible breakpoint (Klement et al., 2005; Saini et al., 2011). In-
evitably different breakpoints will yield different estimates of test ac-
curacy, with a resultant trade-off between the two types of
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Fig. 1. ROC plots demonstrating overall performance of disc diffusion

relative to broth-microdilution assays in clinical Escherichia coli isolates
from animals for six antimicrobials. The black-closed-dot curve and the
open-diamond-dash curve represent the dichotomisation at resistant and
susceptible breakpoints respectively. CIP, ciprofloxacin; CVN, cefovecin;
CFT, ceftiofur; CEF, cephalothin; TET, tetracycline; FOX, cefoxitin.
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misclassification errors — false negatives and false positives. While both
misclassification errors have consequences, false negatives (i.e. classi-
fied susceptible when truly resistant) are the least desired in the clinical
setting. Given the breakpoint is crucial for overall assessment of test
performance, inconsistency in the use of breakpoints to dichotomise
data across studies is likely to also be a key factor in the reported
variable performance of disc diffusion relative to MIC-based assays.
This is particularly relevant when the diagnostic test is used for dif-
ferent purposes as is the case in the clinical setting versus broad-scale
surveillance. The receiver-operating characteristic (ROC) analysis ad-
dresses this by estimating the overall diagnostic accuracy of tests with
continuous outcomes across all potential breakpoints.

Therefore, the aim of this study was to develop a robust statistical
approach to evaluate the accuracy of zone diameter measurements
obtained by disc diffusion relative to MIC measurements obtained by
broth-microdilution. The approach uses ROC analysis to summarise the
relative accuracy of zone diameter measurements compared to MIC
results (from the same isolates) across a large collection of clinical E.
coli isolates from animals. Twelve antimicrobials relevant to animal
health and public health were included for evaluation. For

58

completeness, accuracy was evaluated using both susceptible and re-
sistant clinical breakpoints recommended by the Clinical Laboratory
Standards Institute (CLSI). In addition, new disc diffusion clinical
breakpoints were produced using the model-based diffusion Breakpoint
Estimation Testing Software (dBETS) and compared to CLSI break-
points.

2. Methods
2.1. Isolate collection

Data used in this study were derived from the first nation-wide
survey for antimicrobial resistance in veterinary pathogens, which took
place between January 2013 and January 2014 with the cooperation of
all veterinary diagnostic laboratories (n = 22) in Australia (Abraham
et al., 2015). The data included disc diffusion and broth-microdilution
results from 994 clinical E. coli isolates from canine (n = 510), feline
(n = 338), equine (n = 28), and other species (n = 118), excluding
food-producing animals.
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Table 3

Estimates of likelihood ratios of disc diffusion relative to broth-microdilution for 994
clinical Escherichia coli isolates using CLSI susceptible and resistant breakpoints. LR ",
likelihood ratio of a positive test result; LR ", likelihood ratio of a negative result. Exact
95% confidence intervals are given in the Supplementary materials.

Susceptible breakpoi i breakpoi

estimates estimates
Antimicrobial LR* LR~ LR* LR~
Amoxicillin-clavulanic acid 15.8 0.79 118.1 0.21
Amikacin NA NA NA NA
Ampicillin 4.8 0.09 21.0 0.03
Cephalothin 3.7 0.37 35.4 0.25
Ceftiofur 67.3 0.16 168.4 0.06
Ciprofloxacin 220.6 0.04 454.6 0.01
Cefovecin 17.2 0.34 131.2 0.12
Cefoxitin 61.8 0.67 1249 0.18
Gentamicin 63.3 0.51 289.3 0.08
Imipenem NA NA NA NA
Trimethoprim- 68.8 0.31 729 0.28

sulfamethoxazole

Tetracycline 53.5 0.07 154.4 0.05

NA, not available due to insufficient data for the analysis.
2.2. Antimicrobial susceptibility testing

E. coli isolates underwent disc diffusion and broth-microdilution
testing according to CLSI VET01-A4 protocols (CLSI, 2013). The MIC
results for the isolate collection were obtained from a previous study
(Saputra et al., under review Vet Microbiol). Disc diffusion testing was
performed independently and at a different point in time to when broth-
microdilution testing occurred. Antimicrobial agents used in this study
are listed in Table 1. The dataset was dichotomised for each anti-
microbial and both assays using the susceptible and resistant clinical
breakpoints specified in CLSI performance standards VET01-S3 (CLSI,
2015a) and M100-S25 (CLSI, 2015b) (Table 1). For dichotomisation
using the susceptible clinical breakpoint, isolates clinically referred to
as ‘intermediate’ or ‘resistant’ were collectively classified as ‘non-sus-
ceptible’. For dichotomisation using the resistant clinical breakpoint,
isolates were classified as ‘susceptible’ if their measurement value fell in
the susceptible or intermediate range. Where animal-specific clinical
breakpoints were unavailable or did not have corresponding MIC and
zone diameter breakpoints, human clinical breakpoints were used as
indicated. The exception was cefovecin as there were no CLSI clinical
breakpoints available, so MIC and zone diameter susceptible and re-
sistant breakpoints were used according to the manufacturer’s re-
commendations. In this paper, unless otherwise specified, reference to
susceptible and resistant MIC and zone diameter breakpoints refer to
the CLSI recommended clinical breakpoints.

2.3. Statistical analysis

2.3.1. Relative diagnostic accuracy

The accuracy of disc diffusion classification relative to MIC (the
reference method) was evaluated by estimating relative diagnostic
sensitivity, diagnostic specificity, likelihood ratios of positive and ne-
gative results, and summarised using receiver-operating characteristic
(ROC) analysis. MIC and zone diameters were compared using non-
parametric ROC analysis since MIC data cannot be assumed to be
normally distributed. For a given breakpoint, likelihood ratio pairs
summarise how many times more (or less) likely a resistant isolate will
be classified as resistant then an isolate that is fully susceptible. The
likelihood ratio describes the direction and strength of evidence pro-
vided by a given test result. Details on likelihood ratios and area-under
the ROC-curve (AUC) estimations are given elsewhere (Greiner and
Gardner, 2000).
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2.3.2. Agreement estimation

Observed agreement was calculated as the proportion of isolates
with the same AMR clinical classification by disc diffusion and broth-
microdilution (i.e. both test results were within the susceptible break-
point range, or within the resistant breakpoint range). McNemar’s mid-
p test (Fagerland et al., 2013) was used to assess significance (two-tailed
p < 0.05) in the extent of disagreement between the two tests. The
mid-p version of the McNemar’s test was used instead of the conven-
tional McNemar’s test as the count of discordant results between the
two methods was often less than 25. Prevalence adjusted, bias adjusted
kappa (PABAK) was calculated as a measure of agreement to adjust for
imbalances caused by extreme prevalence and bias between tests (Byrt
et al., 1993).

2.3.3. dBETS disc diffusion breakpoint values

The recently published diffusion Breakpoint Estimation Testing
Software (dBETS) program (https://dbets.shinyapps.io/dBETS/, ac-
cessed 25 April 2017) was used to generate zone diameter susceptible
and resistant clinical breakpoints for the antimicrobials evaluated in
this dataset (DePalma et al., 2017). The dBETS program was used to
apply spline-based probability models to account for disc diffusion
assay variability, providing an advantage over commonly used methods
such as the modified error-rate bounded method.

Data was imported from MS excel files into Stata version 14.1 (Stata
Corporation, College Station, TX) for analysis. For each isolate and each
of the 12 antimicrobials tested, the broth-microdilution and disc dif-
fusion results were paired in wide format.

3. Results

For eleven antimicrobial agents, 994 paired observations on zone
diameter by disc diffusion and MIC by broth-microdilution were
available for analysis. For cefovecin, 948 paired observations were
available. The overall performance of disc diffusion relative to broth-
microdilution was very strong for ten antimicrobials (two anti-
microbials were not evaluated due to insufficient data) at the resistant
breakpoints (AUC range: 0.92-1.0) (Table 2). However at susceptible
breakpoints, overall performance for all 12 antimicrobials was appre-
ciably lower (AUC range: 0.78-0.99) (Table 2). At the susceptible
breakpoint, sensitivity and specificity (reflected by AUC) varied across
the antimicrobial panel, and was suboptimal for amoxicillin-clavulanic
acid (AUC, 0.82), cephalothin (AUC, 0.82), cefoxitin (AUC, 0.78) and
gentamicin (AUC, 0.82). Performance estimates for ciprofloxacin, tri-
methoprim-sulfamethoxazole and tetracycline were relatively un-
affected by the choice of breakpoint (Table 2). AUC estimates could not
be determined for amikacin and imipenem as the isolates were all
susceptible by the reference method.

Visual comparison of ROC plots for ciprofloxacin, ceftiofur, cefo-
vecin, ceftiofur, cephalothin, tetracycline and cefoxitin are presented in
Fig. 1. Here, two ROC curves are plotted on each graph to demonstrate
the accuracy of disc diffusion relative to broth-microdilution using the
MIC susceptible and resistant breakpoints. For ciprofloxacin, ceftiofur,
and tetracycline both susceptible and resistant ROC plots show near
perfect test discrimination (both curves approach the top left corner of
the graph). In contrast, cefovecin, cephalothin, and cefoxitin have
higher levels of misclassification error (curves distant from the top left
hand corner of the graph) (Fig. 1).

Table 2 shows that when resistant breakpoints were applied, re-
lative specificity was high across all antimicrobials (range, 0.95-1.0)
while relative sensitivity was variable (range, 0.72-0.99). When sus-
ceptible breakpoints were applied, relative specificity (range, 0.81 -1.0)
and sensitivity (range, 0.23-0.96) estimates were notably more vari-
able. By these criteria, disc diffusion performed poorly for several an-
timicrobials especially amoxicillin-clavulanic acid, cefoxitin and gen-
tamicin. When interpreting a positive disc diffusion result, using
resistant breakpoints provided stronger evidence (large LR ™) compared
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Fig. 2. Two-graph ROC (TG-ROC) plots of disc diffusion performance re-

sens / spec
o
1
sens / spec
(4]
1

. I3 17 = .
941 | \ 941 \
.81 | .81 |
|

lative to broth-microdilution for ciprofloxacin (CIP), cefovecin (CVN), and
trimethoprim-sulfamethoxazole (SXT). The TG-ROC curves for (a) sus-
ceptible and (b) resistant breakpoints are represented in the left and right
column (a) and (b) respectively. Relative sensitivity (blue solid line), re-
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referred to the web version of this article.)
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to susceptible breakpoints (LR™ ranges: 21-454.6 and 3.7-220.6, re-
spectively) (Table 3). Similarly, the evidence provided by negative disc
diffusion results were stronger (small LR™) when using resistant
breakpoints compared to susceptible breakpoints (LR~ ranges:
0.01-0.28 and 0.04-0.79, respectively). Evidence from a positive disc
diffusion result was weakest for cephalothin and ampicillin (lowest
LR™) and strongest for ciprofloxacin (highest LR™) regardless of the
breakpoint (Table 3). Evidence from a negative disc diffusion result was
weakest for amoxicillin-clavulanic acid (highest LR ™) and strongest for
ciprofloxacin (lowest LR™) (Table 3).

Two-graph receiver-operating characteristic (TG-ROC) plots for disc
diffusion relative to broth-microdilution shows the impact of break-
point on sensitivity and specificity and hence the level of mis-
classification error (Fig. 2). Sensitivity and specificity are equal at the
point where the two lines intersect on the TG ROC plot, however the
point of intersection does not always equate to the optimal breakpoint
since the cost of misclassification errors almost always differs. CLSI and
dBETS zone diameter breakpoints are plotted for comparison. For ci-
profloxacin, CLSI and dBETS susceptible and resistant breakpoints
correspond to almost perfect specificity with optimal sensitivity
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estimates (Tables 2 and 5). Similarly using both approaches, break-
points for cefovecin and trimethoprim-sulfamethoxazole target the
highest specificity and albeit with correspondingly lower sensitivity
(Tables 2 and 5).

Observed agreement estimates were strong for most antimicrobials
on resistant breakpoints (range, 0.94-1.0), but highly variable using
susceptible breakpoints (range, 0.39-0.99) (Table 4). (Supplementary
Tables 3 and 4 outline the contribution of positive agreement and ne-
gative agreement towards overall observed agreement estimates using
susceptible and resistant breakpoints). Antimicrobials with greater than
1% difference between proportion resistant by broth-microdilution and
proportion resistant by disc diffusion recorded a statistically significant
(p < 0.05) mid-p value McNemar’s test (Table 4). Amoxicillin-clavu-
lanic acid, cephalothin and cefoxitin recorded excessively large differ-
ences between the proportions resistant by broth-microdilution and disc
diffusion based on susceptible breakpoints. These three antimicrobials
also performed sub-optimally when inter-test agreement was measured
by PABAK (Table 4). Antimicrobials with the lowest disc diffusion
performance estimates also had increased overlapping susceptible and
non-susceptible populations (Fig. 3). Disc diffusion estimates of
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Agreement estimates between broth-microdilution and disc diffusion for 994 clinical Escherichia coli isolates from animals using CLSI susceptible and resistant breakpoints. Exact 95%
confidence intervals for estimates are in Supplementary materials. BMD, broth-microdilution; DD, disc diffusion.

Susceptible breakpoint estimates

Resistant breakpoint estimates

Antimicrobial BMD DD resistant McNemars p- Observed PABAK BMD DD resistant McNemars p- Observed PABAK
resistant value agreement resistant value agreement
Amoxicillin-clavulanic acid  0.79 0.18 < 0.001 0.39 NA 0.10 0.09 < 0.001 0.97 0.95
Amikacin 0.02 0.01 0.02 0.97 0.94 0.02 0.02 0.63 1.0 NA
Ampicillin 0.35 0.45 < 0.001 0.85 0.70 0.28 0.30 < 0.001 0.96 0.92
Cephalothin 0.92 0.66 < 0.001 0.71 0.41 0.20 0.17 < 0.001 0.94 0.87
Ceftiofur 0.11 0.11 0.20 0.97 0.94 0.10 0.10 0.77 0.99 0.98
Ciprofloxacin 0.08 0.08 0.73 0.99 0.99 0.07 0.07 0.63 1.0 0.99
Cefovecin 0.15 0.14 0.08 0.92 0.84 0.10 0.10 0.17 0.98 0.97
Cefoxitin 0.25 0.09 < 0.001 0.83 0.65 0.09 0.08 0.05 0.98 0.96
Gentamicin 0.10 0.06 < 0.001 0.94 0.89 0.05 0.05 0.73 0.99 0.99
Imipenem 0.04 0.02 < 0.001 0.95 0.89 0 0 0.2 1.0 0.99
Trimethoprim- 0.21 0.15 < 0.001 0.93 0.86 0.19 0.15 < 0.001 0.94 0.88
sulfamethoxazole
Tetracycline 0.19 0.19 0.85 0.97 0.95 0.18 0.18 0.30 0.99 0.97

NA, not available due to insufficient data for analysis.
* Significant mid-p McNemar’s chi-square test (p < 0.05).

Table 5

Estimates of accuracy of disc diffusion relative to broth-microdilution for 994 clinical Escherichia coli isolates from animals using zone diameter interpretative criteria produced from the
dBETS program. DSe, diagnostic sensitivity; DSp diagnostic specificity; ZD, zone diameter. Exact 95% confidence intervals for estimates provided in Supplementary materials.

dBETS Susceptible Breakpoint Estimates

dBETS Resistant Breakpoint Estimates

Antimicrobial ZD susceptible Relative DSe  Relative DSp  Observed ZD resistant Relative DSe Relative DSp  Observed
breakpoint (mm) agreement breakpoint (mm) agreement
Amoxicillin-clavulanic acid 21 0.70 0.87 0.66 15 0.92 0.98 0.98
Amikacin 16 NA 1.0 0.97 12 NA 1.0 1.0
Ampicillin 11 0.80 0.98 0.92 7 0.96 0.98 0.97
Cephalothin 18 0.70 0.81 0.71 13 0.68 0.99 0.93
Ceftiofur 22 0.86 0.98 0.97 18 0.96 0.99 0.99
Ciprofloxacin 18 0.96 1.0 1.0 11 0.90 1.0 0.99
Cefovecin 23 0.67 0.96 0.92 19 0.88 0.99 0.98
Cefoxitin 22 0.43 0.97 0.83 18 0.91 0.99 0.98
Gentamicin 16 0.50 0.99 0.94 12 0.92 1.0 0.99
Imipenem 23 NA 0.99 0.95 15 NA 1.0 1.0
Trimethoprim- 25 0.87 0.86 0.86 21 0.79 0.98 0.94
sulfamethoxazole
Tetracycline 18 0.93 0.99 0.97 13 0.95 0.99 0.98

NA, not available due to insufficient data for the analysis.

accuracy are optimised when there is clear separation of ‘susceptible’
and ‘non-susceptible’ populations as demonstrated on the zone dia-
meter histograms for ciprofloxacin, tetracycline, and ceftiofur (Fig. 3).
However, disc diffusion estimates are weaker when susceptible and
non-susceptible populations overlap (e.g. amoxicillin-clavulanic acid,
cephalothin, and cefoxitin).

Improved disc diffusion performance estimates were produced
when dBETS zone diameter susceptible breakpoints were applied
(Table 5). This was particularly evident for amoxicillin-clavulanic acid
where sensitivity went from 0.23 using the CLSI susceptible breakpoint
to 0.61. However cefoxitin (CLSI: 0.33; dBETS 0.43) and gentamicin
(CLSI: 0.50, dBETS: 0.50) estimates were minimally improved. At the
resistant breakpoint, disc diffusion performance was relatively un-
changed when the dBETS values were applied. At dBETS susceptible
breakpoint, observed agreement for many of the antimicrobials eval-
uated was improved (Table 5) compared to CLSI susceptible break-
points (Table 4).

4. Discussion

Inferences made in this work are based on a large number of clinical
E. coli isolates (n = 994) from multiple animal species, and procured
from a formal survey involving all major veterinary laboratories in
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Australia. The most notable finding of this study is the marked super-
jority in the performance of disc diffusion relative to broth-microdilu-
tion when assessed on resistant breakpoints compared to susceptible
breakpoints. When resistant breakpoints are applied to broth-micro-
dilution results, a very high level of disc diffusion relative accuracy is
evident for the majority of antimicrobials evaluated, particularly for
critically important antimicrobials (i.e. fluoroquinolones and third-
generation cephalosporins). In comparison, disc diffusion performance
was lower for most antimicrobials at susceptible breakpoints. This study
also provides dBETS zone diameter breakpoints which have a greater
objective basis than the current approach used to establish CLSI zone
diameter breakpoints. The performance of disc diffusion for amox-
icillin-clavulanic acid, cefoxitin and gentamicin was particularly sen-
sitive to the choice of breakpoints, resulting in highly variable sensi-
tivity estimates and large discrepancies in observed agreement.
Cephalothin and trimethoprim-sulfamethoxazole had poor disc diffu-
sion performance estimates regardless of the breakpoint used to di-
chotomise the data.

Observations arising from this study demonstrate that disc diffusion
is appropriate to differentiate a population of clinical E. coli isolates
derived from animals using CLSI or dBETS zone diameter resistant
breakpoints for the majority of antimicrobials assessed in this study.
However, for several antimicrobials including amoxicillin-clavulanic
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Fig. 3. Distribution of zone diameter results for clinical E. coli isolates
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acid, cefoxitin and gentamicin, disc diffusion has limitations when
differentiating a population of clinical E. coli isolates using CLSI zone
diameter susceptible breakpoints. Susceptible zone diameter breakpoints
generated by dBETS are sometimes superior and should be considered
when breakpoints are established. These findings also inform on the
selection of antimicrobials for inclusion in national surveillance, with
disc diffusion estimates for ciprofloxacin ceftiofur, ampicillin and tet-
racycline proving robust across breakpoints.

The study outcomes also support improved clinical decision-making
by providing robust estimates of sensitivity and specificity for disc
diffusion that hitherto have been rarely reported. These parameters,
along with likelihood ratio pairs and ROC analysis, are key metrics
relied upon in evidence-based approaches to clinical decision-making
and the assessment of diagnostic test performance (Dohoo et al., 2009;
OIE, 2017a). Moreover in a surveillance setting, the ‘true’ prevalence
(Rogan and Gladen, 1978) of resistance in a population can be esti-
mated if sensitivity and specificity are known. Calculating true pre-
valence from sensitivity and specificity will adjust for the inaccuracy of
disc diffusion (i.e. apparent prevalence) and allow for comparison of
zone diameter prevalence with MIC prevalence. This will improve the
validity of surveillance data obtained from clinical E. coli isolates from
animals. Thus, the quantitative estimates of test performance provided
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here for a broad panel of antimicrobials stands to benefit both popu-
lation health and clinical medicine.

ROC analysis is useful to determine test accuracy and assist in de-
fining breakpoint values however, only a small number of microbiology
studies have utilised ROC analysis for determination of performance of
phenotypic susceptibility assays in veterinary isolates (Jean et al., 2015;
Klement et al., 2005; Saini et al., 2011; Schumacher et al., 2001).
Hanczar et al. (2010) identified the need for large sample sizes in ROC
estimation of assay performance (Hanczar et al., 2010) which has been
achieved in this study. Although efforts have been made to utilise ROC
analysis for veterinary pathogens, the sample size in such studies has
been small, for example Saini et al. (2011) perform ROC analysis for
disc diffusion using a sample of 25 E. coli isolates, and Klement et al.
(2005) used 231 E. coli isolates from bovine milk samples.

Discrepancies in disc diffusion performance estimates for some an-
timicrobials found here are in agreement with other studies (HHombach
et al., 2013; Klement et al., 2005). While variable performance esti-
mates may be attributed to biological differences, technical limitations
(including laboratory error), or true variation in the disc diffusion test,
the appropriateness of the breakpoints must also be considered. Not all
antimicrobials evaluated in this study have breakpoints specific for
veterinary isolates, making it necessary to use human breakpoints. This
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has likely resulted in variable disc diffusion performance estimates for
some drugs. Additionally for trimethoprim-sulfamethoxazole, the
trailing endpoint phenomenon seen with MIC assays (Jorgenson and
Turnidge, 2015) may be responsible for variability in disc diffusion
performance results. Epidemiological cut off points (ECOFFs) are often
used as the basis for performing surveillance (Silley, 2012). However,
owing to the existing complexity of this study (involving 12 anti-
microbials and use of two breakpoints) ECOFFs were not included in
the analysis. Nevertheless, ECOFFs for a given drug are often similar to,
or lower than CLSI susceptible breakpoints and the conclusion of re-
duced test accuracy for disc diffusion compared to broth microdilution
will also hold for interpretations based on ECOFFs. It was also evident
in this study that overlapping susceptible and non-susceptible popula-
tions resulted in misclassification errors. In this study, misclassification
errors were retained to replicate the imperfections that would likely
occur if the veterinary laboratory network were to submit routine disc
diffusion data for use in national surveillance. The dBETS method ap-
peared relatively robust to outliers for most of the antimicrobials as-
sessed.

Limitations associated with this study should be considered. This
study only examined clinical E. coli isolates therefore the findings
should not be generalized to non-pathogenic (commensal) E. coli from
healthy animals typically included in AMR surveillance. Data for this
study was generated in a single laboratory and does not accommodate
the possibility of laboratory-to-laboratory variation (reproducibility) in
test performance. Broth-microdilution is an imperfect reference test and
the performance estimates for disc diffusion can never exceed those of
broth-microdilution. Theoretically, better disc diffusion accuracy esti-
mates can be obtained by latent class analysis (Pepe and Janes, 2007)
which is not reliant on a perfect reference test, however the assump-
tions that underlie this approach precludes its use in this study. While
accuracy measures such as sensitivity, specificity, and AUC provide the
best available evidence of inter-test compatibility, agreement measures
such as observed agreement, McNemars test, and inter-test agreement
have been reported in this study to facilitate comparison with previous
studies. In the future, the existing isolate collection will be expanded to
aid in the development of clinical breakpoints unique for animal spe-
cies, disease syndromes or combinations of these.

5. Conclusion

We have demonstrated that for most antimicrobials, disc diffusion
was shown to be accurate at predicting the resistance status of animal-
derived clinical E. coli that could otherwise be obtained by broth-mi-
crodilution. However, for a sub-set of antimicrobials disc diffusion de-
monstrated inferior performance relative to broth-microdilution and
this warrants further investigation. Although disc diffusion perfor-
mance at the susceptible breakpoint is suboptimal, standard equations
can be applied to correct this. Moreover, these findings inform on the
selection of antimicrobials for inclusion in national surveillance, with
disc diffusion performing well for critically important antimicrobial
classes such as fluoroquinolones and third-generation cephalosporins.
For these reasons disc diffusion appears to have applicability in national
surveillance provided performance of the assay, as defined in this work,
is taken into account.
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Diagnostic accuracy of phenotypic assays for determining
antimicrobial resistance status in Staphylococcus pseudintermedius

isolates from canine clinical cases

49



Contextual Statement

The preceding chapter detailed the accuracy of disc diffusion relative to broth
microdilution for clinical Escherichia coli isolates derived from animals. In this chapter, the
accuracy of disc diffusion relative to broth microdilution is evaluated against Staphylococcus.
pseudintermedius, an important and ubiquitous bacterium of dogs. Chapter 3 builds on Chapter
2 by evaluating the performance of both disc diffusion and broth microdilution to a more
accurate test — mecA real-time PCR for the prediction of methicillin resistance. Few studies
have assessed the performance attributes of broth microdilution even though it is widely
considered to be the reference test to which all other phenotypic assays are compared. As
genetic and molecular technologies become accessible, opportunities exist to evaluate the
performance of broth microdilution fully. In this study, paired zone diameter and minimum
inhibitory concentration (MIC) measurements from 614 clinical S. pseudintermedius isolates
were used in analyses, with isolates also tested by real-time PCR. Conventional statistical
methods were used to evaluate the accuracy of disc diffusion, including the reporting of
diagnostic sensitivity and specificity and use of receiver-operating characteristic (ROC)

analysis.
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1. Introduction

The acquisition of resistance genes in clinically important bacterial
pathogens of animals is of great concern. In particular, methicillin-re-
sistant Staphylococcus pseudintermedius (MRSP) poses a major challenge
owing to extensive multidrug resistance, limited therapeutic options for
infected hosts, and in rare cases, risk of sporadic zoonotic infection in
people (van Duijkeren et al., 2011). For these reasons, accurate as-
sessment of S. pseudintermedius susceptibility to a wide range of anti-
microbials is required, not only as an objective basis for clinical therapy
but also to monitor the occurrence of antimicrobial resistance in animal
populations.

In most staphylococci, methicillin resistance is mediated by the
mecA gene which encodes expression of the modified penicillin-binding
protein, PBP2a (CLSI, 2015). Clinical and Laboratory Standards In-
stitute (CLSI) guidelines specify the most reliable test for determination
of methicillin resistance in S. pseudintermedius is detection of mecA by
polymerase chain reaction (PCR) (CLSI, 2018). However, few veter-
inary laboratories routinely perform mecA PCR due to cost to owners.
Typically, diffusion- or dilution-based phenotypic assays (using ox-
acillin as a surrogate for methicillin) are used to predict methicillin
resistance, or more accurately, pan-beta-lactam resistance (CLSI, 2018).
In most veterinary laboratories, diffusion-based assays such as disc
diffusion are performed rather than dilution-based assays such as broth-
microdilution (Hardefeldt et al., 2018). However, for most national
surveillance programs, broth-microdilution is the preferred assay to
generate antimicrobial susceptibility data in animals.

Comprehensive surveillance of antimicrobial resistance in animal
pathogens such as S. pseudintermedius may be achieved if susceptibility
data generated from disc diffusion can be acquired from those veter-
inary laboratories that routinely evaluate such pathogens. However, the
acquisition of susceptibility data is only of value if the accuracy of disc
diffusion is comparable to that of broth-microdilution. Additionally,
factors associated with assay performance including consistent appli-
cation of standardised protocols for identification of isolates, quality
control, conduct of the test, antibiotic panels, and reading of zones must
be widely adopted.

At present, there is limited understanding of the accuracy of disc
diffusion when it is compared to broth-microdilution, especially in re-
lation to animal pathogens. This poses a barrier to the use of disc dif-
fusion susceptibility data in national surveillance programs. Standard
statistical measures, such as relative diagnostic sensitivity and specifi-
city, receiver-operating characteristic (ROC) analysis, area-under-the-
curve (AUCQ), likelihood ratios, and diagnostic odds ratios (DOR) for a
range of antimicrobial agents are essential to determine if disc diffusion
and broth-microdilution generate comparable results. However, few
studies have reported these estimates for disc diffusion in relation to S.

Table 1
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pseudintermedius. Indeed, Bremis et al (2006, 2009) and Schissler et al
(2009) are the only studies where diagnostic sensitivity and specificity
of disc diffusion were reported although these studies limited analysis
to oxacillin and cefoxitin alone. Other studies have also evaluated the
appropriateness of oxacillin or cefoxitin interpretative criteria to pre-
dict methicillin resistance compared to the presence of the mecA gene
(Bemis et al., 2012; Schmidt et al., 2014; Siak et al., 2014; Wu et al.,
2016). However, analysis in these studies was mostly restricted to de-
scriptive measures such as categorical agreement and error-rates, esti-
mates which cannot be relied upon alone to adequately describe the
accuracy of disc diffusion.

Therefore, the objective of this study was to evaluate the relative
accuracy of disc diffusion compared to broth-microdilution to a range
of antimicrobials for clinical S. pseudintermedius isolates derived from
dogs. In addition, the accuracy of disc diffusion and broth-microdilution
was compared to mecA real-time PCR for the prediction of methicillin
resistance. An improved understanding of the accuracy of these assays
will help determine if susceptibility data from S. pseudintermedius can be
included in national surveillance.

2. Methods

2.1. Sample acquisition, characterisation, and antimicrobial susceptibility
testing

S. pseudintermedius isolates were derived from a structured survey of
antimicrobial resistance in veterinary pathogens between January 2013
and January 2014, involving all 22 veterinary diagnostic laboratories in
Australia (Saputra et al., 2017). Coagulase-positive staphylococci iso-
lates considered clinically relevant to the presenting condition (as de-
termined by the diagnostic microbiologist) were sent to The University
of Adelaide during the collection period. Species identification was
confirmed by the University of Adelaide reference laboratory using the
BD™ Bruker MALDI Biotyper. Isolates in the collection underwent
broth-microdilution (minimum inhibitory concentration, MIC, pg/ml)
and disc diffusion (zone diameter, mm) testing according to CLSI
VET01-A4 protocols (CLSI, 2013b) at the University of Adelaide re-
ference laboratory. Staphylococcus aureus ATCC 25923 and ATCC 29213
were used as quality control strains. The MIC results for the isolates
were obtained from a previous study (Saputra et al., 2017). Disc dif-
fusion testing was performed independently to when broth-microdilu-
tion testing occurred. Antibiotic discs were obtained from Thermo-
Fischer Scientific (Australia). Antibiotics evaluated in this study are
listed in Table 1. An antibiotic was included for evaluation if there were
corresponding MIC and zone diameter measurements for isolates in-
cluded in the study.

Disc diffusion and broth-microdilution Clinical Laboratory Standards Institute (CLSI) interpretative criteria for canine clinical Staphylococcus pseudintermedius isolates

(n = 614) evaluated in this study.

