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The general introduction and research problem are provided in the opening section of
Chapter 1. The subsequent chapters each begin with a chapter introduction that leads into a
manuscript. This thesis includes one unpublished manuscript (Chapter 2) and two published
manuscripts (Chapters 3 and 4). Chapters 3 and 4 take the same form as the published papers
apart from minor figure and table label changes to maintain continuity. The synthesis of the
research presented in Chapters 2 — 4 is provided in the final chapter (Chapter 5), titled
General Discussion. Supplementary materials and quantitative analysis model selection

criteria are included in the appendices.



Abstract

A growing body of research has developed over the last 30 years exploring disease
scent detection using animals. Research project methodologies and results in this field vary
significantly, including some which are quite promising. Critiques of aspects of current and
past practice in disease scent detection using animals inform recommendations for the
development of scientifically robust standard operating procedures in this field. Greater
standardisation and transparency of practice has the potential to strengthen and clarify disease
scent detection results. My primary aim was to contribute to this standardisation by using a
theoretical understanding of concept formation and learning acquisition to inform three
experiments in which pet dogs (Canis lupus familiaris) were trained to detect the presence of
lung cancer in human breath and saliva samples. Operant conditioning processes and an
automated apparatus were used to train and test the dogs. Data for all three experiments were
collected concurrently. The experiments involved: designing a process for evaluating sample
comparisons; evaluating the efficacy of sample re-use for training purposes; and developing a
mathematical model to support decision-making about the transition from training to testing
of detector organisms. Firstly, we evaluated the comparative utility of human breath and
saliva samples to train and test dogs for lung cancer detection. Signal detection measures
were used to gauge the dogs’ target acquisition and concept formation during the training
process. The dogs acquired the lung cancer target concept more quickly from breath samples,
but also demonstrated higher-than-chance recognition using saliva samples. Secondly, we
systematically evaluated the effect of breath sample re-use on dogs’ performance during lung
cancer scent detection training. There were no significant changes associated with the
detectability of the target across samples re-used up to four times, and observed changes in
performance were small. Finally, we explored methods of evaluating when a detection animal

is performing at or near the highest accuracy of which they are capable with a view to



identifying the optimal point at which to transition from training to testing. A quantitative
model was most informative during our work training dogs to detect lung cancer. Ongoing
testing of the dogs’ abilities using novel samples occurred during training. However, the final
testing (and intermittent training) needed to measure and maintain the dogs’ performance
against asymptotic predictions was beyond of the scope of the current project.
Notwithstanding this, each of the experiments described herein provides both specific data on
the performance of our dogs, and procedural information about ways in which different
components of scent detection methodology using detector organisms could be strengthened.
Both of these resources could be used in concert with other methods of scent detection.
Relevant theory on concept formation was reviewed and used to plan and interpret the
acquisition of the target scent. Likewise, theoretical explanations of target acquisition and
associative learning informed our analysis of data. In this way, each of these experiments
contribute to improving practice in the field of disease detection by providing model
procedures from which other methods for evaluating sample types and the reuse of samples
could evolve. The development of a standardised measure for determining when to stop
training and start testing a detecting organism might also be applied to a wide range of

learners in myriad contexts to good effect.
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GENERAL INTRODUCTION

Disease detection using animals

A proliferation in the training of animals to detect disease in humans and other animals
has occurred in the last thirty years (Cambau & Poljak, 2020; Juge et al., 2022). Early case
studies describe spontaneous disease detection by domestic dogs. In 1989 The Lancet
published an article by Williams and Pembroke on the diagnosis and removal of a cancerous
mole from a patient’s leg. Prior to diagnosis, the patient’s dog persistently licked and even
attempted to bite the mole, prompting the owner to have it investigated. Further examples of
the same phenomenon have since been documented (Campbell et al., 2013; Church &
Williams, 2001; Pickel et al., 2004). Dogs’ tendency to lick lesions and wounds extends to a
persistent interest in diseased human tissue (Klaus & Joachim, 2017). While dogs have been
used extensively as biological scent detectors, the abilities of other animals to discriminate
disease in human and non-human animals are also being assessed (Edwards et al., 2017).

A review of recent literature in this field was conducted to provide an overview of the
range of methodologies, targets, detection animals and outcomes. Table 1 was generated by
completing a review of reviews from 2000 - 2022, searching SCOPUS (59 results, 1
November 2022), Web of Science (301 results, 7 November 2022), and PubMed (150 results,
7 November 2022) using the following search terms: (animal or dog or canine or rat or
nematode or bee or moth or wasp) and (cancer or disease) and (odor or odour or olfact* or
scent or smell) and detect* and review. A manual evaluation of goodness of fit for the review
parameters of animal detection of any disease, including non-human animal diseases, was
completed. A total of 73 unique articles were identified in the 18 review articles that met the

inclusion criteria for review.
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Table 1

Animal and Human Disease Scent Detection via Detector Organism Review

Species

Year of Jou_rnal _ Sample Num_ber Trained, Sensitivity Specificity
Article Disease of Unique (as (as
Pub. Authors Type Samples Number reported) reported)
P Trained P P
Mean
2004 Willis Bladder cancer Urine n=144 Dog,n=6 success rate: ND (NOI
determined)
41%
2004 Pickel Melanoma Tumour Unclear Dog,n=2 100% 100%
L
arcer; L@
° . 0,
2006  McCulloch ~ -|nd cancer & Breath n=169  Dog,n=5  99%Breast Concor 88%
breast cancer cancer- Breast
° . 0,
88% cancer: 98%
Breast cancer czggérBr:ef SGt "No better
2008 Gordon ‘ Urine n =493 N than ND
prostate cancer Prostate N
chance
cancern=14
2008 Horvath Ovarian cancer 'I'tliJsrzs:r Unclear Dog,n=1 100% 98%
Nematode
2008 Richards infection Faeces Unclear Dog,n=2 91% ND
(sheep)
T :
Tumour ;[;T:)g/l:r Tumour:
2010 Horvath Ovarian cancer tissue & Unclear Dog,n=1 ' 95%, Blood:
blood Blood: 98%
100% ’
2010 Poling Tuberculosis Sputum n = 10523 Rat, n =20 82% - 91% 89% - 95%
2011 Mahoney Tuberculosis Sputum n=12329 Rat, n =10 96% 74%
2011 Cornu Prostate cancer Urine n =108 Dog,n=1 91% 91%
Breath: Breath:
Breath &
0, 0,
2011 Sonoda Colorectal faecal Unclear Dog,n=1 L%, 99%,
cancer samples Faeces: Faeces:
P 97% 99%
2011 Willis Bladder cancer Urine n=210 Dog,n=4 64% 56% - 92%
. . . Honey bee,
2011 Suckling Tuberculosis Chemicals n=3 Unclear Unclear
Unclear
2012 Ehmann Lung cancer Breath n =220 Dog,n=4 71% 93%
2012 Buszewski Lung cancer Breath n=73 Dog, Unclear 82% 82%
Breast cancer,
2012 Walczak melanoma, lung Breath n=627 Dog,n=6 79% 78%
cancer
Sarcoptic
2012 Alasaad mange Infected Unclear Dog,n=2 100% ND
carcasses

(mammals)
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Species

Year of Jou'rnal . Sample Num'ber Trained, Sensitivity Specificity
Article Disease of Unique (as (as
Pub. Authors Type Samples Number reported) reported)
P Trained P P
2012 Mgode Tuberculosis Sputum n =289 Rat, Unclear 80% 72%
Clostridium Stool
2012 Bomers difficile samples and n =300 Dog,n=1 83% 98%
patients
. Diabetic .
2013 Dehlinger . Skin swab n=24 Dog,n=3 56% 53%
hypoglycaemia
. Blood
2013 Horvath Ovarian cancer n =252 Dog,n=2 97% 99%
Plasma
Sputum, Slides = Slides =
2013 Mahoney Tuberculosis slides and n=12 Rat,n =12 71%, Pots =  86%, Pots =
pots 82% 96%
Trained
tur\:’lvl)tﬂrs Breath: gges:/h:
2014 Amundsen Lung cancer N n=93 Dog,n=4 56%, Urine: o7
Tested with 64% Urine:
breath & ° 29.2%
urine
Bacterial
Clostridium culture,
2014 Bomers . faecal n=371 Dog,n=1 86% 97%
difficile
sample &
patient
2014 Elliker Prostate cancer Urine n=117 Dog,n=10 17% 73%
2014 Rudnika Lung Cancer Breath n=253 Dog,n=2 86% 2%
2015 Hardin Diabetic Sweat n=4 Dog,n =6 78% 96%
hypoglycaemia
2015 Rodionova Liver cancer Faj:iz& Unclear Dog,n=5 90% 99%
Headspace
2015 Schallschmidt Lung cancer gas of cell Unclear Dog,n=2 10%-20% 40%-50%
culture
2015 Reither Tuberculosis Sputum n =469 Rat,n=7 59% -72%  18% - 98%
oesiar;lzere;al Cell
gaitrigc ' culture,
2015 Hirotsu colorectal, h_uman Unclear Nematode, 96% 95%
tissue, Unclear
breast, .
L urine, blood
pancreatic, bile
serum
duct, prostate
2015 Urbanova Prostate cancer Urine Unclear Dog,n=1 94% 92%
Bovine viral viral
2016 Angle diarrhoea virus culture n=15 Dog,n=2 91% 99%

