SHEEP

Unpublished Report

Document ID: SheepCRC 3 5

Title: Parasite Diagnostic Tests

Author: lan Colditz, I.; Gray, D.; Page, S.

Key words: sheep; parasite; diagnostic test; evaluation

This report was prepared as part of the Sheep CRC Program 2007-2014. Itis not a
refereed publication. If the report is quoted it should be cited as:

Sheep CRC Report 3 5




CRC FOR SHEEP INDUSTRY INNOVATION

PARASITE DIAGNOSTIC TESTS

Review

Report prepared by
lan Colditz
Douglas Gray
Stephen Page

Edited: Brown Besier

December 2008



TABLE OF CONTENTS

INTRODUCTION

1.1. Objectives

1.2. Current program

1.3. Assessment of diagnostic tests

CURRENT DIAGNOSTIC APPROACHES TO SHEEP PARASITOSES
2.1 Internal parasites

2.2 External parasites

2.3 Summary of opportunities for improved diagnostic approaches

PROJECT ASSESSMENT FRAMEWORK

CURRENT PROJECTS

4.1. Faecal antigen diagnosis of nematodes (Mark Sandeman)

4.2. Faecal antigens for worm egg detection (Dieter Palmer)

4.3. Electronic nose for blowfly strike detection (Peter James)

4.4. An analysis of odour for the diagnosis of gastrointestinal nematodes (Mark Sandeman)
4.5. Lectin binding assay. Worm egg genus identification (Dieter Palmer

4.6. Development of faecal NIRS to diagnose parasite burden (Rob Dixon)

FINAL ASSESSMENT AND RECOMMENDATIONS
5.1 Recommendation 1: Role of diagnostic tests in improving decisions
5.2 Recommendation 2: Role of Sheep CRC in further research

BRIEF OVERVIEW OF DIAGNOSTIC TECHNOLOGIES UNDER DEVELOPMENT
IN OTHER VETERINARY AND MEDICAL FIELDS

6.1 Technologies

6.2 References

. APPENDICES

7.1. Review participant list
7.2. Assessment criteria



CRC FOR SHEEP INDUSTRY INNOVATION

PARASITE DIAGNOSTIC TESTS

1. INTRODUCTION

The need for more sustainable approaches to sheep nematode control has led to the development of
programs that seek to minimize the frequency of anthelmintic treatment. To provide an objective
basis for treatment decisions, periodic assessments of worm burdens by worm egg counts are
recommended. However, the disadvantages of worm egg counts have long been recognised, and
tests that are more cost and time efficient and improve the accuracy of worm burden estimation
would significant enhance the effectiveness of worm control. Improved detection methods for other
parasites, including blowflies, would also be of major benefits.

With this background, the Australian Sheep Industry CRC has supported research into a number of
prospective diagnostic tests for sheep parasites, several with co-funding from Meat and Livestock
Australia and Australian Wool Innovations. At the time of this review, one test was in the final
validation stage before commercialization, and several other tests at various stages of development.
With the termination of the Australian Sheep Industry CRC, it is appropriate to review progress
within each project to guide further action, and this is incorporated into the Operational Plan of the
CRC for Sheep Industry Innovation as an activity within Project 1.7.

The parasite detection capability has been proven for most of the tests within the CRC portfolio, in
some cases quantitatively, though the proximity to a field testing stage varies greatly. Of particular
interest is whether with a small amount of additional work, any test may become attractive to an
animal health or diagnostics company. Due to changes in the strategic directions under the second
Sheep CRC (CRC for Sheep Industry Innovation), it is unlikely that further diagnostic test
development will continue, except for the finalisation of tests considered by the Review to warrant
this support. However, interest by scientific, industry funding or commercial organizations may be
facilitated for particular test projects where favourable prospects are indicated by scores against the
assessment criteria.

1.1 OBJECTIVES

CRC Test Project Review
- To develop a general basis for the comparative evaluation of existing, in-development and
putative parasite diagnostic tests (especially for sheep), on the basis of

- technical performance (including precision, sensitivity, specificity)

- operational advantages (including simplicity, time, equipment need)

- likely industry benefit (including cost, user acceptance and adoption)

- To apply relevant criteria to candidate tests within the Sheep CRC portfolio to indicate the
relevance to industry and justification for continued effort

- To make recommendations or provide guidance to progress research into these tests, and possible
sources of support.

Diagnostic Test references
- To provide a comprehensive database of recent research or review publications relevant to animal
parasite diagnostic test development.



1.2 CURRENT PROGRAM

The Projects funded by the CRC are listed below, with technical presentations at the Review made
by the Project Leaders (underlined).

ON-FARM HAEMONCHUS DIPSTICK TEST

lan Colditz, Leo le Jambre, Brown Besier, Deborah Maxwell, Maxine Lyndall-Murphy, Gareth
Hutchinson

2 FAECAL ANTIGEN DIAGNOSIS OF NEMATODES
Mark Sandeman, Peyman Mehrpouian, Steve Cotton (Post-grad. Student)

3 FAECAL ANTIGENS FOR WORM EGG DETECTION
Dieter Palmer, Amy Tay, Eva Mowe, Heather Mc Letchie

4 ELECTRONIC NOSE FOR BLOWFLY STRIKE DETECTION
Peter James, Andrew Cramp, Jae Ho Sohn, Les Zeller, Rudolf Urech, Michael Atzeni and
Wayne Ehrlich, lan Colditz

5 ANALYSIS OF ODOUR FOR THE DIAGNOSIS OF GASTROINTESTINAL
NEMATODES
Jacqueline Burgess (Post-grad. Student), John Traeger, Mark Sandeman

6 LECTIN BINDING ASSAY FOR WORM EGG GENUS IDENTIFICATION
Dieter Palmer, Amy Tay, Eva Mowe, Heather Mc Letchie

7 DEVELOPMENT OF FAECAL NIRS TO DIAGNOSE PARASITE BURDEN
Rob Dixon, lan Colditz, Leo le Jambre

(Leader for the CRC Program “Improved Sheep Parasite Management”: Brown Besier)



1.3 ASSESSMENT OF DIAGNOSTIC TESTS

The following models provide a theoretical basis for decisions on the applicability of putative test
technologies in relation to disease occurrence and test result, in terms of relevance and precision.

Figure 1. Applicability of testing in relation to probability that disease is present.

THRESHOLDS FOR TESTING AND TREATING

0.0 Likelihood of disease 1.0
\ \%
A B
A
Testing Treatment
threshold threshold

A Probability of disease is below the testing threshold. The risk or
cost of testing outweighs the benefits of the test result and so testing
and treatment are withheld.

B Probability of disease exceeds the testing threshold but is less
than the treatment threshold. Testing should be undertaken with
treatment decisions guided by the test results.

C Probability of disease exceeds the treatment threshold.
Treatment should be given without testing as the results of testing
will have no impact on decision making.

Figure 2: Diagnostic test descriptors in relation to disease presence and test result
TARGET DISORDER
PRESENT ABSENT
Totals
POSITIVE a b a+b
TEST
RESULT
NEGATIVE C d c+d
Totals a+c b+d at+b+c+d




Test characteristic

Question addressed

Formula and calculation

Prevalence How common is the disease | (a+c)/(a+b+c +d)
(Pre-test probability) in the test population?
Sensitivity (Sn) What is the proportion of al(a+c)
(True positive rate) patients with disease who
have a positive test?
Specificity (Sp) True negative | What is the proportion of d/(b + d)
rate patients without disease who
have a negative test?
Positive predictive value What is the probability of al(a+b)
(PPV) disease if a patient has a
(Post-test probability of positive test?
disease with a positive test)
Negative predictive value What is the probability of not | d/(c + d)
(NPV) having disease if a patient
(Post-test probability of no has a negative test?
disease with a negative test)
Diagnostic accuracy What proportion of all tests (@+d)/(a+b+c+d)
have given the correct result?
(True positives + true
negatives as a proportion of
all tests)
Likelihood ratio of a positive | How much more likely is a [a/(a+c)])/[b/(b+d)] =

test (LR+)

positive test to be found in a
patient with the disease than
in a patient without disease?

(Sensitivity)/(1-specificity)
(true positive rate/ false positive
rate)

Likelihood ratio of a negative
test (LR-)

How much more likely is a

negative test to be found in a
patient with the disease than
in a patient without disease?

[c/(a+ c))/[d/(b+d)] =
(1-sensitivity)/specificity

(false negative rate/true negative
rate)

Number needed to diagnose
(NND)

How many patients have to
be tested to give one correct
positive test?