Broth-microdilution (pg/ml)

Disc Diffusion (mm)

Susceptible breakpoint

Antimicrobial Abbreviation  Disc content (ug)  MIC range
Amoxicillin-clavulanic acid®  AMC 20/10 0.06 - 32 =4/2
Cefovecin” CWN 30 0.06-64 =05
Cefoxitin” FOX 30 0.06-64 =4
Cephalothin® CEF 30 0.06 - 64 =8
Chloramphenicol” CHL 30 2.0 - 64 =8
Ciprofloxacin® CIP 5 0.03-8 <1
Clindamycin” CLI 2 0.03 - 32 =05
Oxacillin” OXA 1 0.03-64 =025
Rifampicin” RIF 5 0.004 -4 <=1
Tt':'.l‘acyclineh TET 30 0.06 - 64 =0.25

Resistant breakpoint  Susceptible breakpoint ~ Resistant breakpoint

=8/4 =20 =19
=2 =24 =20
=8 =22 =21
=32 =18 =14
=232 =18 =12
=4 =21 =15
=4 =21 =14
=0.5 =18 =17
=4 =20 =16
=1 =23 =17

# CLSIVET01S2: Table 2B. Human Derived Zone Diameter Interpretation Standards and Minimum Inhibitory Concentration Breakpoints for Veterinary Pathogens.
b CLSI VETO08: Table 2C. Zone Diameter and Minimum Inhibitory Concentration Breakpoints for Staphylococcus spp.
¢ CLSI M100-S25. Table 2C. Zone Diameter Interpretative Standards and MIC Breakpoints for Staphylococcus spp.
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2.2. Screening for mecA

To assess mecA status, copies of the collection were sent to the
Antimicrobial Resistance and Infectious Diseases Laboratory at
Murdoch University. Isolates were cultured from frozen (— 80 °C) stock
culture according to CLSI protocols (CLSI, 2013b). DNA was extracted
as described in Abraham et al. (2012) with minor modifications
(Abraham et al., 2018). Presence of the mecA gene was determined by
singleplex real-time probe-based PCR, as described previously (Costa
et al., 2005). The probe (FAM-TTCCAGGAATGCAGAAAGACCAAAGCA-
BHQ) and forward primer (5 -TGGTATGTGGAAGTTAGATTGGGAT-3")
used in this study were identified in a previous study (Nakagawa et al.,
2005). The reverse primer was identified by performing a Basic Local
Alignment Search Tool (BLAST) search on the online NCBI GenBank
database. Based on sequence alignment, the reverse primer was de-
signed manually (5 -CTATCTCATATGCTGTTCCTGTATTGGC-3).
MRSP isolates previously characterised by whole-genome sequencing
for strain typing and detection of mecA genes by Worthing et al (2018a)
were used as controls for comparison. Real-time PCR was performed in
duplicate in 96-well plates using a 10 pL reaction mixture on Quant-
Studio™ 6 Flex Real-Time PCR system (Thermo Fisher Scientific, Aus-
tralia). The reaction mixture comprised a final concentration of 0.4uM
of each primer, 0.2uM probe, 5 uL TagMan® Fast Advanced Master Mix,
2 pL nuclease-free water, and 2 uL. DNA template.

3. Whole genome sequencing

Isolates with discordant oxacillin phenotypic and mecA real-time
PCR results underwent whole genome-sequencing. DNA extractions
were performed using a MagMax DNA multi-sample kit (ThermoFisher
Scientific) according to the manufacturer’s instructions, with the
modification to omit the RNAse treatment step. Library preparation was
performed with a Nextera XT kit with an increased tagmentation time
of seven minutes. Sequencing was performed on an Illumina Nextseq
500 platform using a high-output V2 (2 x 150 cycles) reagent kit
(O'Dea et al., 2018). Sequencing files were uploaded to the Center for
Genomic Epidemiology (https://genomicepidemiology.org) and the
ResFinder application used to check for the presence of acquired re-
sistance genes.

3.1. Data analysis

Data used in this study comprised paired MIC and zone diameter
values for 614 canine clinical S. pseudintermedius isolates for ten anti-
biotics.

For evaluation of test accuracy, MIC and zone diameter values were
dichotomised using corresponding CLSI clinical interpretative criteria
(Table 1). Where veterinary-specific S. pseudintermedius clinical break-
points were unavailable, veterinary-specific Staphylococcus genus

Table 2
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clinical breakpoints were used. Where veterinary-specific clinical
breakpoints were unavailable or did not have corresponding MIC and
zone diameter breakpoints, human breakpoints were used. For amox-
icillin-clavulanic acid, we used the corresponding zone diameter and
MIC breakpoints given by the last CLSI document containing them —
CLSI VET01-S2, Table 2B (2013a). When the susceptible breakpoint was
used to dichotomise MIC and zone diameter results, isolates in the
‘intermediate’ and ‘resistant’ range were collectively classified as ‘non-
susceptible’. When data were dichotomised using the resistant clinical
breakpoint, isolates were classified as ‘non-resistant’ if their MIC or
zone diameter value was within the ‘intermediate’ or ‘susceptible’
range. For real-time PCR, samples showing a sigmoidal curve with a
cycle threshold (Cr) = 40 were considered positive for the presence of
mecA and negative if no sigmoidal curve was observed.

The accuracy of disc diffusion classification relative to broth-mi-
crodilution (the reference method) was evaluated by estimating relative
diagnostic sensitivity (RSe) and specificity (RSp), likelihood ratios of
positive (LR+) and negative (LR-) results and summarised using DOR
and ROC AUC. For evaluation of the accuracy of disc diffusion and
broth-microdilution to predict methicillin resistance in S. pseu-
dintermedius, mecA real-time PCR was the reference test. ROC plots and
AUC were estimated using non-parametric analysis since MIC data
cannot be assumed to be normally distributed. Two-graph (TG) ROC
plots were used to visualise the relative accuracy of disc diffusion to
broth-microdilution across a range of cut-off values. Details on diag-
nostic sensitivity, specificity, LR pairs, DOR, and ROC analysis are given
elsewhere (Glas et al., 2003; Greiner and Gardner, 2000).

Observed agreement was calculated as the proportion of isolates
with the same interpretative classification by disc diffusion and broth-
microdilution. Similarly, agreement between broth-microdilution, disc
diffusion, and real-time PCR was calculated as the proportion of isolates
with the same oxacillin interpretative classification and mecA status.
McNemar’s mid-p test was used to assess the extent of disagreement
between two tests where a P value < 0.05 was considered significant
(Fagerland et al., 2013).

Data were entered into MS Excel files and imported into Stata ver-
sion 15.1 (Stata Corporation, College Station, TX) for all analysis. Data
is available in supplementary information.

4. Results
4.1. Disc diffusion accuracy relative to broth-microdilution

RSp was consistently high across all antimicrobials (range,
97.1%-100%), whereas RSe estimates showed considerable variability
(range, 35.7%-98.8%) when zone diameter and MIC values were di-
chotomised using susceptible breakpoints (Table 2). Similar results
were recorded when resistant breakpoints were applied. Poor RSe es-
timates were recorded for amoxicillin-clavulanic acid (51.5%, 95% CI,

Diagnostic performance estimates of disc diffusion relative to broth-microdilution for 614 canine Staphylococcus pseudintermedius isolates from clinical cases. Clinical
and Laboratory Standards Institute (CLSI) susceptible and resistant breakpoints were used to dichotomise minimum inhibitory concentration (MIC) and zone dia-
meter values. RSe, relative diagnostic sensitivity; RSp, relative diagnostic specificity; AUC, area-under-the-curve. Exact 95% confidence intervals are given.

Susceptible Breakpoint Estimates

Resistant Breakpoint Estimates

Antimicrobial %RSe (95%CI) %RSp (95%CI)
Amoxicillin-clavulanic acid 51.5 (38.9, 64.0) 99.8 (99.0, 100.0)
Cefovecin 72.3 (61.4, 81.6) 99.1 (97.8, 99.7)
Cefoxitin 35.7 (12.8, 64.9) 99.3 (98.3, 99.8)
Cephalothin 66.7 (51.1,80.0) 99.7 (98.7, 99.7)
Chloramphenicol 85.0 (70.2, 94.3) 100.0 (99.4, 100.0)
Ciprofloxacin 90.9 (80.1, 97.0) 99.8 (99.0, 100.0)
Clindamycin 98.8 (93.4, 100.0) 99.3 (98.1, 99.8)
Oxacillin 88.6 (79.5, 94.7) 100.0 (99.3, 100.0)
Rifampicin 80.0 (28.4, 99.5) 99.5 (98.6, 99.9)

Tetracycline 93.4 (87.9, 96.6) 97.1 (95.1, 98.4)

AUC (95%CI)
0.99 (0.97, 1.0)
0.95 (0.92, 0.98)
0.96 (0.92, 1.0)
0.99 (0.97, 1.0)
0.97 (0.93, 1.0)
0.98 (0.96, 1.0)
0.99 (0.97, 1.0)
0.99 (0.98, 1.0)
0.80 (0.41, 1.0)
0.95 (0.93, 0.98)

%RSe (95%CI)

51.5 (38.9, 64.0)
85.7 (74.6, 93.3)
35.7 (12.8, 64.9)
43.6 (27.8, 60.4)
94.4 (81.3, 99.3)
88.2 (76.1, 95.6)
81.0 (70.6, 89.0)
88.6 (79.5, 94.7)
60.0 (14.7, 94.7)
94.1 (88.7, 97.4)

%RSp (95%CI)
99.8 (90.0, 100.0)
98.6 (97.2, 99.4)
99.3 (98.3, 99.8)
99.8 (99.0, 100.0)
100.0 (99.4, 100.0)
99.8 (99.0, 100.0)
99.8 (99.0, 100.0)
100.0 (99.3, 100.0)
99.7 (98.8, 100.0)
97.3(95.4, 98.6)

AUC

0.99 (0.97, 1.0)
0.99 (0.98, 1.0)
0.96 (0.92, 1.0)
0.98 (0.97, 1.0)
0.99 (0.98, 1.0)
0.98 (0.96, 1.0)
0.99 (0.97, 1.0)
0.99 (0.98, 1.0)
0.80 (0.41, 1.0)
0.96 (0.93, 0.98)
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Fig. 1. Receiver-Operating Characteristic (ROC) analysis demonstratmg overall performance of disc diffusion relative to broth-microdilution for three

=

1at,

selected antimicrobials applied to canine Staphyl P

(n = 614) from clinical cases. ROC plots for tetracycline (a(i)), cefovecin (b

(1)), and cefoxitin (c(i)). The green-circle curve is representative of the resistant clinical breakpoint and blue-diamond curve is representative of the susceptible
clinical breakpoint for the minimum inhibitory concentration (MIC) as defined by Clinical and Laboratory Standards Institute (CLSI). Diagonal line represents an AUC
of 0.5. Two-graph-ROC plots of relative sensitivity (Sens) and relative specificity (Spec) for tetracycline (a(ii)), cefovecin (b(ii)), and cefoxitin (c(ii)). Relative
sensitivity (Sens, dash blue line), relative specificity (Spec, solid red line) diagnostic odds ratio (dash-dot grey line), CLIS susceptible breakpoint (green short-dash

line) and resistant breakpoint (orange dash line) are plotted on each graph.

38.9%, 64.0%), cefoxitin (35.7%, 95% CI, 12.8%, 64.9%), and cepha-
lothin (43.6%, 95% CI, 27.8%, 60.4%) irrespective of the breakpoint
used to dichotomise MIC and zone diameter values.

The accuracy of disc diffusion relative to broth-microdilution,
measured as the AUC, was greater than 0.96 for all antimicrobials,
except rifampicin (AUC, 0.80) (Table 2). Overall test performance
based on ROC analysis (ROC plots and TG-ROC) for three anti-
microbials are shown in Fig. 1 (see supplementary materials for ROC
plots for other antimicrobials). The ROC plots show minor differences
in the accuracy of disc diffusion with the curves for all three anti-
microbials approaching the top left-hand corner of the graph. However,
the accuracy of disc diffusion varies considerably according to the TG-
ROC plots for each antimicrobial evaluated. Disc diffusion is most ac-
curate when the curves for RSe and RSp are close to one at the re-
commended breakpoints. For tetracycline, both the susceptible and
resistant breakpoints correspond to near perfect RSe and RSp estimates,
with the DOR indicating disc diffusion has high test discriminatory
ability relative to broth-microdilution (Table 3). Drift between RSe and
RSp estimates can be seen with cefovecin, with the DOR not at its
highest discriminatory ability until sensitivity is over 95%. For cefox-
itin, the performance of disc diffusion relative to broth-microdilution is
poor when evaluated against both CLSI breakpoints. Here, disc diffu-
sion maximises RSp at the expense of RSe at the recommended cefoxitin
breakpoints.

Across all antimicrobials, there was strong diagnostic evidence from
positive (resistant) disc diffusion results supporting the presence of
resistance as classified by MIC (large LR*, Table 3). The evidence
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provided by negative (susceptible) disc diffusion results (small LR ™)
was strong using either breakpoint to determine susceptible status. For
cefoxitin, disc diffusion was less than accurate at distinguishing sus-
ceptible isolates across both breakpoints (LR- = 0.65). The overall
discriminatory ability of disc diffusion for all antimicrobials, as assessed
by the DOR, was high (DOR > 82) (Table 3).

Observed agreement estimates were > 94.0% for all antimicrobials
and breakpoints (Supplementary Tables 1 and 2). Across all anti-
microbials and clinical breakpoints, negative percent agreement
was > 97% (range 97.1%-99.8%). However, positive percent agree-
ment was much more variable with low values (range, 43.5%-97.1%),
particularly for cefoxitin (43.5%, 95% CI 23.2%, 65.5%) and amox-
icillin-clavulanic acid (67.3%, 95% CI 57.3%, 76.3%), indicating dis-
agreement between MIC and zone diameter values is associated with
the clinical interpretation of resistant (or non-susceptibility) isolates.
Antimicrobials with > 1% difference between proportion resistant by
broth-microdilution and proportion resistant by disc diffusion recorded
statistical significance (mid-p McNemar’s < 0.05, Supplementary
Tables 1 and 2). A higher number of antimicrobials recorded significant
mid-p McNemar’s estimate when the susceptible breakpoint dichot-
omised MIC and zone diameter values, including amoxicillin-clavulanic
acid, cefovecin, cephalothin, and oxacillin. Prevalence-adjusted bias-
adjusted Kappa estimates were > 0.9 for all antimicrobials.

The distribution of zone diameters for a selection of four anti-
microbials can be appreciated in Fig. 2 (see supplementary materials for
histograms of other antimicrobials). Estimates of relative diagnostic
accuracy are maximal when there is a clear separation between
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Table 3

Estimates of likelihood ratio pairs and diagnostic odds ratios of disc diffusion relative to broth-microdilution for 614 canine Staphylococcus pseudintermedius isolates
from clinical cases. Clinical and Laboratory Standard Institute (CLSI) susceptible and resistant breakpoints were used to dichotomise minimum inhibitory con-
centration (MIC) and zone diameter values. LR ", likelihood ratio of a positive test result; LR ~, likelihood ratio of a negative result, DOR, diagnostic odds ratio. Exact
95% confidence intervals given.

Susceptible Breakpoint Estimates Resistant Breakpoint Estimates
Antimicrobial LR* (95%CI) LR~ (95%CI) DOR (95%CI) LR* (95%CI) LR™ (95%CI) DOR (95%CI)
Amoxicillin-clavulanic acid 282 (39, 2029) 0.49 (0.38, 0.62) 581 (97, =) 282 (9, 2029) 0.49 (0.38, 0.62) 581 (97, =)
Cefovecin 77 (32, 186) 0.28 (0.20, 0.40) 274 (103, 726) 59 (20, 118) 0.14 (0.08, 0.27) 407 (153, 108,748)
Cefoxitin 54 (16, 179) 0.65 (0.44, 0.96) 83 (20, 338) 54 (16, 179) 0.65 (0.44, 0.96) 83 (20, 338)
Cephalothin 190 (47, 768) 0.33 (0.22, 0.51) 576 (135, =) 251 (34, 1835) 0.57 (0.43, 0.74) 444 (71, =)
Chloramphenicol o (117, =) 0.15 (0.07, 0.31) o (1671, ) o (136, =) 0.06 (0.01, 0.21) oo (13550, =)
Ciprofloxacin 508 (72, 3608) 0.09 (0.04, 0.21) 5580 (768, ) 497 (70, 530) 0.12 (0.06, 0.25) 4215 (601, =)
Clindamycin 131 (50, 349) 0.01 (0.0, 0.09) 10,692 (1404, =) 433 (61, 3080) 0.19 (0.12, 0.30) 2278 (368, =)
Oxacillin o (114, =) 0.11 (0.06, 0.21) = (1893, =) o (114, =) 0.11 (0.06, 0.21) e (1893, =)
Rifampicin 162 (48, 545) 0.20 (0.03, 1.0) 808 (86, =) 183 (39, 868) 0.40 (0.14, 1.0) 455 (57, 3892)
Tetracycline 32 (19, 53) 0.07 (0.04, 0.13) 470 (201, 1102) 35 (20, 59) 0.06 (0.03, 0.12) 569 (233, 1388)
Chloramphenicol Cephalothin .
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Table 4

Diagnostic test performance of broth-microdilution and disc diffusion relative
to mecA real-time PCR for 576 clinical canine Staphylococcus pseudintermedius
isolates. Clinical and Laboratory Standards Institute (CLSI) susceptible and re-
sistant breakpoints for oxacillin were used to dichotomise minimum inhibitory
concentration (MIC) and zone diameter values. RSe, relative diagnostic sensi-
tivity; RSp, relative diagnostic specificity; AUC, area under the curve; LR*,
likelihood ratio of a positive test result; LR, likelihood ratio of a negative
result, DOR, diagnostic odds ratio. Exact 95% confidence intervals are given.

Test Performance estimates Broth-microdilution (95% Disc Diffusion (95%

cn (@)
RSe (%) 96.1 (88.9, 99.2) 86.8 (77.1, 93.5)
RSp (%) 99.6 (98.6, 100.0) 99.8 (98.9, 100.0)
AUC 0.99 (0.97, 1.00) 0.99 (0.96, 1.00)
LR+ 240 (60.2, 958) 434 (61.2, 3082)
LR- 0.04 (0.01, 0.12) 0.13 (0.07, 0.24)
DOR 6059 (1059, 33,932) 3293 (511, )

Oxacillin resistance (%)
Observed Agreement (%)
McNemars mid-p value

13.0(10.4, 16.1)
99.1 (98.0, 99.7)
1.0

11.6 (9.1, 14.5)
98.1 (96.6, 99.0)
0.01

populations as demonstrated on the zone diameter histogram for
chloramphenicol. However, performance estimates were imperfect
when populations overlap and, or breakpoints were close together (e.g.,
cefoxitin, cephalothin, amoxicillin-clavulanic acid, Fig. 2). Moreover,
estimates of relative accuracy may be imprecise when the range of zone
diameters is narrow (i.e., mostly all susceptible), as can be seen for
cefoxitin and rifampicin (supplementary materials).

4.2. Broth-microdilution and disc diffusion performance relative to mecA
real-time PCR

For the evaluation of broth-microdilution and disc diffusion relative
to mecA real-time PCR, 576 isolates were evaluated. In total, 13.2%
(n = 76) of isolates were mecA-positive by real-time PCR, while 13.0%
(n = 75) were oxacillin resistant by broth-microdilution and 11.6%
(n = 67) by disc diffusion (Table 4). The relative diagnostic test accu-
racy of broth-microdilution and disc diffusion was high (AUC > 0.99).
DOR estimates reflect the strong RSe and RSp estimates for both assays,
however, disc diffusion’s RSe was significantly lower than broth-mi-
crodilution (McNemars mid-p value < 0.01). There was a significant
difference between the proportion of isolates identified as oxacillin-
resistant by disc diffusion and by mecA real-time PCR (McNemars mid-p
value < 0.01, Table 4). The overlap between oxacillin-susceptible iso-
lates by disc diffusion and mecA positive status can be seen in Fig. 3. An
overall comparison of the ROC analysis demonstrated negligible dif-
ference in the accuracy of broth-microdilution and disc diffusion.
However, the robustness of the assays varies according to their corre-
sponding TG-ROC plots (Fig. 3). For both assays, small movements in
clinical breakpoints (and zone measurements for decreased susceptible
isolates) will result in a noticeable change in RSe and RSp, especially so
for disc diffusion.

4.3. mecA sequence analysis

Nine isolates identified as phenotypically susceptible to oxacillin by
disc diffusion (9/9) or broth microdilution (3/9) and mecA positive on
real-time PCR underwent whole-genome sequencing. Details of phe-
notypic and genotypic characteristics of the isolates are detailed in
Supplementary Table 3. Six strain types were identified including two
from the same sequence type, ST498. Two strains were from new se-
quence types. The nine isolates were confirmed mecA positive with
99.5%-100% identity and 100% full length coverage and all contained
blaZ or blaZ-like elements.
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5. Discussion

The main finding from this study is the high level of accuracy of disc
diffusion relative to broth-microdilution for most antimicrobials eval-
uated in clinical S. pseudintermedius when performed according to CLSI
guidelines. This finding holds regardless of the CLSI interpretative cri-
teria used to evaluate the performance of disc diffusion. For clin-
damycin, an antibiotic commonly recommended as a first-line treat-
ment for S. pseudintermedius infections in dogs (Hillier et al., 2014), the
accuracy of disc diffusion was comparable to broth-microdilution. Si-
milarly, disc diffusion was accurate for cefovecin; an antibiotic often
recommended as a final treatment option. However, the accuracy of
disc diffusion was unsatisfactory for amoxicillin-clavulanic acid and
cephalothin, antimicrobials that are also frequently used to S. pseu-
dintermedius infections. For these antimicrobials, disc diffusion has
limitations when determining the phenotypic susceptibility of S. pseu-
dintermedius.

These findings are of concern for amoxicillin-clavulanic acid which
is widely used to treat skin infections in dogs as there are no published
veterinary-specific zone diameter interpretative criteria for S. pseu-
dintermedius, and CLSI removed zone diameter clinical breakpoints for
all antistaphylococcal beta-lactams in 2012 (Dien Bard et al., 2014).
Thus, the amoxicillin-clavulanic acid zone diameter breakpoints listed
in older versions of CLSI document VETO1 are likely to be unreliable.
Considering this, and the findings from this study, veterinary labora-
tories that evaluate the susceptibility of clinical S. pseudintermedius
isolates to amoxicillin-clavulanic acid using the disc diffusion assay are
advised to discontinue the practice. Furthermore, veterinary labora-
tories are advised to limit disc diffusion testing of clinical S. pseu-
dintermedius isolates to oxacillin and penicillin to infer the susceptibility
for other beta-lactam antimicrobial agents, except for newer cephalos-
porins with anti-MRSA activity. These recommendations are consistent
with CLSI (2018), and findings reported by Dien Bard et al. (2014) and
Siak et al. (2014). This study also provides quantitative and graphical
evidence to confirm the inadequacy of disc diffusion testing for de-
termining the susceptibility of S. pseudintermedius to cefoxitin. Given
the potential for a high number of misclassification errors, cefoxitin
should not be included in the panel of antibiotics used to evaluate an-
timicrobial susceptibility of animal-derived S. pseudintermedius.

Broth-microdilution and disc diffusion were shown to be relatively
comparable at predicting the presence of the mecA gene in clinical S.
pseudintermedius isolates. For both assays, predicting of the absence of
the mecA gene was high, while broth-microdilution out-performed disc
diffusion when predicting the presence of the mecA gene. Other studies
have also found phenotypic oxacillin resistance is a reliable predictor of
the presence of the mecA gene in S. pseudintermedius (Bemis et al., 2009;
Schissler et al., 2009; Worthing et al., 2018a; Wu et al., 2016). In this
study, nine isolates were identified as oxacillin-susceptible by disc
diffusion or broth-microdilution yet harboured the mecA gene. A similar
observation has been reported in other studies (Eckholm et al., 2013;
Feng et al., 2012; Griffeth et al., 2008; Kania et al., 2004; Kuwahara-
Arai et al., 1996). It has been suggested that failure to express the
PBP2a protein may be due to mutation, down-regulation or suppression
of mecA gene expression (Kania et al., 2004; Kuwahara-Arai et al.,
1996). The type of staphylococcal cassette chromosome that harbours
the mecA gene (SCCmec) has also been shown to affect oxacillin MIC in
MRSP isolates (Kasai et al., 2016; Worthing et al., 2018b). The collec-
tion of mecA-positive, oxacillin-susceptible isolates included isolates
from ST498, ST539 and ST547. These sequence types were previously
shown to harbour SCCmec types IVg and NA45, both of which have
significantly lower oxacillin MIC values than other SCCmec types
(Worthing et al., 2018b). Heterogeneous resistance, where there is ex-
istence of susceptible and resistant organisms within a single strain has
also been proposed (Kania et al., 2004; Savini et al., 2013). Variations
in salinity, temperature, pH, or the presence of beta-lactam during la-
boratory culture is also reported to have an effect on phenotype
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Fig. 3. Diagnostic test performance attributes for broth-microdilution and disc diffusion for oxacillin in canine Staphylococcus pseudintermedius isolates
(n = 576) from clinical cases. (a) Minimum inhibitory concentration (MIC) values by broth-microdilution, and (b) zone diameter values by disc diffusion are
compared to mecA real-time PCR status. (¢) Two-graph Receiver-Operating Characteristic (TG-ROC) plots for broth-microdilution, and (d) disc diffusion, plot the
relative sensitivity (Sens), relative specificity (Spec), and diagnostic odds ratio (DOR). Real-time mecA PCR is the reference test. Relative sensitivity (Sens, dash blue
solid line), relative specificity (Spec, solid red line), diagnostic odds ratio (dash-dot grey line). Clinical and Laboratory Standards Institute (CLSI) susceptible (green
short dash line) and resistant (orange long-dash line) breakpoints are plotted on all graphs.

expression (Griffeth et al., 2008). Additionally, the precision of mea-
surements derived from the phenotypic assays for decreased susceptible
isolates must also be considered. For example, six of the nine isolates
identified as oxacillin-susceptible by disc diffusion were within 3 mm of
the resistant clinical breakpoint, while five of the nine MICs were equal
to the resistant clinical breakpoint. The detection of isolates with de-
creased susceptibility depends very much on the validity of the assay,
the proficiency of technicians, and the breakpoint used to classify the
isolates.

In parallel with an earlier study involving Escherichia coli (Badger
et al., 2018), we report a broad range of measurements for disc diffu-
sion applied to S. pseudintermedius. Quantitative estimates from large
studies of these kind are generally lacking in veterinary literature for a
broad range of diagnostic tests. Evidenced-based clinical decisions are
better supported with robust estimates of test accuracy. Also, in sur-
veillance settings, diagnostic sensitivity and specificity can be used in
standard equations to adjust the apparent prevalence of disc diffusion,
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thereby allowing direct comparison with (‘true’) prevalence measured
by broth-microdilution. ROC analysis is useful to determine test accu-
racy and assist in defining breakpoint values since it is independent of
prevalence in a population. Depending on the purpose of the test and
the clinical or epidemiological setting, either diagnostic sensitivity or
specificity can be improved by altering the breakpoint used to define
resistance.

While this study was comprised of a comprehensive collection of
clinical S. pseudintermedius isolates submitted from all veterinary la-
boratories in Australia over one year, it cannot be considered a broad
representation of all clinical cases presented to primary care veter-
inarians. Findings from this study may be biased towards the inclusion
of resistant isolates since veterinarians are more likely to submit sam-
ples from cases that may have already failed initial treatment. Biases
arising from selective inclusion of animals or isolates in studies are well
recognised (Lash et al., 2014; Laupland et al., 2007). Ciprofloxacin was
used as a representative of the fluoroquinolone class as it is commonly
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used in national surveillance owning to its relevance to public health.
However, there is a need to evaluate the performance of other fluor-
oquinolone class members specific to animal health, such as enro-
floxacin and marbofloxacin, for clinical decision-making. Data for this
study were generated in two reference laboratories (University of
Adelaide, Murdoch University) and may not reflect the variation in
results which may occur when multiple primary laboratories perform
phenotypic assays. Moreover, since broth-microdilution is an imperfect
reference test the performance estimates for disc diffusion reported here
can never exceed those of broth-microdilution.

6. Conclusion

Overall, this study demonstrates that for most antimicrobials eval-
uated, disc diffusion can be used to differentiate veterinary S. pseu-
dintermedius isolates that might otherwise be assessed by broth-micro-
dilution when performed according to CLSI guidelines. However, disc
diffusion performance was less favourable for amoxicillin-clavulanic
acid, cephalothin, and cefoxitin. Therefore, veterinary laboratories are
advised to use oxacillin or penicillin to infer phenotypic susceptibility
of S. pseudintermedius to other beta-lactam antibiotics, except for newer
anti-MRSA cephalosporins. We found disc diffusion and broth-micro-
dilution approximated genotypic results from mecA real-time PCR when
using oxacillin to predict methicillin resistance, and there was minimal
difference in the performance estimates between both phenotypic as-
says relative to PCR. These findings demonstrate that disc diffusion
susceptibility data from clinical S. pseudintermedius could be acquired
for national surveillance provided consideration is given to the diag-
nostic test performance estimates reported here.
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Supplementary materials for Chapter 3 can be found in Appendix 2

63



Chapter 4:

Intra- and inter-laboratory agreement of the disc diffusion
assay for assessing antimicrobial susceptibility of porcine

Escherichia coli
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Contextual Statement

In Chapters 2 and 3, the accuracy of disc diffusion relative to broth microdilution was
found to be satisfactory for determining susceptibility in clinical Escherichia coli and S.
pseudintermedius for most antimicrobial agents evaluated. The other component to evaluating
diagnostic performance is to determine an assay’s precision. Understanding measurement
imprecision (i.e., variability) in a diagnostic test is critical not only for clinical interpretation
but also for determining whether a diagnostic test is suitable for use in surveillance activities.
Hence, in Chapter 4, the precision of disc diffusion was investigated to determine the extent of
variation in measurements that can be expected when the test is performed in veterinary
diagnostic laboratories. A test-retest study design was used to determine intra-laboratory
agreement (repeatability) and inter-laboratory agreement (reproducibility). Repeatability and
reproducibility estimates provide a practical interpretation of the extent of variation in zone
diameter measurements expected in veterinary laboratories when testing the same isolate.
Seven veterinary diagnostic laboratories participated in the study and tested replicates from the
same twenty clinical E. coli isolates from pigs five times over time. The findings from this
study, coupled with those from Chapters 2 and 3, will help determine whether antimicrobial
susceptibility data from disc diffusion can be acquired from veterinary laboratories for use in

national surveillance programs.
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ARTICLE INFO ABSTRACT
Keywords: Reliable assessment of the susceptibility of animal bacterial pathogens to antimicrobials is of paramount im-
Disc diffusion portance in the fight against antimicrobial resistance. This work aims to estimate the repeatability (intra-la-
Zone-diameter boratory agreement) and reproducibility (inter-laboratory agreement) of the disc diffusion assay in veterinary
Agreement

laboratories to understand further if the assay has a role in the surveillance of antimicrobial resistance in ani-
mals. Seven major veterinary laboratories from all States in Australia participated, and each tested the same
panel of isolates five times at three to four-week intervals, against six antimicrobial agents using Clinical and
Laboratory Standards Institute protocols. The panel consisted of twenty different isolates from porcine
Escherichia coli from clinical cases and a single reference strain (ATCC 25922). Laboratories were blinded to the
identity of the isolates, replicates, and to each other. In total, 4200 inhibition zone diameters (mm) were col-
lected, and analysed descriptively, graphically, and with linear mixed models. Regardless of the laboratories and
isolate/antimicrobial combinations, the overall very major error rate (proportion of isolates classified as sus-
ceptible when actual status is resistant) was 1.6%; the major error rate (proportion of isolates classified as
resistant when actual status is susceptible) was 1.6%; and the ‘minor error’ rate (proportion of isolates with
intermediate susceptibility that measure fully susceptible or resistant or vice versa) was 2.4%. The variation
between repeated measurements ranged between 4.4-7.2 mm depending on the antimicrobial agent assessed.
The reproducibility was always more variable than the repeatability, which suggested some laboratory effects.
The repeatability coefficient of disc diffusion was lowest for tetracycline (4.4 mm, 95% CI: 3.8-5.0 mm) and
ampicillin (4.6 mm, 95% CI: 4.2-5.2mm) and highest for trimethoprim-sulfamethoxazole (6.6 mm, 95% CI:
5.9-7.4 mm). The reproducibility coefficient of disc diffusion was lowest for gentamicin (5.4, 95% CI: 4.0-7.2)
and highest for trimethoprim-sulfamethoxazole (7.2 mm, 95%CI: 4.5-11.7 mm). The precision of the disc dif-
fusion assay was deemed satisfactory for use in a national surveillance program for clinical porcine E. coli
isolates. However, measurement variation of the disc diffusion assay is of concern for isolates with marginal
susceptibility or resistance due to increased risk of misclassification.