(cattle)
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Species

Year of Jou'rnal . Sample Num'ber Trained, Sensitivity Specificity
Article Disease of Unique (as (as
Pub. Authors Type Samples Number reported) reported)
P Trained P P
2016 Hackner Lung cancer Breath n=122 Dog,n=6 79% 34%
2016 Maurer Bacteriuria Urine n =687 Dog,n=5 Near 100%  Above 90%
2016 Taverna Prostate cancer Urine n=114 Dog,n=2 78% N/A
2016 Willis Melanoma Tissue n=741 Dog,n=2 45% ND
2016 Neto Tuberculosis Chemicals n=8 Nematode, Unclear Unclear
Unclear
Faecal
2017 Bryce Clostridium —— sample & =\ o0 Dog,n=1 92% 95%
difficile bacterial
culture
2017 Dorman Urinary tract Urine n=21 Dog,n=4 Hovered , ND
cancer (dog) near chance
. Scrapes: Scrapes:
Guerrero- scrs(re\:rcéail 93%, 99%,
2017 Cervical cancer n=270 Dog,n=1 Surgical Surgical
Flores absorbent
material bandages: bandages:
96% 100%
2017 Guirao Lung cancer Breath n=113 Dog,n=1 95% 98%
Montes
2017 Kitiyakara Liver cancer Breath Unclear Dog,n=1 78% ND
2017 Koivusalo Staphylococcus Culture Unclear Dog, Unclear 89% 91%
aureus (MSRA) 9.
. o . 24127
2017 Koskinen Bacteriuria Urine n=91 Dog,n=1 ND
accuracy
2017 Los Diabetic g\ odour  n=4s Dog,n =8 36% ND
hypoglycaemia
2017 Gonder- Diabelic 5 odour  n=18  Dog n=18 57% 49%
Frederick hypoglycaemia
2017 Ellis Tuberculosis Sputum n=11869 Rat, n =22 94% ND
Correct
Fischer- identificati
2018 Ischer Lung cancer Breath n =60 Dog,n=2 identificatio 60%
Tenhagen n average:
95%
Fischer- Staphylococcus Bacterial
2018 aureus - mastitis culture & Unclear Dog,n=9 59% 93%
Tenhagen .
(cattle) milk
2018 Pacik Prostate cancer Urlne_& n =180 Dog,n=1 90% 95%
Sarcosine
Breast cancer, Cell culture Greater than  Greater than
2018 Seo colorectal liquid Unclear Dog,n=2 90% 90%

cancer
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Species

Year of Jou'rnal . Sample Num'ber Trained, Sensitivity Specificity
Article Disease of Unique (as (as
Pub. Authors Type Samples Number reported) reported)
P Trained P P
N Faecal
Toxigenic
- sample &
2018 Taylor Clostridium . Unclear Dog,n=2 85% 85%
e bacterial
difficile
culture
Mean
. _ increase of
2018 Mgode Tuberculosis Sputum n=55148  Rat, Unclear 43% from ND
DOTS
2019 Catala Epileptic Breath & n=5 Dog,n=5 87% 98%
seizures sweat
Mixed Mixed
. Multi- Multi-
2019 Davies Pseudo.monas Bacterial Unclear Dog,n=4 Organism Organism
aeruginosa culture ) )
Cultures: Cultures:
87% 84%
2019 Guirao Lung cancer Breath n=109  Dog,n=1 97% 99%
(SPN)
. Blood
2019 Junqueira Lung cancer serum Unclear Dog,n=4 97% 98%
. Cell culture
2019 Murarka Ovarian cancer Unclear Dog,n=4 Unclear Unclear
& plasma
2019 Thuleau Breast cancer Sk'h Unclear Dog,n=2 90% N/A
secretion
2019 Guest Malaria Bodyodour — _ 175 pog,n=2 72% 91%
(Socks)
Median
sensitivity
2019 Rooney Diabetic _ Breath and n=27 Dog, n = 27 to out-of- ND
hypoglycaemia sweat range
episodes:
70%
Faecal
2019 Charles Clostridium — sample & o0/ pogn=2 91% 98%
difficile bacterial
culture
. 76% -
2020 Grandjean COVID-19 Sweat n=177 Dog,n=1 ND
100%
2020 Jendrny covibtg VA& uer  Dogn=sg 83% 97%
mucus
2020 Mazzola Lung cancer Urine n=334 Dog,n=6 45% - 73% 89% - 91%
Diabetic 86% -
202 R . Breath n= Dog,n=2 % - 87%
020 eeve hypoglycaemia eat 30 0g 0% - 87% 100%
2020 Yamamoto  Cervical cancer Urine n=195 Dog,n=1 100% 100%
2020 Schoon Colon cancer Faeces n=70 Dog,n=2 84% 88%
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Species . A
Year of Jou'rnal . Sample Num'ber Trained, Sensitivity Specificity
Article Disease of Unique (as (as
Pub. Authors Type Samples Number reported) reported)
P Trained P P
. Ph |
Saliva & aryn.gea_ Pharyngeal = Pharyngeal
mucus, face Secretion: Secretion: Secretion:
- ' n = 80, = N N
2021 Eskandara CcOVID-19 masks & fabric: 1 = Dog,n =6 65%, fabric:  89%, fabric:
T 0 0
clothes 120 86% 93%
2021 Guest Prostate cancer Urine n=>50 Dog,n=2 71% 70 - 76%
Probability
- of canine
Propab!l|ty detection of
Epileptic of diff. ictal seizure
2021 Maa p_ P Sweat n =60 Dog,n=13 Versus
seizures L scent
interictal recedin
sweat 93% P .. g
clinical
seizure 82%
Average
accuracy:
97.5%
2021 Mendel COVID-19 Breath Unclear Dog,n=4 Positive ND
predictive
value:
91.5%

Table content summary

Details of the specific target diseases, sample types, the numbers of unique sample
types available, individual animals trained, testing criteria and accuracy measures will be
described in the following section.

Target diseases

Twenty-seven diseases including epilepsy (Fisher et al., 2014) were identified as targets
for animal scent detection. The most frequently researched human diseases were lung cancer
(18%; 12/68), followed by tuberculosis (13%; 9/68) and prostate cancer (12%; 8/68). The
range of the remaining human disease detection projects included the following targets:
bacteriuria; bile duct cancer; bladder cancer; breast cancer; cervical cancer; Clostridium
difficile; colorectal cancer; COVID-19; diabetic hypoglycaemia; epileptic seizures; gastric
cancer; liver cancer; malaria; melanoma; oesophageal cancer; ovarian cancer; Pseudomonas

aeruginosa; pancreatic cancer and Staphylococcus aureus. Non-human animal disease targets
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included: in cattle, bovine viral diarrhoea virus (20%; 1/5), and Staphylococcus aureus (20%;
1/5); in sheep, nematode infestation (20%; 1/5); in mammals, sarcoptic mange (20%; 1/5);
and in dogs, urinary tract cancer (20%; 1/5).
Sample types

Thirty-two sample types were collected to support the research projects, of which the
most frequently occurring were: urine (23%; 17/73); breath (22%; 16/73); faeces (12%;
9/73); bacterial cultures (7/73; 10%) and sputum samples (7/73; 10%). Other sample types
included: absorbent material (vaginal discharge); blood; blood plasma; blood serum; body
odour; cell culture; cell culture liquid; cervical smears; chemicals; clothes; face masks;
human tissue; headspace gas of cell culture; infected carcasses; milk; mucus; plasma; saliva;
sarcosine; skin secretions; skin swabs; sputum pots; sputum slides; sweat; the physical
presence of the patient; tumour tissue; and viral culture.
Unique samples

A unique sample is the first sample of a particular type provided by a single participant.
It remains unique until it has been used for the first time to either train or test a detector
organism. For example, a participant could provide several breath samples during a single
collection session. However, only one of those — the first sample made available in the first
instance to animals for training or testing purposes — could be described as unique. If a range
of sample types is collected from a single participant, the first sample used of each type
(breath, blood, urine etc.) would be considered unique. The number of unique samples in
respective projects ranged from 3 to 55,148, with a median value of 121. Of the unique
sample values, 30% (22/73) were unclear. 18% (13/73) of the unique sample values were 50

or lower.
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Detector species

Four species were trained to detect disease: dogs (86%; 63/73), rats (Cricetomys
gabianus) (10%; 7/73), nematodes (Caenorhabditis elegans) (3%; 2/73), and honey bees
(Apis mellifera) (1%; 1/73).

The number of individual animals trained ranged from 1 to 27. Of the projects, 10%
(7/73) had unclear numbers of trained animals, 47% (34/73) of projects had either 1 or 2
trained individuals, while 74% (54/73) had trained 1 to 6 individuals.

Measures of performance accuracy

The two measures of performance accuracy reported most frequently in the projects
were sensitivity and specificity. Sensitivity and specificity measures are integral to signal
detection, which is a general psychophysical approach to measuring decision-making under
conditions of uncertainty, based on sensory input (Macmillan & Creelman, 2004). Sensitivity
is calculated by dividing the number of correct positive indications of positive samples by the
number of known positive samples. Specificity is calculated by dividing the number of
correct rejections of negative samples by the number of known negative samples.