1/true positive rate-false positive
rate =
1/[sensitivity-(1-specificity)]




2. CURRENT DIAGNOSTIC APPROACHES TO SHEEP PARASITOSES

Parasitoses are diagnosed for a number of reasons. In commercial sheep enterprises, information
gained from the attempt to diagnose parasitoses is used for:

. quarantine purposes

. management of sheep health, including differential diagnosis of parasitoses from
other diseases

. management of pasture contamination with larvae

. identification of the genetic merit of individuals for breeding programs

Information sought through diagnosis can include:

. species presence and their distribution and abundance both in the host population and
in the environment
. parasiticide resistance status of the parasite

In research settings, information gained through diagnosis can be used for many purposes,
principally focused around gaining new knowledge of host and pathogen biology.

2.1 Internal parasites
2.1.1 Techniques available
2.1.1.1 Counting parasites and their eggs

Worm egg in faeces

The modified McMaster method (Whitlock, 1948) for counting strongyle worm eggs in faeces
(WEC) is the gold standard method for quantifying the burden of gastrointestinal strongyles in
sheep on commercial properties. A SOP is provided in Appendix 1. WEC is used as a proxy for
parasite burden, and by further inference, the risk to the host of pathology and loss of production
from the infection. WEC can be measured either on individual animal or group samples.

Real and potential sources of error in the method include:
" Parasite species — egg laying capacity differs between parasite species, and may
differ between field isolates within species (Dr Peter Hunt, personal communication). The
approximate egg laying potential of worms is:
o0 Haemonchus - 5,000 to 10,000 per day
Oesophagostomum and Chabertia — 3,000 to 5,000 per day
Trichostrongylus and Ostertagia — 100 to 200 per day
Nematodirus — 50 per day (Gordon, 1967)
" Interactions between parasite species — some parasite species affect egg laying
capacity of co-infecting parasites. For example, infection with Haemonchus contortus
increases the rate of egg production by Trichostrongylus colubriformis during co-infection
with the two parasites (J. Lello and S.J. McClure, personal communication).
" Host immune status — immunity of the host can suppress egg laying especially by
Trichostrongylus spp.. In addition, damage to eggs by immune effector mechanisms of the
host can reduce the buoyant density of eggs thus leading to underestimation of egg numbers
in a sample (L.F. Le Jambre, personal communication)
" Recent exposure to anthelmintics — some members of a parasite population that has a
degree of resistance to an anthelmintic will survive exposure to the anthelmintic but reduce
or cease their egg production during the recovery phase following anthelmintic exposure
. Fecal moisture — moisture content of faeces affects the dilution of eggs (expressed as
eggs per gram (wet weight) of faeces). The correction factors proposed by Gordon (1967) for

O OO



adjusting WECs to a common faecal moisture content have recently been confirmed (Le
Jambre et al., 2007).

. Circadian variations in egg output by parasites

" Circadian variations in digesta passage within the host

= Variation between faecal pellets in egg content

" Death of eggs in transit affecting their buoyant density and hence recovery in the lab
. Number of eggs in the sample. The WEC method counts the number of eggs in a

fixed dilution of faeces. Sampling theory indicates that the number of eggs estimated to be in
samples with a low real number of eggs will be less accurate than the number estimated to be
in a sample with a high real number of eggs.

. Technical sources of error in labs, eg between operator errors. When samples were
allocated at random to laboratory staff within a single lab, the repeatability of WEC counts
performed on duplicate aliquots from a single egg dilution in salt solution was found to be
between 0.80 and 0.91 (S.J. Eady, personal communication)

Speciation of larvae

Faecal culture and larval differentiation on morphological criteria are the standard methods for
identifying the species of nematode present in a faecal sample. A SOP is provided in the appendix.
The sample may be from an individual or a group. Sources of error include:

" Loss of viability of eggs in transit from property to lab

. Competition between species during larval culture

" Differential sensitivity of species to culture temperature

. Differential hatching time between species — eg Nematodirus spp take at least 8 days
to hatch whereas Haemonchus spp, Ostertagia spp and Trichostrongylus spp hatch by 7
days.

" Technical sources of error in labs, eg between operator errors

Identification of the genus and species of parasite eggs

A research method for the identification of the genus of parasite eggs by lectin staining
characteristics was described by Palmer and McCombe (1996) and further developed by Colditz et
al. (2002). Fluorochrome labelled peanut agglutinin has been used to identify Haemonchus spp eggs
in faecal samples as a service to sheep producers by WADA for several years. The genus
classification of eggs can be performed on the day a sample arrives in the lab and has the potential
to be more accurate than larval differentiation due to retention of the staining characteristics by
dead and non-viable eggs.

Research by Dr Peter Hunt in Sheep CRC | parasite program on a quantitative PCR method for
detection of larvae on pasture showed the potential for speciation of larvae and parasite eggs.
Identification of the genus of gastrointestinal nematode eggs by PCR identification has been
demonstrated in cattle (Zarlenga et al., 2001). Work on quantitative estimation of the number and
species of strongyle eggs in sheep faeces by real time PCR continues with MLA funding by Peter
Hunt in collaboration with Robin Gasser (University of Melbourne).

Post mortem examination of sheep

Slaughter of sheep and inspection of the gastrointestinal tract for semi-quantitative or quantitative
enumeration of parasite burdens and the genera present is used both on farm and in research
facilities and is a service provided by some diagnostic laboratories.

2.1.1.2 Measurement of the host response to parasite infection

Measurement of the host reaction to infection can be used for diagnosis of parasitoses and has also
been used as a method for assessing the resistance of sheep to parasites.



Antibody to parasite antigens

The presence of antibody in serum, milk or faeces has been used as a diagnostic test, at least in
experimental settings for most gastrointestinal nematode infections and for liver fluke infections in
sheep. An ELISA for fluke antibodies is commercially available (Molloy 2005) and a test for the
antibody to Trichostrongylus spp has been used to estimate breeding values for resistance to
gastrointestinal nematodes in New Zealand. This test is no longer offered commercially in New
Zealand. ELISAs for diagnosis of Haemonchus infections have been described (Schallig et al., 1995;
Gomez-Munoz et al., 1996) as has an ELISA for Ostertagia infections (Johnson et al., 2004).

Circulating eosinophil count

The number of eosinophils in peripheral blood has been observed to increase during the expression
of acquired immunity to T. colubriformis and H. contortus in sheep (Dawkins et al., 1989); however,
the accuracy of circulating eosinophil numbers as a selection criterion for resistance to these
parasites was found by Woolaston et al. (1996) to be less than WEC.

2.1.1.3 Measurement of host pathology

Gastrointestinal enzymes

Change in permeability of abomasal and duodenal mucosae has been used as a measure of the
severity of Ostertagia infection in sheep and cattle. Both gastrin and pepsinogen have been used as
indicators of infection (Berghen et al., 1993). Serum pepsinogen is measured by some veterinary
pathology laboratories.

Anaemia

Anaemia and the presence of bottle jaw (dependent oedema) due to hypoproteineamia have been
used as indicators of liver fluke and H. contortus infections in sheep by veterinary practitioners and
graziers for many years (Gordon, 1967). A five point scale for anaemia has been standardised as the
FAMACHA test and is offered to sheep and goat owners in South Africa and the US for on farm
use following training (Vatta et al., 2001). Estimates of sensitivity, specificity and predictive value
of the test have not been performed in Australia and could differ from values observed in the United
States (Vatta et al., 2001) due to differences in prevalence of anaemia due to causes other than H.
contortus infection.

Haematocrit has proved more highly heritable than WEC as a selection criterion for resistance to
nematode infections in some studies (Albers et al., 1987)

Faecal blood

Measurement of blood in faeces for diagnosis of the presence of blood feeding parasites has been
described in several host species. The faecal occult blood test developed in the Sheep CRC employs
this principle and can detect infection around 10 days before eggs appear in faeces (Colditz and Le
Jambre, 2007). A limitation is the need to heat samples to remove interference from non-haem
peroxidases. This problem could be overcome with an antibody to haem as recently demonstrated in
horses www.SucceedFBT.com. Field validation in commercial environments is required and in
progress.