Precision
Performance
Antimicrobial resistance

1. Introduction performance of the diagnostic assays used to detect the disease of in-
terest (OIE, 2018a). Factors which influence assay performance need to
Integral to the success of any surveillance program is the be understood for the practical interpretation of assay results, and to
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guide the response to a disease threat. The International Standards
Organisation (ISO) outlines the general principles required for the va-
lidation of diagnostic tests (ISO, 1994) including methods for de-
termining a test’s accuracy and precision. While accuracy refers to the
deviation of a measurement from the ‘true’ value of the subject, pre-
cision reflects the closeness of measurements to each other (Gerke et al.,
2016). Estimates of precision are used to determine whether single
measurements reported by multiple observers (such as laboratories) can
be used interchangeably (Barnhart et al., 2007), an important con-
sideration when data may be acquired from multiple laboratories for
use in national surveillance (OIE, 2018b).

In literal terms, repeated measurements agree if they are identical.
However, repeated measurements made on a continuous scale are less
likely to agree because they are more susceptible to inherent random
errors (Vaz et al., 2013). Some error in measurement values can be
acceptable, depending on the context and the impact of the error
(Barnhart et al., 2007). For instance, a measurement error may be ac-
ceptable if it lies within a specified range of values, for example, when
validating an assay using standardised quality control strains. On the
other hand, measurement error may be less acceptable if the mea-
surement value is close to a clinical breakpoint used in therapeutic
decision-making. Agreement of an assay can be estimated at two dif-
ferent levels — repeatability and reproducibility. Repeatability is as-
sessed under similar, if not identical, analytical conditions (e.g., same
laboratory), whereas reproducibility is assessed under varying analy-
tical conditions (e.g., different laboratories) (ISO, 1994). The interest in
reproducibility studies lies in the comparison of repeated measurements
by different laboratories (Bartlett and Frost, 2008), making these esti-
mates particularly useful when inferences are to be made on the
broader population, such as veterinary laboratories operating in a na-
tional network. Notably, measures of agreement should not be con-
sidered in isolation to measures of diagnostic accuracy since it is pos-
sible to have a test with excellent precision yet be systematically biased
(i.e., measurements deviate from the true value) and vice versa (Jordan
et al., 2012; Vaz et al., 2013).

Disc diffusion is the most widely used phenotypic antimicrobial
susceptibility assay performed in veterinary microbiology laboratories
(Dargatz et al., 2017; Hombach et al., 2017). The assay is generally
considered reliable provided it is performed according to international
standards such as those published by the Clinical and Laboratory
Standards Institute (CLSI) and the European Centre for Antimicrobial
Susceptibility Testing (EUCAST) (Lestari et al., 2008; Matuschek et al.,
2014). However, even when international standards are adhered to,
problems intrinsic to the disc diffusion assay, such as variation in the
agar, inoculum, and manual measurement of zone-diameters, have been
reported (Murray et al., 1982; Nijs et al., 2003; Hombach et al., 2017).
The usefulness of the disc diffusion assay for clinical decision-making
and use in national antimicrobial resistance surveillance programs is
dependent on it having robust repeatability and reproducibility char-
acteristics (Murray et al., 1982). Studies have assessed the precision of
the disc diffusion assay based on the evaluation of quality control
strains recommended by CLSI or EUCAST (Murray et al., 1982;
Hombach et al., 2013; Matuschek et al., 2014), or in the course of
comparing methods for measuring zone-diameters (Medeiros and
Crellin, 2000; Lehtopolku et al., 2012; Idelevich et al., 2016; Hombach
et al., 2017). However, no studies have reported repeatability and re-
producibility estimates for the assay when performed on pathogenic
strains from clinical submissions.

By evaluating the precision of the disc diffusion assay using pa-
thogenic strains, this study seeks to replicate the routine testing that
occurs in veterinary diagnostic laboratories and the biological variation
that can occur in strains which are not as predictable as quality control
strains. Therefore, the purpose of this study was to determine the re-
peatability and reproducibility of the disc diffusion assay in veterinary
diagnostic laboratories for pathogenic Escherichia coli isolates derived
from diseased pigs. Escherichia coli isolates derived from pigs were
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chosen in this study as they are a key bacterial isolate monitored in all
national antimicrobial resistance surveillance programs. The study is
reported under the Guidelines for Reporting Reliability and Agreement
Studies (GRRAS) (Kottner et al., 2011).

2. Methods and materials
2.1. Study design

The study was designed to repeatedly measure the zone diameter of
the same E. coli isolates across seven participating Australian veterinary
laboratories over time. Participation in the study was conditional on the
laboratory agreeing to perform the disc diffusion assay according to
CLSI protocols. A nominal sum (AUD 600) was offered to participating
laboratories to offset direct costs arising from the consumption of la-
boratory reagents. Participants were not advised to use preferred la-
boratory reagents during the study in order to replicate routine testing
procedures in each laboratory.

Participating laboratories received five replicated batches of 20 E.
coli isolates three to four weeks apart (a total of 100 E. coli replicates per
laboratory). Laboratories were requested to process each batch at re-
ception and report results via an online reporting form within ten
working days. Participating laboratories were blinded to the identity of
the isolates between batches, replicates within batches, and to each
other. Other than the first author, all other authors were blinded to the
identity of participating laboratories. In this study, participating la-
boratories are referred to by their randomly assigned letter (A to G) to
protect their identity.

2.2. Selection of isolates

Pathogenic E. coli isolates used in this study comprised nineteen
isolates from laboratory submissions of diseased pigs’ specimens plus
one CLSI quality control strain for E. coli, ATCC 25922. Fifteen of
nineteen isolates were randomly selected (using a computer-generated
algorithm) from a previously described national collection of patho-
genic E. coli isolates from pigs (n = 324) (Abraham et al., 2015). While
four isolates were purposely selected for their resistance to ceftiofur, a
rare occurrence in E. coli isolates from pigs in Australia (Abraham et al.,
2015). (See Supplementary Table 1 for original reference laboratory
identification of isolates included in this study). The E. coli isolates were
kept at- 80 °C storage at the Antimicrobial Resistance and Infectious
Diseases Laboratory at Murdoch University, Perth until processing.
Isolates were assigned a random identification number from one to 20,
with the first 15 numbers reserved for the randomly selected E. coli
isolates. Each replicate for each isolate was assigned a unique six-digit
code generated at random by a computer algorithm. Participating la-
boratories were informed that all isolates were confirmed veterinary E.
coli strains, however, animal-species and sampling site were not dis-
closed.

2.3. Preparation of replicates

Each isolate was sub-cultured twice on 5% sheep-blood agar
(Edwards, Australia) and frozen at - 80 °C in individual aliquots con-
taining brain-heart infusion broth with 20% glycerol. All isolates un-
derwent confirmatory identification using Matrix-Assisted Laser
Desorption Ionisation Time of Flight mass spectrometry (MALDI-TOF
MS, Bruker Daltonik, Germany). In preparation for each batch (sub-
mission), partially thawed aliquots of the isolates were sub-cultured
twice on 5% sheep-blood agar as per CLSI procedures. Individual swabs
were taken from the agar plate of each isolate using Aimes charcoal
agar gel transport media (Copan Diagnostics, CA) and dispatched by
overnight courier to the seven laboratories. Each swab was labelled
with a unique six-digit identification code.
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2.4. Disc diffusion method

Participating laboratories were instructed to conduct disc diffusion
testing according to either CLSI performance standards M02-A12 (CLSI,
2015a) or VET01-A4 (CLSI, 2013). Disc diffusion testing was to be
performed under routine laboratory conditions, and laboratories were
instructed not to conduct additional confirmatory testing of the isolates.
A panel of six antimicrobial discs was specified: ampicillin (10 pg),
ceftiofur (30 ug), chloramphenicol (30 pg), gentamicin (10 pg), tetra-
cycline (30pg), and trimethoprim-sulfamethoxazole (1.25/23.7 ug).
Participating laboratories recorded zone-diameter measurements (mm)
and clinical interpretation for each isolate/antimicrobial combination
in a standardised online reporting form designed in Qualtrics survey
software (www.qualtrics.com.au). Date of assessment and the method
used to measure the zone-diameters was recorded.

2.5. Descriptive analysis

At the completion of the study, results were downloaded from the
Qualtrics survey software platform as a comma-separated value file
format and imported into Stata version 15.1 (Stata Corporation, College
Station, TX) for analysis. A Stata program was written to de-code the
six-digit identity assigned to each replicate so repeated zone-diameter
measurements could be matched to isolate and laboratory for analysis.

Standard measures of central tendency and variability for each
isolate/ antimicrobial combination were summarised, including the
mean, median, standard deviation, and minimum and maximum values.
Graphical analyses were performed by grouping zone-diameter mea-
surements by isolate, antimicrobial, and laboratory to illustrate varia-
tion among these factors. Zone-diameter measurements were cate-
gorised using CLSI susceptible and resistant clinical breakpoints (CLSI,
2015b, 2018) and epidemiological cut-off (ECOFF) values (Table 1).
Deviation was recorded as (i) a ‘very major error’ when an individual
zone-diameter measurement indicated susceptibility and the median
value of all zone-diameter measurements for the isolate/ antimicrobial
combination indicated resistance (false-susceptibility); (ii) ‘major error’
when an individual zone-diameter indicated resistance and the median
value of all zone-diameter measurements for the isolate/ antimicrobial
combination indicated susceptibility (false-resistance); or (iii) a ‘minor
error’ when an individual zone-diameter was intermediate, and the
median value of all zone-diameter measurements for the isolate/ anti-
microbial combination was either susceptible or resistant and vice
versa.

The within-isolate coefficient of variation (CV) estimates was cal-
culated as the crude standard deviation of repeated zone-diameter
measurements divided by the mean of zone-diameter measurements for
each isolate/antimicrobial combination. The CV is a measure of relative
variability, which reflects the relative amplitude of the variability be-
tween measurements on the same isolate/ antimicrobial combination
(OIE, 2018c). The 95% confidence intervals for the CV estimates were

Table 1
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estimated using the bias-corrected accelerated level bootstrapping es-
timation (Efron, 1987).

2.6. Estimation of repeatability and reproducibility of disc diffusion

A linear mixed model was fitted for each antimicrobial to estimate
the relative contributions of different factors (laboratory, isolate, batch,
and residuals) to the total variability in zone-diameter measurements.
Estimates of variance were obtained from the mixed command in Stata
and used to calculate the repeatability and reproducibility for each
antimicrobial. In this study, repeatability coefficient (r) refers to the
95% expected variation between two zone-diameter measurements
within a laboratory while reproducibility coefficient (R) refers to the
95% expected variation of two zone-diameter measurements between
laboratories. Associated 95% confidence intervals for r and R were
calculated using the delta formula described by Weisberg (2005). To
ensure convergence of the estimation, isolate/antimicrobial combina-
tions with a median value less than the 5™ percentile (i.e., 8 mm) were
excluded from the analysis. In this study, participants were assumed to
represent the population of laboratories that routinely perform the disc-
diffusion assay, allowing laboratory to be modelled as a random effect.
The E. coli isolates were not considered representative of the E. coli
population in pigs and kept as a fixed effect in the model. Independence
and normality of the distribution of the residuals were assessed using
residual diagnostic plots.

The model used to obtain estimates of variance for each anti-
microbial was:

}fjk=#+a‘+ﬁj+aﬁij+7[k+rjk+a)ik+Eijk 16}

where Yj;y is zone-diameter measurement made on the ith isolate in the
jth batch by the kth lab, u is the mean intercept, q; is the fixed effect of
the ith isolate, f; is the fixed effect of jth batch, af;; is the fixed inter-
action between isolate and batch, m is the random effect of kth la-
boratory, tj, is the random interaction between batch j and laboratory
k, wy is the random interaction between isolate i and laboratory k, and
g is the residual error term.

The equation for calculating the r estimate (#) and the R estimate
(R) (ISO, 1994), respectively is:

P = 1.967267 @)

R = 1.96\2(6% + 6%, + 6%, + 62) 3)

where o2 is the variance of the residual error; o2 is the variance due to
laboratory; o2 is the variance due to crossed effects between laboratory
and batch; o2, is the variance due to crossed effects between isolate and
laboratory.

Epidemiologic Cut-off Values (ECOFF), Clinical Laboratory Standards Institute (CLSI) zone diameter interpretative criteria and ATCC 29522 quality control strain

ranges for porcine Escherichia coli isolates evaluated in this study.

Antimicrobial Abbreviation ECOFF’ (mm) CLSI Susceptible breakpoint (mm) CLSI Resistant breakpoint (mm) ATCC 29522" range (mm)
Ampicillin AMP =14 =17 =13 15-22
Ceftiofur CFT NA =21' =17’ 26-31
Chloramphenicol CHL =17 =18 =12 21-27
Gentamicin GEN =16 =16' =12' 19-26
Tetracycline TET NA =15 =11 18-25
Trimethoprim-Sulfamethoxazole SXT =16 =16 =10 23-29

# ECOFFs derived from EUCAST disc diffusion database (https://mic.eucast.org/Eucast2/).

b CLSI VETO08: Table 4A. Disc Diffusion QC Ranges for Nonfastidious Organisms.

* CLSI M100-S25. Table 2A. Zone diameter and minimum inhibitory concentration interpretative criteria for Enterobacteriaceae.
T CLSI VETO08: Table 2A. Zone diameter and minimum inhibitory concentration interpretative criteria for Enterobacteriaceae.
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Fig. 1. Variation in disc diffusion zone-diameter (mm) measurements for selected combinations of porcine Escherichia coli isolates and antimicrobials obtained from
seven veterinary laboratories (A-G). Disc diffusion measurements were reported five times per laboratory. SXT (trimethoprim sulfamethoxazole), AMP (ampicillin),
TET (tetracycline), CFT (ceftiofur) and GEN (gentamicin). Horizontal long-dash lines represent the Clinical and Laboratory Standards Institute (CLSI) susceptible
breakpoints and horizontal short-dash lines represent resistant breakpoints for each antimicrobial. Triangle symbol represents a very major error (replicate classified
as susceptible when the actual status is resistant). Cross symbol represents a major error (replicate classified as resistant when the actual status is suceptible). Other

combinations of isolate and drug are given in Supplementary materials.

3. Results
3.1. Descriptive results

In total, the seven participating laboratories generated 4200 zone-
diameter measurements on 20 distinct E. coli isolates across six anti-
microbial agents in a completely balanced dataset (no missing values).
All laboratories participating in this study measured the zone-diameter
manually using a ruler or calipers.

Plots of repeated zone-diameter measurements for a selected
number of E. coli/antimicrobial combinations are shown in Fig. 1 (a full
set of plots for each combination of isolate and antimicrobial agent are
available in Supplementary Materials). In general, the variation in
zone-diameter measurements for resistant isolates was small (Fig. 1(i)),
while variation in measurements for susceptible isolates was much
higher (Fig. 1(ii)). While variation in repeated measurements at the
extremes of the measurement scale (i.e., < 10 mm or > 20 mm) rarely
affected clinical interpretation, there was a heightened risk of mis-
classification when such variation approximates the breakpoints as il-
lustrated in Fig. 1(iii) and (iv). Major errors (false-resistance) was evi-
dent in Fig. 1(v), while very major errors (false-susceptible) was evident
in Fig. 1(vi). Fig. 1(i) reveals major inconsistencies in reporting of
complete inhibition of bacterial growth, with only one laboratory cor-
rectly recording complete inhibition (6 mm, the diameter of anti-
microbial discs) according to CLSI protocols. For ceftiofur, where re-
sistance is rare in porcine E. coli isolates in Australia (thus requiring
purposeful inclusion of isolates obtained by Abraham et al. (2018)),

laboratories were consistent at reporting full susceptibility (Supple-
mentary Fig. 2), however, some misclassification errors were present
when determining resistance (Fig. 1(vi)). When the analysis was re-
stricted to the ATCC 25922 quality control strain, only trimethoprim-
sulfamethoxazole had all repeated measurements (n = 35, median
27 mm) within the reference range, while only nine ceftiofur mea-
surements fit within the reference range (median 25 mm) (Fig. 2).

Descriptive statistics relating to the central measures of tendency
are available in Supplementary Table 2. The occurrence of mis-
classifications, where individual zone-diameters were compared to the
overall mean interpretation per isolate/antimicrobial combination, are
reported in Table 2. The observed very major error rate (1.62%) was
marginally higher than the very major error rate of < 1.5% specified in
1SO 20776-2 (2006), while the major error rate (1.58%) was within the
1SO acceptable error level of < 3%. The very major error rates reported
for ceftiofur (3.81%) and trimethoprim-sulfamethoxazole (2.86%) were
higher than the ISO acceptable error level, as was the major error rate
for ampicillin (6.86%). For ampicillin, many zone-diameter measure-
ments clustered between 16-18 mm, resulting in a large minor error
rate (8.43%). Where ECOFFs were available for comparison to clinical
breakpoints, the overall very major error rate (1.22%) was within the
ISO 20776-2 acceptable error rate. However, the major error rate
(4.78%) was well outside of the acceptable error rate (Supplementary
Table 3).

While recording 0 mm instead of 6 mm when there was no inhibi-
tion zone does not affect clinical interpretation, it does affect estimation
methods used to evaluate the assay’s precision. Zone-diameter
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Fig. 2. Variation in disc diffusion zone-diameter measurements for the ATCC 25922 Escherichia coli quality control strain for six antimicrobial agents obtained from
seven laboratories (A-G). Disc diffusion measurements were reported five times per laboratory. Horizontal dashed lines represent the Clinical and Laboratory

Standards Institute (CLSI) quality assurance reference range for ATCC 25922.

measurements < 6 mm were therefore corrected to 6 mm. For each
antimicrobial, the range of within-isolate coefficients of variation (CV)
values is reported in Fig. 3 and Supplementary Table 4. Isolates outside
of the inter-quartile ranges also recorded the highest rates of mis-
classification errors (Fig. 3). Ampicillin had the most measurement
relative variation (median, 11.6%), while had the least trimethoprim-
sulfamethoxazole (median CV, 5.8%).

Table 2

3.2. Repeatability and reproducibility

The estimates 7 and R for disc diffusion are reported in Table 3.
Overall, 7 across all antimicrobials ranged between 4.4mm (tetra-
cycline) and 6.6 mm (trimethoprim-sulfamethoxazole), while the R
were always larger than 7 (5.4 mm, gentamicin and 7.2, trimethoprim-
sulfamethoxazole). For interpretation, the expected difference between
any two zone-diameter measurements within the same laboratory
under the same conditions for ampicillin will rarely (< 5%) exceed

Performance of the disc diffusion assay for an intra- and inter-laboratory agreement study where the median zone diameter value was used to define the “actual”
susceptibility status to each antibiotic. Susceptible (S), intermediate (1) or resistant (R) status of each replicate was obtained by categorising zone diameter values
(mm) using standard interpretative criteria (see footnotes). Errors of different severity (minor, major, very major) occur when an individual replicate’s interpretation
differs from the interpretation based on the median zone diameter for other replicates of that isolate.

Antibiotic Total no. of isolate/ antimicrobial No. of replicates observed  No. of minor No. of major No. of very major
combinations as errors” errors’ errors’
S/I/R

Ampicillin 700 175/70/455 59 (8.43%) 12 (6.86%) 3 (0.66%)
Ceftiofur' 700 595/0/105 23 (3.87%) 3 (0.51%) 4 (3.81%)
Chloramphenicol 700 350/0/350 11 (3.14%) 3 (0.86%) 5 (1.43%)
Gentamicin' 700 420/0/280 22 (3.14%) 4 (0.95%) 5 (1.79%)
Tetracycline 700 210/0/490 0 (0.0%) 3 (1.43%) 5 (1.02%)
Trimethoprim-Sulfamethoxazole 700 280/0/420 7 (1.00%) 7 (2.50%) 12 (2.86%)

Total 4200 2030/70/2100 102 (2.43%) 32 (1.58%) 34 (1.62%)

@ Error rates are reported according to ISO 20776-2. Minor errors are replicates identified as susceptible or resistant when the actual status is intermediate or vice
versa. Major errors are replicates classified as resistant when the actual status is suceptible. Very major errors are replicates classified as susceptible when the actual

status is resistant.

* Zone diameter interpretative criteria derived from CLSI M100-S25 (2015), Table 2A.
" Zone diameter interpretative criteria derived from CLSI VET08 (2018), Table 2A.
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Table 3

Estimates of the repeatability (intra-laboratory) and reproducibility (inter-laboratory) coefficients of the disc diffusion assay for six antimicrobials using 20 porcine
pathogenic Escherichia coli isolates submitted to seven veterinary laboratories on five occasions.

Antimicrobial Isolate identification number* n” Repeatability® (95% CI) Reproducibility? (95% CI)
Ampicillin 1,5,6,9,12,13,20 245 4.6 (4.16, 5.15) 6.5 (4.33, 9.80)

Ceftiofur 1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,19,20 665 4.9 (4.59, 5.20) 5.8 (4.22, 7.89)
Chloramphenicol 1,5,6,8,9,10,11,16,17,20 350 5.2 (4.79, 5.70) 6.3 (4.47, 8.80)
Gentamicin 1,2,5,6,7,9,10,11,12,13,14,15,17,19,20 525 4.9 (4.53, 5.21) 5.4 (3.98, 7.23)
Tetracycline 6,11,12,16,20 175 4.4 (3.83, 4.97) 5.6 (3.51, 8.83)
Trimethoprim-sulfamethoxazole 1,6,9,10,11,14,20 245 6.6 (5.93, 7.35) 7.2 (4.47, 11.68)

? Isolates were included in the estimation if the minimum measurement for a given isolate/ antimicrobial combination was greater than the 5" percentile (8 mm)

of all measurements combined for that antimicrobial agent.

" Count of zone diameter measurements analysed for a given antimicrobial agent.
¢ Repeatability is defined as the upper 95% probability bound of the expected difference between any two measurements within the same laboratory.
4 Reproducibility is defined as the upper 95% probability bound of the expected difference between two any measurements from different laboratories.

4.6 mm, while between laboratories the difference between two zone-
diameter measurements for ampicillin will rarely (< 5%) exceed
6.5mm. The variation reported in disc diffusion measurements both
within- and between laboratories for the six antimicrobials was com-
parable to the reference ranges published in CLSI (2018) for the E. coli
quality control strain, ATCC 25922. For instance, both 7 (4.6 mm) and R
(6.5 mm) for ampicillin were within the acceptable ampicillin reference
range for ATCC 25922 (7 mm). Variance components estimates from
the linear mixed model used to calculate # and R are reported in
Table 4. The contribution towards the total variance was broken down
across the sources of error in the data, of importance is the crossed
effects between laboratory and batch (range 11.4%-32.8%), and the
error term (range 50.4%-83.6%). Batch to batch variation was higher
within some laboratories.

4. Discussion

Surveillance of antimicrobial resistance in a wide range of veter-
inary pathogens and animal species is achievable if susceptibility data
can be collected from veterinary laboratories that routinely test bac-
terial isolates. Use of this data in national surveillance efforts will be
greatly enhanced if there is a strong understanding of the performance
of the assay used, and confidence in the competency of the laboratories

performing the assay. To further our understanding, this study eval-
uated the precision of the disc diffusion assay to a blinded panel of
pathogenic E. coli strains for six antimicrobials, involving major veter-
inary laboratories located in all states of Australia. By evaluating pa-
thogenic E. coli strains, we have performed the study in a context which
reflects everyday scenarios in veterinary laboratories, thereby pro-
viding a strong basis for making inferences about the precision of the
disc diffusion assay.

In this study, the overall difference between two zone-diameter
measurements within- or between-laboratories is expected to rarely
(< 5%) exceed 4.4-7.2mm depending on the antimicrobial assessed.
While repeatability and reproducibility estimates produced here are a
product of the interactions between the assay, isolates, and laboratories
that participated in this study, these estimates can be generalised to all
laboratories. The disc diffusion assay demonstrated a degree of varia-
bility for some antimicrobials which may limit its usefulness for the
surveillance of pathogenic E. coli isolates in animals, particularly for
trimethoprim-sulfamethoxazole and isolates with intermediate sus-
ceptibility to ampicillin or low-level resistance to ceftiofur. For ex-
ample, the inter-laboratory agreement of disc diffusion for ceftiofur was
estimated to be 5.8 mm (95% CI, 4.2 mm, 7.9 mm, Table 3), indicating
that within the broader population of laboratories that routinely per-
form disc diffusion using CLSI protocols, two zone-diameter
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Table 4
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Estimates of variance components used to calculate repeatability (intra-laboratory) and reproducibility (inter-laboratory) estimates for the disc diffusion assay
precision study where seven veterinary laboratories assessed the susceptibility of 20 porcine Escherichia coli isolates to six antimicrobials on five occasions.

Antimicrobial Source Variance (95% CI) % of model variance
Ampicillin Lab 0.35 (0.25, 4.86) 6.6%
Lab x Batch 1.74 (0.92, 3.31) 32.8%
Lab x Isolate 0.54 (0.23, 1.30) 10.2%
Error 2.67 (2.16, 3.31) 50.4%
Ceftiofur Lab 0.28 (0.44, 1.73) 6.7%
Lab x Batch 0.81 (0.43, 1.51) 19.4%
Lab x Isolate 0.09 (0.01, 0.71) 2.1%
Error 2.98 (2.64, 3.38) 71.8%
Chloramphenicol Lab 0.71 (0.18, 2.76) 14.5%
Lab x Batch 0.56 (0.24, 1.31) 11.4%
Lab x Isolate 0.23 (0.05, 1.01) 4.71%
Error 3.41 (2.87, 4.07) 63.4%
Gentamicin Lab 0.12 (0.01, 1.17) 3.2%
Lab x Batch 0.42 (0.19, 0.91) 11.7%
Lab x Isolate 0.12 (0.02, 0.73) 3.3%
Error 2.96 (2.56, 3.39) 81.9%
Tetracycline Lab 0.16 (0.00, 5.95) 4.1%
Lab x Batch 1.01(0.46, 2.20) 26.1%
Lab x Isolate 0.32 (0.08, 1.25) 8.4%
Error 2.38 (1.83, 3.09) 61.5%
Trimethoprim-Sulfamethoxazole Lab 0.15 (0.00, 5.79) 2.2%
Lab x Batch 0.82 (0.29, 2.33) 12.6%
Lab x Isolate 0.10 (0.00, 25.0) 1.6%
Error 5.45 (4.40, 6.75) 83.6%

measurements for ceftiofur on the same E. coli isolate would not be
expected to differ by more than 5.8 mm, 95% of the time. Measurement
variation of 5.8 mm is critical the closer the zone-diameter is to the
interpretative criteria where the likelihood of major or very major er-
rors is high. Of note, the repeatability and reproducibility estimates for
all six antimicrobials were mostly within the ranges specified for the
ATCC 25922 quality control strain (CLSI, 2018), suggesting that the
level of variation in zone diameter measurements seen with pathogenic
and less understood isolates is tolerable when compared to a stable,
well-characterised strain.

The residual error term (range 50.4%-83.6%, Table 4) is the largest
factor contributing to the assay’s variation for the panel of anti-
microbials evaluated. While the factors that contribute to this variation
remain unknown, it is likely that some of the variation is due to in-
consistencies in the manual measurement of zone-diameters. Knowl-
edge of the extent of laboratory to laboratory variation is valuable as
this information can be used to standardise the assay further to mini-
mise measurement error. For instance, the findings presented here add
weight to the call to find new ways to consistently measure zone-dia-
meters, such as the adoption of automated zone readers which have
been previously reported to eliminate much of the measurement un-
certainty associated with manual reading (Lestari et al., 2008;
Hombach et al., 2013; Idelevich et al., 2016). Reducing the level of
variation in zone-diameter measurements will increase confidence in
the assay, particularly for isolates exhibiting decreased susceptibility to
important antimicrobials.

When very major, and major error rates are taken into considera-
tion, there is good evidence to demonstrate that the network of la-
boratories that participated in this study are competent at performing
the disc diffusion assay when strains are predictable or at the extremes
of sensitivity (i.e., truly susceptible or truly resistant). Other studies
that have reported on the reproducibility of disc diffusion or on out-
comes from proficiency testing, have also found overall high perfor-
mance with well-characterised quality control strains (Medeiros and
Crellin, 2000; Tenover et al., 2001; Luzzaro et al., 2006; Hegstad et al.,
2014; Matuschek et al., 2014; Hombach et al., 2017). However, the
very major error rates reported for ceftiofur (3.81%) and trimethoprim-
sulfamethoxazole (2.86%), and the major error rate for ampicillin
(6.86%) point to some concern regarding the precision of the assay

when testing pathogenic strains that may be either (i) biologically un-
predictable or have low-level resistance (e.g. ceftiofur); (ii) have zone
edges that are challenging to read (e.g. trimethoprim-sulfamethox-
azole); or (iii) have intermediate susceptibility (e.g. ampicillin).

Analysing the agreement of repeated measurements by categorising
the data into susceptible, intermediate or resistant is forgiving when
zone-diameters occur at either end of the scale, but less so when mea-
surements cluster near clinical breakpoints. Here, small variations in
zone-diameters will result in the misclassification of isolates. For ex-
ample, in this dataset, minor errors (susceptible — intermediate/ re-
sistant — intermediate) were seen in isolates with decreased suscept-
ibility to ampicillin, and these single-step misclassifications were an
important source of variability in the assay for ampicillin. This level of
measurement error in a well-used test is an important consideration
when deciding if passively acquired laboratory data is suitable for use
in national surveillance, especially when monitoring pathogenic bac-
teria exhibiting decreased susceptibility to important antimicrobials.

CV estimates are calculated to describe measurement variation for
assays with continuous outcomes (Jordan et al., 2012; OIE, 2018c). In
this study, CV estimates for truly susceptible isolate/ antimicrobial
combinations (such as seen with most isolates to ceftiofur (except Iso-
lates 18, 19)) were < 15%, signalling that the relative variability of disc
diffusion was small for truly susceptible isolates. However, other data
presented here demonstrate the CV on its own can be misleading for
describing imprecision of the disc diffusion assay for pathogenic iso-
lates which may have the following characteristics: (i) small dispersion
of zone-diameter values (e.g., all results agree within 1-2 mm) resulting
in a zero/ very low CV; or (ii) errors resulting in excessively large CVs
(e.g., Isolate 19 with chloramphenicol, tetracycline, and trimethoprim-
sulfamethoxazole). Given these limitations and the highly variable
susceptibility seen in pathogenic bacteria, CV estimates on their own
should not be used to draw inferences on the precision of the disc dif-
fusion assay.

Estimates generated in the linear mixed model are a product of the
characteristics of the assay, the susceptibility status of the isolates, and
the competence of the laboratories that participated in the study.
However, the available methodology to assess intra- and inter-labora-
tory agreement only suits scenarios where there is variability of mea-
surements. Multi-modal measurements, as occurs here means that not
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all isolates could be accommodated in the existing models used to assess
repeatability and reproducibility. For example, many of the randomly
selected isolates were resistant to one or more antimicrobials, resulting
in zero or minimal variance and had to be excluded from the final
model. For pathogenic isolates with low-level antimicrobial resistance
(e.g., Isolates 18 and 19 with ceftiofur) or decreased susceptibility (e.g.,
Isolate 6 for ampicillin), variation in reagents, such as the volume of
media dispensed in agar plates and antibiotic disc potency, and the
expertise of the technician performing the assay may impact on the
accuracy of measurements around the breakpoint zone. Theoretically,
smaller repeatability and reproducibility estimates could have been
achieved if only well characterised or truly susceptibility isolates were
used in the study.