Sensitivity reported across the studies ranged between 0% and 100%. Three results
were reported as unclear. Other terms used instead of sensitivity included: mean success rate;
hovering near chance; no better than chance; 24/27 accuracy; correct identification average;
and mean increase from conventional screening for tuberculosis at direct observed treatment,
short course (DOTS) clinics. The mean of available sensitivity scores was 80%. Perfect
sensitivity scores (100%) were recorded in 7% (5/73) of projects, while a further 10% (7/73)
of recorded scores were no better than chance (0% - 50%).

Specificity reported across the studies ranged between 18% and 100%. 26% (19/73) of
the projects did not calculate specificity values. Perfect correct rejection scores (100%) were

recorded for 4% (3/73) of projects, while 7% (5/73) were no better than chance.
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Factors influencing the outcomes of disease scent detection

There is evidence that animals can detect disease at above chance levels: the mean
reported sensitivity of all projects described above was 80%. However, the extent to which
individual animals might be expected to detect disease remains unclear, and is heavily
dependent on the methodology applied to their training and testing, as well as the disease
itself (Edwards et al., 2017; Pirrone & Albertini, 2017). Research methods likely to skew
results include but are not limited to: forced choice line ups that introduce artificial ceiling
and base accuracy scores (Edwards et al., 2017); the use of arbitrary accuracy cut-offs
(Maughan et al., 2022); maintaining specific ratios of positive to negative samples throughout
training (Gadbois & Reeve, 2016); measuring detection accuracy during training with
samples familiar to the animals; and testing animals using different sample types than those
they were trained with.

Features controlling the behaviour of the individual detector organism are also likely to
vary from trial to trial. As is apparent in Table 1, broadly differing detection results have been
recorded within and across groups of species, disease, and sample type. The state of the
detecting organism itself influences accuracy. Factors influencing individual accuracy include
an organism’s learning history (rewards or punishment associated with performance)
(Staddon & Cerutti, 2003), general health (Troisi et al., 2019), environmental variables like
heat or cold; social stressors (Byosiere et al., 2019), levels of rest, hunger, and fatigue (Hayes
et al., 2018), preferences and biases (Johnen, 2017); and the rate and frequency with which
the task has been performed already (Hall, 2017).

Concurrently, external factors acting upon detecting organisms include: training and
testing methods (Keep et al., 2021); sample type (Edwards et al., 2017); sample collection

(Guest et al., 2020; Walczak et al., 2012); sample storage and re-use (Crawford et al., 2023;

10
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van der Schee et al., 2012); and training-to-testing terminal criteria (Crawford et al., 2022;
Gallistel et al., 2004).
The influence of training conditions on detection outcomes

Training involves the differential reinforcement of an organism’s target and non-target
behaviours (Cooper et al., 2020). The conditions of training can have a significant impact on
an organism’s ability to accurately respond to the scent of a target disease. Specifically,
differentiation between chemotaxis and conditioned responses; recognising the role of sample
presentation variables; training either forced choice or yes/no responding; and managing the
presence of other organisms (including trainers and researchers) each has the potential to
impact scent detection accuracy.

Nematodes respond to diseased tissue via chemotaxis rather than training (Hirotsu et
al., 2015; Neto et al., 2016). Respondent conditioning pairing extension of the proboscis with
the presence of a target scent was used to establish scent detection behaviour in bees
(Suckling & Sagar, 2011). In all other cases in the reviewed literature, operant conditioning is
used to train rats and dogs to systematically respond to human or animal disease targets (Ellis
et al., 2019; Hayes et al., 2018).

Training conditions need to reflect test conditions as closely as possible for optimal
detection outcomes. Specifically, they need to reflect the random frequency with which target
samples occur in test sample arrays (Edwards et al., 2017; Maughan et al., 2022). This
involves designing sample presentation to the detector oganism in which the separate
evaluation of each sample occurs, irrespective of the status of the other samples. By contrast,
many of the reviewed projects developed training session schedules with repeated set ratios
of positive to negative samples (forced choice procedures). Forced choice procedures can
impact the accuracy values achievable by individual organisms. Forced choice responding to

samples during both training and testing places artificial ceilings and floors on the range of

11
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accuracy values generated by organisms (Edwards et al., 2017; Gadbois & Reeve, 2016). By
contrast, independent evaluation of each sample using “yes” and “no” or “go/no go”
responses allow robust sensitivity and specificity measures to be collected (Macmillan &
Creelman, 2004).

Disease scent detection training methods overwhelmingly rely on the presence of a
human trainer during sessions. Sometimes the presence of the trainer is maintained into
testing. There is potential for the detector organism’s responding to be controlled by social
cues under these circumstances, as many animals are highly sensitive to non-verbal cues
(Krause et al., 2018). While a trainer is present in the training area, it is possible for changes
in breath, movement, posture, or pace, to cue the indication of a detection animal (Reid,
2009). These changes are likely to be entirely involuntary on the part of the trainer, but may
have a significant effect on detection outcomes. Examples of the impact of involuntary
cueing on test accuracy are described in the broadly circulated early twentieth century report
of “Clever Hans” (Samhita & Gross, 2013) and in more recent studies (Hayes et al., 2018; Lit
etal., 2011). Automated testing, in which the animal is trained to respond to samples in the
absence of a trainer, eliminates the possibility of trainer cueing.

Testing

Four reviewed projects could be categorised as self-report surveys rather than tests, as
conditions during data collection were not controlled. For example, in one project diabetic
owners were asked to report after the fact whether or not their trained hypoglycaemia
detection dogs alerted prior to a spike in the owner’s blood sugar. In the remaining 69
projects, precautions were taken during testing to blind detection animal handlers to the

position of positive samples.
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Sample collection and storage

Scent detection requires an organism to differentiate between the environmental
“noise” and the accompanying target scent “signal + noise” in a sample (Hautus, 2015). The
extent to which the “noise” — the non-target ambient scents - in sample collection
environments can be controlled, varies. During testing, scent detection animals are exposed to
a range of ambient smells collected at the same time as the substance under review. For
example, a novel breath sample is also likely to contain traces of the room in which the
sample is collected, as well as the participant’s most recent meal; any medication the
participant is currently taking; environmental contaminants like smoke; and/or chemical
markers of metabolic change associated with the participant’s age and gender (Pennazza &
Santonico, 2018). In some instances, the detection animal has been trained using samples of
tumours or an artificial scent profile made up of high frequency volatile organic chemical
(VOC) lung cancer markers, but then tested with breath samples. In these circumstances, the
animal’s detection task could require a level of target concept generalisation quite different
than the task of an animal trained with relatively “noisy” novel breath samples
(Schallschmidt et al., 2015).

All tissue types and waste materials intended for presentation to detector organisms
need to be collected and stored using methods that maintain the integrity of the sample and
avoid cross-contamination or background cueing. Diverse materials and procedures have
been used in disease scent detection to date, with different emphases on preservation. For
instance, both glass and plastic sample containers appear in different projects. A sample
storage material like glass is non-permeable (Goss, 2019). However, glass is also relatively
fragile, expensive, and bulky to store and handle. By contrast, commercially available self-
sealing food-grade plastic bags are ubiquitous and relatively cheap. Unfortunately, these

same bags are also highly permeable and easily punctured (Torri & Piochi, 2016). Therefore,
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the function and efficacy of either glass or plastic storage items is likely to be quite different,
depending on the ways in which they are used. Another sample preservation factor
represented variably in the literature is temperature. The temperature at which a sample is
stored will influence its stability over time (Harshman et al., 2016). Unrefrigerated samples
with high moisture content and organic matter are likely to be subject to decay (Hudson et al.,
2009), precipitated by any bacteria or mold present in the environment at collection. VOCs in
samples provide the distinctive disease scent profile target for detection animals (Leitch et al.,
2013). VOCs also dissipate at room temperature. On these bases, it could be argued that
controlling both sample storage permeability and temperature is critical to maintain the
integrity of training and testing samples.
Terminal criteria

Once as many features as possible of a research project have been optimized, and
training has been successfully undertaken, the project requires a transition from training to
testing the detection animals. Intermittent training to maintain detection behaviors occurs
after this transition, but this is only auxiliary to the main focus of final blind testing. Varying
accuracy rates and measures were used to determine the transition from training to testing in
the reviewed research. The basis for the transition was rarely acknowledged or explored
beyond the provision of an arbitrary criterion; often 100% accurate performance during
multiple consecutive sessions. Theoretical considerations need to be introduced at this point
to more meaningfully describe the extent to which a detector organism has learnt a disease
target.
Disease detection theory
Concept formation

Concept formation in human and non-human animals has been extensively researched

(Bhatt et al., 1988; Herrnstein, 1990; Keller et al., 1951; Zentall et al., 2002). It is therefore
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surprising to discover that there are no universally recognised terminal criteria used to
determine when to stop training and start testing the acquisition of new concepts.

In early concept formation experiments, pigeons (Columba livia domestica) were
trained to perform discriminations between the presence or absence of humans (Herrnstein &
Loveland, 1964) or trees (Herrnstein et al., 1976) in photographic images. Through multiple
exemplar training, the pigeons’ human or tree concepts generalized to unfamiliar images in
which the target subjects were extremely varied in appearance, partially obscured, or
presented with different colour filters, zoom apertures and/or in different contexts and
seasons. 81 novel image exposures were presented during each training session. Using this
schedule, the pigeons’ accurate responding became apparent within 7 — 10 sessions, and then
continued to improve over the following months. As training continued, the pigeons
demonstrated increasingly complex discrimination between images that were not even
immediately identifiable through casual human observation.