2.1.1.4 Estimation of genetic merit for phenotypic resistance to gastrointestinal
nematodes

WEC is the currently employed measure of phenotypic resistance to gastrointestinal nematodes. As
noted above, serum antibody, haematocrit and circulating eosinophil counts have been examined as
selection criteria for resistance. It is noteworthy that the goal of the current Parasite Program of


http://www.succeedfbt.com/

Sheep Genomics is a gene product (protein) marker of genetic resistance. Other research in this
program and elsewhere is investigating gene markers for resistance. A gene marker diagnostic test
for identifying animals with resistance to internal parasites in sheep was released on 23™ October
2007 and Catapult Genetics (http://www.catapultsystems.co.nz/products/55_ wormstar.cfm)

2.1.1.5 Differential diagnosis of anaemia in sheep
Parasite infections need to be differentiated from a number of other diseases which can present with

similar signs. A potential guide for on-farm diagnosis of gastrointestinal parasitism and anaemia
follows (table shading does not print well in B&W)

Differential Diagnosis of anaemia and
gastrointestinal parasitism — On Farm

Liver

Diagnostic Mycoplasma | Coccidiosis & | Anaemia
indicator FECEREIS || =y | QU0E: El ovis salmonellosis | irace element
Bottle neck + + - ?
FAMACHA (pale + + ) + " +
ocular membranes)
Faecal occult
+ + - - -or + -
blood test
Failure to walk
+ + + or - + +
100 m
Diarrhoea - - + or - - + -
Bloody faeces - - - - +or - -
Summer Tempe Temperate High rainfall,
Distribution rainfall / rate high Widespread | high stocking | Regional
irrigation rainfall rates, housed
Locally
Ver Ver Common Local
Prevalence y preval y . _Common .
common ent common | in weaners | in weaners history




2.1.2 SWOT analysis

SWOT anlaysis

Test Validated | Commercially | Use on | Species Time Cost Strengths Weaknesses Opportunities | Threats
available farm identification
WEC Yes Yes With Fluke and 15 minutes $32.30 Industry gold | Lack of Many methods
training | Stronglyes to one day for 2 standard for | accuracy for automation,
pooled estimation of | Variability egg flow
WEC parasite between labs cytometry,
from 10 burden, particle size
samples | cheap, fast analysis, image
(NSW analysis have
DPI) been explored
and all remain
technically
feasible but
probably not
financially viable
Larval diff Yes Yes No Haemonchus, Around 8 $29.10 Industry gold | Time delay in
Trichostrongylus | days (NSW standard for diagnosis
Ostertagia DPI) species
Nematodirus identification
Lectinstain | Yesor No? | DAWA only No Haemonchus only | One day Speed for Need Extend to other Availability
in currently species fluorescent genera of reliable
offered format identification | microscope supplies of
lectins
Necropsy Yes Yes Yes Yes 20 minutes NSW Speed Usually a Could be more
for DPI - sample size of 1 | widely employed
qualitative $108.35 is used
assessment Farmer’s
time plus
value of

animal




Test Validated | Commercially | Use on | Species Time Cost Strengths | Weaknesses Opportunities | Threats
available farm identification
FAMACHA Yes Not in Australia Yes No Same Farmer’s Potential for | Low specificity | Automated image | Labour
day time plus individual and low analysis of costs
training animal predictive value | membrane
assessment of a positive. colour.
Automated on
farm Hb
measuring device
(eg hemocue)
Faecal occult No No Yes Haemonchus and | 1 hr $2 Leading Cross reactivity | Second imitations
blood test Liver fluke + indicator of Boiling step generation
other causes of severity of antibody body
blood in faeces infection based test that
avoids need for
boiling
Pepsinogen Yesor No? | Yes No Ostertagia Same $27.50 then | Not affected Dipstick format
day $16.50 ea by variability for on farm use
of Oster
WEC
Immunoassay No No No Can be species Same XXX Potential for | Continuity of Dipstick format
(eg Antibody) specific day $19.50 then | Specificity antibody for on farm use
$14.95 ea supplies
Fluke ELISA | Yes Yes
Gene markers | Yes Yes no Possible but Not an ~$30 per Freedom Requires
probably not issue head from frequent re-
desirable phenotypic validation of
variation association with
phenotype
Gene products | No no No Possible but Not an Influenced by
probably not issue parasite
desirable exposure
Egg PCR No No No Yes Same ~$30 per PCR diagnosis of
day sample other faecal

attributes — eg
gene markers in
host cells in
faeces,




2.2  External parasites
2.2.1 Techniques available

Blowflies

Blow fly infection is usually identified by inspection of sheep. Much anecdotal evidence reports the
occurrence of occasional sheep dogs and some horses that can identify struck sheep, presumably by
odours released from the struck animal. In bad cases of fly strike, people can smell struck sheep
before the animal is caught.

Environmental monitoring of blowfly populations can be performed with commercially available
Lucitraps.

Identification of fly species present in a strike lesion on commercial properties is rarely performed.

Identification of insecticide resistance status of flies on commercial properties is rarely undertaken
by producers, but can be assessed by diagnostic laboratories.

Lice and mites

Presence of lice is typically indicated by presence of plucked wool and confirmed by observation of
lice, though this is not easy. An immunoassay for detection of lice antigens on shearing combs
remains under commercialisation. In one format under consideration it will be commercialised by
NanoVic using the RMIT gold nanoparticle platform. In a second format under consideration, it will
be a race-side dipstick immunoassay.

It has been demonstrated that immunoassays can detect antibodies to sheep mite in infected sheep
(Ochs et al., 2001).



2.2.2 SWOT analysis

SWOT anlaysis

Test Validated | Commercially | Use on | Species Time Cost Strengths Weaknesses Opportunities | Threats
available farm identification
Fly strike Not a commercial | yes No Farmer’s Cost of Direct Misses occult Automation —eg | Welfare
observation test time for farmer’s | observation strike odour detection perception
mustering time
Lucitrap Yes Yes yes Yes Time for High density of | Automated
monitoring traps needed monitoring of
traps plus experience | trap contents
in appropriate
location of traps
Lice Not a commercial | yes No Farmer’s Cost of Direct Not reliable for
observation test time for farmer’s | observation detecting low
mustering time density
infections
Lice EIA Yes? No yes yes Use Cost Detects low Predicted cost
integrated unkown. | level of test?
with Onetest | infections
shearing. per
Test about property
15 minutes per year
Mite EIA Not in Australia yes




2.3  Summary of opportunities for improved diagnostic approaches

The standard diagnostic tests for strongyle infections, WECs and larval diffs are currently offered at
a price that does not provide a strong economic argument for entrepreneurs to offer parasite
diagnostic services. Despite the low price, uptake of the service by producers is weak. The low
price of the tests creates substantial difficulties for competing technologies attempting to enter the
market. Presumably underpinning the low uptake is a perception that the tests provide limited value
to producers and a lingering agrarian socialist viewpoint that such services will or should be
provided at cost or less by state Departments of Primary Industries. Research and development
costs for a new test are not likely to be less than $500,000 and are quite likely to be in excess of $1
million, an investment that would be difficult to recover through sale of tests in the same price
range as WECs and larval diffs. Field validation of a novel test for use in the field that has
completed proof of principle and manufacturing R&D could be in excess of $100,000 and take up
to 3 years to encompass seasonal variations. The current WEC market is estimated to be less than
100,000 tests per year. Tests for use in the field could substantial increase this market size.

Tests fall into 3 main classes:
1. measurement of parasite burden through presence of eggs, worm antigens or worms
themselves;
2. measurement of components of host immunity (eg antibodies, eosinophils, other immune
mediators) and
3. measurement of host pathology (wool growth, body growth, appetite, blood loss, digestive
enzymes, anaemia, hypoproteinaemia, odours).

Desirable features of new diagnostic tests have been assumed, without thorough consumer
validation, to include:

" Similar or lower price than current tests

= Faster provision of information to farmers

" Suitable for implementation by farmers on-farm
. At least as accurate as WECSs and larval diffs

" At least as precise as WECs and larval diffs

. Applicable to other hosts including humans

Most diagnostic tests used in human and veterinary medicine aim to detect the presence or absence
of infection. In contrast, diagnostic tests for internal parasitoses usually aim to determine the
severity of infection. In most instances sheep management practices aim not to eliminate the
internal parasite but to treat when infections reach a level that threatens or reduces productivity of
sheep. Thus tests need accuracy and precision around the decision points associated with risk of
production loss. Validating a new test designed to detect the severity of infection is a more
demanding task than validating a test designed only to detect the presence or absence of infection.
A further challenge is the lack of uniformity in decision points and treatment goals for minimising
the production losses associated with internal parasitoses. Thus a new test for internal parasitoses
would typically need to be validated against a suite of decision points (or test goals) rather than a
single test objective, infected or not infected. Decision points may differ for stage of infection,
parasite species, breed of sheep, class of sheep, physiological status of sheep, gender of sheep,
resistance status of sheep, climatic region, feed type, body condition and so on. Validation of the
test for each of these variables could be necessary.