This study was designed to only quantify variation in the assay
caused by laboratories, batches, isolates, and their interactions and did
not control for other causes of variation. This means the residual error
term cannot be broken down into factors that may have contributed to
variation such as differences in manual measurement technique, var-
iation in base media, differing manufacturers of agar plates, antibiotic
discs, reagents, and other laboratory related performance. For instance,
a study by Hombach et al. (2016) examining technical and biological
variations in the disc diffusion assay identified the highest relative
contribution to variation came from the operator, specifically during
inoculum preparation and plate streaking. Plasmid loss during freezing
or transportation may also have been a factor in the variation observed
between batches across laboratories and the discrepant results for some
isolates (e.g., this may explain which Isolate 19 had so many mis-
classifications). These factors are expected to be a large part of the
variation reported here. However, this study sought to reflect the reality
of routine disc diffusion testing for a range of pathogenic E. coli in a
national network of veterinary laboratories and the results presented
here replicate that scenario as closely as possible. Where some studies
have sought to describe the minimum precision of the assay; ours has
sought to describe the maximum precision. It is also possible that in
studies such as this, isolates receive more attention than those seen in
routine sampling, and that this may introduce bias in the evaluation of
performance. Alternatively, the estimates presented here may be the
optimal level of precision attained by veterinary laboratories using the
CLSI disc diffusion protocol.

5. Conclusion

Overall, disc diffusion susceptibility data generated in veterinary
laboratories can be acquired for use in national surveillance provided
the assay is consistently performed according to CLSI standards, and the
antimicrobial agents used to evaluate susceptibility can be reliably
evaluated. For isolates with true susceptibility or true resistance to an
antimicrobial, the precision of the disc diffusion assay was satisfactory.
The precision of the assay was less favourable for isolates with inter-
mediate susceptibility or low-level resistance, and for antimicrobials
where zone edges can be challenging to determine such as occurs with
trimethoprim-sulfamethoxazole. Therefore, when defining which anti-
microbials to include in panels for the surveillance of antimicrobial
resistance in pathogenic E. coli, a critical consideration should be the
ability of those antimicrobials to yield reliable zone diameters for the
organism.
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Contextual Statement

Management of antimicrobial resistance is aided by the collection of data on the use of
antimicrobial agents via questionnaires or other survey methods. Information collected at the
farm-level is of most value in quantifying antimicrobial agents used, the purposes of use, and
the diseases commonly treated. Farm-level data is invaluable in the formulation of relevant,
industry-specific antimicrobial stewardship programs, prescribing guidelines, and other
communication tools which help manage antimicrobial resistance in animals. In Chapter 5, the
beef feedlot sector was used as a case study to examine the usefulness of a common survey
method (i.e., self-administered mailed questionnaire) to obtain information on antimicrobial use
at the farm-level. This approach relies heavily on farmer participation and support in collecting
data which can be legally, commercially, and socially sensitive. Very often, industry bodies
associated with the livestock sector are involved in design of the survey. Hence, a strong
collaborative approach between all stakeholders is needed to ensure a sufficiently high response
rate to make inferences on the broader population. In this study, beef feedlot operators were
asked about their antimicrobial use during the previous twelve months, the purposes of use, and
the treatment of common disease syndromes. Responses from the survey were used to develop

an antimicrobial stewardship program specific to Australian beef feedlots.
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Objective Improving antimicrobial stewardship in the livestock
sector requires an understanding of the motivations for antimicro-
bial use and the quantities consumed. However,detailed informa-
tion on antimicrobial use in livestock sectors is lacking. This cross-
sectional study aimed to better understand antimicrobial use in
the beef feedlot sector in Australia.

Design A self-administered questionnaire asking about antimi-
crobial use and reasons for use was designed and mailed to beef
feedlot operators in Australia. Respondents were asked to report
the percentage of animals treated, purpose of use, and disease
conditions targeted for 26antimicrobial agents.

Results In total, 83 of 517 (16.1%) beef feedlot operators com-
pleted the survey. Monensin (61.0%of respondents) and
virginiamycin (19.5%of respondents) were the most commonly
reported in-feed antimicrobials. In-feed antimicrobial agents were
most frequently used by respondents for treatment of gastroin-
testinal diseases (52.8%). Antimicrobials were used for growth
promotion by 42.1% of respondents, with most (85.7%) reporting
the use of ionophores(a group of compounds not used in human
medicine). Short-acting penicillin(69.1%), short-acting oxytetracy-
cline, and tulathromycin (both 57.3%) werethe most common
injectable antimicrobial agents used. Injectable antimicrobials
were most frequently used to treat respiratory (72.3%) and mus-
culoskeletal (67.5%) conditions.

Conclusion Overallthe use of antimicrobials was appropriate
for the purpose indicated, and there was a strong preference for
drugs of low-importance in human medicine. The data described
here stand to be a strong influence on the implementation of an
antimicrobial stewardship program in the sector.
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n important global strategy for the control of antimicrobial

resistance is the implementation of antimicrobial steward-

ship programs in human and animal healthcare settings. As
such, all uses of antimicrobials, including those involving food ani-
mals, are being scrutinised to identify opportunities to reduce selec-
tion pressure in bacterial populations.'? The development of
antimicrobial stewardship programs in food animals requires a solid
understanding of the necessity and quantity of antimicrobials used
in differing livestock sectors. However, in many countries, informa-
tion on antimicrobial usage in food animals is not readily available,
and so the quantity and types of antimicrobials used in each live-
stock sector are largely unknown.” For instance, in Australia, antimi-
crobial usage data in animals are limited to nationally aggregated
data that define the weight of active constituents sold for each animal
species with little other accompanying information.” To respond to
community expectations for the judicious use of antimicrobials,
more detailed data are required at the herd level, where key decisions
on antimicrobial use are made. This information not only has the
potential to stimulate improvement in antimicrobial stewardship
among veterinarians and animal owners but will also benefit to those
who regulate antimicrobial use in food animals.

The Australian Strategic and Technical Advisory Group on Antimi-
crobial Resistance (ASTAG) assigns ratings to antimicrobials
according to their importance to human health.® The medical and vet-
erinary sectors use these ratings as a guide for the registration of anti-
microbial agents,” the interpretation of usage practices, and for the
development of prescribing guidelines and antimicrobial stewardship
programs. The primary aim of veterinary antimicrobial stewardship is
to minimise the development of bacterial resistance to antimicrobials
of importance to human health while maintaining the efficacy of anti-
microbials for use in diseased animals.*’ Judicious use of antimicro-
bials ideally limits their administration to clinically infected
individuals rather than groups comprised of healthy and diseased ani-
mals. However, in some production systems, antimicrobials are
administered to groups of animals for a range of reasons including
treatment of the clinically diseased, prevention of infection and growth
promotion (increased feed efficiency and daily weight gain).

High standards of antimicrobial stewardship in the beef feedlot sec-
tor are necessary, given its growing importance to the Australian
economy. In 2017-2018, 2.8 million grain-fed cattle were marketed
in Australia, representing 38% of all adult cattle slaughtered.'” In the
same period, Australian grain-fed beef products were exported to
major international markets, including Japan, South Korea, China,
the European Union and the United States.'" Growth in beef feedlot
production globally and increased interest in the impact of antimi-
crobial resistance on animal health and public health has led to a
greater focus on antimicrobial use in this sector.'*""*
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Bovine respiratory disease is considered the most significant cause of
morbidity and mortality in feedlot cattle and the greatest motivation
for the use of antimicrobials.'*'* Ruminal acidosis and lameness are
also common conditions requiring therapy.'> However, the contribu-
tion of these diseases to antimicrobial use in feedlots has not been
well quantified. Indeed, there is scant published information avail-
able on antimicrobial uses and practices in the beef feedlot sector of
any of the major cattle-producing countries of the world. The excep-
tion is the United States, which periodically publishes the National
Animal Health Monitoring System (NAHMS) survey of antimicro-
bial use in cattle feedlots.'®'® The NAHMS survey captures data on
the types of antimicrobials used in US feedlots, administration route
(injection, in-feed and in-water), treatment of common infectious
diseases and antimicrobial stewardship practices. Information gener-
ated by surveys such as NAHMS are necessary to inform country-
specific policies that optimise antimicrobial use in feedlot cattle.

Therefore, this study aimed to investigate antimicrobials used in
Australian beef feedlots over the previous 12 months, by route of
administration (injectable or in-feed), the purpose of treatment
(individual treatment, group treatments) and disease syndromes, and
also to describe management practices associated with the treatment
of animals. The study focuses on a subset of data yielded by a more
comprehensive questionnaire of antimicrobial use, antimicrobial
stewardship and quality assurance practices. The data sought here
are a key step in the development of antimicrobial stewardship
guidelines for beef feedlots, and the design of future studies investi-
gating factors that influence antimicrobial use in the sector.

Materials and methods

Study population

The target population was beef feedlots operating in Australia in
2017. The criteria for inclusion as a feedlot were based on the
Australian Lot Feeders Association definition of a ‘constructed facil-
ity with designated water points where cattle are confined with a
stocking density of 25 m? per standard cattle unit or less and are
only fed a prepared ration for the purposes of production’'” The
source population comprised a composite list of 517 eligible beef
feedlots in Australia derived from commercially sensitive sources
and the client databases of five veterinary feedlot consultants who
conducted the survey through their practices. Feedlots included in
the source population were located in all mainland States and Terri-
tories of Australia except the Australian Capital Territory, with
264 feedlots from Queensland, 118 from New South Wales, 62 from
Victoria, 36 from South Australia, 35 from Western Australia and
one feedlot each from Tasmania and the Northern Territory. The
final study group comprised those eligible beef feedlot operators who
responded to the survey. Feedlot operators were encouraged to par-
ticipate via an information pack provided by the Australian Lot
Feeders Association and Meat and Livestock Australia. The informa-
tion pack included an introductory letter from Meat and Livestock
Australia (the industry research and development body), fact sheets
on antimicrobial use in the cattle industry and the questionnaire.
Other than the author (K.F. Sullivan) who compiled the list of eligi-
ble feedlots and supervised data entry of returned questionnaires, all
other authors involved in the study were blinded to the identity of
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the respondents. K.F. Sullivan was not involved in the statistical
analysis of responses.

Questionnaire

The questionnaire (Data S1) was designed to capture information on
the antimicrobial agents used and the reasons for use in cattle held
in the feedlot in the previous 12-month period. Additional questions
were asked of the involvement of veterinarians in the determination
of antimicrobial use, and the storage and stock auditing of antimi-
crobials and over-the-counter veterinary chemicals. The question-
naire consisted of 98 questions grouped into five sections:

Section 1: General feedlot information. This section asked for back-
ground information including the holding capacity of the feedlot, the
number of animals sold per annum, average days on feed and the
percentage of total animals that required treatment in a hospital pen
in the previous 12-month period.

Section 2: Antimicrobial use. This section asked separately for the
injectable and in-feed use of 26 antimicrobials in the previous
12 months. The selected antimicrobials covered all antimicrobial
classes and comprised drugs rated by ASTAG as low, medium and
high importance to human health. When an antimicrobial was used,
the respondent was asked to estimate the proportion of animals
treated (within the previous 12 months) and to select at least one of
the following purposes of use: ‘individual animal’ treatment, ‘mass’
treatment (i.e. in response to a disease outbreak), ‘timed’ treatment
(i.e. the timed/scheduled short-term treatment of animal lots), pre-
vention (i.e. long-term treatment of animal lots to prevent disease),
or growth promotion (i.e. use of an antimicrobial to improve physio-
logical performance). When an antimicrobial was used therapeuti-
cally, the respondent was asked to select at least one of the following
disease syndrome/s: respiratory, digestive, musculoskeletal, neurolog-
ical, urogenital or ‘other diseases’.

Section 3: Veterinary treatment protocols. This section included
questions on the frequency of veterinary visits in the previous
12-month period; the existence of standard protocols for the man-
agement of newly introduced animals, and the treatment of animals
using antimicrobial agents; whether these protocols were followed by
feedlot staff; and if feedlot staff assessed animals for response to
treatments prior to returning to their home pen.

Section 4: Supply and use of veterinary chemicals. This section of the
questionnaire included a series of questions related to the supply and
purchase of prescription and over-the-counter animal health prod-
ucts, access and administration of veterinary chemicals, identification
of treated animals and training in the administration of veterinary
chemicals.

Section 5: Storage and chemical stock control. This section included
questions on the storage and auditing of veterinary chemicals.

All questions were closed-ended, multiple-choice questions, except
for questions where ‘other’ could be selected. Here an open text field
was available for the respondent to elaborate. For all questions, the
response options of ‘do not know’ and ‘unanswered’ were available.

The questionnaire was pilot tested by telephone interview with five
feedlot operators. Each pilot test took between 20 to 25 minutes to
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complete. While it was initially planned to administer the question-
naire by telephone, following a review of the pilot-testing process a
decision was made to change to a mailed questionnaire. This was to
allow respondents more time to complete the questionnaire and con-
sult herd records where necessary. Minor amendments were made to
adapt the questionnaire to being paper-based (comprising 14 pages).
The questionnaire was mailed to the 517 eligible beef feedlot opera-
tors in February 2017. Feedlots who did not respond within three to
4 weeks were re-contacted by email with an electronic version of the
questionnaire included. The questionnaire was designed using online
software (Qualtrics, https://www.qualtrics.com/au/) and data from
the returned questionnaires were entered manually into the online
form. One respondent was contacted by K.F. Sullivan to clarify a
confusing response.

Statistical analysis
For this study, analysis and reporting of survey results were
restricted to the first three sections of the questionnaire.

Data were transferred from the survey software platform as comma-
separated values file into Stata version 15.1 (Stata Corporation,
College Station, TX, USA) for analysis. Descriptive statistics were
calculated using unadjusted frequency counts, with proportions
reported as the number of respondents selecting an answer-option
divided by the total number of respondents attempting the question.
Responses of ‘do not know’ and ‘unanswered’ were interpreted as
missing values (not included in the analysis). Some response catego-
ries were merged when redundant or to improve interpretation.
Frequency of response categories was compared across feedlot capac-
ity using the Fishers” exact test with associated two-sided P-values
for interpretation at the 5% level of significance.

Results

Profile of respondents

The survey period extended from 13 February to 1 July 2017, with
16.1% (83/517) of questionnaires returned. Of responses received,
48 came from Queensland, 23 from New South Wales, six from Vic-
toria, and three from South Australia and Western Australia, respec-
tively (Table 1). There was no statistical difference between the
source population and respondents across the State categories
(P = 0.48). Feedlots were categorised by their capacity, with most
respondents indicating fewer than 3000 cattle (n = 46). Feedlots were
further categorised by the number of cattle sold, number of days on
feed and proportion of cattle requiring treatment in the previous
12 months. For most respondents (n = 46), less than 10,000 cattle
were sold, the average number of days on feed was between 80 and
150 days (n = 50), and 10% or fewer cattle were removed for treat-
ment in hospital pens (n = 58) (Table 1).

Frequency and purpose of antimicrobial use

In the 12 months before the survey, the most common injectable
antimicrobials used in the feedlots of respondents were short-acting
(SA) penicillin  (69.1%), followed by SA oxytetracycline and
tulathromycin (both 57.3%) (Table 2). SA and long-acting
(LA) formulations of ceftiofur were used by approximately one-third
of feedlots (35.4% and 34.1%, respectively). The most frequently
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Table 1. Characteristics of respondents to a survey of antimicrobial use
and practices in Australian beef feedlots over 12 months

PRODUCTION ANIMALS

"
Respondent profile Source population Frequency (%) :Et‘
Respondents E
=}
Geographic location by §
state or territory 8
Queensland 264 48(9.3) g
New South Wales 118 23 (44)
Victoria 62 6(1.2)
South Australia 36 3(0.6)
Western Australia 35 3(0.6)
Northern Territory 1 0 (0.0)
Tasmania 1 0(0.0)
Total 517 83 (16.1)
Feedlot capacity
<3000 cattle 46 (55.4)
3000-10,000 cattle 13(15.7)
>10,000 cattle 23 (27.7)
Unanswered 1(1.2)
Total 83 (100.0)
Number of cattle sold
<10,000 46 (55.4)
10,000-20,000 9(10.8)
20,001-30,000 8(9.6)
30,001-40,000 4(4.8)
>40,000 14 (16.9)
Unanswered 2(24)
Total 83 (100.0)
Average number of days
cattle kept on feed
<80 days 27 (32.5)
80-15 days 50 (60.2)
>150 days 6(7.2)
Unanswered 0 (0.0)
Total 83 (100.0)
Proportion of cattle requiring
treatment in hospital pen
Nil 12 (14.5)
0.1%-2% 6(7.2)
2.1%-10% 40 (48.2)
10.1%-20% 7 (8.4)
>20% 7(8.4)
Unanswered 11(13.3)
Total 83 (100.0)

used in-feed antimicrobial was monensin (61.0%), belonging to the
ionophore class which is not used in human medicine, followed by
virginiamycin (19.5%), a streptogramin, considered of high impor-
tance to humans in Australia (Table 2). For most respondents, fewer
than 10% of cattle pulled for treatment were given any injectable
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Table 2. Proportion of feedlot respondents that treated cattle with any injectable or in-feed antimicrobials in the 12 months prior to the survey of

Australian beef feedlots

Antimicrobial® Antimicrobial class ASTAG importance ranking® n°  Frequency % use (95% Cl)

Injectable
SA Ceftiofur Beta-lactam High 82 29 354 (25.1 t0 46.7)
LA Ceftiofur Beta-lactam High 82 28 34.1 (24.0 to 45.4)
Trimethoprim-sulphonamides  Folic acid inhibitor, sulphonamide =~ Medium 82 21 25.6 (16.6 to 36.4)
Tylosin Macrolide Low 81 4 49 (1.41t012.2)
Tilmicosin Macrolide Low 81 27 333(232t044.7)
Erythromycin Macrolide Low 81 2 2.5 (0.3 to 8.6)
Tulathromycin Macrolide Low 82 47 57.3 (45.9 t0 68.2)
Florfenicol Phenicol Low 82 3 3.7 (0.8t0 10.3)
SA Oxytetracycline Tetracycline Low 82 47 57.3 (459 10 68.2)
LA Oxytetracycline Tetracycline Low 82 17 20.7 (126 to 31.1)
SA penicillin Beta-lactam Low 81 56 69.1 (57.9 to 78.9)
LA penicillin Beta-lactam Low 82 31 37.8 (27310 49.2)
Amoxicillin Beta-lactam Low 81 7 86 (3.5t017.0)

In-feed
Virginiamycin Streptogramin High 82 16 19.5(11.6 t0 29.7)
Tylosin Macrolide Low 82 3 3.7 (0810 10.3)
Oxytet/ chlortetracycline Tetracycline Low 81 12 14.8 (7.9 to 24.4)
Monensin lonophore No-human use 82 50 61.0 (49.6 to 71.6)
Lasalocid lonophore No-human use 82 5 6.1 (2010 13.7)
Flavophospholipol Glycophospholipid No-human use 79 10 12.7 (6.2 t0 22.0)

“There was no reported use of injectable neomycin, gentamicin and enrofloxacin or in-feed tilmicosin, trimethoprim-sulphonamide,
salinomycin and narasin. PASTAG antimicrobial importance ratings. “Count of respondents. ASTAG, Australian Strategic and Technical Advisory
Group on Antimicrobial Resistance; Cl, confidence interval; LA, long-acting; SA, short-acting.

antimicrobial agent (Table 3). Of those respondents that indicated
any use of SA ceftiofur (35.2%), almost all used it in less than 2% of
cattle pulled for treatment. Of those feedlots indicating any use of
LA ceftiofur (31%), most used the drug in less than 2% of cattle pul-
led for treatment (Table 3). Thirty respondents estimated 10% or
more pens were given any in-feed antimicrobial, with the non-
medically important antimicrobial ionophores most frequently given
(n = 17). Four respondents indicated the use of in-feed virginiamycin
in 10%-20% of pens in the previous 12 months (Table 3).

Categories of feedlot capacity were merged to facilitate comparison
of antimicrobial use between feedlots. Two categories were created —
small feedlots with <3000 cattle and large feedlots with 23000 cattle
(Table 4). The proportion of feedlots using most injectable antimi-
crobials was significantly higher in large feedlots compared to small
feedlots (P < 0.05) (Table 4) except for LA penicillin (P = 0.49) and
LA oxytetracycline which had marginal non-significant (P = 0.06).
For low use injectable antimicrobials such as florfenicol, tylosin and
erythromycin, there was no significant difference between use given
feedlot size (P > 0.05). For in-feed antimicrobials, significant differ-
ences between large and small feedlot categories were demonstrated
for virginiamycin, oxytetracycline/chlortetracycline, monensin and
flavophospholipol (P < 0.01). See Table S1, Supporting Information
for detail on antimicrobial use by feedlot capacity.

Australian Veterinary Journal

Overall, respondents most frequently used injectable antimicrobials
to treat individual animals and less frequently for the treatment of
animal groups (mass treatment or timed/ scheduled treatment)
(Table 5). When treating individual animals, low-importance antimi-
crobial classes were most widely used such as the SA and LA formu-
lations of tetracyclines and penicillins. Of those feedlots indicating
the use of SA or LA ceftiofur, the overwhelming majority restricted
use to individual animal treatments, except for three feedlots which
indicated use for timed treatments. In-feed antimicrobials were most
commonly used for preventative treatments compared to mass treat-
ment, timed treatment or growth promotion (Table 6). Of the feed-
lots that indicated the use of antimicrobials for growth promotion
(n = 35), most (85.7%) used ionophore or phosphoglycolipid classes
of antimicrobial agents. Five feedlots reported the use of
virginiamycin for growth promotion (Table 6).

Injectable antimicrobials were frequently used to treat respiratory
disease (88.2%), musculoskeletal conditions (63.6%) and urogenital
diseases (51.5%) (Table 7). The most common injectable antimicro-
bials used for respiratory disease were tulathromycin (71.7%), SA
oxytetracycline (63.3%) and LA ceftiofur (45.0%). For musculoskele-
tal conditions, SA penicillin (82.1%), followed by LA penicillin
(48.2%) were the most common injectable antimicrobials. Of those
respondents that used SA or LA ceftiofur, the majority used the drug
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Table 3. Proportion of feedlot respondents that treated cattle with any injectable or in-feed antimicrobials, by antimicrobial and the percent of ani-
mals pulled for treatment with an injectable antimicrobial or percent of lots given in-feed antimicrobials in the previous 12 months

Antimicrobial® ASTAG importance  n©

Frequency (%) of feedlots in each category

ranking®
0% <2% 2%-10% 10%-20% >20%
Percent of animals pulled for treatment receiving an antimicrobial by injection
Injectable
SA ceftiofur High 71 46 (64.8) 23 (324) 2(2.8) 0(0) 0(0)
LA ceftiofur High 71 49 (69.0) 17 (23.9) 4(5.6) 1(1.4) 0(0)
Trimethoprim-sulphonamides ~ Medium 71 54 (76.1) 15 (21.1) 2(2.8) 0 (0) 0 (0)
Florfenicol Low 71 68 (95.8) 3(42) 0(0) 0(0) 0(0)
Tylosin Low 70 66 (94.3) 4(5.7) 0(0) 0(0) 0(0)
Tilmicosin Low 70 48 (68.6) 16 (22.2) 4(5.7) 1(1.4) 1(1.4)
Erythromycin Low 71 69 (97.2) 2(2.8) 0 (0) 0 (0) 0(0)
Tulathromycin Low 72 33 (45.8) 20 (27.8) 17 (23.6) 2(2.8) 0(0)
SA oxytetracycline Low 71 29 (40.8) 28 (39.4) 13 (18.3) 0(0) 1(1.4)
LA oxytetracycline Low 71 60 (84.5) 10 (14.1) 1(1.4) 0(0) 0(0)
SA penicillin Low 70 26 (37.1) 29 (41.4) 11 (15.7) 3(43) 1(1.4)
LA penicillin Low 71 45 (63.4) 24 (33.8) 1(1.4) 0(0) 1(1.4)
Amoxicillin Low 71 64 (90.1) 4 (5.6) 2(28) 1(1.4) 0(0)
Percent of lots (pens) given in-feed antimicrobials
In-feed

Virginiamycin High 71 58 (81.7) 4 (5.6) 5(7.0) 4 (5.6) 0(0)
Tylosin Low 70 66 (94.2) 4(5.7) 0(0) 0(0) 0(0)
Oxytet/chlortetracycline Low 70 61 (87.1) 4 (5.7) 2(29) 2(29) 1(1.4)
Monensin No-human use 68 29 (42.6) 2(29) 21 (30.9) 8(11.8) 8(11.8)
Lasalocid No-human use 70 66 (94.2) 3(43) 0 (0) 0(0) 1(1.4)
Flavophospholipol No-human use 68 58 (85.3) 2(29) 2(29) 3(4.4) 3(4.4)

*There was no reported use of neomycin, gentamicin, enrofloxacin, in-feed tilmicosin, trimethoprim-sulphonamide, salinomycin and narasin.
PASTAG antimicrobial importance ratings for humans. “Count of respondents. “Respondents that indicated they did not use the antimicrobial.
Excludes respondents who selected ‘do not know’ or ‘unanswered’. ASTAG, Australian Strategic and Technical Advisory Group on Antimicrobial

Resistance; LA, long-acting; SA, short-acting.

for respiratory disease (85.7% and 96.4%, respectively). Some feed-
lots also reported use of SA and/or LA ceftiofur for musculoskeletal
(21.4% and 10.7%, respectively), gastrointestinal (3.6% and 7.1%,
respectively), neurological (3.6% and 10.7%, respectively) and uro-
genital (7.1% and 3.6%, respectively) conditions. In-feed antimicro-
bials were most commonly used for gastrointestinal diseases (52.8%),
with monensin being the preferred in-feed antimicrobial (96.4%)
(Table 7). Of those feedlots that used virginiamycin, the control of
gastrointestinal diseases was the most common use (56.3%),
although feedlots also reported using virginiamycin for other syn-
dromes, including respiratory (n = 3), musculoskeletal (n = 2), neu-
rological (n = 2), urogenital (n = 1) and ‘other’ (n = 2) (Table 7).

Veterinary interaction and protocols

Antimicrobial stewardship begins with the interaction between the
veterinarian and feedlot operator, where decisions are made about
the most appropriate antimicrobials to treat and prevent disease on
feedlots. Of the 83 respondents to this questionnaire, most (83.1%)
indicated that a veterinarian visited the feedlot premises on a least
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one occasion in the previous 12 months. Of which, 24 respondents
(28.9%) indicated a veterinarian visited at least monthly. Most
respondents (57.8%) indicated the feedlot had a veterinary treatment
protocol/ prescribed veterinary medicines list (issued by a veterinar-
ian to guide the treatment of sick animals). When respondents were
categorised into large capacity feedlots (23000 cattle) and small
capacity feedlots (<3000 cattle), 88.9% (32/36) of respondents with
large feedlots reported the use of a veterinary treatment protocol
compared to 35.6% (16/45) of small capacity feedlots (P < 0.0001).
Almost all feedlots (92.8%) had a documented induction protocol
for handling new arrivals. 89.0% of respondents assessed animals for
a response to treatment before returning animals to their home pen.

Discussion

While the low response rate (16.1%) to this survey does not allow
for strong extrapolation of the findings to the broader population of
Australian beef feedlots, the information presented here is an impor-
tant first step in understanding antimicrobial use and antimicrobial
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Table 4. Proportion of feedlot respondents that treated cattle with any injectable or in-feed antimicrobials, by antimicrobial given and by feedlot

capacity (number of cattle held) in the previous 12 months

Antimicrobial® ASTAG importance n¢ Feedlot capacity
ranking®
All feedlots (%) Small (<3000) (%) Large (=3000) (%) P-value
(user/respondents) (user/respondents)

Injectable
SA Ceftiofur High 81 29 (35.8) 22.2 (10/45) 52.8 (19/36) <0.01
LA Ceftiofur High 81 28 (34.6) 22.2 (10/45) 50.0 (18/36) 0.01
Trimethoprim-sulphonamides Medium 81 21 (25.9) 11.1 (5/45) 44.4 (16/36) <0.01
Florfenicol Low 81 3(3.7) 2.2 (1/45) 5.6 (2/36) 0.58
Tylosin Low 80 4 (5.0) 2.2 (1/44) 8.3 (3/36) 0.32
Tilmicosin Low 80 27 (33.6) 17.8 (8/45) 54.3 (19/35) <0.01
Erythromycin Low 81 2(25) 2.2 (1/45) 2.8 (1/36) 1.0
Tulathromycin Low 81 46 (56.8) 33.3 (15/45) 86.1 (31/35) <0.01
SA oxytetracycline Low 81 47 (58.0) 40.0 (18/45) 80.6 (29/36) <0.01
LA oxytetracycline Low 81 17 (21.0) 28.9 (13/45) 11.1 (4/36) 0.06
SA penicillin Low 80 56 (70.0) 45.5 (20/44) 100 (36/36) <0.01
LA penicillin Low 81 30 (37.0) 33.3 (15/45) 41.7 (15/36) 0.49
Amoxicillin Low 80 7(8.8) 2.2 (1/44) 16.7 (6/36) 0.04

In-feed
Virginiamycin High 81 17 (21.0) 8.9 (4/45) 36.1 (13/36) <0.01
Tylosin Low 81 3(3.7) 2.2 (1/45) 5.6 (2/36) 0.58
Oxytet/chlortetracycline Low 80 12 (15.0) 2.2 (1/44) 30.6 (11/36) <0.01
Monensin No-human use 81 50 (61.7) 45.5 (20/45) 83.3 (30/36) <0.01
Lasalocid No-human use 81 5(6.2) 4.4 (2/45) 8.3 (3/36) 0.65
Flavophospholipol No-human use 78 10(12.8) 0 (0/44) 29.4 (10/34) <0.01

“There was no reported use of injectable neomycin, gentamicin and enrofloxacin or in-feed tilmicosin, trimethoprim-sulphonamide,
salinomycin and narasin. "PASTAG antimicrobial importance ratings. “Count of respondents. P-values assess the significance of difference
between the antimicrobial given and feedlot capacity. Small (<3000 cattle); large (>3000 cattle). ASTAG, Australian Strategic and Technical Advi-
sory Group on Antimicrobial Resistance; LA, long-acting; SA, short-acting.

stewardship in this sector. For a group of beef feedlots of varying
sizes geographically located across Australia (n = 83), we can report
for the first-time comprehensive herd-level data for each antimicro-
bial used, including the administration routes, reasons for use and
disease syndromes treated. Information on antimicrobial stewardship
practices, including interactions with veterinarians, the use of proto-
cols for veterinary treatments and inductions and the management
of treated animals, are also reported.

Feedlot operators who responded to the survey relied predominantly
on antimicrobials considered to be of low importance to human
health according to the ASTAG ratings. The most commonly used
antimicrobials were from the tetracycline, penicillin, macrolide and
ionophore classes. Ceftiofur, a third-generation cephalosporin regis-
tered for use in beef cattle and rated by ASTAG as highly
important,” was used by approximately one-third of feedlots. Most
feedlots administered any injectable antimicrobial to fewer than 10%
of animals, and for in-feed antimicrobials, to fewer than 20% of lots
(pens) in the 12 months. Overall, the type and frequency of antimi-
crobials used in large feedlots were higher than small feedlots. Large
feedlots also reported an increased frequency in veterinarian visits
and more had veterinary treatment protocols compared with small
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feedlots. These results were expected given larger feedlots face
greater health challenges associated with the co-mingling of large
numbers of cattle from a wide variety of source herds, along with
transportation of animals over long distances.”” Overall, the prefer-
ence for low importance antimicrobials and evidence that practices
related to antimicrobial stewardship are underway is very
encouraging.