In the context of disease scent detection training, operant conditioning using an
antecedent stimulus (in this context, a sample) to elicit a specific response (an indication)
from a detector organism in the presence of a target (a disease) is the foundation of concept
formation (Herrnstein, 1990). The acquisition of a complex concept like a disease scent target
requires the ability to distinguish samples characterized by two sets of features. The first is
“category specific” features, which constitute several common elements of the concept that
increase its probability of being categorized by the organism as a target. The second set
involves “stimulus specific” features, in which only a few of the elements may be present,
and the probability of the organism categorizing the sample as a target is low (Wasserman,
2016). Sample types (breath, saliva, sputum, urine etc.) are different representations of

relevant stimuli — VOCs in the case of scent detection - that the organism has access to.
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Samples used for training are often also re-used. It is reasonable to assume that samples
degrade after repeated use (Wang et al., 2018). The pace and extent of the degradation may
impact the fidelity of the target concept. Of equal concern is the possibility of contamination
during repeated handling and exposure of samples. For example, VOCs exhaled from the
bodies of detection organisms as they sniff samples may become part of the scent profile of
the sample being examined. The extent to which this differentiates re-used samples from
unused samples for the purposes of training has yet to be measured.

Target acquisition

Target acquisition — learning to discriminate accurately between samples that feature
or lack properties of a complex concept — involves trial exposure to a range of exemplars.
The rate and form of an organism’s learning can be represented with a learning curve. The
plot of a standard learning curve that shows cumulative performance over time is sigmoid in
form (See Figure 1). Its features include: a mark of the moment at which behaviour begins to
change (A); an inflection point representing the greatest change in the rate of learning (B);
and a value for asymptote, which indicates where further improvement is extremely unlikely
to occur (C). Investigation of the acquisition of new, simple information in non-human
animal experiments suggests a much more abrupt form of acquisition at the level of
individual responses. However, the aggregation of these responses over sessions, days and
weeks tends to converge to show the characteristic curve described in early literature
(Gallistel et al., 2004). Measuring the rate of acquisition of a complex target concept like the
scent of a disease is both valuable and necessary to determine how long training should
continue, and when testing should commence.
Current research targets/factors
Apparatus

As noted earlier, automation removes the possibility of cueing. It eliminates many
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Figure 1

Standard Learning Curve (Based on Description in Murre, 2014)

Learning

Experience

avenues of human error and allows for very precise measurement of responding. We aimed to
optimize disease scent detection in general by identifying procedures that could be applied
across a number of contexts. Specifically, we used an automated approach to training and
testing that could be standardized (Edwards, 2019). Using an automated training apparatus,
we concurrently explored the role of sample re-use; which sample type was more effective;
and the process of transitioning from training to testing.

1) Sample type

There has been extensive research on the biological suitability of dogs as scent

detectors (Jendrny et al., 2021; Juge et al., 2022). However, there is little research on the
comparative strengths and weaknesses of using different sample types during canine scent
detection training (Edwards et al., 2017). Dogs have been trained to detect a single disease
target across more than one sample type in 9 of the reviewed projects. However, a direct
comparison between unique samples of different sample types from the same participants for

disease detection purposes has not been completed at the time of writing.
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Multiple sample material types are available for training and testing disease scent
detection. Routinely eliminated waste like urine, faeces, sputum, breath, and sweat appear
frequently in the research. Low-cost, disposable personal items like swabs and face masks are
also readily available.

The most frequently used sample types in the reviewed research are urine, breath, and
faeces. The collection of these materials is non-invasive. All three waste products are
regularly available from participants. The collection of urine and faeces requires privacy, but
is otherwise relatively straightforward. By contrast, providing breath samples can become
effortful for participants with advanced pulmonary issues. Being coached through the process
of providing samples by a technician is a way of mitigating this effort and controlling the
uniformity of collection.

Urine can be aliquoted, making more training opportunities available by splitting the
initial sample volume. In the same vein, multiple breath samples can be provided in a single
session. Urine passes through the kidneys and contains particulates that can indicate several
diseases (Ma et al., 2020). Likewise, breath contains particulates from the blood stream as it
crosses the alveolar interface while passing through the lungs (Lourenco & Turner, 2014).
Both urine and breath samples therefore provide a disease scent profile for training that is not
limited to lesion sites. Faeces can include blood and by-products of infection and cell changes
in the gut (Shirasu & Touhara, 2011). This is particularly pertinent during testing for bowel
cancer (Bosch et al., 2019). Establishing a process for evaluating the relative merits of
selecting different sample types for disease scent detection training has the potential to
optimize decision-making about which sample types to collect in different contexts.

2) Frequency of sample use
Equally, there is a body of research on the physical properties of different organic

sample storage and preservation materials and methods (Guest et al., 2020; lyengar et al.,
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2020). However, there is currently no research targeting the performance of biological
detectors exposed to samples that have been used more than once.

In an ideal scenario, disease scent detection samples are so abundant they may be used
once for training and then discarded if preferred. Wasserman (2016) notes that repetition of
exemplars is not necessary for complex concept formation, and increasing the number of
exemplars (samples) “slows acquisition but enhances generalisation” (p. 11). Due to the
relative expense and effort associated with sample collection, however, a mixture of novel
patient samples (individuals to whom the detection animal has not been exposed before) and
re-used samples are likely be used for training purposes (Fischer-Tenhagen et al., 2018).
Many research projects have incorporated the re-use of samples for training and testing,
although the extent and frequency of sample re-use during training is often not described in
detail (Buszewski et al., 2012; Fischer-Tenhagen et al., 2018; Jendrny et al., 2021; Juge et al.,
2022; McCulloch et al, 2006; Rudnika et al., 2014; Walczak et al., 2012). Measuring and
comparing the viability of used and re-used samples has the potential to support more cost-
effective resource management during disease scent detection training.

3) Terminal criteria

Finally, each project described above features animals that have been trained and then
tested as detector organisms. As was noted earlier, there are no universally recognised
terminal criteria used to determine when to stop training and start testing the acquisition of
target disease scents.

There is no consensus amongst the summarized studies about what constitutes the
correct point at which a detecting organism is ready to focus primarily on testing unknown
samples. Without a theoretical basis for determining when an animal has completed training,
practical decisions about when begin testing and then only intermittently offer maintenance

training may be founded on received wisdom. This has the potential to truncate the
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achievement of the organism if training is completed too soon. Equally, it may also shorten
the potential testing time available as a proportion of the animal’s life span if training
continues too long.

A frequently-used criterion like performance accuracy expressed as a percentage, is a
problematic basis on which to transition from training to testing. Individual or aggregated
accuracy measures doesn’t necessarily take into account acquisition trends in the individual’s
learning (Baer & Parsonson, 1981). They are also unresponsive to variations in individual
ability. Craft knowledge accrued by trainers working over several years may be referenced as
a basis for decision-making (Hayes et al., 2018). This is difficult to quantify and inaccessible
to less experienced researchers. A more transparent and reliable approach to terminal criteria
for training is required for improved decision-making in this area.

Research target: Lung cancer

Our canine scent detection group selected lung cancer as a detection target. A small
body of literature exists on this topic, so our methodological decisions could be informed by
the experiences of previous researchers. There is evidence that dogs can detect lung cancer in
human samples with greater than chance accuracy. Because of difficulties treating advanced
lung cancer, progress in the area of early detection has the potential to immediately save
lives.

Current lung cancer screening limitations

The World Health Organisation (2021) identifies cancer screening as an important but
complex public health intervention, and limited attempts at screening have been offered in
several countries. America and Canada have in the past offered targeted lung cancer
screening (Jaine et al., 2018). A large-scale lung cancer screening project involving both
blood testing and Low Dose Computed Tomography (LDCT) for high-risk participants was

begun in London in 2018, but was only exploratory in nature (National Institute of Health
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Research, 2018). In America, annual LDCT is recommended for asymptomatic 55 to 80-year-
olds who have maintained a heavy smoking habit within the last 15 years (Centre for Disease
Control United States of America, 2019). However, risks associated with the LDCT
technique in each context include exposing individuals to potentially carcinogenic radiation
and false positive indications (Jaine et al., 2018). Currently, lung cancer screening is not
available in most countries, including New Zealand (Jaine et al., 2018; National Institute of
Health Research, 2018; Ostrin et al., 2020; Singh & Pazdur, 2021). Identifying non-invasive
and cost-effective lung cancer screening processes has considerable merit in this context
(Blandin et al., 2017; Kauczor et al., 2020).
Thesis structure

The following information outlines three concurrently run experiments designed to
investigate the acquisition of a complex concept target lung cancer-positive scent by pet dogs,
using and re-using breath and saliva samples from human participants. The timeline of
experimental activity is shown in Table 2.
Experiment 1: Breath vs. saliva for lung cancer detection with dogs

Experiment 1 involved a comparison between the use of breath samples and saliva
samples to train dogs to detect lung cancer. Seven pet dogs were trained using operant
conditioning and an automated apparatus to indicate the scent of lung cancer positive samples
collected from a local respiratory clinic. Dogs were selected based on their individual
behaviours in the laboratory rather than their breed characteristics. Single subject research
design allowed us to compare each dog’s developing target acquisition against itself. Training
featured no coercive elements; tasks ended at any stage that dogs showed signs of unease
(e.g., yawning, panting, pacing). The extent to which the dogs formed a concept of the lung
cancer scent target across two sample types could provide insights into the patterns and

pace of acquisition not previously noted. Similar dedicated comparisons between sample
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Table 2

Canine Scent Detection of Lung Cancer (Breath and Saliva) Project Timeline 2017-2020

Year Month Action

2017 November Funding secured. Ethical approval gained. Liaison with respiratory clinic team

underway. Recruitment of pet dogs begins.