Tests that measure the host antibody response to infection are not attractive for making decisions to
treat or not treat sheep for stronglye infections because the half life of antibody (around 30 days)
does not match the dynamics of parasite infection and re-infection after treatment. In addition,



ingested larvae stimulate antibody production in some infections but fail to mature into adults. In
contrast, assessment of the presence of liver fluke, which is typically based on monitoring and
treatment twice per year, is well suited to antibody testing.

Measures of parasite burden such as eggs or worm antigens are in principle attractive because they
quantitatively reflect the presence of worms, and in the instance of eggs, the presence of mature
worms. Reliance on egg counts is not desirable when pathology (or the risk of pathology) is
associated with prepatent stages of infection such as severe Haemonchus infections (blood feeding
by immature adults) and the hypobiotic phase of infection, eg Ostertagiasis in cattle and
Haemonchus infections in sheep although the latter risk may have changed since the widespread
adoption of anthelmintics (L.F. Le Jambre, personal communication). Tests such as the Ostertagia
ELISA in cattle that can predict the impending severity of infection during the prepatent period are
therefore attractive. A strength of the faecal occult blood test for Haemonchus infections in sheep is
its capacity to predict the severity of subsequent mature infection. This test is thus a predictive or
“leading” indicator of the severity of Haemonchus infection.

A weakness of measures of pathology, such as weight loss, anaemia and hypoproteinemia is the fact
that production losses are incurred before positive test results are obtained. These measures are thus
“lagging” indicators of the severity of infection.
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3. PROJECT ASSESSMENT CRITERIA

Fifteen criteria have been developed to assess the novel diagnostic tests under consideration. The
criteria are designed to construct a comprehensive overview of the research and development status
of each test, their probability of succeeding in achieving their research objectives, how the test
might be put into operation and the benefits of the tests to the Australian sheep industry. There are
criteria that mainly address the question “What is the likelihood of successful commercialisation
and adoption ? (marked with an “L”) and others that are directed mainly at the benefits to the
industry (marked with a “B”). Scores for each of the 15 criteria have been combined to develop
composite scores for “Likelihood of Success” and “Benefits to Industry”. The timeframe for the
assessment is to achieve significant commercialisation or adoption within the lifetime of the current
CRC (2014), but the criteria are relevant to test assessment generally.

3.1  Assessment Criteria
The assessment criteria are described here in terms of the questions that can be asked of the test.

1 Test Description:
What will the test do and how does it work?

2 Diagnostic Need:
What information will the test provide and what decisions will that information support?

3 Research Maturity:
Is there a well organised and supported research effort making steady progress? (L)

4  Research Complexity:
How many problems need to be solved before reaching ‘proof of concept’ and how
complex are these problems? (L)

5 Operating Characteristics:
How complex are the reagents and materials for the test? (L)

6 Accuracy:
What is the expected sensitivity, specificity and predictive value of the test? (L)

7  Reliability:
Will the test be reliable when applied many times by the same, by different operators and
between laboratories (L)

8 Implementation:
How will the test be used, samples collected, assays completed, results delivered etc). (L)

9 Skills and Training:
How much training will be needed for each aspect of test implementation. (L)

10 Customers:
Who will sell the tests and who are the target customers?

11 Competition:
Are there likely to be other test on the market and what are they?



12 Capital Investment:

How much capital investment is likely to be needed: production laboratory, machines to
make reagents, containers etc. (B)

13 Value Proposition:

What will the price be relative to other tests and how much greater will the benefits be?
Who will be the beneficiaries? (B)

14 Transformation:
To what extent will the adoption of the diagnostic transform the way that sheep are
managed? (B)

15 External Opportunities:

What are the opportunities for use of the diagnostic outside the sheep industry, and for
other parasites and diseases? (B)

16 Likelihood of Success:
What is the overall assessment of the likelihood of successful commercialisation and
adoption?

17 Benefits to Industry
What is the overall assessment of the magnitude of benefits to the sheep industry.

4. ASSESSMENT OF CURRENT PROJECTS AGAINST THE FRAMEWORK

The core of this section is a tabulation of the framework criteria against each of the novel

diagnostics which have been supported by the CRC. Using these criteria each test has been scored
and an evaluation made of their potential impact in the sheep industry and the probability of their

successful implementation in the seven year lifetime of the current CRC (2014). In all cases a single
star indicates the least favourable condition for the test and three stars the most favourable

condition. The Haemonchus dipstick test has been included in the analysis for comparison. It may

be useful to include the PCR test being developed with MLA funding for completeness.
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. . Binding NIRS to
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Criteria - . . - . Assay for Diagnose
Dipstick Diagnosis of | Worm Blowlfly Diagnosis of .
. - Worm Genus | Parasite
Test Nematodes Detection Strike Gl e
. Identification | Burden
Detection | Nematodes
Test Paper strip Immunological | Immunological | Electronic Electronic Differential Detection on
Description dipped in to detection of detection of sensors sensors detect | chemical blood in
slurry of worm antigens | worm antigens | detect chemicals in labelling and faeces based
faeces and in faecal in faecal chemicals in | air drawn from | counting of on
water to detect | extracts. extracts. air drawn dung of worm- | worm eggs absorbance
blood. from sheep infected sheep. | isolated from of Infra Red
struck with faeces. light.
blowflies
Diagnostic Presence of Rapid on-farm | Accurate Early Rapid Treatment of Presence of
Need (B) Haemonchus detection of laboratory warning of confirmation sheep worms is | Haemonchus
and its worm quantification struck sheep | of worm improved if and its
contribution to | burdens.*** of worm in mobs at infection and genera can be contribution
WECs. *** burdens. ** risk. *** of pre-patent identified to WECs.

or sub-patent
infections. *
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Criteria (cont.) - . . - . Assay for Diagnose
Dipstick Diagnosis of | Worm Blowlfly Diagnosis of .

. . Worm Genus | Parasite
Test Nematodes Detection Strike Gl Identification | Burden
Detection Nematodes

Research Problem Reliant on Strong long- Good Reliant on Research team Experienced

Maturity (L) solving for PhD students.* | term research progress as PhD students.* | and expertise is | research
commercial team.*** small part of established.*** | group with
partner. *** larger QDPI range of

development interests in
group. * NIRS.**

Research No new Reagents need | Calibration Major Major All methods Ca;librating

Complexity (L) | reagents or to be further ands sensitivity | problems of | problems of developed but and
materials. *** | developed and | problems yetto | detection detection and need to be simplifying

tests validate be solved.** and deployment to | simplified and spectrometer
in lab and in deployment | be solved. * standardised. are major
field. * to be solved. faleied tasks.**

*

Operating On-farm, some | On-farm, some | Laboratory, Options On farm or Counting with On-farm

Characteristics | mixing and mixing and batch include race- | laboratory use, | fluorescence with mobile

(L) heating of sieving of processing with | side drafting | monitor of microscope spectrometer
faeces, eyeball | faeces, eyeball | quantitative to remote sheep camps after sieving with
colour colour colorimetric monitoring. | and holding and immediate
assessment. assessment. outputs.*** * yards.* centrifuging result.**
*kk *kk faeces**

Accuracy (L) Subjective Subjective Close Once Once Very accurate Quantitative
scale of 1-5. scale of 1-3?. correlation with | developed developed egg counts estimate of
bl falad egg counts should be should be (which blood in

(sometimes highly highly sometimes faeces:
poorly reflects specific. *** | specific. *** poorly reflect equivalent to
worm burden) worm burden) test A.*

** **

Reliability (B) May be Not known. Not known. Technically Not known. Very reliable May be
confounded by | May be May be complex, May be from faeces confounded
blood loss for | confounded by | confounded by | dependent confounded by | arrival to by blood
other reasons other immune | other immune on power other results loss for other
and feed components in | componentsin | source metabolic delivery.*** reasons and
components. faeces. * faeces. * subject to components in feed
ol accidents if | faeces.* components.

remote.* *x

Implementation | Sampling, test | Sampling, test | Count by worm | Instant Instant results Permits ‘same Sampling,

(B) and results are | and results are | genus available | results to to manager or | day’ test and
all on farm or all on on day of manager or consultant. *** | differentiation results are all
next day from | farm.*** test.** consultant. of egg counts to | on farm or
lab. *** Fhx more genera next day

than current from lab.
teStS.*** *kk

Skills and Simple Skills to use Skills available | Requires Requires good | Requires good Spectrometer

Training (B) processes, no are simple. in modern good local local technical | lab skill but calibratrio
storage or falaied diagnostic technical backup of steps can be and
preparation. laboratories.*** | backup of trained standardised maintnance
faleie trained technicians.* easily.*** requires

technicians.* care**

Customers Vets and Vets and Diagnostic Large Large Diagnostic Large
resellers resellers laboratories operators, operators, laboratories operators,
targeting other | targeting other | which process studs and studs and which process vets and
vets and vets and over 1000 graziers with | graziers with over 1000 sheep
graziers. graziers. WEC s per year. | high welfare | high priority WECs per year. | consultants.

priorities. for worm
control.