Very few studies have been published internationally on antimicro-
bial use in beef feedlots.'***?* Of those studies that have been publi-
shed, the US NAHMS feedlot surveys from 1999,'° 2011," and
2017" are the most comprehensive and give an overview of antimi-
crobial use on US feedlots. For instance, according to the 2017
NAHMS survey,' 70.8% of US feedlots gave any (one or more) in-
feed antimicrobial agent, with ionophores and chlortetracycline most
commonly used. In the same period, it was reported that 80% of US
feedlots treated individual animals with injectable antimicrobials,
while 14.8% of feedlots treated cattle as a group with any injectable
drug. For the first time in 2017, the NAHMS survey also reported on
antimicrobial stewardship practices, with 79.7% of feedlots reporting
the use of veterinary services and 80.5% reporting a veterinarian had
visited the facility more than two times in the 12 months. However,
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Table 5. Proportion of feedlot respondents that treated cattle with any injectable antimicrobial, by antimicrobial and treatment purpose (individual
animal treatment, mass animal treatment or timed treatment) in the previous 12 months

Antimicrobial® ASTAG importance ranking® n°  Users (%) Frequency (%) of response

Individual treatment ~ Mass treatment’  Timed treatment®
SA ceftiofur High 82 28(34.1) 27 (96.4) 0 (0) 1(3.6)
LA ceftiofur High 82 28(34.1) 26 (92.9) 0(0) 2(7.)
Trimethoprim-sulphonamide ~ Medium 82 21(256) 21 (100) 0(0) 0(0)
Tilmicosin Low 81 27 (333) 15 (55.6) 11 (40.7) 1(3.7)
Tulathromycin Low 82 46 (56.1) 44 (95.6) 1(2.1) 1(2.1)
SA oxytetracycline Low 82 47(573) 45 (95.7) 1(2.1) 1(2.1)
LA oxytetracycline Low 82 16 (19.5) 16 (100) 0(0) 0(0)
SA penicillin Low 81  53(654) 51(96.2) 0(0) 2(38)
LA penicillin Low 82  30(36.5) 29 (96.7) 0(0) 1(3.3)
Amoxicillin Low 81 7 (8.6) 7 (100) 0(0) 0(0)
Total users 83 68(81.9) — — —

*There was no reported use of injectable neomycin, gentamicin and enrofloxacin. "ASTAG antimicrobial importance ratings for humans. “Count
of respondents. “Mass treatment in response to a disease outbreak (metaphylaxis). “Timed/scheduled treatment of lots (prophylaxis). More than
one treatment purpose for an antimicrobial may have been indicated. ASTAG, Australian Strategic and Technical Advisory Group on Antimicro-
bial Resistance; LA, long-acting; SA, short-acting.

Table 6. Proportion of feedlot respondents that treated cattle with any in-feed antimicrobial, by antimicrobial and treatment purpose (mass animal
treatment, timed treatment, preventative treatment or growth promotion) in the previous 12 months

In-feed ASTAG importance n¢ Users (%) Frequency (%)
antimicrobial® ranking®

Mass treatment?® Timed Preventative Growth

treatment® treatment’ promotion?®
Virginiamycin High 82 17 (20.7) 0 (0) 0(0) 12 (70.6) 5(29.4)
Tylosin Low 82 3(3.7) 1(333) 0(0) 2 (66.7) 0(0)
Oxytet/ Low 81 15(18.5) 5(33.3) 7 (46.7) 3 (20.0) 0(0)
chlortetracycline

Monensin Unrated 82 60 (73.1) 0(0) 3(5.0) 34 (56.7) 23 (38.3)
Lasalocid Unrated 82 3(3.7) 0(0) 0(0) 2 (66.7) 1(33.3)
Flavophospholipol Unrated 79 11(13.9) 0 (0) 0(0) 5 (45.5) 6 (54.5)
Total users 83 53 (63.9)

*There was no reported use of in-feed tilmicosin, trimethoprim-sulphonamide, salinomycin or narasin. "AASTAG antimicrobial importance rat-
ings. “Count of respondents. “Mass treatment in response to a disease outbreak (metaphylaxis). “Timed/scheduled treatment of lots (prophy-
laxis). ‘Preventative treatment long-term treatment to prevent disease. 9Growth promotion, use of an antimicrobial to improve physiological
performance. More than one treatment purpose may have been indicated. ASTAG, Australian Strategic and Technical Advisory Group on Anti-
microbial Resistance; LA, long-acting; SA, short-acting.

caution should be exercised when comparing antimicrobial use
between studies since study design, questionnaire administration,
sample sizes and response rates are different. Also, factors such as
drug registration status, non-veterinary access to antimicrobials, the
prevalence of disease and management practices on feedlots are
likely to be different between countries.

The respiratory syndrome, Bovine respiratory disease, is the primary
cause of morbidity and death in feedlot cattle.'*** Respiratory infec-
tion, coupled with a range of complex animal and management fac-
tors, can lead to high morbidity and mortality.** In this survey,

© 2019 Australian Veterinary Association

respiratory disease was the most commonly reported syndrome
requiring treatment with antimicrobials. Most respondents indicated
the use of antimicrobials such as injectable tulathromycin, injectable
SA oxytetracycline and in-feed oxytetracycline/ chlortetracycline,
which are considered to be of low importance to human health
according to the ASTAG ratings. Feedlots also reported the use of
SA and LA formulations of ceftiofur for the treatment of cattle with
respiratory disease, a registered use for this compound. However,
three feedlots indicated the use of ceftiofur for timed (scheduled)
treatments, and several respondents indicated ceftiofur was used to
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Table 7. Proportion of feedlot respondents that treated cattle with any injectable or in-feed antimicrobial and the disease syndromes treated in
the previous 12 months

Antimicrobial® ASTAG n® Respiratory Gastrointestinal Musculoskeletal Neurological Urogenital Other
importance
ranking®
Injectable
SA ceftiofur High 28 % within column 40.0% 4.8% 10.7% 4.8% 5.7% 0%
% within row 85.7% 3.6% 21.4% 3.6% 7.1% 0%
Count 24 1 6 1 2 0
LA ceftiofur High 28 % within column 45.0% 9.5% 5.4% 14.3% 29%  22.2%
% within row 96.4% 7.1% 10.7% 10.7% 3.6% 7.1%
Count 27 2 3 3 1 2
Trimethoprim- Medium 21 % within column 0% 85.7% 0% 9.5% 5.7% 0%
sulphonamides % within row 0% 85.7% 0% 9.5% 95% 0%
Count 0 18 0 2 2 0
Tilmicosin Low 27 % within column 41.7% 0% 1.8% 4.8% 0% 0%
% within row 92.6% 0% 3.7% 3.7% 0% 0%
Count 25 0 1 1 0 0
Erythromycin Low 2 % within column 1.7% 0% 1.8% 0% 0% 0%
% within row 50.0% 0% 50.0% 0% 0% 0%
Count 1 0 1 0 0 0
Tulathromycin Low 46 % within column 71.7% 9.5% 3.6% 4.8% 29% 11.1%
% within row 93.5% 43% 43% 2.2% 2.2% 2.2%
Count 43 2 2 1 1 1
SA oxytetracycline Low 47 % within column 63.3% 28.6% 37.5% 66.7% 171%  22.2%
% within row 80.9% 12.8% 44.7% 29.8% 12.8% 4.3%
Count 38 6 21 14 6 2
LA oxytetracycline  Low 16 % within column 18.3% 14.3% 21.4% 23.8% 171% 11.1%
% within row 68.8% 18.8% 75.0% 31.3% 37.5% 6.3%
Count 11 3 12 5 6 1
Florfenicol Low 2 % within column 3.3% 0% 0% 4.8% 0% 0%
% within row 66.7% 0% 0% 33.3% 0% 0%
Count 2 0 0 1 0 0
SA penicillin Low 53 % within column 5.0% 38.1% 82.1% 38.1% 743% 77.8%
% within row 5.7% 15.1% 86.8% 15.1% 491% 13.2%
Count 3 8 46 8 26 7
LA penicillin Low 31 % within column 3.3% 0% 48.2% 4.8% 28.6% 0%
% within row 6.5% 0% 87.1% 3.2% 32.2% 0%
Count 2 0 27 1 10 0
Amoxicillin Low 7 % within column 8.3% 4.8% 5.4% 4.8% 5.7% 0%
% within row 71.4% 14.3% 42.9% 14.3% 28.6% 0%
Count 5 1 3 1 2 0
Total injectable 68 % within row 88.2% 23.7% 63.6% 23.7% 515% 13.2%
use: Feedlots Count 60 21 56 21 35 9
In-feed antimicrobials
Virginiamycin High 16 % within column 15.8% 321% 28.6% 50.0% 333% 28.6%
% within row 18.7% 56.3% 12.5% 12.5% 63% 11.8%
Count 3 9 2 2 1 2
Tylosin Low 3 % within column 10.5% 14.3% 14.3% 0% 0% 0%
% within row 66.7% 33.3% 333% 0% 0% 0%
Count 2 1 1 0 0 0
8 Australian Veterinary Journal © 2019 Australian Veterinary Association
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Antimicrobial® ASTAG n¢ Respiratory Gastrointestinal Musculoskeletal Neurological Urogenital Other
importance
ranking®
Oxytet/ Low 12 % within column 57.9% 0% 28.6% 0% 0% 0%
chlortetracycline % within row 91.7% 0% 16.7% 0% 0% 0%
Count 1 0 2 0 0 0
Monensin Unrated 50 % within column 21.1% 96.4% 42.9% 75.0% 100% 85.7%
% within row 8.0% 54.0% 6.0% 6.0% 6.0% 12.0%
Count 4 27 3 3 3 6
Lasalocid Unrated 5 % within column 0% 7.1% 0% 0% 0% 0%
% within row 0% 40.0% 0% 0% 0% 0%
Count 0 2 0 0 0 0
Flavophospholipol ~ Unrated 10 % within column 0% 14.3% 0% 0% 0% 14.3%
% within row 0% 40.0% 0% 0% 0% 10.0%
Count 0 4 0 0 0 1
Total in-feed 53 % within row 35.8% 52.8% 13.2% 7.5% 57% 13.2%
use: Feedlots Count 19 28 7 4 3 7

“There was no reported use of injectable tylosin, neomycin, gentamicin and enrofloxacin or in-feed tilmicosin, trimethoprim-sulphonamide,
salinomycin and narasin. "ASTAG antimicrobial importance ratings. “Count of respondents. More than one disease syndrome may have been
treated with any antimicrobial. ASTAG, Australian Strategic and Technical Advisory Group on Antimicrobial Resistance; LA, long-acting; SA,

short-acting.

treat diseases of the gastrointestinal, musculoskeletal, neurological
and urogenital systems. In Australia, ceftiofur is registered in cattle
for individual animal treatment only, and there are restrictions on its
use for conditions other than respiratory diseases and in other ani-
mal species. In the USA, ceftiofur does not have the same require-
ments for individual use only, and the compound is registered to
treat a range of diseases, including respiratory disease, foot rot and
metritis. In 2017, 2.7% of all US feedlots used ceftiofur for group
treatment (>90% animals in a pen), and 8.7% of large feedlots
(=1000 cattle) used the compound for group treatment.'®

Most antimicrobials are prescription-only schedule 4 medicines in
Australia. Consequently, only a veterinarian can prescribe schedule
4 antimicrobials, or a pharmacist, acting under instruction from a
veterinarian, may dispense schedule 4 antimicrobials to an animal
owner. Legislation in each State and Territory imposes varying obli-
gations on veterinarians to have a bonafide client relationship before
supplying prescription drugs, with a minimum requirement of a
working knowledge of the farming enterprise to which the drugs are
supplied. Legislation describes the conditions for off-label use of reg-
istered veterinary medicines and the use of unregistered chemicals in
food animals. In most States and Territories, off-label use of regis-
tered veterinary medicines is permitted in a single food animal under
written direction from a veterinarian. In this study, some respon-
dents indicated the use of ceftiofur and virginiamycin for disease
conditions other than those stated on the product label. However,
the questionnaire did not specifically ask respondents if the use of an
antimicrobial in a way other than stated on the label was done under
the direction of a veterinarian. Therefore, these responses cannot be
further interpreted to determine if antimicrobial use patterns are

© 2019 Australian Veterinary Association

compliant with legislative requirements. Further investigation and
clarification of this reported usage pattern must be followed-up
through the adoption of industry-wide antimicrobial stewardship
guidelines. Clustering, concerning the antimicrobial usage reported
by respondents, was considered to have limited effect in this study.
In Australia, the strict regulatory framework that controls chemical
use in cattle, the restricted number of registered antimicrobials, and
obligations related to withholding periods, export slaughter intervals
and importing country requirements before cattle can be slaughtered
limit the antimicrobial options available for use in feedlot cattle
irrespective of geographic location, population strata and veterinar-
ian preferences.

The scarcity of data on antimicrobial use and practices in animals
in many countries is a well-recognised limitation in the manage-
ment of antimicrobial resistance. However, the most appropriate
method to collect these data has not been determined. In this study,
we utilised a mailed questionnaire, and in doing so, identified
important shortfalls when using this method to collect data on
complex and sensitive issues. For valid inferences to be drawn
about the population of interest from the information collected by
questionnaire, respondents must be representative of the population
from which they are derived, and answers given must be accu-
rate.””* However, in this study, a major limitation was the low
response rate. While a low response rate does not necessarily negate
the contribution of the findings to antimicrobial stewardship it does
impose the need to allow for a higher likelihood of non-response
bias.”> Non-response bias is a well-known concern when using
mailed questionnaires for data collection. Mailed questionnaires are
also vulnerable to selection bias since participation is self-
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determined, with people less engaged in the topic less likely to
respond. In this study, respondents were self-selected, so selection
bias has likely influenced the findings. For example, respondents
who are aware of antimicrobial resistance may have been more
likely to engage in discussions regarding the judicious use of anti-
microbial agents than those who did not respond. When non-
response and selection biases exist and cannot be controlled, infer-
ences about the broader population are not as reliable.

To collect data on antimicrobial use and stewardship practices on
feedlots, the questionnaire used in this study was lengthy, complex
and sought information that may be perceived as sensitive. Previous
studies have demonstrated that respondents are more likely to dis-
close sensitive information in anonymous mailed questionnaires
than in other survey methods.”**”** However, the length and com-
plexity of a questionnaire are also known to substantially influence
the response rate by creating a cognitive burden on potential respon-
dents. The complexity of the questionnaire use in this study may
have resulted in response and prevarication bias, where respondents
may not have accurately answered questions. Response and prevari-
cation bias were managed by guaranteeing the anonymity of respon-
dents’ identity, although this does not entirely eliminate the
possibility of such bias given the controversy surrounding antimicro-
bial use in food animals. Recall bias is also a common problem with
self-administered questionnaires and may have occurred given the
reliance on the accuracy of chemical records kept by feedlots over
12 months. There are obvious limitations in undertaking post-
response follow-up to clarify unexpected or contradictory responses
given the anonymous nature of the questionnaire. There is also a
possibility that responses may have been influenced by the informa-
tion pack accompanying the questionnaire, which contained general
information on antimicrobial use in the cattle industry. Also, the
questionnaire did not differentiate respondents based on member-
ship of the National Feedlot Accreditation Scheme, the industry
quality assurance scheme. A key component of the scheme is related
to chemical use and record keeping. Hence, respondents who partici-
pate in the National Feedlot Accreditation Scheme are more likely to
be familiar with responsible chemical use than those who do not par-
ticipate in the scheme. To facilitate interpretation of results, future
studies should determine the proportion of respondents who are
members of quality assurance programs.

Survey results are unadjusted for feedlot population differences in
each State and Territory as there are no recent feedlot statistics avail-
able. The available data report the number of cattle on grain rather
than the number of feedlots by state or territory. However, a range
of feedlot size capacities was represented in the survey responses,
indicating a reasonable coverage of feedlot enterprises present in
Australia. Further, the questionnaire did not ascertain if the feedlot
operations of respondents met the specific criteria for a beef feedlot
as defined by the National Feedlot Accreditation Scheme,' although
much of the eligible population of respondents was derived from the
clientele lists of beef feedlot consultant veterinarians who consult in
multiple States and Territories.

More reliable methods of survey delivery should be developed for
the ongoing collection of antimicrobial use data at the feedlot-level.
Depending on the information sought, other survey methods
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including face-to-face interviews with interrogation of treatment
records as is performed in Canada and the USA,"**” Web-based sur-
veys, or smartphone apps may increase the response rate and quality
of the data available for analysis. Alternatively, the use of software
that can extract continuous near real-time data from computerised
farm records or veterinary clinic records could provide the data
required for the ongoing surveillance of antimicrobial use in feedlots.
However, before undertaking further surveys at the feedlot-level,
consideration should be given to the type of data required to inform
prescribing guidelines and importantly, quantify antimicrobial use
for national surveillance.

One of the key benefits of the questionnaire method is its value in
informing behaviours and driving social change. And so, while infer-
ences to the broader population of beef feedlots in Australia are not
possible, the data presented here has been valuable in supporting the
beef feedlot industry’s development of antimicrobial stewardship
guidelines® and has acted as a starting point for other Australian
livestock sectors to evaluate antimicrobial use.

Conclusion

This is the first comprehensive survey of antimicrobial use in
Australian beef feedlots. The operation-level descriptive estimates of
antimicrobial usage described here are a starting point for further
research aimed at generating accurate quantitative estimates of anti-
microbial use at the animal level, and for identifying veterinary and
owner motivations for antimicrobial use. Ideally, surveillance of anti-
microbial usage would occur alongside surveillance of antimicrobial
resistance, thereby enabling the design and implementation of opti-
mal strategies to control antimicrobial resistance in the beef feedlot
sector.
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Supplementary materials for Chapter 5 can be found in Appendix 4
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Chapter 6:

General Discussion
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General Discussion

This thesis examined the quality of measurement systems used to evaluate antimicrobial
resistance and antimicrobial use in animal populations. The four studies in this thesis expand
our understanding of the data generated from phenotypic antimicrobial susceptibility tests
(Chapters 2, 3, 4) and from questionnaires used to obtain information on antimicrobial use

(Chapter 5).

The quality of information derived from surveillance activities is strongly dependent on
accuracy and reliability — of the sampling methodology and the measurement tools used to
collect information. However, for animals, the objectives of national programs are often poorly
defined, the sampling and testing protocols may not be purposefully designed, and surveillance
outputs can fall short of providing the information required to guide policies. As exponentially
more research and surveillance activities are undertaken on antimicrobial resistance, there is a
strong need for critical appraisal of the quality, usefulness, and credibility of the data generated.
For instance, what are the objectives of the research or surveillance activity? What decisions
do these objectives support? And, will the data properly inform decision-making? Research and
other information-gathering activities cannot be considered surveillance if their only goal is to
collect data for its intrinsic value. The aim of surveillance should be the ongoing collection of
data to guide policy and actions, and in doing so, needs standardised and accepted methods and

a strong understanding of the performance of the tests used to generate the data.

This discussion presents an opportunity to examine the findings of each research area

more thoroughly so their inferences can be addressed, and future directions proposed.
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Is disc diffusion accurate for use in national surveillance programs?

Phenotypic assays are the backbone of national programs for surveillance of
antimicrobial resistance. This is especially so in resource-limited settings such as the veterinary
sector, where there has been slow adoption of genetic and molecular technologies. At present,
the performance of phenotypic assays is poorly defined in both human and animal settings. This
raises questions about the quality of information reported by national surveillance programs.
Thus, the accuracy and reliability of phenotypic susceptibility data must be evaluated, and this

thesis does this.

Chapters 2 and 3 evaluated the diagnostic test accuracy of disc diffusion relative to broth
microdilution (the accepted reference standard) for a range of antimicrobial classes and two
important bacterial pathogens of animals, E. coli (Chapter 2) and S. pseudintermedius (Chapter
3). Where Chapter 2 evaluated the diagnostic accuracy of disc diffusion relative to broth
microdilution, Chapter 3 built on this approach by assessing both disc diffusion and broth
microdilution to real-time PCR to determine methicillin resistance. Few studies have evaluated
broth microdilution to assays that can be assumed to be more accurate. However, as genetic and
molecular technologies become more widely available, opportunities exist to evaluate broth
microdilution. Indeed, the evidence presented in Chapter 3 demonstrates this process for S.

pseudintermedius (a ubiquitous opportunistic pathogen of dogs).

For most antimicrobials evaluated, disc diffusion was found to be accurate at predicting the
antimicrobial susceptibility of clinical E. coli and S. pseudintermedius that could otherwise be
determined by broth microdilution. The ability of disc diffusion to correctly classify isolates,
relative to broth microdilution, varied with the antimicrobial and clinical breakpoint used to
dichotomise the data. For example, disc diffusion performed strongly for critically important
antimicrobial classes such as fluoroquinolones (e.g., ciprofloxacin) and third generation
cephalosporins (e.g., ceftiofur) and first-line antimicrobials such as tetracycline and ampicillin.

Therefore, the acquisition of data generated by disc diffusion testing in veterinary laboratories
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could be beneficial in informing our understanding of antimicrobial resistance in animal health
and public health. However, overlapping populations of susceptible and resistant isolates
resulted in inferior estimates for some antimicrobials, made worse by the clinical breakpoint
used to determine status. For example, disc diffusion performed less favourably for amoxicillin,
amoxicillin-clavulanic acid, and trimethoprim-sulfamethoxazole, where susceptible and

resistant populations were shown to overlap.

The reliance on using a threshold value to dichotomise continuous data presents a strong
justification for using ROC analysis to evaluate test accuracy, although very few diagnostic test
evaluation studies have done so. ROC has limitations when the reference test is less than
perfect, as is the case with broth microdilution. More robust estimates of test performance can
be obtained by using a more accurate reference test (as occurred in Chapter 3) or preferably, by
using latent class analysis which is not reliant on a perfect reference test (Enoe, Georgiadis &
Johnson 2000; Johnson, Jones & Gardner 2019; Pepe & Janes 2007). However, the use of a
more accurate reference test is based on there being such a test in existence and that it is
affordable and accessible, while for the studies reported in this thesis, assumptions which

underlie latent class analysis could not be met.

Notwithstanding these limitations, the use of an extensive national collection of clinical E.
coli (n=994) and S. pseudintermedius (n=614) isolates has greatly strengthened the analysis of
phenotypic assays. Indeed, few national collections from veterinary sources have been reported
elsewhere and which are comparable or superior in size and geographic representativeness.
Therefore, the performance estimates reported in the thesis can be considered sufficiently robust
such that the relative diagnostic sensitivity and specificity of disc diffusion for a range of
antimicrobials to E. coli and S. pseudintermedius can be co-opted for use in surveillance to
correct for true prevalence, thereby allowing comparison with prevalence estimates generated

from broth microdilution data.
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The ability of phenotypic assays to yield discrepant results was highlighted in Chapters 2
and 3 and became a focus for further investigation in Chapter 4. These disagreements are
preserved in the analyses to faithfully reflect the measurement error inherent in all tests and
conditions that arise in diagnostic laboratories. However, very often in microbiological
research, the solution to resolving a disagreement is to retest isolates to confirm ‘true’ status
using a reference test (e.g., broth microdilution) and or a ‘resolver’ test (e.g., PCR). This
approach, known as discrepant analysis, usually results in an overestimation of the performance
of a comparator test (Green, Black & Johnson 1998; Miller 2012). That is, where both test
results agree, the status of an isolate is considered ‘true’; however, where two test results
disagree, re-testing shifts a measurement from disagreement to agreement. Resolving
disagreement between measurements by repeat testing should be discontinued. If we are to truly
understand the validity of these data, a more rigorous approach to the evaluation of diagnostic
test performance is needed, similar to that undertaken in Chapters 2 and 3, or by latent class

analysis when the underlying assumptions can be met (Johnson, Jones & Gardner 2019).

How precise is disc diffusion when used in veterinary diagnostic laboratories?

Anecdotally, it appears few technicians performing and interpreting phenotypic assays
understand what level of variability they can expect if the same isolate is assessed on multiple
occasions. Chapter 4, therefore examined the intra-laboratory agreement (repeatability) and
inter-laboratory agreement (reproducibility) of disc diffusion in veterinary diagnostic
laboratories to measure this variability and to understand whether the assay has a role in the
surveillance of antimicrobial resistance. Repeatability and reproducibility estimates provide a
practical interpretation of the extent of variation in zone diameter measurements expected in

diagnostic laboratories when testing the same isolate.
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The precision of disc diffusion was found to be satisfactory, although the extent of variation
recorded for some antimicrobials, including ampicillin and trimethoprim-sulfamethoxazole,
was of concern. Measurement variation is critical the closer the zone diameter measurement is
to the clinical breakpoint, where the likelihood of misclassification is high. This was seen in
Chapter 4 for isolates with marginal susceptibility (e.g., ampicillin) and for antimicrobials
where zone edges were difficult to read (e.g., trimethoprim-sulfamethoxazole). Therefore, when
defining which antimicrobials to include in testing panels for surveillance, a critical
consideration should be the ability of those antimicrobials to yield reliable zone diameters,
especially when there are inherent difficulties in reading zone edges. While this thesis did not
examine sources contributing to the variation seen in zone diameters, it is postulated that errors
in manual measurement make a substantial contribution to this variation (Hombach, Zbinden
& Bottger 2013; Idelevich et al. 2016). Consequently, the adoption of automated zone readers

to reduce variation associated with visual reading is a recommendation of this thesis.

Interpretation of diagnostic test performance for use in surveillance

While the findings reported in Chapters 2, 3, and 4 are a product of interactions that occurred
under the research conditions described in this thesis, they can be generalised to the broader
population of veterinary laboratories, provided consideration is given to performance estimates
of the assay. For instance, disc diffusion performs better for some antimicrobials than others.
This knowledge can be used to design antimicrobial panels for the surveillance of bacterial
pathogens in animals that reflect antimicrobials that can be (i) reliably measured, and (ii) are of
interest to animal health. Arising out of the research findings from this thesis is a list of
recommended antimicrobials for inclusion in disc diffusion testing of E. coli and S.

pseudintermedius clinical isolates from animals (Table 1).
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Antimicrobials that performed strongly across CLSI susceptible and resistant clinical
breakpoints are recommended for inclusion, including ampicillin, ceftiofur, ciprofloxacin, and
tetracycline. Note, ciprofloxacin was used in this thesis as a representative of the
fluoroquinolone class as it is commonly used in national surveillance owning to its relevance
to public health. However, there is a need to evaluate the performance of other fluoroquinolone
class members specific to animal health, including enrofloxacin and marbofloxacin which are
important for therapeutic decision-making. Antimicrobials with variable performance require
further consideration of performance estimates before inclusion. For example, for cefovecin
and gentamicin, disc diffusion performance was much stronger when the resistant breakpoint
was applied compared to the susceptible breakpoint. Antimicrobials that performed poorly
across both breakpoints, namely amoxicillin-clavulanic acid and cefoxitin, are not
recommended for inclusion in antimicrobial panels. The recommendation to exclude
amoxicillin-clavulanic acid from disc diffusion testing on E. coli and S. pseudintermedius
clinical isolates may have ramifications for antimicrobial susceptibility testing in veterinary

laboratories, given the frequent use of this drug in small animal medicine.

Table 1. Recommended composition of disc diffusion antimicrobial panels for Escherichia coli

and Staphylococcus pseudintermedius clinical isolates from animals.

Inclusion in Escherichia coli Staphylococcus pseudintermedius

antimicrobial panel

Yes ampicillin, ceftiofur, ciprofloxacin, chloramphenicol, ciprofloxacin’,
tetracycline clindamycin, oxacillin, tetracycline

No amoxicillin-clavulanic acid, cefoxitin amoxicillin-clavulanic acid, cefoxitin,

cephalothin

Requires further cefovecin, cephalothin, gentamicin, cefovecin, rifampicin

consideration trimethoprim-sulfamethoxazole

Unable to determine* amikacin, imipenem

T Ciprofloxacin is representative of the fluoroquinolone class, however, there is a need to evaluate the performance of other
fluoroquinolone class members specific to animal health, including enrofloxacin and marbofloxacin.

*All isolates were susceptible to the antimicrobial.
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Knowledge of the extent of laboratory-to-laboratory variation in the measurement of zone
diameters is not only valuable for participation in surveillance programs, but this information
can also be used to standardise the disc diffusion assay further to minimise measurement error.
Indeed, the findings reported in this thesis support the hypothesis that susceptibility results from
disc diffusion data, as it is generated in veterinary laboratories, can contribute to national
surveillance programs for animals. However, before this major finding can be acted upon, the
logistics of acquiring data from diagnostic laboratories need to be further considered.
Specifically, assessment of the quality of susceptibility data and the laboratory information
management systems (LIMS) used in diagnostic laboratories must be undertaken since the data
required for a surveillance system is different from what is necessary for clinical diagnosis.
Further, issues associated with the highly selective nature of clinical submissions, potentially
missing data on important epidemiological covariates (e.g., demographic data), and
standardisation of test protocols also need to be studied. Diagnostic stewardship, championed
by WHO (2017a), with its key objective of providing accurate and representative data on
antimicrobial resistance, and the establishment of ‘surveillance sites’ responsible for collecting

data at the local level, are important concepts which should be actively pursued in animal health.

How well do questionnaires perform to collect farm-level antimicrobial usage data?

The management of antimicrobial resistance is aided by the surveillance of two
characteristics of the population of bacteria and animals. Firstly, the collection of diagnostic
data on resistance in bacterial pathogens or commensal organisms, and secondly, the collection
of data on the use of antimicrobial agents via questionnaires or other survey tools. There are
many potential sampling points for the collection of information on antimicrobial use but of
interest to this thesis is data collected at the farm-level. Farm-level data provides information
on actual antimicrobial use as opposed to veterinary-clinic level data, which only provides
information on the prescription of antimicrobial agents. As such, farm-level data is invaluable

in the formulation of relevant, industry-specific antimicrobial stewardship programs.
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In Chapter 5, the beef feedlot sector was used as a case study to examine the usefulness of
a common survey method (i.e., self-administered mailed questionnaire) to obtain information
on antimicrobial use at the farm-level. This survey process, when used to collect data on
livestock sectors, is expected to be driven by industry and, consequently, faces several
methodological constraints including different stakeholder needs, budget restrictions, and

variable farmer engagement.

The questionnaire administered in Chapter 5 included a complex array of questions on the
antimicrobial classes used on-farm in the previous twelve months, purposes of use, disease
syndromes, and proportions of animals treated. Overall, the use of antimicrobial agents reported
by respondents was determined to be appropriate for the purpose indicated, and there was a
strong preference for antimicrobial classes of low importance, or not used, in human medicine
including tetracyclines, penicillins, macrolides, and ionophores. However, a major limitation
of this study was the low response rate (16%). While a low response rate does not necessarily
equate to data that cannot add useful understanding, the risk of non-response bias is higher
(Murdoch et al. 2014). The complexity of a questionnaire substantially influences the response
rate and may also impact on the quality of information collected. For example, a questionnaire
that is lengthy, complex, and asks many commercially, legally, and socially sensitive questions
are unlikely to garner a high response rate. This represents a lost opportunity to collect data
needed to inform decision-making. Indeed, the questionnaire used in Chapter 5 is a case study
in the development of a survey instrument that was not well optimised for its purpose. The final
design of this questionnaire was the product of multiple stakeholder involvement, coupled with
poorly defined objectives for conducting the survey. As a result, control over the design of the
survey was lost in the desire to obtain as much information as possible. Further, the complexity
of the questionnaire likely placed a considerable cognitive burden on potential respondents,

which contributed to the low response rate.
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When designing questionnaires intended for farmers, the mistakes made in this survey
should be avoided. More reliable methods of survey delivery should be considered for the on-
going collection of antimicrobial use data at the farm-level. Other survey methods may increase
the response rate and usefulness of the data for analysis. Before undertaking surveys at the farm-
level, further consideration should be given to the type and quantity of data required for analysis
and the reporting of antimicrobial use to the OIE (OIE 2017). Future surveys should also look
to quantify antimicrobial use to allow for the calculation of metrics which not only meet OIE

reporting requirements but can also be used to inform prescribing guidelines.