December Laboratory closes for summer.
2018 January Dog recruitment continues.
February Amyl acetate training of Onyx and Bramble begins (Monday and Tuesday AM)
March Amyl acetate training of Rylea and BJ begins (Monday and Tuesday PM).
April Amy| acetate training
May Tui and Katie (trained in previous project) resume amy| acetate training.
June Amy| acetate training
July Amyl acetate training
August Amyl acetate training
September Amyl acetate training
October Amyl acetate training
November Amy| acetate training
December Laboratory closes for summer.
2019 January Laboratory remains closed.
February Laboratory re-opens, amyl acetate training resumes.
March Amyl acetate training
April Human saliva (Monday) and breath (Tuesday) target training begins (Rylea,

Onyx, Bramble AM; BJ, Tui, Katie PM). Data for all three experiments is
collected concurrently from April 2019 to November 2020.

May Human sample training

22



GENERAL INTRODUCTION

Year Month Action

June Human sample training
July Human sample training
August Amyl acetate training of Rocky begins.
September Human sample training
October Order of presentation changed to Breath (Monday), Saliva (Tuesday).
November Novel positive sample introduced, unreinforced for first two sessions.
December Laboratory closes for renovations.

2020 January Laboratory remains closed.
February Training resumes. Performance falls away — all dogs. Rocky begins breath and

saliva target training. Return to early acquisition indication thresholds for all
dogs commences 11/02/2020.

March COVID-19 Lockdown

April COVID-19 Lockdown

May 25/05/20 Laboratory re-opens.

June Saliva data collection ends. Novel positive sample, unreinforced for first two

sessions, reintroduced to session arrays.

July Human sample training

August Human sample training

September Final available novel samples consumed.
October Human sample training

November Final training session 03/11/2020.
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types did not exist at the time of writing. While breath samples were frequently used in the
training of disease scent detection dogs to detect lung cancer, saliva samples were not. Both
sample types seemed promising. Research into the use of saliva for disease detection
purposes using scent-detection technology already exists (Ma et al., 2020; Qian et al., 2018).
Saliva can be collected by the participant using a non-invasive procedure. The ability to
aliquot saliva samples, creating several training samples from one initial donation, was also
attractive. A direct comparison between the efficacy of breath samples and saliva samples for
lung cancer scent detection training was intended to a provide a model for future comparisons
between other sample types and disease categories and directly inform future lung cancer
research.
Experiment 2: Influences of breath sample re-use on the accuracy of lung cancer detection
dogs

Experiment 2 involved an analysis of the use and re-use of breath samples during
training to indicate the extent of stimulus (target concept formation) generalisation across a
range of sample states. During training, seven pet dogs were exposed to new and used breath
samples to learn the lung cancer positive target concept. Samples were supplied by a local
respiratory clinic and stored at -60°C or -80°C to retain as many VOCs as possible. Very
little reference in the research is made to the re-use of disease scent detection samples
(Fischer-Tenhagen et al., 2018). Changes in the quality and quantity of sample stimuli during
repeated use might influence generalisation to novel samples, so too requiring investigation.
Re-exposure of samples involves a number of co-occurring changes. Identifying processes for
the use and re-use of resources for disease detection has broader applicability and
implications beyond one disease target. Developing a systematic model for evaluating
changes in the sensitivity and specificity of disease scent detection as samples are used and

re-used would advance the systematic application of disease scent detection more generally.
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Experiment 3: Transitioning from training to testing with scent detection animals:
Application to lung cancer detection dogs

Experiment 3 was designed to optimize concept formation (target acquisition).
Sensitivity and specificity measures of positive lung cancer scent detection by seven pet dogs
during training were used as steps to explore the pace and extent of each dog’s learning. We
hoped to generate evidence of predictable patterns of acquisition that could be represented
using quantitative measures, with a view to standardizing the transition from training to
testing. We aimed in this way to contribute to the relatively new field of disease scent
detection, with the potential for broader applications. Specifically, we reviewed different
constructs of acquisition using learning theory. We drew on ideas about associative learning,
informed by behavioural science. While the terms training and testing are used ubiquitously
in the literature, target acquisition in the context of disease scent detection has not been
explored in-depth. Broader questions about when acquisition is complete were raised. In light
of these questions our research team identified a quantitative model that generated asymptotic
values for dogs’ mean sensitivity and specificity scores. This included the likely number of
sessions required to attain stable asymptotic responding if this had not already occurred.
Providing a quantitative representation of the process of target acquisition has the potential to
strengthen the field of disease scent detection by providing a systematic approach to the

crucial decision of when to stop training and start testing.
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Chapter Two

Experiment 1

Breath vs. Saliva for Lung Cancer Detection with Dogs!

! Crawford, M.A., Chang, C.L., Jameson, M.B., Hopping, S., Browne., C.M., & Edwards, T.L. (2023). Breath
vs. saliva for lung cancer detection with dogs. [Unpublished manuscript]. School of Psychology, University of
Waikato.
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Why compare sample types?

The evaluation of human products to determine which could be best for canine scent
detection of lung cancer involves direct comparisons of multiple dogs’ response sensitivity
and specificity across sample types from the same participants. In practice, this involves a
participant providing different sample types, dogs being trained to detect the target disease in
each sample type, then testing the dogs’ response sensitivity and specificity when exposed to
the different sample types provided by further participants. Repeating this process with
multiple participants provides data showing which sample type is best for target acquisition.

No research on this specific topic had been published at the time of writing.
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Abstract

Background While some research shows that dogs are able to detect lung cancer at
above-chance levels using breath samples, the relative utility of other sample types has not
been established. We evaluated the comparative utility of human breath and saliva samples

for lung cancer detection with dogs.

Methods 7 dogs assessed breath and saliva samples from 490 patients attending a
COPD clinic. Dogs were trained using an automated apparatus to identify samples from
patients who were later diagnosed with lung cancer. Sensitivity and specificity measures were

used to compare the dogs’ performance with each sample type.

Results A mixed methods logistic analysis of accurate responding to breath and saliva
samples showed significantly higher detection of lung cancer positive breath samples (mean
=0.78, 95% CI [0.70, 0.89]) than of lung cancer positive saliva samples (mean = 0.41, 95%
CI1[0.33, 0.49]), p <. 001. There were no significant differences in accurate classification of
non-target breath samples (mean = 0.68, 95% CI [0.54, 0.82]) versus non-target saliva

samples (mean = 0.68, 95% CI [0.54, 0.82]), p = 0.95.

Interpretation Higher sensitivity to breath samples compared to saliva samples
suggests that breath samples have greater utility for canine scent detection of disease.
Although these findings are supportive of the continued use of breath samples for VOC-based
lung cancer detection, with methodological improvements, saliva samples may also have

utility for this purpose.

Keywords: canine, diagnostic accuracy, lung cancer, olfaction, scent detection
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Introduction

Lung cancer is the leading cause of cancer-related deaths globally (1). This is due, in
part, to lung cancer typically being detected after it has already progressed to later stages.
Early detection is an important determinant of treatment success (2-4), but recently
implemented screening methods for early detection have been relatively costly, exploratory in
nature, or only available to a small subset of the population (5-8). Results from analytical
chemistry and scent-detection dog studies suggest that lung cancer is associated with changes
in the volatile organic compound (VOC) profile of cancer victims (9-16). VOC analysis,
either with machines or animals, may represent a fast, cost-effective, and non-invasive
screening method for lung cancer. However, specific comparisons of the relative utility of
different sample media (e.g., breath vs. saliva) for VOC-based lung cancer screening have not
been conducted.

Studies examining detection of lung cancer using dogs have produced varied results,
with sensitivity estimates ranging from 71-91%, and specificity from 40-99% (17-19).
Diverse sample collection processes and training and testing methods have been used in the
relevant studies (9-12, 20, 21). Most studies to date have used breath samples, which have
been collected and stored using a range of media (see S1). At the same time, there is a
growing body of research suggesting that saliva has unique biomarkers that can be used to
detect the presence of cancer (22-25). Two saliva-based cancer detection research projects
have used established microbiological enzyme-linked immunosorbent assay processes (26)
and Raman spectroscopy (27) with promising results. The efficacy of saliva as a medium for
disease detection with animals has not been explored, but there is some evidence that analysis
of VOCs conveying metabolic characteristics of saliva could be used for diagnostic testing of
lung cancer (28). Compared to breath samples, saliva has simpler handling and storage

requirements and is easier to split into multiple samples, which is beneficial for training. The
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objective of the present study was to evaluate the relative effectiveness of breath and saliva
samples for canine detection of lung cancer following best-practice guidelines for scent-

detection research (29-32).

Methods

Subjects

Pet dogs were recruited from the local community via word-of-mouth and social
media in Hamilton, New Zealand. Dogs were selected for training on the basis of
temperament, food drive, and independence. The University of Waikato Animal Ethics

Committee approved all experimental procedures described herein (Protocol 1029).