Competition None now. B, WEC with A Combination of | Stock WECs and There is no Mostly Test

(B) C,Eand Gall | and potentially | WEC and Test | monitoring tests A, B, C.* | equivalent test. | A. unless
potential C.* F.** by trained Current test other use
competitors. staff, *** need 7 found for
falelal days.*** spectrometer

(feed

analysis?) *
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. - Worm Genus | Parasite
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Detection | Nematodes
Capital Almost none: High to High to develop | Likely to be | Likely to be Most High for end
Investment (B) | all materials develop reagents and expensive: expensive: laboratories user*
off the shelf. reagents and Quality equivalent to | equivalent to have capital
il Quality Control.* ATV or ATV or large items. ***
Control. *. large weighing
weighing crate. *
crate. *
Value ‘Same-day’ Quick Quick and Provide Could provide | Same day Provide
Proposition (B) | diagnosis of diagnosis but quantitative welfare or ‘hands-off’ diagnosis of instant
Hc reduces quantitative estimates of non- estimates of Hc, estimate of
risk and enough? ** worm burden chemical worm accumulation Haemonchus
increases drug for existing ‘edge’ for burdens.** of accurate problem but
effectiveness. users.** marketing. worm data, at high cost
*x Reduced better genetic for most
monitoring evaluations. users. *
labour. ** Cheaper than
current test.***
Transformation | May enable May enable May enable ‘ticket to May enable May enable May enable
(B) continued continued continued sheep | play’ some continued continued continued
sheep raising sheep raising raising in some | zones? * sheep raising sheep raising in | sheep raising
in some in some summer rainfall in some some summer in some
summer summer zones. * summer rainfall zones. * | summer
rainfall zones. | rainfall zones. rainfall rainfall
* * zones.* zones. *
External South Africa, Global but Could be Global for Global for Global market Global for
Opportunities parts of South | there may be applied to all screw worm | sheep and for laboratories | blood loss in
(B) America * other players. species where in cattle, NZ | could extend for sheep and faeces (other
* nematode eggs | for strike to many cattle nematode | parasites and
are passed in especially if | gastrointestinal | parasites. ** diseases).*
faeces. SA, NZ | remote. ** parasites.***
for sheep**.
Likelihood / 18 14 10 12 10 7 13 10
Benefit / 24 18 13 14 14 13 21 12

SUMMARY OF ASSESSMENTS

A. On Farm Haemonchus Dipstick test.

This test benefits from “off the shelf” availability of reagents and materials so there is only a limited

amount of technical development required. Markets are limited to those areas where Haemonchus

poses a high risk to graziers and is likely to be limited to those clients who currently use WECs as a
means to monitor worm burdens. Technical development is almost complete and a commercial

partner is on the point of signing a commercial agreement. It is significant that the partner will not

use the test on its own to generate profit but as an entry point to differentiate it from other providers
of worm advisory services.

B. Faecal Antigen Diagnosis of Nematodes.
This on-farm or laboratory test is distinguished from Test C by aiming to detect free antigens which

are dispersed within the faeces of infected sheep and can be detected by an immune reaction in a
slurry of faecal material. If developed to a dipstick format it has application across all of the sheep
industry where nematodes (not just Haemonchus) are a constraint. In order to justify their
development, which is still at the early stages, there would need to be an expansion of the market



for their use; much wider that the current market for WECs. Development costs and ongoing QA
for reagents is likely to be expensive. It is unlikely that the Australian sheep market alone is large
enough to justify this type of test when WEC tests (plus current larval differentiation or test F)
could provide similar information at around the same cost. The research team currently working on
this test would need to be stabilised and receive substantial funding before technical development
could be completed within the life of the CRC.

C. Faecal Antigens for Worm Detection

Test C has similarities to Test B except that it requires laboratory processing of faeces and eggs to
release egg antigens. It has proved to have specificity across the important worm species but there
have been problems in calibrating the test to reflect the numbers of eggs in faeces and, indirectly,
the worm burden. The strong technical team is in a position to take the research forward and the test
would provide a quantitative species-specific estimate of worm burden. However, without a
substantial increase in the size of the market for worm burden testing the cost is likely to be much
higher than current practice, and as a laboratory-based test it would need to have advantages over
the existing worm egg counts/larval differentiation (or Test F), or of possible on-farm tests such as
Tests A and B).

D. Electronic Nose for Blowfly Strike Detection

There is a large amount of global research in the technology of odour detection and its associated
software and hardware. There is also increasing concern about the welfare of sheep exposed to the
risk of blowflies (and of other species exposed to other flies, including the presently-exotic Screw
Worm Fly). Demand for, and potential to supply a method for early detection are both increasing
rapidly. The current research team has partly integrated into a larger group at Toowoomba (QDPI)
with substantial expertise in odour detection. While technology development is likely to move most
rapidly with a large research and development group, the development of new applications requires
the innovative capacity of the whole sheep industry, possibly through the CRC. It is certain there is
a need for this technology and that it can be used. But how it can be used most effectively is very
uncertain: power supply, cost, accuracy and potential other applications are the major variables.

E. Analysis of Odour for the Diagnosis of GI Nematodes

This test would use similar technology as Test D but the need for its use and application would be
different (and, as yet, not fully explored). It has proved possible to detect worm infected from non-
infected sheep on the basis of odours in faecal masses. The need for information on worm burden is
rarely, however, of a quantum nature: ‘worm-infected” or ‘non-infected’, in contrast to the presence
of a single fly-blown sheep in a mob being of critical interest. Current research is based on the
excellent work of a PhD student and therefore is a preliminary to the extended research and
development that would be needed to validate a product as useful for worm control.

F. Lectin Binding Assay for Worm Genus Identification

This test is in current commercial use in one laboratory in Australia (DAFWA) as an alternative to
larval differentiation of nematode larvae by microscopy. Technically therefore there are few
barriers between the current state of research and its wider use by major laboratories throughout the
country. The major feature for ‘real-time’ worm control is the ability to count Haemonchus eggs at
the same time as total worm egg counts, giving a ‘same-day’ result back to advisors and farmers.
Small but significant improvements in methods for preparing eggs are required before uptake by
other major labs is likely. This test gives a very precise answer which is, like all estimates of worm
burden based on egg counts, of very variable accuracy dependent on size of worm burden, species
mix, faecal moisture and conditions for faecal collection and transport.



G. Faecal NIRS to Diagnose Parasite Burden

Near Infra-red Spectroscopy can analyse faecal masses for changes associated with infectious and
metabolic diseases and diet. Spectrometers are relatively expensive devices, even in basic handheld
versions, although many are available in grain receiving centres throughout Australia. Research has
focused on the changes associated with blood in the faeces and therefore is an alternative approach
to test A, the Haemonchus dipstick. The whole range of on-farm uses of a spectrometer needs to be
evaluated as a commercial option (feed analysis, weaned animals not eating). The possible research
uses of these devices, for example in the Information Nucleus, could be considered.



5. FINAL ASSESSMENT AND RECOMMENDATIONS

RECOMMENDATION 1: ROLE OF DIAGNOSTIC TESTS IN IMPROVING DECISIONS

o

Note that diagnostic test development and decisions on use are most soundly based on need and
value rather than on elegance and sophistication of the technology.

o

Before introduction, diagnostic tests should be subject to appropriate laboratory validation to
demonstrate fitness for proposed use and field assessment to establish reliability and value of
elicited information.

After introduction and use, test performance should be monitored as part of routine quality
assurance and to determine positive or negative impacts of test use on decision making.

There is likely to be a substantial benefit to farmers if an objective assessment is made of the
accuracy and appropriateness of diagnosis and treatment decisions based on information
obtained by farmers from local parasite epidemiology, flock history and physical examination.
The results observed in such a study should form the baseline against which the value of using
an additional diagnostic test is made.

Cost effectiveness and economic consequences of the use of special diagnostic tests should be
modeled and investigated to identify those situations (in time and place) likely to benefit most
from the use of such tests.