A key benefit of questionnaires is its value in informing behaviours and driving social
change. And so, while the response rate experienced in this study meant we were unable to
make inferences to the wider population, the data has been valuable in supporting the beef
feedlot industry’s development of antimicrobial stewardship guidelines and a training program
(Meat & Livestock Australia 2018) and has also acted as a starting point for other livestock
sectors to evaluate their antimicrobial use. This is an example of participatory research whereby
industry leaders, farmers, researchers, and government can come together to enhance data

collection and analysis in order to design tools that drive positive change.
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The utility of the Antimicrobial agent Use Risk Matrix

Communicating complex issues such as antimicrobial stewardship is challenging given the
range of factors influencing antimicrobial use in food animals. Simple communication tools
that engage farmers and veterinarians are essential in driving change in behaviours. One such
communication tool | developed as a result of Chapter 5 of this thesis is the Antimicrobial agent
Use Risk Matrix for beef feedlots (Figure 1). The risk assessment matrix categorises the risk of
antimicrobial use practices at individual feedlots based on an overall assessment of behaviours
and antimicrobial-associated factors. Behaviours include whether a veterinary treatment
protocol has been issued, correct dosing and treatment periods are observed, and records are
maintained. Antimicrobial-associated factors include the proportion of animals treated in the
past 12 months, the importance ranking of antimicrobial use, and route of administration. Scores
are assigned to each element, and the overall score is plotted onto the matrix, identifying the
category of risk associated with the feedlot. Weightings are assigned to an antimicrobial agent’s
importance rating according to ASATG and the route of administration. A detailed explanation

of the weightings applied in the index can be found in Appendix 5.

There are many advantages to using a risk matrix: it can be made available in different
formats, it presents complex data in a visual form, it is easily adaptable if risk factors change
(e.g., importance rankings), and it can be used as a benchmarking tool. The Antimicrobial agent
Use Risk Matrix could also be a very useful tool for designing risk-based surveillance activities
in food animals, where strata of animals are sampled according to their exposure to
antimicrobial agents and the behaviours of those who care for them. However, there are
limitations to using risk matrices — the assignment of risk can be subjective and may assign high
risk to factors which are a small risk or vice versa, and the index may oversimplify the
complexity of antimicrobial use on farms. Notwithstanding these limitations, the purpose of the
Antimicrobial agent Use Risk Matrix is to be an interactive tool which engages farmers and
veterinarians on the complex issues associated with antimicrobial resistance and use.
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Antibiotic Use Behaviours

Vet treatment protocol.

vet instructions
followed, animals
weighed prior to

treatment. correct dose,

route, admimstration,
treatment recorded

Vet treatment protocol.

vet instructions mosthy
followed, ammals
weighed prier to

treatment, correct dose,

route, adoumstration,
treatment recorded

Vet treatment protocol,
vet mstructions mosthy
followed, amimals not
weighed prior to
treatment. always/
mostly correct dose,
route, admimstration,
always/ mostly
freatment recorded

+/- vet treatment
protocol, vet
mstructions may be
followed, ammals not
welghed pror to
treatment, correct dose,
route, administration not
followed, no treatment
Tecords

No vet treatment
protocol, vet
mstructions not
followed, amimals not
welghed prior to
treatment, Unknown if
correct dose, route,
administration, no
treatment records

Antibiotic Use

Optimal

Adequate

Suboptimal

=20% animals treated in
past 12 months. low,
medium. high
mmportance dmgs used,
injectable and n-feed
administration

High risk

High

High

10-20%% animals treated
i past 12 months, low,
medivm, high
importance dgs used,
injectable and in-feed
administration

Medium risk

Medmm

Medmum

High

Inadequate

Non-compliant

2-10% animals treated
i past 12 months, low,
medinm, +- high
mmportance dmgs used,
mjectable use, unrated
in-feed administration

Some risk

2% amimals treated in
past 12 months, low.
medivm, +- high
mmportance dmgs used,
mjectable use, +/-
unrated m-feed
admimistration

Low risk

No antibiotics used in
past 12 months

Negligible risk

Figure 1. Antimicrobial agent Use Risk Index for beef feedlots based on the risk associated with the behaviour towards antimicrobial agent use and actual

antimicrobial agent use.
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Future directions

If passively acquired laboratory data is to contribute to national surveillance of antimicrobial

resistance in bacterial pathogens from animals, further study is suggested in the following areas:

1. Diagnostic test performance

Further understanding of the performance of disc diffusion and broth microdilution for bacterial
pathogens of interest to national surveillance is needed. In this thesis, the performance of disc
diffusion for the two organisms evaluated was reliant on characteristics of the antimicrobial
agent, the interpretative criteria used to determine susceptibility, and the accuracy of broth
microdilution (as the reference assay). Since these factors change with the bacterial species
under evaluation, it is not appropriate to generalise the performance of disc diffusion to other
bacteria of interest to national surveillance. Also, the performance of broth microdilution must

be evaluated to ensure the quality of MIC data generated for surveillance.

2. Quality of phenotypic data in veterinary diagnostic laboratories

A thorough evaluation of the quality of disc diffusion and MIC susceptibility data as it is
generated in veterinary laboratories is needed before passive surveillance can be instituted. This
includes the evaluation of recording and reporting of quantitative results, the ease of data
retrieval from existing laboratory information systems (LIMS), and the adequacy of laboratory
submission forms for epidemiological evaluation. Also, the coverage of isolates derived from

bacterial pathogens of interest needs to be quantified.
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3. Establishment of veterinary diagnostic laboratory trial ‘surveillance sites’ in Australia

Consideration should be given to the establishment of a trial of veterinary diagnostic
laboratory ‘surveillance sites’ similar to those used in human antimicrobial resistance
surveillance. The trial would ascertain if it is practical for veterinary diagnostic laboratories to
adopt standardised protocols for phenotypic assays (broth microdilution and disc diffusion), use
stipulated antimicrobial agent panels and consistently record and report susceptibility data for
targeted bacterial pathogens, alongside the day-to-day evaluation of clinical submissions. For
this to be a success, clinical microbiologists, epidemiologists, and regulators must be able to
reach consensus on the most advantageous approach to passive surveillance within diagnostic

laboratories.

4. Collection of farm-level antimicrobial use data

Improved survey methods are needed to collect high-quality farm-level data on
antimicrobial use. Collection methods must be on-going to monitor trends over time and
evaluate the impact of interventions to manage antimicrobial resistance. The antimicrobial use
data collected must meet OIE reporting requirements to enable international comparisons.
Industry leaders and government must collaborate to identify ways to maximise veterinary and

farmer engagement in the collection of antimicrobial data.

5. Effective communication of antimicrobial resistance in animals

Further study is needed to develop simple, interactive communication tools, such as the
Antimicrobial agent Use Risk Matrix, which can drive behavioural change among veterinarians
and farmers. Understanding factors that influence antimicrobial use by veterinarians and

farmers are needed to design the best communication tools to bring about changes in behaviour.
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Final Remarks

The research presented in this thesis has identified that for bacterial pathogens, susceptibility
data from disc diffusion or broth microdilution generated in veterinary laboratories can
contribute to national surveillance. This information, coupled with data from surveys of
antimicrobial use at the farm-level, will be of substantial benefit to the development of
interventions aimed at containing antimicrobial resistance in animals. Collaboration between
veterinary laboratories, farmers, veterinarians, and regulators is essential to ensure the

collection of relevant, high-quality data for use in national surveillance.
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Appendix 1

Supplementary Materials for Chapter 2:

Relative Performance of Antimicrobial Susceptibility Assays on Clinical

Escherichia coli Isolates from Animals
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Supplementary table 1 Diagnostic performance estimates of disc diffusion relative to broth microdilution for 994 clinical Escherichia coli isolates

from animals using CLSI susceptible and resistant breakpoints. DSe, diagnostic sensitivity; DSp, diagnostic specificity; AUC, area under the curve.

Susceptible breakpoint estimates Resistant breakpoint estimates

Antimicrobial DSe DSp AUC? DSe DSp AUC
(95% ClI) (95% CI) (95% ClI) (95% CI) (95% ClI) (95% CI)
Amoxicillin- 0.23(0.20, 0.26) 0.97 (0.96, 1.0) 0.82 (0.79, 0.85) 0.79 (0.70, 0.87) 0.99 (0.99, 1.0) 0.98 (0.96, 1.0)
clavulanic acid
Amikacin NA 0.99 (0.98, 1.0) NA NA 1.0 (0.99, 1.0) NA
Ampicillin 0.93 (0.90, 0.96) 0.81(0.77,0.84) 0.96 (0.94, 0.97) 0.97 (0.94, 0.99) 0.95 (0.94, 0.97) 0.98 (0.96, 0.99)
Cephalothin 0.70 (0.67, 0.73) 0.81(0.71, 0.89) 0.82(0.77, 0.88) 0.75 (0.69, 0.81) 0.98 (0.97, 0.99) 0.92 (0.89, 0.95)
Ceftiofur 0.84 (0.76, 0.90) 0.99 (0.98, 0.99) 0.94 (0.91, 0.97) 0.94 (0.87, 0.98) 0.99 (0.98, 1.0) 0.98 (0.96, 1.0)
Ciprofloxacin 0.96 (0.89, 0.99) 1.0 (0.99, 1.0) 0.99 (0.97, 1.0) 0.99 (0.93, 1.0) 1.0 (0.99, 1.0) 1.0(1.0,1.0)
Cefovecin 0.67 (0.59, 0.75) 0.96 (0.96, 0.97) 0.87 (0.83,0.91) 0.88 (0.81, 0.94) 0.99 (0.99, 1.0) 0.97 (0.94, 1.0)
Cefoxitin 0.33 (0.28, 0.40) 1.0(0.99, 1.0) 0.78 (0.74, 0.82) 0.83(0.73, 0.90) 0.99 (0.99, 1.0) 0.97 (0.95, 1.0)
Gentamicin 0.50 (0.39, 0.60) 0.99 (0.98, 1.0) 0.82 (0.77, 0.87) 0.92 (0.80, 0.98) 1.0 (0.99, 1.0) 0.97 (0.94, 1.0)
Imipenem NA 0.99 (0.98, 1.0) NA NA 1.0 (0.99, 1.0) NA

Trimethoprim-
sulfamethoxazole
Tetracycline

0.70 (0.63, 0.76)

0.93 (0.89, 0.96)

0.99 (0.98, 1.0)

0.98 (0.97, 0.99)

0.93 (0.91, 0.96)

0.97 (0.95, 0.99)

0.72 (0.65, 0.79)

0.95 (0.91, 0.98)

0.99 (0.98, 1.0)

0.99 (0.99, 1.0)

0.94 (0.92, 0.97)

0.98 (0.96, 0.99)

Cl, 95% confidence interval (exact).

NA, not available due to insufficient data for the analysis.
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Supplementary Table 2 Estimates of likelihood ratio of disc diffusion relative to broth microdilution for 994 clinical Escherichia coli isolates

using CLSI susceptible and resistant breakpoints. LR*, likelihood ratio of a positive test result; LR, likelihood ratio of a negative test result.

Susceptible Breakpoint Estimates

Resistant Breakpoint Estimates

Antimicrobial LR* LR LR* LR
(95% ClI) (95% ClI) (95% ClI) (95% CI)

Amoxicillin-clavulanic acid 15.8 (5.1, 49.0) 0.79 (0.75, 0.82) 118.1 (52.9, 263.7) 0.21 (0.14, 0.30)
Amikacin 5.5(0.72, 42.3) 0.96 (0.88, 1.1) NA NA
Ampicillin 4.8 (4.1,5.6) 0.09 (0.06, 0.13) 21.0 (15.0, 29.3) 0.03 (0.02, 0.06)
Cephalothin 3.7(2.4,5.9) 0.37 (0.32, 0.43) 35.4 (22.0,57.1) 0.25 (0.20, 0.32)
Ceftiofur 67.3 (37.2,121.7) 0.16 (0.11, 0.25) 168.4 (70.2, 404.2) 0.06 (0.03, 0.14)
Ciprofloxacin 220.6 (82.9, 587.1) 0.04 (0.01, 0.12) 454.6 (113.8, 1815.4) 0.01 (0, 0.10)
Cefovecin 17.2 (12.1, 24.5) 0.34 (0.27, 0.43) 131.2 (58.9, 292.1) 0.12 (0.07, 0.20)
Cefoxitin 61.8 (22.9, 166.9) 0.67 (0.61, 0.73) 124.9 (56.0, 279.0) 0.18 (0.11, 0.28)
Gentamicin 63.3 (29.5, 135.9) 0.51 (0.42, 0.62) 289.3 (93.2, 898.1) 0.08 (0.03, 0.21)
Imipenem 5.0 (1.5, 16.9) 0.94 (0.87, 1.0) NA NA
Trimethoprim-sulfamethoxazole 68.8 (34.3, 137.9) 0.31 (0.25, 0.38) 72.9 (36.4, 146.1) 0.28 (0.22, 0.35)

Tetracycline 53.5(31.8,90.1)

0.07 (0.04, 0.12)

154.4 (64.4, 370.1)

0.05 (0.03, 0.09)

Cl, 95% confidence interval (exact).

NA, not available due to insufficient data for the analysis.
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Supplementary Table 3 Agreement estimates between broth microdilution and disc diffusion for 994 clinical Escherichia coli isolates from

animals using CLSI susceptible breakpoints. BMD, broth microdilution; DD, disc diffusion.

Antimicrobial Resistant ~ Resistant ~ McNemars Observed Positive agreement Negative PABAK
BMD DD p-valuef agreement (95% CI) agreement (95% CI)
(95% ClI) (95% CI)
Amoxicillin-clavulanic acid 0.79 0.18 <0.001* 0.39(0.36,0.42)  0.37(0.34,0.40)  0.41(0.36, 0.44) NA
Amikacin 0.02 0.01 0.02* 0.97 (0.96, 0.98) 0(0,0.21) 0.99 (0.98,0.99)  0.94 (0.92, 0.96)
Ampicillin 0.35 0.45 <0.001* 0.85(0.83,0.87)  0.81(0.78,0.84)  0.87 (0.85,0.89)  0.70(0.65, 0.74)
Cephalothin 0.92 0.66 <0.001* 0.71(0.67,0.73)  0.81(0.79,0.83)  0.31(0.26,0.34)  0.41(0.35,0.47)
Ceftiofur 0.11 0.11 0.20 0.97 (0.96,0.98)  0.87(0.81, 0.91) 0.98 (0.98,0.99) 0.94 (0.92, 0.96)
Ciprofloxacin 0.08 0.08 0.73 0.99 (0.97, 1.0) 0.95(0.91, 0.98) 1.0 (0.99, 1.0) 0.99 (0.98, 1.0)
Cefovecin 0.15 0.14 0.08 0.92(0.90,0.93) 0.71(0.66,0.76)  0.95(0.94,0.96)  0.84(0.80, 0.87)
Cefoxitin 0.25 0.09 <0.001* 0.83 (0.80, 085) 0.49 (0.44,0.55)  0.90(0.88,0.91)  0.65 (0.61, 0.70)
Gentamicin 0.10 0.06 <0.001* 0.94 (0.93,0.96)  0.63(0.55,0.71)  0.97 (0.96,0.98)  0.89 (0.86, 0.92)
Imipenem 0.04 0.02 <0.001* 0.95 (0.93, 0.96) 0.1(0,0.21) 0.97 (0.96,0.98)  0.89(0.82, 0.89)
Trimethoprim-sulfamethoxazole 0.21 0.15 <0.001* 0.93(0.91,0.95)  0.80(0.76,0.84)  0.96 (0.95,0.97)  0.86(0.82,0.89)
Tetracycline 0.19 0.19 0.85 0.97 (0.96,0.98)  0.93(0.90,0.95)  0.98(0.98,0.99)  0.95(0.93,0.97)

Cl, Confidence interval (95% exact).

NA, not available due to insufficient data for the analysis.

* Represents a statistically significant mid-p McNemar’s chi-square test (p < 0.05).
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Supplementary Table 4 Agreement estimates between broth microdilution and disc diffusion for 994 clinical Escherichia coli isolates from

animals using CLSI resistant breakpoints. BMD, broth microdilution; DD, disc diffusion.

Antimicrobial Resistant Resistant McNemars Observed Positive agreement Negative PABAK
BMD DD p-valuef agreement (95% CI) agreement (95% CI)
(95% CI) (95% ClI)
Amoxicillin-clavulanic acid 0.10 0.09 <0.001* 0.97 (0.96,0.98)  0.86 (0.80, 0.90) 0.98 (0.98, 0.99) 0.95 (0.93, 0.97)
Amikacin 0.02 0.02 0.63 1.0 (0.99, 1.0) 0 (0, 0.60) 1.0 (0.99, 1.0) NA
Ampicillin 0.28 0.30 <0.001* 0.96 (0.94,0.97)  0.93(0.90, 0.95) 0.97 (0.96, 0.98) 0.92 (0.89, 0.94)
Cephalothin 0.20 0.17 <0.001* 0.94 (0.92,0.95)  0.82(0.78, 0.86) 0.96 (0.95, 0.97) 0.87 (0.84, 0.90)
Ceftiofur 0.10 0.10 0.77 0.99(0.98,0.99)  0.94(0.90, 0.97) 0.99 (0.99, 1.0) 0.98 (0.97, 0.99)
Ciprofloxacin 0.07 0.07 0.63 1.0 (0.99, 1.0) 0.98 (0.94, 1.0) 1.0 (0.99, 1.0) 0.99 (0.99, 1.0)
Cefovecin 0.10 0.10 0.17 0.98(0.97,0.99)  0.91(0.86, 0.95) 0.99 (0.98, 1.0) 0.97 (0.94, 0.98)
Cefoxitin 0.09 0.08 0.05* 0.98(0.97,0.99)  0.87(0.81,0.92) 0.99 (0.98, 1.0) 0.96 (0.94, 0.98)
Gentamicin 0.05 0.05 0.73 0.99 (0.99, 1.0) 0.93 (0.86, 0.97) 1.0 (0.99, 1.0) 0.99 (0.98, 1.0)
Imipenem 0 0 0.2 1.0 (0.99, 1.0) 0(0,0.52) 1.0 (0.99, 1.0) 0.99 (0.98, 1.0)
Trimethoprim-sulfamethoxazole 0.19 0.15 <0.001* 0.94 (0.92,0.95)  0.82(0.77, 0.86) 0.96 (0.95, 0.97) 0.88 (0.85, 0.91)
Tetracycline 0.18 0.18 0.30 0.99 (0.99, 1.0) 0.96 (0.94, 0.98) 0.99 (0.98, 1.0) 0.97 (0.96, 0.99)

Cl, Confidence interval (95% exact).
NA, not available due to insufficient data for the analysis.

* Represents a statistically significant mid-p McNemar’s chi-square test (p < 0.05).
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Supplementary Table 5 Estimates of accuracy of disc diffusion relative to broth microdilution for 994 clinical Escherichia coli isolates from

animals using zone diameter interpretative criteria produced from the dBETS program. DSE, diagnostic sensitivity; DSp, diagnostic specificity;

ZD, zone diameter.

dBETS Susceptible Breakpoint Estimates

dBETS Resistant Breakpoint Estimates

DSe
(95% CI)

DSp
(95% ClI)

Observed
agreement

ZD
resistant
breakpoint
(mm)

DSe
(95% CI)

DSp
(95% ClI)

Observed
agreement

Antimicrobial ZD
susceptible
breakpoint

(mm)

Amoxicillin- 21

clavulanic acid

Amikacin 16

Ampicillin 11

Cephalothin 18

Ceftiofur 22

Ciprofloxacin 18

Cefovecin 23

Cefoxitin 22

Gentamicin 16

Imipenem 23

Trimethoprim- 25

sulfamethoxazole

Tetracycline 18

0.61 (0.57, 0.64)

NA
0.80 (0.76, 0.85)
0.70 (0.67, 0.73)
0.86 (0.78, 0.92)
0.96 (0.89, 0.99)
0.67 (0.60, 0.75)
0.43 (0.37, 0.50)
0.50 (0.39, 0.60)
NA
0.87 (0.82, 0.92)

0.93 (0.88, 0.96)

0.87 (0.81, 0.91)

1.0 (0.99, 1.0)
0.98 (0.96, 0.99)
0.81 (0.71, 0.89)
0.98 (0.97, 0.99)

1.0 (0.99, 1.0)
0.96 (0.95, 0.97)
0.97 (0.96, 0.98)
0.99 (0.98, 1.0)
0.99 (0.98, 0.99)
0.86 (0.83, 0.88)

0.99 (0.98, 0.99)

0.66 (0.63, 0.69)

0.97 (0.96, 0.98)
0.92 (0.90, 0.93)
0.71 (0.68, 0.73)
0.97 (0.95, 0.98)
1.0 (0.99, 1.0)
0.92 (0.90, 0.93)
0.83 (0.81, 0.86)
0.94 (0.93, 0.96)
0.95 (0.93, 0.96)
0.86 (0.84, 0.88)

0.97 (0.96, 0.98)

15

12
7
13
18
11
19
18
12
15
21

13

0.92 (0.85, 0.97)

NA
0.96 (0.94, 0.98)
0.68 (0.61, 0.74)
0.96 (0.90, 0.99)
0.90 (0.80, 0.96)
0.88 (0.81, 0.94)
0.91 (0.83, 0.96)
0.92 (0.80, 0.98)
NA
0.79 (0.72, 0.84)

0.95 (0.91, 0.98)

0.98 (0.97, 0.99)

1.0 (0.99, 1.0)
0.98 (0.97, 0.99)
0.99 (0.98, 1.0)
0.99 (0.97, 1.0)

1.0 (0.99, 1.0)
0.99 (0.99, 1.0)
0.99 (0.98, 1.0)

1.0 (0.99, 1.0)

1.0 (0.99, 1.0)
0.98 (0.96, 0.99)

0.99 (0.99, 1.0)

0.98 (0.97, 0.99)

1.0 (0.99, 1.0)
0.97 (0.96, 0.98)
0.93 (0.91, 0.94)
0.99 (0.98, 1.0)
0.99 (0.98, 1.0)
0.98 (0.97, 0.99)
0.98 (0.97, 0.99)
0.99 (0.98, 1.0)

1.0 (0.99, 1.0)
0.94 (0.92, 0.96)

0.98 (0.97, 0.99)

NA, not available due to insufficient data.

115



Supplementary Figures
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Supplementary Figure 1. Amoxicillin-clavulanic acid - performance of disc diffusion relative

to broth microdilution for clinical E. coli isolates from animals (i) distribution of zone diameter

results (ii) scatterplot of zone diameter (mm) and MIC (pg/ml, depicted on logo scale), and (iii)

two-graph ROC curve. See text for interpretation of plots.
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Supplementary Figure 2. Amikacin - performance of disc diffusion relative to broth

microdilution for clinical E. coli isolates from animals (i) distribution of zone diameter results

(ii) scatterplot of zone diameter (mm) and MIC (ug/ml, depicted on log: scale), and (iii) two-

graph ROC curve. See text for interpretation of plots.
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Supplementary Figure 3. Ampicillin - performance of disc diffusion relative to broth
microdilution for clinical E. coli isolates from animals (i) distribution of zone diameter results
(ii) scatterplot of zone diameter (mm) and MIC (ug/ml, depicted on log: scale), and (iii) two-

graph ROC curve. See text for interpretation of plots.

200+ 1281 @ om 00 ¢ 0@ j;/;/,c =
180 64l o o
160
140 827
> B = >
g 120 % 164 o z
= 4 = ‘@ .
g 100 S . 2
“ 80 = @
60| 44 &
40
2]
20|
07 17! T T T T T T T T
5 10 15 20 25 30 35 40 5 10 15 20 25 30 ] > A 5 ]

Zone diameter (mm) Zone diameter (mm) ’ Falé‘}e positivé rate

Supplementary Figure 4. Cephalothin - performance of disc diffusion relative to broth
microdilution for clinical E. coli isolates from animals (i) distribution of zone diameter results
(ii) scatterplot of zone diameter (mm) and MIC (ug/ml, depicted on log: scale), and (iii) two-

graph ROC curve. See text for interpretation of plots.
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Supplementary Figure 5. Ceftiofur - performance of disc diffusion relative to broth
microdilution for clinical E. coli isolates from animals (i) distribution of zone diameter results
(ii) scatterplot of zone diameter (mm) and MIC (ug/ml, depicted on log: scale), and (iii) two-

graph ROC curve. See text for interpretation of plots.
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Supplementary Figure 6. Ciprofloxacin - performance of disc diffusion relative to broth
microdilution for clinical E. coli isolates from animals (i) distribution of zone diameter results
(ii) scatterplot of zone diameter (mm) and MIC (ug/ml, depicted on log: scale), and (iii) two-

graph ROC curve. See text for interpretation of plots.
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Supplementary Figure 7. Cefovecin - performance of disc diffusion relative to broth

microdilution for clinical E. coli isolates from animals (i) distribution of zone diameter results

(ii) scatterplot of zone diameter (mm) and MIC (ug/ml, depicted on log: scale), and (iii) two-

graph ROC curve. See text for interpretation of plots.
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Supplementary Figure 8. Cefoxitin - performance of disc diffusion relative to broth

microdilution for clinical E. coli isolates from animals (i) distribution of zone diameter results

(ii) scatterplot of zone diameter (mm) and MIC (ug/ml, depicted on log: scale), and (iii) two-

graph ROC curve. See text for interpretation of plots.
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Supplementary Figure 9. Gentamicin - performance of disc diffusion relative to broth

microdilution for clinical E. coli isolates from animals (i) distribution of zone diameter results

(it) scatterplot of zone diameter (mm) and MIC (ug/ml, depicted on log: scale), and (iii) two-

graph ROC curve. See text for interpretation of plots.
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Supplementary Figure 10. Imipenem - performance of disc diffusion relative to broth

microdilution for clinical E. coli isolates from animals (i) distribution of zone diameter results

(ii) scatterplot of zone diameter (mm) and MIC (ug/ml, depicted on log: scale), and (iii) two-

graph ROC curve. See text for interpretation of plots.
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Supplementary Figure 11. Trimethoprim-sulfamethoxazole - performance of disc diffusion

relative to broth microdilution for clinical E. coli isolates from animals (i) distribution of zone

diameter results (ii) scatterplot of zone diameter (mm) and MIC (ug/ml, depicted on logz scale),

and (iii) two-graph ROC curve. See text for interpretation of plots.
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Supplementary Figure 12. Tetracycline - performance of disc diffusion relative to broth

microdilution for clinical E. coli isolates from animals (i) distribution of zone diameter results

(ii) scatterplot of zone diameter (mm) and MIC (ug/ml, depicted on log: scale), and (iii) two-

graph ROC curve. See text for interpretation of plots.
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Appendix 2

Supplementary material from Chapter 3:
Diagnostic accuracy of phenotypic assays for determining antimicrobial
resistance status in Staphylococcus pseudintermedius isolates from

canine clinical cases
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Supplementary Table 1. Agreement estimates between broth microdilution and disc diffusion for 614 canine Staphylococcus pseudintermedius
isolates from clinical cases. Clinical Laboratory Standards Institute (CLSI) susceptible breakpoints were used to dichotomise MIC and zone
diameter values. Exact 95% confidence intervals are given. BMD, broth microdilution; DD, disc diffusion; PABAK, prevalence-adjusted bias-

adjusted kappa.

Antimicrobial % BMD % DD resistant  McNemars % Observed % Positive % Negative PABAK
resistant mid p-value agreement agreement Agreement
Amoxicillin-clavulanic acid 10.7 (8.4, 13.5) 5.7 (4.0,7.8) <0.001* 94.6 (92.5, 96.3) 67.3(57.3,76.3) 97.1(95.9,98.0) 0.89(0.86, 0.93)
Cefovecin 13.5(10.9,16.5)  10.6 (8.3, 13.3) <0.001* 95.4(93.5,97.6) 81.1(73.8,87.1) 97.4(96.3,98.3) 0.91(0.90, 0.96)
Cefoxitin 2.3(1.3,3.8) 1.5(0.7,2.8) 0.18 97.9(96.4,98.9) 43.5(23.2,65.5) 98.2(98.2,99.4) 0.96 (0.94, 0.98)
Cephalothin 7.3(5.4,9.7) 5.2 (3.6,7.3) <0.001* 97.2 (95.6, 98.4) 77.9(67.0,86.6) 98.5(97.6,99.1) 0.95(0.92,0.97)
Chloramphenicol 6.5(4.7, 8.8) 55(3.9,7.7) 0.02* 99.0 (97.8, 99.6) 91.9(83.2,97.0) 99.5(98.9,99.8)  0.98 (0.97, 1.0)
Ciprofloxacin 9.0 (6.8, 11.5) 8.3 (6.3, 10.8) 0.13 99.0 (97.9, 99.6) 94.3(88.1,97.9) 99.5(98.8,99.8)  0.98(0.97, 1.0)
Clindamycin 13.4(10.8,16.3) 13.8(11.2, 16.8) 0.22 99.2(98.1,99.7) 97.0(93.2,99.0) 99.5(98.9,99.9)  0.98(0.97, 1.0)
Oxacillin 12.9(10.3,14.8) 11.4(9.0,14.2) <0.001* 98.5(97.2,99.3) 94.0(88.8,97.2) 99.2(98.4,99.6) 0.97 (0.95, 0.99)
Rifampicin 0.8 (0.3, 18.9) 1.1(4.6,2.3) 0.37 99.4 (98.3, 99.8) 66.7 (34.9,90.1)  99.7(99.2,99.9)  0.99(0.97, 1.0)
Tetracycline 22.3(19.1,25.8) 22.8(19.9, 26.3) 0.31 96.3 (94.4, 97.6) 91.8(87.9,94.7) 97.6(96.4,98.5) 0.93(0.90, 0.96)

* Significant mid-p McNemar’s chi-square test (p<0.05).
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Supplementary Table 2. Agreement estimates between broth microdilution and disc diffusion for 614 canine Staphylococcus pseudintermedius
isolates from clinical cases. Clinical Laboratory Standards Institute (CLSI) resistant breakpoints were used to dichotomise MIC and zone diameter
values. Exact 95% confidence intervals for estimates are given. BMD, broth microdilution; DD, disc diffusion; PABAK, prevalence-adjusted bias-

adjusted kappa.

Antimicrobial % BMD resistant % DD resistant  McNemars % Observed % Positive % Negative PABAK
mid p-value agreement Agreement Agreement

Amoxicillin-clavulanic acid 10.7 (8.4, 13.5) 5.7 (4.0,7.8) <0.001* 94.6 (92.5,96.3) 67.3(57.3,76.3)  97.1(95.9,98.0)  0.89(0.86,0.93)
Cefovecin 10.3 (8.0, 12.9) 10.1 (7.8, 12.8) 0.81 97.2(95.6,98.4)  86.4(79.1,91.9) 98.5(97.5,99.1)  0.95(0.92,0.97)
Cefoxitin 2.3(1.3,3.8) 1.5(6.7,2.8) 0.18 97.9(96.4,98.9) 43.5(23.2,65.5) 98.9(98.2,99.4)  0.96 (0.94,0.98)
Cephalothin 6.4 (4.6, 8.6) 2.9(1.8,4.6) <0.001* 96.3(94.4,97.6) 59.7 (45.8,72.4)  98.0(97.1,98.8)  0.93(0.90, 0.96)
Chloramphenicol 59 (4.1, 8.0) 55(3.9,7.7) 0.25 99.7 (98.8, 100) 97.1(90.1,99.7) 99.8 (99.4, 100) 0.99 (0.98, 1.0)
Ciprofloxacin 8.3(6.3,10.8) 7.5(5.5,9.9) 0.07 98.9(97.7,99.5)  92.8(85.7,97.1)  99.4(98.7,99.8)  0.98(0.96, 0.99)
Clindamycin 12.9(10.3, 15.8) 10.6 (8.3, 13.3) <0.001* 97.4(95.8,98.5) 88.9(82.6,93.5) 98.5(97.6,99.2)  0.95(0.92,0.97)
Oxacillin 12.9(10.3, 15.8) 11.4 (9.0, 14.2) <0.001* 98.5(97.2,99.3) 94.0(88.8,97.2)  99.2(98.4,99.6)  0.97(0.95, 0.99)
Rifampicin 0.8 (2.6,1.9) 0.8 (2.6, 18.9) 0.63 99.4(98.3,99.8)  60.0(26.2,87.8)  99.7 (99.2, 99.9) 0.99 (0.97, 1.0)
Tetracycline 22.0(18.8, 25.5) 22.8(19.5, 26.3) 0.29 96.6 (94.8,97.9)  92.4(88.6,95.2)  97.8(96.7,98.6)  0.93(0.90, 0.96)

* Significant mid-p McNemar’s chi-square test (p<0.05).
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Supplementary Table 3. Molecular ecology of nine Staphylococcus pseudintermedius isolates identified as phenotypically susceptible to oxacillin

by disc diffusion or broth microdilution in the presence of the mecA gene.