Apparatus and Training Procedures

Each dog was trained to work independently in an experiment room, using an
automated apparatus in the form of a carousel with 17 enclosed compartments. The front
panel of the apparatus (1 m?) included a central aperture through which the dog put its nose to
sample the contents of the available chamber. An automated feeder was positioned on the
ground approximately 1.5 m from the apparatus. A light and tone on the apparatus indicated
to the dog that a sample was available. The dog would then approach the apparatus, put its
nose through the aperture and sniff the sample in the chamber. The duration of sample
sniffing, determined by breakage of an infrared beam across the sample aperture, was used to
define a positive indication, with the required sniff duration adjusted as required. A positive
indication in the presence of a positive sample triggered the release of up to three pieces of
kibble from the food dispenser. If a negative sample was present, positive indications had no
effect, and the dogs were required to activate an omnidirectional switch attached the edge of

the front panel (34).
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The dogs were initially trained to detect amyl acetate using the apparatus with the
trainer in the room (S2). Once accurate amy| acetate positive and negative indication
responses was established, the trainer removed themselves from the experiment room, but
was able to view the dogs from the adjacent room via two cameras. The dogs were then
further trained to discriminate between lung cancer positive and lung cancer negative human
breath and saliva samples. Indication thresholds (the period of time each dog was required to
remain with their nose in the port for a response to be treated as a positive indication) were
individualised and systematically manipulated between 500 ms and up to 4500 ms, depending
on the accuracy of each dog’s responses. When a dog was performing with high sensitivity
but low specificity, the threshold was systematically increased in 100 ms increments until
specificity improved without significantly impacting sensitivity. Faster improvements in
sample classification accuracy equated with faster increases in the indication duration
threshold, so changes in the threshold value are indicative of the dog’s rate of target

acquisition.

The dogs trained for two days each week. On the first training day the dogs were
exposed to 17 breath samples in randomised order. The following day, saliva samples from
the same patients were presented to the dogs, also in randomised order. After 18 weeks of
training in this sequence, breath and saliva sample presentation was reversed to evaluate

possible order effects. Further methodological details are provided in S3.

Sample Information

Samples were provided by human participants recruited from the Chronic Obstructive
Pulmonary Disease clinic of a local hospital. Human ethics approval was obtained from New
Zealand’s Health and Disability Ethics Committees (17/NTB/178/AMO02). Each participant

was undiagnosed at the point of recruitment. They were given the opportunity to contribute to
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the project as they waited for their consultation appointment to commence. All samples were

stored until diagnostic information became available.

Four breath samples were collected from each novel participant and sealed in glass
tubes packed with polypropylene fibre and cotton fibre. In the same session, one saliva
sample was collected using 10 ml of tap water to facilitate sample generation. This was
expectorated into a polypropylene cup for later aliquoting. Samples were immediately stored
at -80°C. After selection, individual saliva samples were thawed, aliquoted into 4 samples per
participant then used for training or refrozen. Corresponding breath samples were thawed,

opened, used for training, then resealed and also refrozen (see S3 for additional details).

Data Analysis

Sensitivity and specificity were calculated for each sample type for each dog.
Sensitivity is the number of positive samples correctly indicated divided by the total number
of positive samples. Specificity is the number of correct rejections of negative samples
divided by the total number of negative samples. Log d and Log B measures were also
calculated for each dog and sample type (see S4 for formulae). Higher log d values indicate a
greater ability to distinguish between positive and negative samples — this is an index of
successful target discrimination. Log B is an index of bias or preference in responding. A log
B value above zero indicates a dog’s tendency to classify samples as positive, regardless of
their status. A log B value below zero indicates a dog’s tendency to classify samples as
negative, regardless of their status.

These calculations were performed on data from the dogs’ first exposure to a novel
sample from a novel patient, which is the best indicator of dogs’ acquisition of the target
concept (35). Data were binary, reflecting the dog’s accuracy (sensitivity: 0 = miss, 1 = hit;

specificity: 0 = false indication, 1 = correct rejection). Therefore, differences in accurate
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responding to the two sample types for each of these measures were evaluated using a mixed
methods linear analysis with a logit link function. Individual dog performance was treated as
a random factor, with sample type as a fixed factor. A Wilcoxon signed-rank test was applied

to the log d and log B measures derived from the dogs’ responses to novel samples.

Additionally, because indication duration thresholds were adjusted according to the
dogs’ performance with individual samples, the mean indication threshold times for all dogs
for saliva and breath samples were also calculated. This provided a useful metric of
comparative target acquisition. If one set of sample type response durations increased beyond

the other, this suggests that the dogs were acquiring that target more quickly.

A period of unusually accurate target acquisition occurred across all six dogs’
responding in the first 15 training days. While this pattern of acquisition may reasonably be
expected for simple target acquisition (37), research on complex target acquisition shows that
acquisition requires exposure to hundreds of trials with hundreds of unique samples (36, 38).
The uncharacteristic pace of lung cancer target acquisition suggested it was likely the dogs
were in fact responding to a simple, unintended cue. Consequently, sample handing processes
were thoroughly revised and the data generated during this period were eliminated from the
analysis (See Crawford et al., 2022 for early acquisition data). The total remaining number of
training days completed by the dogs was between 40 and 45 depending on their availability.
One dog, Rocky, began training later than the others and after the process revision; his rate of
learning was consistent with the anticipated pace of complex target acquisition. This suggests

that the revision of sample handling processes had been successful.

Results

Of the 19 dogs recruited for the project, seven dogs were selected to participate in training

(Table 1). 490 human participants provided samples for the training portion of the project.
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Table 1

Participant Dog Profiles

Name Sex* Age at Breed
Recruitment

BJ Female 10 years Beagle
Bramble Female 3 years English Springer Spaniel

Katie Female 9 years Blue heeler X Border

Collie
Onyx Male 2 years Labrador
Rocky Male 4 years Jack Russell X Beagle
Rylea Female 6 years Labrador
Tui Male 3 years Border Collie X Huntaway

X Kelpie

Note: dogs with bold names completed the study

*All dogs were neutered

Sensitivity associated with novel breath samples (mean = 0.78, 95% CI [0.70, 0.89]) was
significantly higher than sensitivity scores for novel saliva samples (mean = 0.41, 95% ClI

[0.33, 0.49]), p <.001 (Figure 2).

Figure 2

Mean Accuracy for Breath vs Saliva Response
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Responses to Novel Samples

Similar analysis of specificity data showed no significant difference between novel
breath sample responses (mean = 0.68, 95% CI [0.54, 0.82]) and novel saliva samples

responses (mean = 0.68, 95% CI [0.54, 0.82]), p = 0.95.

A Wilcoxon signed rank test was used to compare the differences in all dogs’ log d
measures of lung cancer detection using breath and saliva samples. The median value
associated with breath sample responses was significantly higher than median saliva sample
responses (Z = -2.028, p =.043). This indicates that the dogs were better able to identify the
target scent in breath rather than saliva samples. Using the same analysis, differences in dogs’
log B measures with breath and saliva samples were found to be statistically significant (Z = -
2.197, p =.028) (Figure 3). The dogs’ responses to saliva samples showed a conservative

bias, while their responses to breath samples showed a liberal bias.

Indication Thresholds

The mean indication threshold for responses to all saliva samples during training was
2,313 ms. By comparison, the mean indication threshold for responses to all breath samples
during training was 2,917 ms. This difference is indicative of the dogs’ faster acquisition of
the lung cancer target when evaluating breath samples. Figure 4 shows an example of the rate
of target acquisition differentiation during ‘retraining’ after a two-month laboratory hiatus.
Saliva sample training was stopped completely after the analysis of these specific data, as the
contrast in the dogs’ performance was interpreted as a strong indication that it would be most
fruitful to work with breath samples going forward. Although the dogs performed better with
breath samples in the current study, it is important to note that sensitivity to lung cancer-

positive saliva samples increased 21% over the complete training period (see Figure 5).
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Figure 3

Signal Detection Measures of Responding Accuracy, Breath vs Saliva
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Note: log d and log B values associated with breath and saliva samples. Error bars indicate
95% confidence intervals.

Discussion

We compared dogs’ lung cancer detection performance when using breath and saliva
samples. The dogs performed with significantly higher sensitivity when working with breath
compared to saliva. There were no differences in specificity between the two sample types.
These findings suggest that breath samples may have more utility for VOC-based lung cancer

detection than saliva.
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Figure 4

Mean Breath and Saliva Indication Thresholds
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Note: Indication thresholds across 8 training days following laboratory closure and
reopening. Error bars indicate 95% confidence intervals.

Figure 5

Mean Sensitivity to Breath and Saliva Samples (Quartile Analysis)
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Note: Dogs’ mean sensitivity associated with novel breath and saliva samples across quartiles
of the research period. Error bars indicate 95% confidence intervals.
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A clear differentiation between the dogs’ performance with breath and saliva samples
was also apparent in the lower mean indication threshold (the minimum response duration
required for a response to be classified as a positive indication) associated with the dogs’
training with saliva. The lower mean threshold value was a result of the dogs acquiring the
lung cancer target more slowly when working with saliva samples because the indication
threshold was only raised when dogs met performance criteria. Because the mean indication
threshold was approximately 25% lower with saliva samples compared to breath samples, it
was less effortful for the dogs to indicate saliva samples as positive. Despite the increased
effort required to indicate breath samples as positive, dogs were still more likely to do so

compared to saliva samples.