The establishment of contact with CRC for Diagnostics to explore shared objectives and
opportunities for collaboration should be considered.

RECOMMENDATION 2: SHEEP CRC INVOLVEMENT IN PROPOSED DIAGNOSTIC
TESTS

The following recommendations are presented in the context of projects that could have outcomes within the
lifetime of the current Sheep CRC. Projects not supported may still have great merit and potential to
improve parasite control decisions but may have a longer development and validation horizon than is
consistent with CRC strategies.

SUPPORT

1.

Haemonchus dipstick (A): Proceed as planned with development to a commercial test product
through an animal health company. Make enquiries regarding overseas markets.

Lectin-binding assay (F): Support packaging of the assay for major Australian laboratories,
and investigate commercialisation into global markets. Note that Haemonchus differentiation
offers a stand alone test method to which multiple species identification and differentiation can
be added.

FURTHER INVESTIGATION

3.

Odour detection, blowflies (D): A scoping study of all possible uses of in the sheep industry
should be considered. An option to be considered as part of that study is for the CRC to retain
interest in e-nose for blowflies because of strong and increasing demand for early detection of
fly infestation, through collaboration of Programs 1 and 6 with a strong existing technical group
such as the QDPI team.




4. NIRS (G): Consider further exploration of the use of as a research tool to look at relationships
between pasture, feed, worms and genetics.

ABANDON

5. Faecal antigen tests (B and C): These have encountered considerable technical difficulties
which would require significant basic research to resolve, and even if the research goes well.

6. E-nose for worms (F): The concept in relation to worm detection is at an early stage, and
development to a testable technology would be outside the CRC’s timeframe for research
commercialization..




6. BRIEF OVERVIEW OF DIAGNOSTIC TECHNOLOGIES UNDER
DEVELOPMENT IN OTHER VETERINARY AND MEDICAL FIELDS

6.1 SUMMARY OF DIAGNOSTIC TECHNOLOGIES

6.1.1 Detector dogs

Substance

Reference

Accelerants

Armstrong et al 2004; Gialamas 1996; Kurz et al
1994; Tindall and Lothridge 1995

Bear, grizzly or black

Akenson et al 2004; Wasser et al 2004

Brown tree snakes (Boiga irregularis)

Engeman et al 1998a, b

Cancer, bladder, breast, lung, melanoma, ovarian
carcinoma

Gordon et al 2008; Horvath et al 2008; McCulloch et
al 2006; Willias et al 2004; Williams and Pembroke
1989; Church and Williams 2001;Pickel et al 2004

Desert tortoise (Gopherus agassizii)

Cablk and Heaton 2006

Drugs, cocaine

Furton et al 2002

Drugs, narcotics

Lorenzo et al 2003

Oestrus-related odours in cows or milk

Kiddy et al 1978, 1981, 1984; Hawk et al 1984

Explosives Furton and Myers 2001; Gazit and Terkel 2003
Gypsy moth eggs Wallner and Ellis 1976

Human, cadavers and remains Komar 1999; Oesterhelweg et al 2008

Human, living Fenton 1992

Human, perpetrators from crime scene odours

Schoon 1998

Residues, organochlorine in soil Anon 2008
San Joaquin Kit fox Smith et al 2003
Screwworms (Diptera: Calliphoridae) Welch 1990

Smuggled food

Eastwood 1990

Termites

Brooks et al 2003

Nematode infection in sheep

Richards et al 2008

Hypoglycaemia

Anon (2008)

6.1.2 Etongue

Etongue sensors

Toko 1998; Vlasov et al 2002; Sohn et al 2005;
Olsson et al 2006; Ahluwalia and De Rossi 2007;
Wang et al 2007; Ipatov et al 2008

Bovine mastitis detection

Mottram et al 2007

Bacterial species identification

Soderstrom et al 2003

6.1.3 Urine odours of parasitism

Mice

Kavaliers et al 1998a, b, 2006

Mice, detection by of parasitised individual

Kavaliers et al 2005a,b

Mice, Eimeria vermiformis

Kavaliers and Colwell 1993, 1995b; Kavaliers
et al 1997

Mice, Heligmosomoides polygyrus

Ehman and Scott 2001, 2002; Kavaliers et al
2004; Kavaliers and Colwell 1995a

Mice, Polyplax serrata (louse)

Kavaliers et al 2003a,b

Mice, Taenia crassiceps

Morales et al 1996

Rats, Hymenolepis diminuta

Willis and Poulin 2000

Vole, Trichinella spiralis

Klein et al 1999




6.1.4 Enose

Situation Species Detection Reference

Anaerobic bacteria In vitro Enose Pavlou et al 2002b

(Clostridium spp. (14

strains) and Bacteroides

fragilis (12 strains))

Asthma Human (exhaled breath) Enose Alving et al 2006; Gill
et al 2006; Dragonieri
et al 2007

Bacterial classification In vitro Enose Gibson et al 1997;
Gardner et al 1998;
Moens et al 2006

Bacterial sinusitis Human Enose Mohamed et al 2003,
Thaler 2002; Thaler
and Hanson 2006;
Bruno et al 2008

Bacterial vaginosis Human (swabs) Enose Chandiok et al 1997;
Hay et al 2003;
Persaud et al 2003,
2006; Chaudry et al
2004

Bacteriuria Human (urine) Enose Aathithan et al 2001

Biofilm-producing in vitro Enose Thaler et al 2008

Pseudomonas &

Staphylococcus

Blood culture bacteria Human (ex vivo) Enose Lykos et al 2001;
Yates et al 2005

Blood in urine Human (urine) Enose Di Natale et al 1999;
Mantini et al 2000

Bovine ketosis Cattle (nasal) Enose Elliott-Martin et al
1997

Bovine oestrus Cattle (perineal odour Enose Lane and Wathes 1998

swab)

Breast cancer Human (breath) Enose Phillips et al 2003,
2006

Cerebrospinal fluid Human (fluid) Enose Thaler et al 2000;

differentiation from serum Thaler 2002; Aronzon
et al 2005

Cyanobacteria in water In aqua Enose Gardner et al 2000;
Shin et al 2000

Diabetes (exhaled acetone Human (breath, urine) Enose Wang et al 1997; Ping

and urine volatile analysis) et al 1997; Zhang et al
2000; Mohamed et al
2002; Dalton et al
2004

Diarrhoea (C difficile, Human (faeces) Enose Probert et al 2004

Campylobacter, rotavirus,

small rounded structured

virus (SRSV), adenovirus,

astrovirus, giardiosis)

Ear, nose and throat bacteria | In vitro (ex vivo swabs) Enose Boilot et al 2002;

(Escherichia coli,
Staphylococcus aureus,
Pseudomonas aeruginosa)

Dutta et al 2004;
Shykhon et al 2004;
Dutta and Dutta 2006




Eye infection bacteria In vitro Enose Dutta et al 2002
Haemodialysis fluid Human (in line fluid) Enose Fend et al 2004
monitoring
Helicobacter pylori Human Enose Pavolu et al 2000
Intrapulmonary infection Human Enose Hanson and
Steinberger 1997;
Hockstein et al 2004,
2005; Hanson and
Thaler 2005
Lung cancer Human (breath) Enose Phillips et al 1999,
2003, 2007, 2008; Di
Natale et al 2003;
Machado et al 2005;
Chen et al 2007;
Melanoma Human (lesion in situ) Enose D'Amico et al 20083, b
Mycobacterium bovis Badger, cattle (serum) Enose Fend et al 2005
Mycobacterium tuberculosis | Human (sputum) Enose Pavlou et al 2004;
infection Fend et al 2006
Renal dysfunction staging Human (skin) Enose Voss et al 2005
Review Enose Gardner and Bartlett
1994; Harper 2001,
Thaler et al 2001;
Turner and Magan
2004; Thaler and
Hanson 2005; Pavlou
and Turner 2000;
Raock et al 2008
Schizophrenia Human (sweat) Enose D’Amico et al 2008a
Upper aerodigestive tract In vitro Enose Gendron et al 2007
tumor cells
Upper respiratory tract In vitro Enose Lai et al 2002
bacteria
Urinary tract cancers Human (urine) Enose Bernabei et al 2008
Urinary tract infection Human (urine) Enose Guernion et al 2001,
Lin et al 2001; Paviou
et al 2002a, 2004;
Kodogiannis and
Wadge 2005; Yates et
al 2005; Persaud et al
2006
Wound healing Human (wound) Enose Parry et al 1995;
Greenwood et al 1997
Wound infection Human (wound) Enose Persaud 2005; Setkus
et al 2006