Isolate Oxacillin MIC Oxacillinzone  Phenotypic Resistancef MLST Genotypic resistance

ldentity (ug/ml) diameter (mm)

N13/4/19 0.5 20 CVN, OXA ST539 aac(6)-aph(2"), dfrG, blaZ, mecA

N13/4/59 0.125 29 CLI, OXA ST498 aac(6")-aph(2"), aadD-like, ant(6)-la,aph(3")-11l, erm(B)-like,
erm(C), blaZ, blaZ-like, mecA

N13/1/616 0.25 19 AMC, CVN, OXA ST547 blaZ, mecA

N13/1/627 0.5 21 CLI, OXA ST498 ant(6)-la,aph(3’)-111, erm(B)-like, blaZ, blaZ-like, mecA

Q13/1/200 0.25 23 TET Unknown ST ant(6)-la,aph(3")-111, tet(M), blaZ, mecA

V13/2/299 1.0 19 TET ST71 aac(6")-aph(2"), ant(6)-la, aph(3’)-I11, erm(B)-like, dfrG, blaz,
mecA

V13/2/63 0.5 20 TET Unknown ST tet(M)-like, blaZ-like, mecA

V13/2/16 0.5 19 OXA ST544 blaZ-like, mecA

W13/1/4 0.5 20 CHL, CIP, CLI, OXA, TET  ST45 aac(6)-aph(2"), ant(6)-1a, aph(3')-I1l-like, erm(B), dfrG, tet(M),

catpcoo1-like, blaZ, mecA-like

+ Phenotypic resistance is based on Clinical and Laboratory Standards Institute interpretation criteria for disc diffusion and broth microdilution. An isolate underwent whole-

genome sequencing if it was oxacillin-susceptible on either disc diffusion or broth microdilution and mecA positive on PCR.
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Supplementary Figures
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Supplementary figure 1. Amoxicillin-clavulanic acid - performance of disc diffusion

relative to broth microdilution for clinical Staphylococcus pseudintermedius isolates from

animals (i) distribution of zone diameter results (ii) scatterplot of zone diameter (mm) and MIC

(ug/ml, depicted on logz scale), and (iii) two-graph ROC plot.

120

100

®
o
I

@
o
I

Frequency

OIII

L gl

5 10 15 20 25 30 35 40 45 50
Zone diameter (mm)

641 ®@Oo D@ ®O O 0 1 —r— - - -
16 o | °o@ .afi
8 D &0 74 ; 1
44 o o o 6 ¢
2°e
2 oo 2 _5,1
5
1 © Ddg» D 449
0.5+ Cod®P » o© ,375
0.254 000 @NBSPE © 244
0.1254 o N ® o RE |
0.063 o o o o 0
LR S e o B BRI Essssnans T T T T T T
5 10 15 20 25 30 35 40 45 50 0 8 1

Zone diameter (mm)

4 6
False positive rate

Supplementary figure 2. Cephalothin - performance of disc diffusion relative to broth

microdilution for clinical Staphylococcus pseudintermedius isolates from animals (i)

distribution of zone diameter results (ii) scatterplot of zone diameter (mm) and MIC (ug/ml,

depicted on log> scale), and (iii) two-graph ROC plot.
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Supplementary figure 3. Chloramphenicol - performance of disc diffusion relative to

broth microdilution for clinical Staphylococcus pseudintermedius isolates from animals (i)

distribution of zone diameter results (ii) scatterplot of zone diameter (mm) and MIC (ug/ml,

depicted on logz scale), and (iii) two-graph ROC plot.
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Supplementary figure 4. Ciprofloxacin - performance of disc diffusion relative to broth

microdilution for clinical Staphylococcus pseudintermedius isolates from animals (i)

distribution of zone diameter results (ii) scatterplot of zone diameter (mm) and MIC (ug/ml,

depicted on logz scale), and (iii) two-graph ROC plot.
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Supplementary figure 5. Clindamycin - performance of disc diffusion relative to broth
microdilution for clinical Staphylococcus pseudintermedius isolates from animals (i)

distribution of zone diameter results (ii) scatterplot of zone diameter (mm) and MIC (ug/ml,

depicted on log scale), and (iii) two-graph ROC plot.
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Supplementary figure 6. Cefovecin - performance of disc diffusion relative to broth
microdilution for clinical Staphylococcus pseudintermedius isolates from animals (i)

distribution of zone diameter results (ii) scatterplot of zone diameter (mm) and MIC (ug/ml,

depicted on logz scale), and (iii) two-graph ROC plot.
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Supplementary figure 7. Cefoxitin - performance of disc diffusion relative to broth
microdilution for clinical Staphylococcus pseudintermedius isolates from animals (i)

distribution of zone diameter results (ii) scatterplot of zone diameter (mm) and MIC (ug/ml,

depicted on log> scale), and (iii) two-graph ROC plot.
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Supplementary figure 8. Oxacillin - performance of disc diffusion relative to broth
microdilution for clinical Staphylococcus pseudintermedius isolates from animals (i)
distribution of zone diameter results (ii) scatterplot of zone diameter (mm) and MIC (ug/ml,

depicted on logz scale), and (iii) two-graph ROC plot.
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Supplementary figure 9. Rifampicin - performance of disc diffusion relative to broth
microdilution for clinical Staphylococcus pseudintermedius isolates from animals (i)
distribution of zone diameter results (ii) scatterplot of zone diameter (mm) and MIC (ug/ml,

depicted on log> scale), and (iii) two-graph ROC plot.
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Supplementary figure 10. Tetracycline - performance of disc diffusion relative to broth
microdilution for clinical Staphylococcus pseudintermedius isolates from animals (i)
distribution of zone diameter results (ii) scatterplot of zone diameter (mm) and MIC (ug/ml,

depicted on logz scale), and (iii) two-graph ROC plot.
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Appendix 3

Supplementary material from Chapter 4:

Intra- and inter-laboratory agreement of the disc diffusion assay for assessing

antimicrobial susceptibility of porcine Escherichia coli
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Supplementary Table 1. Identification of twenty porcine Escherichia coli isolates included in

an intra- and inter-laboratory agreement study evaluating the performance of the disc diffusion

assay in veterinary laboratories.

Isolate identification
used in study

Actual isolate
identification?

1

O© 00 N o 0o b W DN

e e e e e o e =
© 0O N O U~ WN R O

20

N13/2/29
Q13/4/90
V13/7/1
N13/2/2
Q13/4/97
NT/13/1/3
V13/5/6
W13/2/21
\V13/5/58
V13/5/69
V13/5/11
Q13/4/54
N13/2/7
\V13/5/48
\V13/5/50
ETEC-S90
N13/2/25
Q13/4/59
Q13/4/134
ATCC 25922

a Antimicrobial Resistance and Infectious Diseases Laboratory, Murdoch University
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Supplementary Table 2. Descriptive statistics for an intra- and inter-laboratory evaluation of the disc diffusion assay by seven laboratories. Five

zone diameter measurements for six antimicrobial agents on 20 Escherichia coli isolates was reported by each laboratory on five occasions,

representing 35 zone diameter measurements per isolate/ antimicrobial combination.

Mean/ median/ standard deviation/ minimum-maximum

Isolate Ampicillin Ceftiofur Chloramphenicol Gentamicin Tetracycline Trimethoprim-sulpha
1 16.6/ 20/ 2.2/ 10-22 26.4/ 26/ 1.7/ 24-30 25.7/ 26/ 1.3/21-28 20/ 20/ 2.0/ 17-29 6.1/ 6/ 0.3/ 6-7 28.2/ 28/ 1.7/ 26-33
2 6.4/ 6/ 2.4/ 6-20 26.4/ 26/ 2.3/ 21-32 6.4/ 6/ 1.7/ 6-15 12.4/ 12/ 3.2/ 6-24 6.1/ 6/ 0.5/ 6-8 6/ 6/ 0/ 6-6

3 6.3/ 6/ 1.9/ 6-17 25.7/ 26/ 1.9/ 22-30 6.6/ 6/ 3.2/ 6-25 9.1/ 9/ 3.4/ 6-22 6/ 6/ 0/ 6-6 7.0/ 6/ 4.3/ 6-28

4 6/ 6/ 0/ 6-6 26.3/ 27/ 3.1/ 10-30 6.1/ 6/ 0.5/ 6-9 8.3/ 8/ 1.3/ 6-10 6/ 6/ 0/ 6-6 6/ 6/ 0/ 6-6

5 16.9/ 18/ 3.1/ 6-22 25.8/ 26/ 1.7/ 20-30 25.7/ 26/ 1.7/ 23-30 20.7/ 21/ 1.3/ 18-23 6.0/ 6/ 0.2/ 6-7 16.7/ 18/ 4.1/ 6-21
6 14.7/ 15/ 2.7/ 6-18 24.9/ 25/ 2.2/ 16-29 21.5/ 22/ 3.5/ 6-25 19.5/19/ 1.9/ 15-26 21.3/ 22/ 3.3/ 6-25 25.8/ 26/ 4.0/ 6-31
7 6/ 6/ 0/ 6-6 27.5/ 28/ 3.0/ 15-32 7.1/ 7/ 1.0/ 6-9 10.5/ 10/ 1.5/ 6-14 6.3/ 6/ 0.6/ 6-8 6/ 6/ 0/ 6-6

8 6/ 6/ 0/ 6-6 25.9/ 26/ 2.2/ 22-33 18.7/ 19/ 2.7/ 6-23 9/9/1.3/6-11 6.1/ 6/ 0.2/ 6-7 6/ 6/ 0/ 6-6

9 16.9/ 17/ 2.1/ 12-24 26.0/ 26/ 2.7/ 20-30 25.2/ 25/ 1.9/ 20-29 21.0/ 21/1.6/ 17-24 8.3/ 8/ 2.8/ 6-22 28.1/ 28/ 1.9/ 24-32
10 6.3/ 6/ 1.5/ 6-15 25.6/ 25/ 1.6/ 22-29 22.8/ 24/ 3.2/ 8-27 19.9/ 20/ 2.7/ 10-28 6.4/ 6/ 2.5/ 6-21 27.6/ 28 4.1/ 6-32
11 6/ 6/ 0/ 6-6 24.9/ 25/ 1.5/ 22-29 23.8/ 24/ 2.3/ 20-31 21.1/21/ 1.7/ 18-26 21.8/ 22/ 1.8/ 17-25 23.7/ 24/ 2.1/ 20-29
12 16.3/ 17/ 2.4/ 6-18 25.4/ 26/ 1.7/ 20-28 8/ 8/1.4/6-10 11.6/ 12/ 2.1/ 6-21 21.5/ 22/ 2.4/ 15-25 6/ 6/ 0/ 6-6

13 18.5/ 19/ 2.0/ 10-21 27.1/ 27/ 1.6/ 24-30 6.1/ 6/ 0.6/ 6-9 19.8/ 20/ 1.0/ 18-22 6/ 6/ 0/ 6-6 6/ 6/ 0/ 6-6

14 6.5/ 6/ 1.5/ 6-13 22.3/ 22/ 2.3/ 18-28 6.2/ 6/ 0.6/ 6-8 21.8/21/ 3.0/ 8-26 6.5/ 6/ 0.7/ 6-8 18.3/ 19/ 3.0/ 6-22
15 6/ 6/ 0/ 6-6 26.9/ 27/ 1.5/ 24-30 8.5/ 8/ 2.6/ 6-21 19.2/ 20/ 2.4/ 11-22 22.8/ 24/ 4.5/ 6-28 6/ 6/ 0/ 6-6

16 6.0/ 6/ 0.2/ 6-7 28.8/ 29/ 2.7/ 23-33 22.8/ 23/ 2.3/ 17-27 8.1/ 8/ 1.2/ 6-10 23.3/ 23/ 1.9/ 19-27 6.0 /6/ 0.2/ 6-7

17 6/ 6/ 0/ 6-6 15.9/16/ 1.7/ 12-19 23.8/ 24/ 2.2/ 17-28 16.6/ 16/ 1.2/ 13-19 7.0/7/1.1/6-9 8.8/ 6/ 5.7/ 6-25

18 6/ 6/ 0/ 6-6 11.4/ 11/ 2.9/ 6-25 6/ 6/ 0/ 6-6 10.5/11/ 1.6/ 6-13 6.1/ 6/ 0.2/ 6-7 6/ 6/ 0/ 6-6

19 6.8/ 6/ 2.7/ 6-17 15.5/ 15/ 3.4/ 9-26 7.41 6/ 4.7/ 6-25 21.7/ 22/ 2.1/ 18-26 7.3/ 6/ 4.4/ 6-23 7.7/ 6/ 5.6/ 6-28

20 15.2/ 15/ 2.9/ 6-24 24.8/ 25/ 1.4/ 22-28 22.8/ 23/ 2.2/ 18-27 19.9/ 20/ 1.8/ 16-26 22.7/ 23/ 2.1/ 18-26 26.8/ 27/ 1.3/ 24-29
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Supplementary Table 3. Performance of the disc diffusion assay from an inter- and intra-laboratory agreement study of seven veterinary
laboratories where each laboratory assessed the susceptibility of 20 porcine Escherichia coli isolates to six antimicrobials on five occasions.
EUCAST epidemiologic cut-off values (ECOFF) were used to categorise zone diameter values. Discordance occurred when an individual zone

diameter disagreed with the median zone diameter for an isolate/ antimicrobial combination. ZD, zone diameter.

Antimicrobial Total no. of isolate/ No. of reported wild type  No. of reported non No. of major No. of very
antimicrobial combinations replicates wild-type replicates errors” major errors®

Ampicillin* 700 213 487 13 (6.10%) 5 (1.03%)
Ceftiofur® NA NA NA NA NA
Chloramphenicol* 700 348 358 13 (3.74%) 5 (1.40%)
Gentamicin® 700 399 301 26 (6.52%) 5 (1.67%)
Tetracycline* 700 211 489 4 (1.90%) 5 (1.02%)
Trimethoprim-Sulfamethoxazole* NA NA NA NA NA
Total disagreement 2800 1171 1635 56 (4.78%) 20 (1.22%)

® Error rates are reported according to 1ISO 20776-2. Very major error rate is the number of false susceptible results divided by the number of isolates determined to be resistant

(non-wildtype); Major error rate is the number of false resistant results divided by the number of isolates determined susceptible (wild-type).

NA, no published EUCAST epidemiologic cut-off value.
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Supplementary Table 4. Within-subject values of coefficient of variation in the corrected zone diameter measurements (i.e. measurements <6mm
were corrected to 6mm) for an inter- and intra-laboratory agreement study evaluating the disc diffusion assay within seven veterinary laboratories

where each laboratory assessed the susceptibility of 20 porcine Escherichia coli isolates to six antimicrobials on five occasions.

Coefficient of variance (%) with 95% CI?

Isolate Ampicillin Ceftiofur Chloramphenicol Gentamicin Tetracycline Trimethoprim-Sulfa
1 11.2 (6.1, 18.5) 6.3(5.1,7.4) 5.2(3.6,7.2) 9.9 (5.1, 15.5) 5.3(3.9,7.3) 6.0 (4.5,7.6)

2 37.0 (0, 48.5) 8.8 (6.6,11.2) 25.7 (6.6, 11.2) 25.7 (14.0, 35.3) 7.7(0,11.3) 0.0(0,0)

3 30.0 (0, 39.1) 7.3(5.8,9.1) 48.8 (0, 74.1) 36.9 (15.1, 49.3) 0.0(0,0) 61.9 (0, 93.4)

4 0.0 (0, 0) 12.1 (4.5, 22.3) 8.3 (0, 17.6) 15.9 (13.0, 19.3) 0.0(0,0) 0.0(0,0)

5 18.6 (0.5, 28.3) 6.8 (4.7,9.6) 6.6 (5.0, 8.4) 6.5(5.5,7.6) 2.8(0,3.9) 24.3 (18.8, 34.1)
6 18.3 (11.6, 26.7) 9.0 (5.1, 13.6) 16.5(9.3, 27.2) 9.9 (6.9, 13.8) 15.4 (7.5, 27.1) 15.6 (6.6, 28.5)
7 0.0(0,0) 10.8 (6.3, 17.4) 14.2 (125, 16.1) 14.8 (10.9, 19.6) 10.1 (6.8, 12.4) 0.0(0,0)

8 0.0(0,0) 8.6 (6.2, 11.4) 14.7 (7.5, 25.7) 14.8 (11.0, 19.6) 3.9(0,5.3) 0.0(0,0)

9 12.6 (8.6, 17.4) 10.4 (6.0, 15.2) 7.4 (5.8,9.6) 7.6 (6.0,9.5) 33.0 (15.4, 49.6) 6.8 (5.4,8.4)

10 24.3 (0, 32.5) 6.1(5.0,7.6) 14.0 (7.0, 24.6) 13.8 (8.3, 20.5) 39.4 (0, 65.4) 14.7 (46, 22.9)
11 0.0(0,0) 6.0 (4.3,7.7) 9.7 (7.3,12.5) 8.0 (6.1, 10.3) 8.2 (6.3, 10.6) 9.0(7.0,11.4)
12 14.7 (6.3, 25.9) 6.6 (4.8, 8.9) 17.9 (15.1, 20.9) 17.9(7.7, 28.7) 11.1(8.6,14.2) 0.0 (0, 0)

13 10.6 (5.9, 16.9) 5.8 (4.6,6.9) 9.0 (0, 13.8) 5.1(4.1,6.3) 0.0(0,0) 0.0(0,0)

14 23.4 (8.7, 33.1) 10.1(7.8,13.1) 9.2(0,12.1) 14.4 (8.4, 23.5) 11.5(8.8,13.5) 16.5 (6.5, 26.5)
15 0.0 (0, 0) 5.5 (4.4,6.7) 30.1 (14.9, 44.8) 12.7 (7.1, 18.4) 19.8 (6.4, 31.1) 0.0 (0, 0)

16 2.8 (0,3.9) 9.4 (7.0,11.7) 10.0 (7.1, 12.9) 14.7 (11.7, 17.9) 8.11 (6.4, 9.8) 2.8 (0,3.9)

17 0.0(0,0) 10.9 (9.0, 13.4) 9.2 (6.5, 12.3) 7.1(5.0,9.5) 15.4 (13.2, 17.6) 65.5(58.3,73.1)
18 0.0(0,0) 25.4 (11.1, 38.6) 0.0(0,0) 15.4 (10.1, 21.0) 3.9(0,5.3) 0.0(0,0)

19 40.0 (0, 50.1) 21.7 14.1, 28.8) 63.5(34.5, 75.5) 9.6 (8.0, 11.4) 59.8 (37.0, 70.3) 73.0 (0, 82.4)
20 19.0 (11.4, 27.3) 5.8 (4.6,7.3) 9.5(7.5,11.6) 9.3 (6.6, 12.3) 9.2(7.7,11.2) 4.7 (3.8,5.8)
Median CV 11.6 8.8 9.9 11.3 10.2 5.8

NA, not available.

295% confidence intervals derived Bias Corrected and Accelerated Interval using bootstrap estimation.
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Supplementary Figures
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Supplementary Figure 1. Variation in repeated zone diameter measurements for ampicillin
(AMP) for a panel of 20 porcine Escherichia coli isolates for an intra- and inter-laboratory
agreement study assessing the disc diffusion assay. One plot is provided per isolate/
antimicrobial combination and represents five repeated measurements for each of 7 laboratories
(A-G). Horizontal dashed lines represent Clinical and Laboratory Standards Institute (CLSI)

susceptible and resistant clinical breakpoints relevant to each antimicrobial.
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Supplementary Figure 2. Variation in repeated zone diameter measurements for ceftiofur
(CFT) for a panel of 20 porcine Escherichia coli isolates for an intra- and inter-laboratory
agreement study assessing the disc diffusion assay. One plot is provided per isolate/
antimicrobial combination and represents five repeated measurements for each of 7 laboratories
(A-G). Horizontal dashed lines represent Clinical and Laboratory Standards Institute (CLSI)

susceptible and resistant clinical breakpoints relevant to each antimicrobial.
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Supplementary Figure 3. Variation in repeated zone diameter measurements for
chloramphenicol (CHL) for a panel of 20 porcine Escherichia coli isolates for an intra- and
inter-laboratory agreement study assessing the disc diffusion assay. One plot is provided per
isolate/ antimicrobial combination and represents five repeated measurements for each of 7
laboratories (A-G). Horizontal dashed lines represent Clinical and Laboratory Standards

Institute (CLSI) susceptible and resistant clinical breakpoints relevant to each antimicrobial.
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Supplementary Figure 4. Variation in repeated zone diameter measurements for gentamicin
(GEN) for a panel of 20 porcine Escherichia coli isolates for an intra- and inter-laboratory
agreement study assessing the disc diffusion assay. One plot is provided per isolate/
antimicrobial combination and represents five repeated measurements for each of 7 laboratories
(A-G). Horizontal dashed lines represent Clinical and Laboratory Standards Institute (CLSI)

susceptible and resistant clinical breakpoints relevant to each antimicrobial.
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Supplementary Figure 5. Variation in repeated zone diameter measurements for tetracycline
(TET) for a panel of 20 porcine Escherichia coli isolates for an intra- and inter-laboratory
agreement study assessing the disc diffusion assay. One plot is provided per isolate/
antimicrobial combination and represents five repeated measurements for each of 7 laboratories
(A-G). Horizontal dashed lines represent Clinical and Laboratory Standards Institute (CLSI)

susceptible and resistant clinical breakpoints relevant to each antimicrobial.
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Supplementary Figure 6. Variation in repeated zone diameter measurements for
trimethoprim-sulfamethoxazole (SXT) for a panel of 20 porcine Escherichia coli isolates for an
intra- and inter-laboratory agreement study assessing the disc diffusion assay. One plot is
provided per isolate/ antimicrobial combination and represents five repeated measurements for
each of 7 laboratories (A-G). Horizontal dashed lines represent Clinical and Laboratory

Standards Institute (CLSI) susceptible and resistant clinical breakpoints relevant to each

antimicrobial.
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Appendix 4

Supplementary material from Chapter 5:

Antimicrobial use and stewardship practices on Australian beef feedlots
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Beef Feedlot Questionnaire

Enter confidentiality code here

PART 1: GENERAL BACKGROUND INFORMATION

Select the feedlot size category that best describes your business
O] < 3,000 animals
o 3,000-10,000 animals
@] > 10,000 animals
o Unanswered

In the past 12 months, how many animals in total were sold from this feedlot?
< 10,000

10,000 - 20,000

20,000-30,000

30,000 - 40,000

>40,000

Unanswered

(ONONONONONG,

In the past 12 months, what is the average time an animal will spend in the feedlot?
<80 days

80-150 days

> 150 days

unanswered

000

In the past 12 months, what percentage of total animals in the feedlot were ‘pulled’ for treatment?

PART 2: ANITBIOTIC USE

Tylosin

Have you used tylosin by injection (trade names Bilosin, Tylan, Tylopharm) in the past 12 months?

Yes
No
don't know
unanswered

000

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT

What percentage of 'pulled’ animals were given injectable tylosin in the past 12 months?
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Nominate the purpose/s of using injectable tylosin (individual treatment, mass treatment response, timed or
scheduled treatment) and the disease syndromes treated

timed/ scheduled

’ Individual ’masstreatment

treatment
Respiratory (e.g. laryngitis, pneumonia) d ] a
Gut (e.g. acidosis, blood scours, scours, rumen health) u a a
Musculoskeletal (lameness, footrot, swollen joints/ legs,
- a a a
foot abscess, lumpy jaw, wooden tongue)
neurological (e.g. PEM/TEME, dropped ear, circling, pink Q Q o

eye)

Urogenital (e.g. prolapsed prepuce, calving, waterbelly,
castration)

Other (e.g. tick fever, honker)

Specify other:

In-feed tylosin

Have you used in-feed tylosin (trade names Tylan, Tyleco) in the past 12 months?

yes
no

don't know
unanswered

000

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT

What percentage of lots were given in-feed tylosin in the past 12 months?

Select the reason/s in-feed tylosin was used in the past 12 months (select multiple options)

mass treatment in response to a disease outbreak (metaphylaxis)
timed/ scheduled treatment of lots (prophylaxis)

prevention

growth promotion

don't know

unanswered

o000 0

For the past 12 months, select the disease syndromes in-feed tylosin was for —
(1) mass treatment, and/or
(2) times/ scheduled treatment, and/or
(3) prevention

’ mass timed/ scheduled ,
preventlon
treatment treatment
Respiratory (e.g. laryngitis, pneumonia) a ] a
Gut (e.g. acidosis, blood scours, scours, rumen health) a a a
Musculoskeletal (lameness, footrot, swollen joints/ legs, foot
. a a a
abscess, lumpy jaw, wooden tongue)
neurological (e.g. PEM/TEME, dropped ear, circling, pink eye) (] u u
Urogenital (e.g. prolapsed prepuce, calving, waterbelly, castration) a a a
Other (e.g. tick fever, honker) a ]} ]}
Specify other:
Tilmicosin
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Have you used tilmicosin by injection (trade names Micotil, Tilmax) in the past 12 months?

yes
no

don't know
unanswered

000

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT

What percentage of ‘pulled’ animals were given injectable tilmicosin in the past 12 months?

Nominate the purpose/s of using injectable tilmicosin (individual treatment, mass treatment response, timed or
scheduled treatment) and the disease syndromes treated

‘ - ’ mass ’ timed/ scheduled
Individual
treatment treatment
Respiratory (e.g. laryngitis, pneumonia) a a d
Gut (e.g. acidosis, blood scours, scours, rumen health) a a a
Musculoskeletal (lameness, footrot, swollen joints/ legs, foot
. a a a

abscess, lumpy jaw, wooden tongue)
neurological (e.g. PEM/TEME, dropped ear, circling, pink eye) a a a
Urogenital (e.g. prolapsed prepuce, calving, waterbelly,

- a a a
castration)
Other (e.g. tick fever, honker) a a a
Specify other:

In-feed tilmicosin
Have you used in-feed tilmicosin (trade names Micotil, Tilmax) in the past 12 months?

yes
no

don't know
unanswered

000

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT

What percentage of lots were given in-feed tilmicosin in the past 12 months?

Select the reason/s in-feed tilmicosin was used in the past 12 months (select multiple options)

mass treatment in response to a disease outbreak (metaphylaxis)
timed/ scheduled treatment of lots (prophylaxis)

prevention

growth promotion

don't know

unanswered

ocoo0oood
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For the past 12 months, select the disease syndromes in-feed tilmicosin was used for —
(1) mass treatment, and/or
(2) times/ scheduled treatment, and/or
(3) prevention

prevention

treatment treatment

’ mass ‘ timed/ scheduled

Respiratory (e.g. laryngitis, pneumonia) a ]

Gut (e.g. acidosis, blood scours, scours, rumen health)

Musculoskeletal (lameness, footrot, swollen joints/ legs, foot
abscess, lumpy jaw, wooden tongue)

Urogenital (e.g. prolapsed prepuce, calving, waterbelly,
castration)

o 0|0 O |0
0o O |0 O |0|O

a
a
neurological (e.g. PEM/TEME, dropped ear, circling, pink eye) a
a
a

Other (e.g. tick fever, honker)
Specify other:

Injectable erythromycin
Have you used erythromycin by injection (trade names Erymicin, Gallimycin) in the past 12 months?

yes
no

don't know
unanswered

000

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT

What percentage of 'pulled’ animals were given injectable erythromycin in the past 12 months?

Nominate the purpose/s of using injectable erythromycin (individual treatment, mass treatment response, timed or
scheduled treatment) and the disease syndromes treated

’ - ’ mass ’ timed/ scheduled
Individual
treatment treatment
Respiratory (e.g. laryngitis, pneumonia) d u (]
Gut (e.g. acidosis, blood scours, scours, rumen health) a a a
Musculoskeletal (lameness, footrot, swollen joints/ legs, foot
. a a a

abscess, lumpy jaw, wooden tongue)
neurological (e.g. PEM/TEME, dropped ear, circling, pink eye) d u (]
Urogenital (e.g. prolapsed prepuce, calving, waterbelly,

. a a a
castration)
Other (e.qg. tick fever, honker) d u (]
Specify other:

Tulathromycin
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Have you used tulathromycin by injection (trade name Draxxin) in the past 12 months?

yes
no

don't know
unanswered

000

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT

What percentage of 'pulled’ animals were given injectable tulathromycin in the past 12 months?

Nominate the purpose/s of using injectable tulathromycin (individual treatment, mass treatment response, timed
or scheduled treatment) and the disease syndromes treated

treatment

mass timed/ scheduled
treatment

‘ Individual ’

Respiratory (e.g. laryngitis, pneumonia)

Gut (e.g. acidosis, blood scours, scours, rumen health)

Musculoskeletal (lameness, footrot, swollen joints/ legs, foot
abscess, lumpy jaw, wooden tongue)

neurological (e.g. PEM/TEME, dropped ear, circling, pink eye)

Urogenital (e.g. prolapsed prepuce, calving, waterbelly,
castration)

0 0|0 O |00

0ol 0|0 O

Other (e.g. tick fever, honker)
Specify other:

Short-acting oxytetracycline

Have you used short-acting oxytetracycline by injection (trade names Alamycin, Engemycin, Terramycin 100,
Tetravet 10) in the past 12 months?

Q yes

O no

Q don't know
Q unanswered

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT

What percentage of 'pulled’ animals were given injectable short-acting oxytetracycline in the past 12 months?
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Nominate the purpose/s of using injectable short-acting oxytetracycline (individual treatment, mass treatment
response, timed or scheduled treatment) and the disease syndromes treated

mass timed/ scheduled

Individual
treatment treatment

Respiratory (e.g. laryngitis, pneumonia) a ] a
Gut (e.g. acidosis, blood scours, scours, rumen health) a a a
Musculoskeletal (lameness, footrot, swollen joints/ legs, foot
. Q a a

abscess, lumpy jaw, wooden tongue)
neurological (e.g. PEM/TEME, dropped ear, circling, pink eye) a a (]
Urogenital (e.g. prolapsed prepuce, calving, waterbelly,

- Q a a
castration)
Other (e.g. tick fever, honker) a ] (]
Specify other:

Long-acting oxytetracycline

Have you used long-acting oxytetracycline by injection (trade names Alamycin LA, Bicatop LA, Hexazol LA,
Oxytet 200 LA, Terramycin/LA, Tetravet 200 LA) in the past 12 months?

yes
no

don't know
unanswered

000

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT

What percentage of 'pulled’ animals were given injectable long-acting oxytetracycline in the past 12 months?