The discriminability index, log d, indicated that dogs could more readily distinguish
between individuals with and without lung cancer using breath compared to saliva. The bias
index, log B, indicated a liberal bias towards indicating breath samples as positive, and a
conservative bias away from indicating saliva samples as positive. A likely explanation for
the liberal bias with breath samples (and conversely, the conservative bias with saliva
samples) is that dogs’ positive indications were more often correct, and therefore reinforced,
when working with breath samples. This, in turn, led to an increased tendency to indicate
breath samples as positive more generally, including when evaluating samples with an
unusual VOC profile (i.e., under uncertain conditions). Practically speaking, a liberal bias can
be favourable under conditions in which sensitivity is of greater importance than specificity,
which is often the case for technology positioned near the beginning of the diagnostic
cascade. However, low specificity can be costly, as it necessitates additional diagnostics, and
can cause unnecessary distress. If dogs were to be used in an operational screening scenario,
one approach to potentially improving sensitivity and specificity and also allowing for

adjustment of the sensitivity/specificity trade-off would be to use a group of dogs with group
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decision criteria, rather than making decisions based off of any individual dog’s data. Such an
approach has been used successfully for tuberculosis screening using giant African pouched
rats (39). Nevertheless, additional research is required to determine dogs’ suitability for lung
cancer screening under operational conditions before they can be seriously considered as a

diagnostic tool for this purpose (40).

Regarding the differences in sample characteristics responsible for the discrepancy in
performance associated with breath and saliva samples, it is reasonable to conclude that there
were fewer relevant VOCs in the saliva (as analysed), or there was more “noise” in saliva
samples (i.e., more irrelevant VOCs) which obscured the relevant VOCs, or both. The current
consensus is that differences between the VOC profiles associated with lung-cancer-positive
and negative samples, to the extent that they exist, are likely to be in the form of pattern
differences involving a large number of VOCs (7). Therefore, comparisons of VOCs across
different sample types via chemical analysis, while potentially useful, may not be
straightforward to interpret. For example, without a clear indication of which VOCs are
relevant and which are irrelevant, it would not be possible to determine the relative
availability of such VOCs. Collaborations between scent-detection animal researchers and
chemists working to determine the feasibility of VOC-based disease detection may be
fruitful. For example, samples that are consistently correctly or incorrectly classified by
animals could be analysed for clues about which compounds may be relied upon for accurate

classification.

With some modifications to the sample collection process, saliva samples may still
have a role to play in VOC-based lung cancer screening. Methods of increasing sample
material (for example, by sampling multiple times) rather than diluting the sample to increase

volume, could enhance performance. Increases in the surface area of the sample could also
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facilitate performance in future research. With machine-based approaches to saliva analysis,
the saliva itself can also be analysed, rather than the headspace VOCs alone (26, 27). Our
findings are primarily applicable to headspace analysis of saliva samples and are not

reflective of the utility of saliva for cancer screening more generally.

In conclusion, the present findings suggest that dogs respond more accurately to
breath samples than saliva samples but that saliva samples can provide sufficient scent to
produce better-than-chance responding. Based on these results, breath samples may be a
better choice for training dogs to detect lung cancer, and potentially for VOC analysis using
machines. Prolonged training with saliva increased sensitivity by 21%, suggesting that, with
further refinement of the saliva sample collection process, saliva may be a viable substrate for

volatile-based lung cancer detection.
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Chapter Three

Experiment 2

Influences of breath sample re-use on the accuracy of lung cancer detection dogs?

2 Crawford, M. A., Chang, C. L., Hopping, S., Browne, C. M., & Edwards, T. L. (2022). Influences of breath
sample re-use on the accuracy of lung cancer detection dogs. Journal of Breath Research, 17(1), 16001—.
https://doi.org/10.1088/1752-7163/ac9b7f
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Learning via chemistry — concept formation and stimulus generalisation

The VOCs available in a breath sample have a high vapour pressure at room
temperature (Williams & Koppmann, 2007). Therefore, the chemical profile of a breath
sample used to train dogs disease scent detection could potentially change each time a sample
is opened, each time a dog sniffs it, and each time it is stored at room temperature. The extent
of the changes in chemical composition through re-use could be measured by organic
chemists. At the same time, the significance of any changes in chemical profile can be
evaluated during the training of scent detection dogs. Generalisation of the dogs’ lung cancer-
positive target concept is particularly pertinent to the re-use of breath samples during lung
cancer detection training. Measuring the extent to which individual dogs are able to retain the
trained target with fidelity when the scent profile changes over time gives us insight into the
utility of re-using samples for this purpose. No research on this specific topic had been

published at the time of writing.
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Abstract

Evaluations of dogs as lung cancer detectors using breath samples have produced a
variety of results, some quite promising. Breath samples are typically collected onto a
substrate and stored in a sealed container when not in use, but volatile compounds dissipate
when the substrate is exposed during training and evaluation sessions. Collection of
appropriate samples for training and testing dogs requires significant resources and strict
control of recruitment and sample collection processes. Therefore, some researchers re-use
samples while training dogs. No systematic evaluation of the effect of sample re-use on dogs’
training performance has been conducted, so the influence of this potentially important
training factor is not known. We trained seven dogs to indicate the presence of lung cancer
positive breath samples using an automated apparatus. The samples were stored at -60°C or -
80°C. Samples from 460 individuals who were classified as positive or negative for lung
cancer were used for training samples. Individual samples were presented to dogs up to four
times over a period of two years. As sample re-use increased, sensitivity declined (-6.65, p =
<.001, 95% CI [-10.56, -2.76]), specificity increased (2.87, p =.036, 95% CI [.19, 5.55]), and
the dogs’ bias shifted in the direction of a negative indication bias (-.094, p = <.001, 95% ClI
[-.149, -.39]). However, there were no significant changes in the measure associated with the
detectability of the target (-0.30, p = .285, 95% CI [-.087, .26]). All observed changes in
performance across sample re-use were small. Therefore, these findings suggest that sample
re-use may be appropriate for training, but additional research is required to determine which

factors underly changes in performance as breath samples are re-used.

Keywords: canine, diagnostic accuracy, olfaction, scent detection
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Introduction

Worldwide, lung cancer is the number one cause of cancer-related mortality (1).
Treatment outcomes improve significantly if lung cancer is detected in its early stages (2).
However, there are few screening programs for lung cancer detection internationally, with most
countries having no such program in place (3, 4). One of the barriers to implementation of lung
cancer screening programs is the absence of inexpensive and non-invasive technology for lung
cancer screening (5). Analysis of volatile organic compounds (VOCs®) in breath samples may
represent one such alternative (7).

There is some evidence that dogs can be trained to detect lung cancer using human breath
samples (8-13). It does not appear, however, that dogs can rely upon one or even several
biomarkers to discriminate between cases and controls (14). A variety of chemical analyses
have been conducted on the constituents of breath for the purposes of identifying lung cancer,
but no reliable individual markers have yet been identified (2, 15, 16). Therefore, to the extent
that dogs can accurately classify breath samples, it is likely that they achieve this by learning
to identify complex and variable patterns that are indicative of lung cancer status (17). This
type of learning has been studied under the “concept formation” moniker in other species, such
as the pigeon (18, 19) and, more recently, has been studied and successfully applied with
machine learning applications for classification purposes (20). There are many varieties of lung
cancer and many other variables that can influence the VOC profile present in each breath
sample, including smoking status, other underlying chronic diseases like Chronic Obstructive
Pulmonary Disease, treatments such as the use of inhalers, and individual ventilation-related
factors including low minute ventilation causing poor air mixing with individual breaths.

Potential disease related variables include individual cancer cell lineage specific

3 VOCs are organic compounds with high vapour pressure at 25°C (6).
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characteristics, variables related to the cancer’s physical characteristics, and variables
associated with the impact of cancer on surrounding normal tissue. Consequently, the lung
cancer VOC pattern (i.e., concept) is an exceedingly complex target. Many unique samples are
typically required for concept formation training with dogs to succeed, with success being
determined by accurate classification of novel exemplars.

Acquiring sufficient samples for training of dogs can be costly and challenging. Samples
from cases and controls must be collected in the same location and in the same manner to avoid
introduction of olfactory cues, and sample status must be known before samples can be used
for training. Therefore, some researchers in this area rely upon a combination of novel samples
and re-used samples when training dogs to identify the lung cancer concept (10). Although
samples from multiple unique sources must be used for concept formation training to be
successful (17), sample repetition is likely to increase learning effects to some extent (13). Re-
use, however, may change a sample’s chemical composition, depending on the environmental
conditions in which it has been opened, stored, and reopened (21). The efficacy and limits of

sample re-use have not been systematically measured.

1.1 Sample Re-use in Dog Training

Canine olfaction is highly sensitive, with dogs able to detect the presence of VOCs in
volumes of 1 part per trillion (ppt) in some cases (22). The extent to which VOCs remain
present in human breath samples at detectable levels for dog training after re-use and long-term
storage is unclear. VOCs from breath sampling materials can dissipate quickly at room
temperature (23), so it is important to determine how often samples can be re-used and still
remain fit for purpose (10, 14). Samples in a training session may be composed of any
combination of the following: (i) novel samples from novel sources (i.e., new samples from
individuals to which the dogs have never been exposed); (ii) novel samples from old sources
(i.e., new samples from individuals to which the dogs have previously been exposed); and (iii)
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re-used samples from old sources (i.e., samples that have already been used in previous training
sessions). Samples in this last category could include those that have been used repeatedly
within the same day without being returned to storage and those which have been used, stored,
and then presented for training again. In the present study, sample “use” is defined as removing
a sample container from storage, opening the sample container, exposing the sample to dogs
for training, closing the container, and returning it to storage. “Re-use” involves completing
this sequence more than once.