6.1.5 Near-Infrared Reflectance Spectroscopy

Clinical applications of NIRS

Reference

Clinical tissue oxygen saturation (shock and resuscitation; compartment
syndrome; necrotising fasciitis; peripheral vascular disease; free flaps;
cerebral oxygenation)

Cohn 2007

Clinical optical mammography to provide functional information about
breast cancer lesions

Leff et al 2008

clinical burns distinguishing shallow injuries from deeper burns that
require surgery

Sowa et al 2001; 2006

clinical cancer diagnosis

Kondepati et al 2008




clinical cerebral blood oxygen changes during stroke or brain tumours

Sakatani et al 2007

clinical cerebral oxygen saturation monitoring

Farouk et al 2008

clinical cerebral oxygenation in the neurointensive care unit

Wright 2007

clinical circulation in transplanted tissues

Cai et al 2008

clinical continuous monitoring of central venous oxygen saturation
(unreliable)

Baulig et al 2008

clinical detection of lipid-rich plague and possibly of vulnerable plaque
in the coronary arterial wall

Waxman et al 2007

clinical diagnosis and severity evaluation in patients with peripheral
vascular disease

Vardi and Nini 2008

clinical faecal composition in coeliac disease

Rivero et al 2000

clinical glucose (not clinically useful)

Tura et al 2007

clinical hemodynamic monitoring and early detection of inadequate
tissue perfusion and oxygenation

Creteur 2008

clinical malabsorption faecal fat and N

Neumeister et al 1997

clinical migraine and cerebral haemo-dynamics

Vernieri et al 2008

clinical muscle oxygenation and oxidative metabolism in healthy and
diseased humans

Hamaoka et al 2007

clinical neonatal brain optical tomography

Hebden and Austin 2007

clinical neuroimaging

Hoshi 2007

clinical neuro-monitoring in cardiac surgery: patients

Saidi and Murkin 2005

clinical neuro-monitoring to prevent and reduce brain injury in
cardiovascular surgery

Guarracino 2008

clinical non-invasive glucose monitoring

Heise et al 2000

clinical noninvasive imaging of tissue hypoxia

Vikram et al 2007

clinical skin classification

Bodén et al 2008

clinical tissue oxygenation

McVeigh 2006

clinical tissue oxygentation and intra-abdominal hypertension

Widder et al 2008

clinical tissue pH

Soller et al 1996

clinical transcranial perfusion monitoring

Smith 2007

clinical tumour measurement

Steinberg et al 1997

Faecal analysis by NIRS

Faecal analysis and prediction of botanical composition of diet

Walker et al 2007

faecal composition and prediction of feed composition

Tolleson et al 2005

faecal composition review

Landau et al 2006

faecal composition used to determine diet quality in sheep

Li et al 2007

Faecal nutrients

Lyons et al 1993; Stuth and
Tolleson 2000

Faecal output and PEG poly-ethylene glycol

Landau et al 2002

Discrimination between physiologically different groups of cattle

Tolleson et al 2000a

Feed analysis and NIRS

feed analysis and prediction of sheep response

Eckman et al 1983

feed fatty acid analysis in forages

Foster et al 2006

feed nutrient composition

Mentink et al 2006

feed prediction of effective degradation of DM, CP and NDF in ruminant
feeds

Ohlsson et al 2007

feed surveillance and monitoring in the manufacture, processing, and
marketing of compound feeds

Fernandez-Ahumada et al 2008

feed utilization by faecal NIRS analysis

Glasser et al 2008

quality of browsing for herbivores

DeGabriel et al 2008

Pharmaceutical industry applications of NIRS

pharmaceutical active pharmaceutical ingredient monitoring

Feng and Hu 2006

pharmaceutical analysis of solid, liquid and biotechnological
pharmaceutical forms

Roggo et al 2007

pharmaceutical herb extracts

Rager et al 2002




pharmaceutical herb identification

Kudo et al 2000

pharmaceutical herbal medicine discrimination

Woo et al 1999; Xie et al 2006

pharmaceutical illicit ecstasy tablet profiling

Baer et al 2007

pharmaceutical intermediate quality control

Andre 2003

pharmaceutical polymorph determination

Patel et al 2000; 2001

pharmaceutical QC

Corti et al 1993; Reich 2005;
Rasanen and Sandler 2007;
Gowen et al 2008

pharmaceutical tablet blend homogeneity, content uniformity, coating

thickness QC

Moes et al 2008

pharmaceutical tablet formulation development

Hilden et al 2008

pharmaceutical tablet hardness QC

Morisseau and Rhodes 1997

Parasitism detection and NIRS

Faecal NIRS of cattle and tick infestation

Tolleson et al 2000b, 2002, 2007

6.1.6 Point of care tests (POCTys)

Test subject

| reference

Cancer

Cancer, bladder carcinoma

Dey P 2004; Tomera 2004

Cancer, cell screening

Kang et al 2007

Cancer, lung, epidermal growth factor receptor mutations

Hoshi et al 2007

Cancer, oral squamous cell carcinoma

Mauk et al 2007; Ziober et al 2006

Cancer, profiling

Dufva and Christensen 2005

Cancer, prostate-specific antigen

Healy et al 2007; Lin et al 2008

Clinical Chemistry

Cholesterol

Warnick and Remaley 2001

Complete blood count

Rao et al 2008

Electrolytes, blood gases, haematocrit

Steinfelder et al 2008; Steinmetz et al
2007; Vos et al 2006

Glucose

Armor and Britton 2004; Desachy et al
2008; Meex et al 2006; Morris et al
2008; Rust et al 2008

Haemoglobin

Gupta et al 2008; Myers and Browne
2007; Nguyen-Khac et al 2006

Lactate

Acierno and Mitchell 2007; Ferasin
and Nguyenba 2008; Stevenson et al
2007; Tennent-Brown et al 2007;
Thorneloe et al 2007

Lipids

Shephard et al 2007

Nerve growth factor

Tang et al 2007

Parathyroid hormone

Sokoll et al 2004

Pregnancy Eichner and Timpe 2004
Protein Johnston et al 2007
Pulmonary function Tovar and Gums 2004
RNA (saliva) Wei et al 2008
Coagulation

Coagulation (international normalized ratio INR)

Fancher and White 2004; Murray et al
2004

Platelet function

Gaal et al 2007; Harle 2007;
Seegmiller and Sarode 2007

Drug detection

Drug monitoring, antiepileptics

Yang et al 2007

Drug monitoring, lithium

Vrouwe et al 2007

Drug monitoring, tricyclic antidepressants (urine)

Melanson et al 2007




Drugs of abuse

George and Braithwaite 2002;
Lewandrowski et al 2008; Wilson et al
2007

Smoking (urine test)

Payne and Southern 2006

Genomics

Genetic testing

Dobson et al 2007

Imaging

Acute compartment syndrome (IR imaging)

Katz et al 2008

Cerebral perfusion (laser Doppler, thermal diffusion, oximetry,
microdialysis)

De Georgia and Deogaonkar 2005

Lower extremity arterial disease (Doppler flow)

Bonham 2006

Ultrasonography

Hillingsg et al 2008

Immune function

CD4+ T cells

| Cheng et al 2007; Peter et al 2008

Infectious agents

Anthrax PA IgG

Bienek et al 2008

Babesia-bovis

Nascimento et al 2007

Botulinum neurotoxin type A

Gessler et al 2007

Brucella

Abdoel and Smits 2007

Chlamydia

Mahilum-Tapay et al 2007; Olshen and
Shrier 2005; Peeling et al 2006

Dengue virus IgG

Aytur et al 2006

Entamoeba histolytica

Leo et al 2006

Feline leukaemia virus, Feline immunodeficiency virus

Goldkamp et al 2008

Helicobacter

Basset et al 2003; Cardenas et al 2008;
Opekun et al 2006

Herpes simplex type 2 1gG

Laderman et al 2008

HIV

Anon 2007; Curtis et al 2008; Dewsnap
and Mcowan 2006; Pai et al 2007

Influenza, avian

Zarkov 2008

Influenza, human

Shimasaki et al 2001; Turner et al
2006; Uphoff Metzger 2002; Weitzel et
al 2007; Oh et al 2008

Legionella pneumophila

Diederen and Peeters 2007

Leprosy Buhrer-Sékula et al 2007

Leptospira Doungchawee et al 2008

Loa loa Burbelo et al 2008

Malaria Wongsrichanalai et al 1008; Ratnawati

et al 2008; Reyburn et al 2007; Wiese
et al 2006

MRSA (meticillin resistant Staphylococcus aureus)