Nominate the purpose/s of using injectable long-acting oxytetracycline (individual treatment, mass treatment
response, timed or scheduled treatment) and the disease syndromes treated

mass timed/ scheduled
treatment treatment

Individual

Respiratory (e.g. laryngitis, pneumonia) d ] a
Gut (e.g. acidosis, blood scours, scours, rumen health) a a a
Musculoskeletal (lameness, footrot, swollen joints/ legs, foot

abscess, lumpy jaw, wooden tongue) d a a
neurological (e.g. PEM/TEME, dropped ear, circling, pink eye) d u (]
Urogenital (e.g. prolapsed prepuce, calving, waterbelly, castration) a a a
Other (e.qg. tick fever, honker) d u (]
Specify other:

In-feed oxytetracycline or chlortetracycline
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Have you used in-feed oxytetracycline or chlortetracycline (trade names CTC200, Oxy-Eco 100, Tetravet 980,
Terramycin 200, Terramycin 880) in the past 12 months?

yes
no

don't know
unanswered

000

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT

What percentage of lots were given in-feed oxytetracycline or chlortetracycline in the past 12 months?

Select the reason/s in-feed oxytetracycline or chlortetracycline was used in the past 12 months (select multiple
options)

mass treatment in response to a disease outbreak (metaphylaxis)
timed/ scheduled treatment of lots (prophylaxis)

prevention

growth promotion

don't know

unanswered

o000 0

For the past 12 months, select the disease syndromes in-feed oxytetracycline or chlortetracycline was used for
(1) mass treatment and/or
(2) times/ scheduled treatment, and/or
(3) prevention

mass timed/ scheduled .
prevention
treatment treatment

Respiratory (e.g. laryngitis, pneumonia) ] a a
Gut (e.g. acidosis, blood scours, scours, rumen health) a a Qa
Musculoskeletal (lameness, footrot, swollen joints/ legs, foot

. a a a
abscess, lumpy jaw, wooden tongue)
neurological (e.g. PEM/TEME, dropped ear, circling, pink eye) u (] u
Urogenital (e.g. prolapsed prepuce, calving, waterbelly, castration) a a a
Other (e.g. tick fever, honker) u (] u
Specify other:

Short-acting ceftiofur
Have you used short-acting ceftiofur by injection (trade names Calefur, Excenel, Norocef) in the past 12 months?

yes
no
don't know
unanswered

000

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT

What percentage of 'pulled’ animals were given injectable short-acting ceftiofur in the past 12 months?
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Nominate the purpose/s of using injectable short-acting ceftiofur (individual treatment, mass treatment response,
timed or scheduled treatment) and the disease syndromes treated

- mass timed/ scheduled
Individual
treatment treatment

Respiratory (e.g. laryngitis, pneumonia) a ] ]

Gut (e.g. acidosis, blood scours, scours, rumen health) a a a
Musculoskeletal (lameness, footrot, swollen joints/ legs, foot abscess, a o o
lumpy jaw, wooden tongue)

neurological (e.g. PEM/TEME, dropped ear, circling, pink eye) a a a
Urogenital (e.g. prolapsed prepuce, calving, waterbelly, castration) a a a
Other (e.g. tick fever, honker) a a a
Specify other:

Long-acting ceftiofur
Have you used long-acting ceftiofur by injection (trade names Excede) in the past 12 months?

yes
no

don't know
unanswered

(O ONONG)

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT

What percentage of ‘pulled' animals were given injectable long-acting ceftiofur in the past 12 months?

Nominate the purpose/s of using injectable long-acting ceftiofur (individual treatment, mass treatment response,
timed or scheduled treatment) and the disease syndromes treated

mass timed/ scheduled

Individual
treatment treatment

Respiratory (e.g. laryngitis, pneumonia)

Gut (e.g. acidosis, blood scours, scours, rumen health)

Musculoskeletal (lameness, footrot, swollen joints/ legs, foot
abscess, lumpy jaw, wooden tongue)

neurological (e.g. PEM/TEME, dropped ear, circling, pink eye)

Urogenital (e.g. prolapsed prepuce, calving, waterbelly, castration)

000 O |00
0ojo0|j0| OO

Other (e.g. tick fever, honker)
Specify other:

Florfenicol
Have you used florfenicol by injection (trade names Nuflor) in the past 12 months?

yes
no

don't know
unanswered

0000

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT
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What percentage of ‘pulled’ animals were given injectable florfenicol in the past 12 months?

Nominate the purpose/s of using injectable florfenicol (individual treatment, mass treatment response, timed or
scheduled treatment) and the disease syndromes treated

- mass timed/ scheduled
Individual
treatment treatment

Respiratory (e.g. laryngitis, pneumonia) ] a [

Gut (e.g. acidosis, blood scours, scours, rumen health) a a a
Musculoskeletal (lameness, footrot, swollen joints/ legs, foot abscess, o | a
lumpy jaw, wooden tongue)

neurological (e.g. PEM/TEME, dropped ear, circling, pink eye) a a a
Urogenital (e.g. prolapsed prepuce, calving, waterbelly, castration) a (] d
Other (e.g. tick fever, honker) a a a
Specify other:

Short-acting penicillin

Have you used short-acting penicillin by injection (trade names Depocillin, Norocillin SA, Penethaject,
Propercillin) in the past 12 months?

yes
no

don’t know
unanswered

000

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT

What percentage of ‘pulled’ animals were given injectable short-acting penicillin in the past 12 months?

Nominate the purpose/s of using injectable short-acting penicillin (individual treatment, mass treatment response, timed or
scheduled treatment) and the disease syndromes treated

L mass timed/ scheduled
Individual
treatment treatment

Respiratory (e.g. laryngitis, pneumonia) ] a a
Gut (e.g. acidosis, blood scours, scours, rumen health) a a a
Musculoskeletal (lameness, footrot, swollen joints/ legs, foot

. a a a
abscess, lumpy jaw, wooden tongue)
neurological (e.g. PEM/TEME, dropped ear, circling, pink eye) ] a d
Urogenital (e.g. prolapsed prepuce, calving, waterbelly, castration) u (] d
Other (e.g. tick fever, honker) u (] d
Specify other:

Long-acting penicillin
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Have you used long-acting penicillin by injection (trade names Benacillin, Norocillin LA, Ultrapen LA) in the past
12 months?

yes
no

don't know
unanswered

000

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT

What percentage of 'pulled’ animals were given injectable long-acting penicillin in the past 12 months?

Nominate the purpose/s of using long-acting penicillin (individual treatment, mass treatment response, timed or
scheduled treatment) and the disease syndromes treated

- mass timed/ scheduled
Individual
treatment treatment

Respiratory (e.g. laryngitis, pneumonia) a a a
Gut (e.g. acidosis, blood scours, scours, rumen health) a a a
Musculoskeletal (lameness, footrot, swollen joints/ legs, foot abscess, a | 0
lumpy jaw, wooden tongue)
neurological (e.g. PEM/TEME, dropped ear, circling, pink eye) a a a
Urogenital (e.g. prolapsed prepuce, calving, waterbelly, castration) a a a
Other (e.g. tick fever, honker) a a a
Specify other:

Amoxicillin

Have you used amoxicillin by injection (trade names Betamox, Bimoxyl, Bomox, Moxylan) in the past 12 months?

yes
no

don't know
unanswered

0000

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT

What percentage of ‘pulled’ animals were given injectable amoxicillin in the past 12 months?
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Nominate the purpose/s of using injectable amoxicillin (individual treatment, mass treatment response, timed or
scheduled treatment) and the disease syndromes treated

mass timed/ scheduled

Individual
treatment treatment

Respiratory (e.g. laryngitis, pneumonia) ] a [
Gut (e.g. acidosis, blood scours, scours, rumen health) a a a
Musculoskeletal (lameness, footrot, swollen joints/ legs, foot abscess, o | a
lumpy jaw, wooden tongue)

neurological (e.g. PEM/TEME, dropped ear, circling, pink eye) ] a [
Urogenital (e.g. prolapsed prepuce, calving, waterbelly, castration) a (] d
Other (e.g. tick fever, honker) a a a
Specify other:

Trimethoprim and/or sulphonamides

Have you used trimethoprim and/or sulphonamides by injection (trade names Amphoprim, SD333 Sulfadimidine,
TMPS 240, Tribactral, Triprim, Trisoprim 480, Trivetrin) in the past 12 months?

yes
no

don't know
unanswered

000

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT

What percentage of 'pulled’ animals were given injectable trimethoprim/ sulphonamides in the past 12 months?

Nominate the purpose/s of using injectable trimethoprim/ sulphonamides (individual treatment, mass treatment
response, timed or scheduled treatment) and the disease syndromes treated

L mass timed/ scheduled
Individual
treatment treatment

Respiratory (e.g. laryngitis, pneumonia) u u d

Gut (e.g. acidosis, blood scours, scours, rumen health) a a a
Musculoskeletal (lameness, footrot, swollen joints/ legs, foot abscess, o o o
lumpy jaw, wooden tongue)

neurological (e.g. PEM/TEME, dropped ear, circling, pink eye) ] ] d
Urogenital (e.g. prolapsed prepuce, calving, waterbelly, castration) u u d
Other (e.g. tick fever, honker) a a a
Specify other:

In-feed trimethoprim and/or sulphonamides

Have you used in-feed trimethoprim and/or sulphonamides (trade names Sulphatrim, Sulprim, Trimidine) in the
past 12 months?

yes
no
don't know
unanswered

(O CNONG)
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IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT

What percentage of lots were given in-feed trimethoprim/ sulphonamides in the past 12 months?

Select the reason/s in-feed trimethoprim/ sulphonamides were used in the past 12 months (select multiple options)

mass treatment in response to a disease outbreak (metaphylaxis)
timed/ scheduled treatment of lots (prophylaxis)

prevention

growth promotion

don't know

unanswered

oooodod

For the past 12 months, select the disease syndromes in-feed trimethoprim/ sulphonamides was used for —
(1) mass treatment, and/or
(2) times/ scheduled treatment, and/or
(3) prevention

MESS timed/ scheduled ,
prevention
treatment treatment

Respiratory (e.g. laryngitis, pneumonia) a ] a
Gut (e.g. acidosis, blood scours, scours, rumen health) a a a
Musculoskeletal (lameness, footrot, swollen joints/ legs, foot abscess, a O O
lumpy jaw, wooden tongue)

neurological (e.g. PEM/TEME, dropped ear, circling, pink eye) a a a
Urogenital (e.g. prolapsed prepuce, calving, waterbelly, castration) a a a
Other (e.g. tick fever, honker) a a a
Specify other:

Neomycin

Have you used neomycin by injection (trade names Neomycin-penicillin, neomycin sulphate) in the past 12
months?

yes
no

don't know
unanswered

0000

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT

What percentage of ‘pulled’ animals were given injectable neomycin in the past 12 months?
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Nominate the purpose/s of using injectable neomycin (individual treatment, mass treatment response, timed or
scheduled treatment) and the disease syndromes treated

o mass timed/ scheduled
Individual
treatment treatment

Respiratory (e.g. laryngitis, pneumonia) ] ] [

Gut (e.g. acidosis, blood scours, scours, rumen health) a a a
Musculoskeletal (lameness, footrot, swollen joints/ legs, foot abscess, o o a
lumpy jaw, wooden tongue)

neurological (e.g. PEM/TEME, dropped ear, circling, pink eye) ] ] [
Urogenital (e.g. prolapsed prepuce, calving, waterbelly, castration) a a d
Other (e.g. tick fever, honker) a a a
Specify other:

Gentamicin

Have you used gentamicin by injection (trade names Gentam, Gentamax) in the past 12 months?

yes
no

don't know
unanswered

000

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT

What percentage of 'pulled’ animals were given injectable gentamicin in the past 12 months?

Nominate the purpose/s of using injectable gentamicin (individual treatment, mass treatment response, timed or
scheduled treatment) and the disease syndromes treated

- mass timed/ scheduled
Individual
treatment treatment

Respiratory (e.g. laryngitis, pneumonia) u u d

Gut (e.g. acidosis, blood scours, scours, rumen health) a a a
Musculoskeletal (lameness, footrot, swollen joints/ legs, foot abscess, o o o
lumpy jaw, wooden tongue)

neurological (e.g. PEM/TEME, dropped ear, circling, pink eye) ] ] d
Urogenital (e.g. prolapsed prepuce, calving, waterbelly, castration) u u d
Other (e.g. tick fever, honker) a a a
Specify other:

Enrofloxacin
Have you used enrofloxacin by injection (trade names Baytril, Enrotril) in the past 12 months?

yes
no

don't know
unanswered

0000

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT
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What percentage of 'pulled’ animals were given injectable enrofloxacin in the past 12 months?

Nominate the purpose/s of using injectable enrofloxacin (individual treatment, mass treatment response, timed or
scheduled treatment) and the disease syndromes treated

- mass timed/ scheduled
Individual
treatment treatment

Respiratory (e.g. laryngitis, pneumonia) ] ] ]

Gut (e.g. acidosis, blood scours, scours, rumen health) a a a
Musculoskeletal (lameness, footrot, swollen joints/ legs, foot abscess, o o o
lumpy jaw, wooden tongue)

neurological (e.g. PEM/TEME, dropped ear, circling, pink eye) a a a
Urogenital (e.g. prolapsed prepuce, calving, waterbelly, castration) a a a
Other (e.g. tick fever, honker) a a a
Specify other:

In-feed virginiamycin

Have you used in-feed virginiamycin (trade name Eskalin) in the past 12 months?
yes

no

don't know
unanswered

(ONONONG,

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT

What percentage of lots were given in-feed virginiamycin in the past 12 months?

Select the reason/s in-feed virginiamycin was used in the past 12 months (select multiple options)

mass treatment in response to a disease outbreak (metaphylaxis)
timed/ scheduled treatment of lots (prophylaxis)

prevention

growth promotion

don't know

unanswered

o000 0

156



For the past 12 months, select the disease syndromes in-feed virginiamycin was used for —
(1) mass treatment, and/or
(2) times/ scheduled treatment, and/or
(3) prevention

mass timed/ scheduled ,
prevention
treatment treatment

Respiratory (e.g. laryngitis, pneumonia) a a ]
Gut (e.g. acidosis, blood scours, scours, rumen health) a a a
Musculoskeletal (lameness, footrot, swollen joints/ legs, foot abscess, Q | o
lumpy jaw, wooden tongue)

neurological (e.g. PEM/TEME, dropped ear, circling, pink eye) a a a
Urogenital (e.g. prolapsed prepuce, calving, waterbelly, castration) (] (] a
Other (e.g. tick fever, honker) a a a
Specify other:

In-feed monensin

Have you used in-feed monensin (trade name Elancoban, Moneco, PhibroMonensin, Rumensin) in the past 12
months?

yes
no

don't know
unanswered

000

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT

What percentage of lots were given in-feed monensin in the past 12 months?

Select the reason/s in-feed monensin was used in the past 12 months (select multiple options)

mass treatment in response to a disease outbreak (metaphylaxis)
timed/ scheduled treatment of lots (prophylaxis)

prevention

growth promotion

don't know

unanswered

o000 0
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For the past 12 months, select the disease syndromes in-feed monensin was used for —
(1) mass treatment, and/or
(2) times/ scheduled treatment, and/or
(3) prevention

mass timed/ scheduled :
prevention
treatment treatment

Respiratory (e.g. laryngitis, pneumonia) a a a
Gut (e.g. acidosis, blood scours, scours, rumen health) a a a
Musculoskeletal (lameness, footrot, swollen joints/ legs, foot abscess, a | |
lumpy jaw, wooden tongue)

neurological (e.g. PEM/TEME, dropped ear, circling, pink eye) a a a
Urogenital (e.g. prolapsed prepuce, calving, waterbelly, castration) a (] (]
Other (e.g. tick fever, honker) a a a
Specify other:

In-feed salinomycin
Have you used in-feed salinomycin (trade name Posistac, Saleco) in the past 12 months?

yes
no

don't know
unanswered

000

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT

What percentage of lots were given in-feed salinomycin in the past 12 months?

Select the reason/s in-feed salinomycin was used in the past 12 months (select multiple options)

mass treatment in response to a disease outbreak (metaphylaxis)
timed/ scheduled treatment of lots (prophylaxis)

prevention

growth promotion

don't know

unanswered

o000 0

For the past 12 months, select the disease syndromes in-feed salinomycin was used for —

(1) mass treatment, and/or
(2) times/ scheduled treatment, and/or
(3) prevention

mass timed/ scheduled

prevention

treatment treatment

Respiratory (e.g. laryngitis, pneumonia) (] (]

Gut (e.g. acidosis, blood scours, scours, rumen health)

Musculoskeletal (lameness, footrot, swollen joints/ legs, foot abscess,
lumpy jaw, wooden tongue)

neurological (e.g. PEM/TEME, dropped ear, circling, pink eye)

Urogenital (e.g. prolapsed prepuce, calving, waterbelly, castration)

Oo0ojo| O |O
Oo0jo| O |O
Ooj0oo| O |00

Other (e.g. tick fever, honker)
Specify other: |
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In-feed lasalocid

Have you used in-feed lasalocid (trade name Bovatec) in the past 12 months?

o

o
o
o

yes
no

don't know
unanswered

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT

What percentage of lots were given in-feed lasalocid in the past 12 months?

Select the reason/s in-feed lasolacid was used in the past 12 months (select multiple options)

o000 0

mass treatment in response to a disease outbreak (metaphylaxis)
timed/ scheduled treatment of lots (prophylaxis)

prevention

growth promotion

don't know

unanswered

For the past 12 months, select the disease syndromes in-feed lasolacid was used for —
(1) mass treatment, and/or
(2) times/ scheduled treatment, and/or
(3) prevention

mass timed/ scheduled .
prevention
treatment treatment

Respiratory (e.g. laryngitis, pneumonia) ] a a
Gut (e.g. acidosis, blood scours, scours, rumen health) a a Qa
Musculoskeletal (lameness, footrot, swollen joints/ legs, foot abscess, O | 0
lumpy jaw, wooden tongue)

neurological (e.g. PEM/TEME, dropped ear, circling, pink eye) u (] u
Urogenital (e.g. prolapsed prepuce, calving, waterbelly, castration) a a a
Other (e.g. tick fever, honker) u (] u
Specify other:

In-feed narasin

Have you used in-feed narasin (trade name Maxiban, Monteban) in the past 12 months?

000

yes
no
don't know
unanswered

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT

What percentage of lots were given in-feed narasin in the past 12 months?
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Select the reason/s in-feed narasin was used in the past 12 months (select multiple options)

mass treatment in response to a disease outbreak (metaphylaxis)
timed/ scheduled treatment of lots (prophylaxis)

prevention

growth promotion

don't know

unanswered

Coo0ooo

For the past 12 months, select the disease syndromes in-feed narasin was used for —
(1) mass treatment, and/or
(2) times/ scheduled treatment, and/or
(3) prevention

mass timed/ scheduled

prevention

treatment treatment

Respiratory (e.g. laryngitis, pneumonia) a a

Gut (e.g. acidosis, blood scours, scours, rumen health)

Musculoskeletal (lameness, footrot, swollen joints/ legs, foot abscess,
lumpy jaw, wooden tongue)

neurological (e.g. PEM/TEME, dropped ear, circling, pink eye)

Urogenital (e.g. prolapsed prepuce, calving, waterbelly, castration)

O/0|0| O |00

O0|0o| O |DO
O0|0| O |DO

Other (e.g. tick fever, honker)
Specify other:

In-feed flavophospholipol
Have you used in-feed flavophospholipol (trade name Flaveco) in the past 12 months?

yes
no

don't know
unanswered

(O ONONG)

IF ANSWERED YES PROCEED TO NEXT QUESTION. IF ANSWERED ‘NO’, ‘DON’T KNOW’ OR
‘UNANSWERED’ SKIP TO NEXT ANTIMICROBIAL AGENT

What percentage of lots were given in-feed flavophospolipol in the past 12 months?

Select the reason/s in-feed flavophospholipol was used in the past 12 months (select multiple options)

mass treatment in response to a disease outbreak (metaphylaxis)
timed/ scheduled treatment of lots (prophylaxis)

prevention

growth promotion

don't know

unanswered

ocoooood
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For the past 12 months, select the disease syndromes in-feed flavophospholipol was used for —
(1) mass treatment, and/or
(2) times/ scheduled treatment, and/or
(3) prevention

mass timed/ scheduled ,
prevention
treatment treatment

Respiratory (e.g. laryngitis, pneumonia) a a ]
Gut (e.g. acidosis, blood scours, scours, rumen health) a a a
Musculoskeletal (lameness, footrot, swollen joints/ legs, foot

. a a a
abscess, lumpy jaw, wooden tongue)
neurological (e.g. PEM/TEME, dropped ear, circling, pink eye) a a a
Urogenital (e.g. prolapsed prepuce, calving, waterbelly, castration) (] (] a
Other (e.g. tick fever, honker) a a a
Specify other:

PART 3: VETERINARY TREATMENT CONTROLS

How often does a registered veterinarian visit the feedlot?

never
once a year

twice a year

four times a year
monthly

more than once a month
unanswered

000000

Does the feedlot have a protocol such as a 'documented processing protocol' for inducting new animals into the

feedlot?
@) yes
@] no
@] don't know
@] unanswered

Has a veterinarian issued the feedlot with a treatment protocol/ schedule or 'prescribed veterinary medicine and

veterinary chemical list' in the past 12 months?

yes
no

don't know
unanswered

(O CNONG)

Is the treatment protocol/ ‘prescribed list' followed by feedlot staff? (select the most appropriate option)

always (100% of the time)

frequently (approx 80% of the time)
often (approx 60% of the time)
occasionally (approx 40% of the time)
seldom (

never

unanswered

000000
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Avre sick animals assessed for their response to treatments before they are returned to their ‘'home pen'?

yes
no

don't know
unanswered

000

PART 4: SUPPLY AND USE OF VETERINARY CHEMICALS

Who supplies veterinary prescription drugs (e.g. S4 chemicals such as antimicrobial agents, anti-inflammatories)
for use in the feedlot (can select multiple options)

consulting vet
other vet
online

don't know
unanswered

ooooo

Where do you buy animal health products such as drenches and pesticides (i.e. over-the-counter products) for use
in the feedlot? (can select multiple options)

vet

online

rural merchandise store
other

don't know
unanswered

ooo0dod

Who has access to veterinary prescription drugs at the feedlot? (can select multiple options)

animal health crew/ stock handlers
feeding crew/ maintenance crew
management

Other

don't know

unanswered

oooOdood

Who can access animal health products such as drenches and pesticides at the feedlot? (can select multiple options)

animal health crew/ stock handlers
feeding crew/ maintenance crew
management

Other

don't know

unanswered

o000 0

Who can administer veterinary prescription drugs to animals at the feedlot? (can select multiple options)

animal health crew/ stock handlers
feeding crew/ maintenance crew
management

Other

don't know

unanswered

o000 0o
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Who administers animal health products (drenches, pesticides) to animals at the feedlot? (can select multiple
options)

animal health crew/ stock handlers
feeding crew/ maintenance crew
management

Other

don't know

unanswered

coo0ooo

How do you identify animals that have been treated with a prescription drug (with an applicable withholding
period)? (select one option)

hospital tag only

management computer software only

hospital tag AND management computer software
do not identify treated animals

other

don't know

unanswered

000000

What training is provided to staff who administer veterinary prescription drugs (e.g. antimicrobial agents, anti-
inflammatories) to animals? (can select multiple options)

staff trained by the feedlot veterinarian

staff trained by the livestock supervisor
off-site courses, seminars such as ChemCert
other

don't know

unanswered

o000 0

PART 5: STORAGE AND CHEMICAL STOCK CONTROL

Is the main storage area for veterinary prescription drugs locked at all times?

Q yes

O no

Q don't know
O unanswered

Are veterinary prescription drugs and animal health products stored according to the label directions e.g. if the
drug requires refrigeration is it always kept refrigerated?

yes
no

don't know
unanswered

(O CNONG)

How is veterinary chemical (i.e. prescription and over-the-counter) inventory managed for incoming/ outgoing
chemicals? (select one option)

computerised records
manual entry - record book
no records

other

don't know

unanswered

(N ONCNONONG,
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How often are veterinary chemical stocks audited? (select one option)

(ONONONONONONC)

never
once a year

twice a year

four times a year
monthly

more than monthly
unanswered

How are out-of-date veterinary chemicals managed? (select one option)

(ONONONONONG,

immediate disposal

vet approved short extension of shelf life
used until complete

other

don't know

unanswered
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Appendix 5

Antimicrobial agent Use Risk Matrix: weightings and justifications
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Antimicrobial agent Use Risk Matrix — Beef Feedlots

Key:

VL: very low antimicrobial agent use risk

Behaviour Risk
Antimicrobial agent | Optimal Adequate | Suboptimal | Inadequate | Non-compliant
risk | (0-1) (1-2) (4-5) (5)
High risk (4-5) High High
Medium risk (3-4) Medium Medium High High High
Some risk (2-3) Medium Medium Medium Medium High
Low risk (1-2) Medium Medium Medium

Negligible risk (0-1)

L: low antimicrobial agent use risk
M: moderate antimicrobial agent use risk
H: high antimicrobial agent use risk

E: extreme antimicrobial agent use risk

Behaviour ratings Optimal Adequate Suboptimal Inadequate Non-compliant

Vet issued treatment protocol Yes Yes Yes Yes or No No

Tx protocol instructions followed Always Mostly Mostly Not always No

Animal weighed prior to treatment Always Always No/ Not always No/ Not always No

Correct AB use — dose, route, duration Always Always Always/ Mostly No Unknown

Tx recorded and WHP observed Always Always Always/ Mostly No No

Likely overall score 0-1 1-2 3-4 4-5 5

Antimicrobial agent Use ratings Negligible risk | Low risk Some risk Medium risk High risk

Antimicrobial agent index:

Estimated proportion population administered drug in previous 12months | 0% <2% 2-10% 10-20% >20%

Importance weighting — unrated, low, med, high imp drug Nil Low Low, Med, +/- high Low - high Low - high

Route of administration — in-feed or injectable Nil Injectable, +/- | Injectable, unrated in- | Injectable, in- | Injectable, in-
unrated in- | feed drugs, low imp | feed drugs feed drugs
feed drugs in-feed drugs

Overall antimicrobial agent index:

Sum of all individual antimicrobial agent indices (positive values) 0 <10 10-40 40-70 >70

Likely overall score 0 1-2 2-3 3-4 4-5




Purpose:

Antimicrobial agent Use Risk Matrix

e Categorise the risk of antimicrobial use practices at the individual feedlot level.

e A communication tool for industry stakeholders to understand feedlot level risk profiles
based on antimicrobial use practices

e Can be used to assist antimicrobial stewardship adoption in beef feedlot sector

e The matrix and risk index have a flexible format so they can be changed to reflect the
changing risk profile of any of the factors included in the index as more data comes to
hand (e.g. importance weightings applied to drugs).

Determination of antimicrobial agent use behaviour ratings

Based on the approach to assessing quality of antimicrobial use presented in Antimicrobial
Stewardship Guidelines for the Australian Cattle Feedlot Industry(Meat & Livestock

Australia 2018).

APPROPRIATE

Bodyweight is measured
Indication is recorded
Correct antimicrobial agent is used, dosage, route, duration and WHP is followed

Optimal e Treatment protocol is in place and is always followed.

e Bodyweight is measured.

e Indication is recorded

e Correct antimicrobial agent is used, dosage, route, duration and WHP is followed
Adequate e Treatment protocol is in place but is not always followed.

[ ]

[ ]

)

INAPPROPRIATE

Suboptimal

Treatment protocol is in place and is followed.

Bodyweight is not measured. AND/OR

Indication is not recorded.

Correct antimicrobial agent is used, dosage, route, duration and WHP is followed

Inadequate

Treatment protocol is in place but is not always followed. AND/OR

Indication is not recorded. AND/OR

Bodyweight is not measured. AND/OR

Correct antimicrobial agent is not used, dosage, route or duration may not be optimal.
WHP is not followed.

UNKNOWN

Non-
Compliant

Treatment protocol is not documented. Bodyweight is not measured. Indication is not
recorded. Treatments are not recorded




Determination of antimicrobial agent use ratings

The antimicrobial agent use ratings are a measure to quantify the amount of antimicrobial agents
(by injection and in-feed) used by a beef feedlot. It is based on four rankings or weightings:

1. Importance ranking of antimicrobial agents included in survey

2. Use of antimicrobial agents in animals in past 12 months

3. Frequency of antimicrobial agent use (by drug) in past 12 months

4. Antimicrobial agent treatment by disease syndrome, based on risk to human health

The index is used to assess the level of antimicrobial agent use in beef feedlot herds and identify
potential risk factors contributing to high antimicrobial agent use in feedlot conditions.

Calculation of antimicrobial agent use ratings:

e Individual Drug index = (proportion treated) x (drug) x (route of administration)
e Herd index = sum of all individual drug indices (range 0 to infinity)
e See Tables 1 to 4 for categorisation of risk

Weightings applied for antimicrobial agent use ratings:

Antimicrobial agent class importance weightings:
e Weightings are based on Australian Strategic and Technical Advisory Group
(ASTAG) ratings (2018). The higher the ASTAG rating the higher the weighting
(Tables 1 and 2):
o 3 =high importance drugs (ceftiofur, enrofloxacin)
o 2 =medium importance drugs (trim-sulpha)
o 1= Ilow importance drugs (tetracyclines, penicillins etc)
o 0=unrated drugs (ionophores, glycophospholipids)

Route of administration weightings:

e Weighting is based on antimicrobial risk to microbiota. The higher the weighting,
the higher the risk of resistance developing in the microbiota. In-feed
antimicrobial agents have a higher risk than injectable drugs. In-feed
antimicrobial agents are usually fed for a long time period and the dose is often
dependent on voluntary intake of feed. In contrast, injectable drugs are more
commonly a once-off treatment with a short (or long) duration of action:

o 2 =in-feed antimicrobials
o 1 =injectable antimicrobials



Table 1. Importance ranking of antimicrobial agents based Australian Strategic and Technical

Advisory Group (ASTAG) rankings on risk of AMR to human health

Drug Class ASTAG AB use index
Rating rating*
Ceftiofur — SA, LA 3" gen cephalosporin High 3.0
Enrofloxacin Fluoroquinolone High 3.0
Virginiamycin Streptogramin High 3.0
Trim-sulfa Sulphonamides, DHFR inhibitors Medium 2.0
Gentamicin Aminoglycoside Medium 2.0
Neomycin Aminoglycoside Low 2.0
Tylosin, Tilmicosin, Erythromycin, Macrolide Low 2.0
Tulathromycin
Florfenicol Amphenicol Low 2.0
Oxytetracycline — SA, LA Tetracycline Low 1.0
Penicillin — SA, LA, amoxicillin Penicillin Low 1.0
Monensin, salinomycin, lasalocid, narasin | lonophore unrated 0
Flavophospholipol Glycophospholipid unrated 0(?)

* AB use index weighting assigned ASATG rankings and risk of resistance gene transfer from animal bacteria to humans (See

Table 2).

Table 2: Justification applied to Antimicrobial agent Use index rating according to the risk of
AMR to human health

AB use Category Justification*

ranking

0 Low importance drug, no reported Not ranked by ASTAG, no reported mechanism of
resistance resistance in humans or animals

1 Low importance drug, resistance Transfer of resistance — via human and animal pathways,
reported direct human infection

2 Medium importance drug, Transfer of resistance — via human and animal pathways,
resistance reported direct human infection

3 High importance drug, resistance Transfer of resistance — via human and animal pathways,
reported direct human infection

* Rating is based on ASTAG rankings, and transfer pathways of resistance elements in humans and animals.

Table 3. Use of antimicrobial agents in feedlot cattle in past 12 months

Ranking Definition

0 Not antimicrobial agent use

1 Injection antimicrobial agent use only

2 In-feed antimicrobial agent use only

3 Injection and in-feed antimicrobial agent use

Table 4. Proportion of feedlot cattle treated with an antimicrobial agent (by drug) in past 12

months
Ranking Definition
0 0% No use
1 0-2% Not much use
2 2.1-10% Some use
3 10.1-20% Very much use
4 > 20% A great deal of use
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