Jeyaratnam et al 2008

Pneumococcal antigen (urine)

Weatherall et al 2008

Schistosoma japonicum antibodies

Wang et al 2006

Streptococcus, group A (Rapid Streptococcal Antigen Test RSAT)

Humair et al 2006; Sheeler and Little
2006

Streptococcus, group B

Edwards et al 2008; Gavino and Wang
2007

Syphilis

Benzaken et al 2008; Peeling and Ye
2004

Trachoma (Chlamydia trachomatis)

Michel et al 2006

Tuberculosis

Dinnes et al 2007; Steingart et al 2007

Typhoid

Pastoor et al 2008

Viruses (influenza virus, respiratory syncytial virus, rotavirus and
adenovirus)

Kayaba 2002

Kidney disease




Albumin:creatinine ratio

Shephard et al 2006

Creatinine

Schenk et al 2007

Microalbuminuria

Garner and Wiedmeyer 2007;
Goldstein et al 2007

Tissue injury, Pathology

Acid-base balance Story 2004
Ammonia, blood Goggs et al 2008
B-type natriuretic peptide Ancheta 2006

Cardiac Injury Biomarkers (myoglobin, creatinine kinase
myocardial band [CKMB],and cardiac troponin | [cTnl])

Giannitsis et al 2008; Kost and Tran
2005; Stubbs Collinson 2001

C-reactive protein

Melbye Stocks 2006; Miyazaki 2002;
Monteny et al 2006

D-dimer (assay for the diagnosis of pulmonary embolism)

Runyon et al 2008

Fatty acid binding proteins (tissue injury)

Chan et al 2005

Liver function (breath tests)

llan 2007

Trypsinogen (urine testing for the diagnosis of pancreatitis)

Jang et al 2007

Errors

POCT error

Ehrmeyer and Laessig 2007

6.1.7 New Technology Reviews

Technology Reference

Aptamers Kirby et al 2004; Mairal et al 2008

DNA chip Marchand et al 2008

Immunoassays Chan et al 2008

immunotesting von Lode 2005

IR Hosafci et al 2007

Lectinomics Gemeiner, P., D. Mislovicova, et al.
(2009).

Metabolic profiling

Mansfield et al 2006

Microbiology Robertson and Nicholson 2005
Microfluidics Situma et al 2006

Molecular Dx Holland and Kiechle 2005
Nanobiotechnology Jain 2007

Pathogens Yeung et al 2006

Protein microarrays, antibody arrays Dufva and Christensen 2005
Review Price 2001

Saliva Pesce and Spitalnik 2007;

Christodoulideset al 2005; Gutiérrez et al
2008; Parra et al 2005; Wright and Bickle
2005
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APPENDIX 2. ASSESSMENT CRITERIA

App. 2.1 FRAMEWORK TO ASSESS TECHNICAL AND PRACTICAL ATTRACTIVENESS OF NEW DIAGNOSTIC TEST METHOD

# | PARAMETER

DESCRIPTION

SCORING CONSIDERATIONS

SCORE
1Low
2 Med
3 High

COMMENTS

UNMET NEED

A | Diagnostic Need:

What information will the
test provide and what
decisions will that
information support?

New information allowing improved decision making:
Decision not to treat
Decision to reassess later
Decision of which anthelmintic to use
Decision on change to management practice
Information can already be obtained but proposed test:
Reduces time to result
Improves accuracy of result
Reduces cost of obtaining information
Provides simple race-side test

B | Transformation:

To what extent will the
adoption of the diagnostic
transform the way that
sheep are managed?

Will the information provided by the test allow new or
improved decisions that will result in significant benefits?
What number of sheep at risk could potentially benefit from
the use of the test (eg all sheep at risk of Haemonchosis, all
sheep at risk of GIN infection etc)?




PARAMETER DESCRIPTION SCORING CONSIDERATIONS SCORE COMMENTS
1Low
2 Med
3 High
TECHNICAL COMPLEXITY AND RISKS
Research Is there a well organised o Does the diagnostic research team already have the experience
Maturity: and supported research and skills to complete the project
effort making steady 0 Are there technical support resources accessible by the
progress? research team?
0 Does the technology already have an established track record
of reliable performance?
Research How many problems need o0 How novel is the technology being applied?
Complexity: to be solved before reaching | 0  Does the approach benefit from published and other
‘proof of concept’ and how experiences and represent an advance?
complex are these 0 Does the technology already have commercial applications
problems? relevant to the current objective?
0 How many (ie few or many) critical hurdles need to be
overcome to allow the test to be developed?
o0 Are the hurdles known, well defined, or unknown?
0 Are there any constraints concerning freedom-to-operate or
technology licensing.
Method How complex are the 0 Are the reagents and other critical components of the test
complexity reagents and materials for method readily available from multiple sources?
the test? 0 Can the quality of these components be readily assessed?
o0 Do the test components have any special storage requirements
or a short shelf life?
Operating What are the expected o Do the operating characteristics meet or exceed the minimal
characteristics sensitivity, specificity and requirements of what is needed?
predictive values of the test? | o How do expected test results compare with what is currently
available?
Reliability: Will the test be reliable o Does the technology have the capacity to produce reliable and
when applied many times reproducible results when used by different operators and in
by the same, by different different field situations
operators and between 0 Are there any test method factors that could cause reduced

laboratories

reliability and reproducibility?




PARAMETER

DESCRIPTION

SCORING CONSIDERATIONS

SCORE
1Low
2 Med
3 High

COMMENTS

ADOPTION FACTORS

Implementation: How will the test be used, 0 How easy is sample collection?
samples collected, assays o Do samples require any processing?
completed, results delivered | o Is the test on-farm or at laboratory?
etc). o Is information provided in immediately usable form?
Skills and How much training willbe | o How different is the proposed test method to currently used
Training: needed for each aspect of procedures by operator?
test implementation? 0 How many steps are involved?
0 How complex and subject to variation are the steps?
0 Are there any special procedures or equipment needed (eg
power source)?
0 How easy is it to read or calculate the result of the test?
Customers: Who will sell the tests and 0 Isthere already a distribution network to supply the test to the
who are the target proposed operator?
customers? 0 Will the test be race-side (preferred) or laboratory based
(requiring transport of samples and delay in response)?
Competition: Are there likely to be other | o  Are there already tests available that provide the same
test on the market and what information?
are they? 0 Are new tests expected that will provide the same or improved
information?
0 Are existing or new tests superior with respect to any aspect
of the test (ease of performance, speed, cost etc)?
Capital How much capital 0 What is the anticipated cost to set up test method?
Investment: investment is likely to be o How long will it take to recover the set up cost?
needed: production 0 How high will running costs be?
laboratory, machines to
make reagents, containers
etc.
Value Proposition: | What will the price be 0 What is the anticipated cost of sufficient tests on which to
relative to other tests and base a decision?
how much greater will the 0 What is the expected benefit (economic and other) of using

benefits be? Who will be

the test?




the beneficiaries? 0 How cost effective will the test be (eg demonstrably and
unequivocal benefits or difficult to measure benefit?




# | PARAMETER DESCRIPTION SCORING CONSIDERATIONS SCORE COMMENTS
1Low
2 Med
3 High
FUTURE DEVELOPMENT
N | External What are the opportunities Does test method lend itself to use in other situations?
Opportunities: for use of the diagnostic Will increased use be associated with decreases in test cost?
outside the sheep industry,
and for other parasites and
diseases?
O | Ongoing test Does the test lend itself to Is the technology subject to continuous improvement?
refinement improvements in response Will the ease of use improve with time?
to field use feedback or Will the cost decrease with time?
changes in technology?
App. 2.2 TOTAL SCORES
CATEGORY DESCRIPTION SCORE COMMENTS
Benefits to What is the overall assessment of the magnitude of the A+B Most critical score.
Industry benefits to the sheep industry? If less than threshold (to be decided) no need to
explore other parameters
Likelihood of | What is the overall assessment of the likelihood of C+D+E+F+G A threshold score could be proposed
technical successful technical development? Needs to be reasonable likelihood of success to
success: justify support
If benefits are very high then lower likelihood
could be acceptable
Likelihood of | What is the overall assessment of the likelihood of H+I+J+K+L+M A threshold score could be proposed
adoption successful commercialisation and adoption? All tests will suffer a background of entrenched
low level of adoption
Future Does the test lend itself to improvements in response to N+O Future development can increased likelihood of
development | field use feedback or changes in technology? Can the test survival in a format that is increasingly
test find applications beyond sheep useful to end-users
OVERALL 2(A-0)
SCORE
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