Descriptions of training protocols, including practices related to sample re-use, are often
missing in the relevant literature (see Table 4). For example, we were not able to determine
whether samples were re-used during training by McCulloch et al. (11), Buszewski et al. (8),
Walczak et al. (13), or Rudnicka et al. (12). McCulloch et al. (11) described the replacement
of samples during training, while the extensive repetition of samples from old sources is
implied. However, it is unclear whether any breath samples specifically from lung cancer cases
or controls were re-used. Walczak et al. (13) measured and tabulated changes in the responses
of dogs to samples encountered repeatedly over the course of a single day. However, it is
unclear whether samples were re-used during training. Rudnicka et al. (12) used dogs that had
been previously trained during research by Walczak et al. (13). The re-use of samples is
explicitly addressed by Ehmann et al. (9) and Fischer-Tenhagen et al. (10). Ehmann et al. (9)
did not re-use any samples for training or testing purposes. Fischer-Tenhagen et al. (10) noted
that the number of samples was limited in their proof-of-concept work, so they re-used the

same samples for multiple, but not a specified number of, training sessions.
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Table 3

Sample Use and Accuracy Information from Canine Lung Cancer Detection Studies

Study Re-used Samples Sensitivity Specificity
McCulloch et al. (2006) Unclear 99% 99%
Buszewski et al. (2012) Unclear 82% 82%
Ehmann et al. (2012) No 71% 93%
Walczak et al. (2012) Unclear 79% 78%
Rudnicka et al. (2014) Unclear 86% 72%
Fischer-Tenhagen et al. (2018) Yes 9/9, 8/9 8/10, 4/10

1.2 Breath Sample Collection and Storage

Exhaled breath is made up of vapor and condensates (24). When we breathe, endogenous
breath-borne VOCs are released as gas by the lung alveoli (25). The VOCs cross the
blood/breath barrier, reach equilibrium in the lungs, and are exhaled in the last 350 mL of a
single breath (24). Other VOCs present in a breath sample can have a range of origins from
prior exposure to exogenous VOCs; products from food; biota and metabolites in the bronchial
tubes, mouth and nose; and the dead space containing unmixed air inhaled from the immediate
environment (26-28). Breath samples containing all facets of an exhalation described above
can be referred to as “mixed expiratory samples,” while “late expiratory” and “end-tidal”
samples attempt to isolate alveolar breath (29).

Sample preservation is an important factor in breathomics research (27). Specifically,
researchers in this field note that VOCs are only present in very small quantities and dissipate
at room temperature; therefore, it is important to trap and store them on enclosed substrates or
in a sealed container as part of any diagnostic process with high fidelity (21, 25, 30). The
fidelity of breath sample storage is dictated by the sampling materials, storage temperature,

storage duration, and the procedures used for collection (31). Low temperatures slow the
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dissipation of VOCs (32-34). Hudson et al. (35) demonstrated that after an initial reduction in
potency, breath samples stored in glass vials at low temperatures change less than samples
stored at room temperature as time passes (in their study, up to 7 weeks), and are likely to retain
“primary odor compounds” (36).

Breath samples for dog training purposes have been collected and stored using a range
of components and materials. Components include the breath storage container, the container’s
closures, and the substrate stored inside the container. Ehmann et al. (9) and Fischer-Tenhagen
et al. (10) used glass tubing. Glass tubing does not absorb VOCs and is impermeable at room
temperature (35, 37). Polypropylene sampling tubes were used by McCulloch et al. (11),
Buszewski et al. (8), Walczak et al. (13), and Rudnicka et al. (12). Polypropylene is a “rigid
and crystalline thermoplastic” (38). Goss (31) asserts that plastics make problematic breath
sample receptacles as they are scent-permeable and present a high risk of cross-contamination
if samples are stored in close proximity. The materials used to close the breath tubes were
rubber (9), polybutylene-terephthalate with silicone septa (10), or unspecified (8, 11, 12). Like
plastics, rubber is scent-permeable (39). However, in Ehmann et al. (9), the thickness of the
container plugs might contribute to a delay in permeation. Silicone rubber has varied degrees
of permeability depending on its manufacturing process (40). By itself, silicone is a scent-
absorbent polymer (31). Silicone is sufficiently scent-absorbent that four of the canine lung
detection projects used polypropylene wool steeped in silicone oil to create both hydrophilic
and hydrophobic qualities in the sample collection substrate (9-12). The substrate used by
Buszewski et al. (8) was not specified. Walczak et al. (13) used a cotton substrate for their
sample collection. Cotton fibers are naturally hydrophilic (41). A significant proportion of
human breath is made up of water vapor, which is co-mingled in the exhaled breath vapor
containing VOCs that is formed by cooling breath samples (24). Canine scent detection

research projects have used breath samples under a variety of storage conditions for laboratory-
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based training days, weeks, or even months, after initial collection (Fischer-Tenhagen et al.,
2018; Schoon, 2005). For example, Schoon’s (2005) forensic research results suggest that with
sample repetition (in which several samples have been taken from a single subject, each for a
single use) but no sample re-use, dogs can accurately indicate the presence of a target scent on

crime scene objects up to 6 months old. The method of storing these samples was not recorded.

1.3 Sample Presentation

In all of the relevant research, to date, samples have been presented in “open”
environments; no attempt was made to retain the sample odors as they equalized with the air
in the training room (and other samples). Specifically, McCulloch et al. (11) placed opened
sample tubes inside half-pint polypropylene containers with holes punched in the lids. Ehmann
et al. (9) used sample training stations in which sample tubes were open and appeared to be
mounted on metal pegs (the specific materials were not described). Walczak et al. (13) and
Buszewski et al. (8) removed the substrates from tubes and placed them in sterile polypropylene
boxes with pierced lids. Rudnicka et al. (12) followed the same process as Walczak et al. (13),
but used glass rather than polypropylene boxes. Fischer-Tenhagen et al. (10) set each tube in a
polyethylene cone with a perforated polyethylene plate placed over the tube mouth. Because
Fischer-Tenhagen et al. (10) explicitly identified the re-use of samples, it is important to note
the sample decontamination procedures used. If a dog’s nose was seen to contact the perforated
plate covering the tube mouth, the plate was changed. The plates were cleaned with a 90-s

ultra-sonic bath, while the cones were wiped with a damp cloth (cleaning fluid unspecified).

1.4 The Present Study

Seven dogs were trained to use an automated apparatus to detect lung cancer VOCs using
breath samples from human lung cancer cases and controls that were collected in a respiratory

clinic. When not in use, samples were stored at -80 or -60°C to aid with preservation, as we

56



INFLUENCES OF BREATH SAMPLE RE-USE ON ACCURACY OF DETECTION DOGS

aimed to evaluate the effects of sample re-use under optimal conditions (i.e., when using ideal
preservation methods between uses). Samples were re-used up to three times, allowing for
analysis of the effects of re-use on the dogs’ performance. We did not re-use samples more
frequently than this because we did not know the effects of sample re-use prior to the
completion of this study. We hypothesized that sample re-use would negatively impact the
dogs’ performance. We aimed to test this hypothesis and, if confirmed, to discover the extent
and the specific nature of the impact of re-use on the dogs’ scent detection performance with a

view to informing future research involving breath sample re-use.

Method

2.1 Subjects

Pet dogs were recruited for this project via word-of-mouth and other channels, including
social media. The dogs were evaluated with respect to their general suitability for laboratory
research (e.g., levels of arousal in the laboratory in the presence of the researcher and other
dogs); their motivation to work for food; and their responsiveness to initial training to use the
automated scent-detection apparatus. Nineteen dogs were considered for participation, seven
of which met the participation requirements (Table 5). The dogs worked for either two

mornings or two afternoons each week.

2.2 Apparatus and Setting

The automated apparatus used to train and evaluate the dogs for lung cancer detection
consisted of a carousel with 17 aluminum chambers sandwiched between two stainless steel
circular plates, with a 1-m? acrylic front panel (see Figure 6). Each 3.57-L chamber had a

hinged flap on the outer face with a stainless-steel L-bracket attached to the interior of the flap.
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Table 4

Participant Dog Profiles

Name Sex* Age at Recruitment Breed
BJ Female 10 years Beagle
Bramble Female 3 years English springer spaniel
Katie Female 9 years Blue heeler X border collie
Onyx Male 2 years Labrador retriever
Rocky Male 4 years Jack Russell X beagle
Rylea Female 6 years Labrador retriever

_ Border collie X huntaway X Australian
Tui Male 3 years _
kelpie

*All dogs were neutered

This bracket limited the opening action on contact with the apparatus lid and added weight to
the flap. Consequently, the flap only opened when pressure was applied by the dogs and closed
when pressure was removed. One chamber at a time could be accessed by the dogs through a
10-cm-diameter sample port in the center of the front panel. A grid of infrared sensors was
positioned behind the sample port to measure the duration of the dogs’ access to each chamber.
An omnidirectional switch, which was used by the dogs to advance the carousel to the next
sample, was positioned 50 cm from the bottom of the apparatus on the right side of the front
panel. The apparatus remotely controlled a kibble dispenser (Treat and Train Remote Dog
Trainer manufactured by Pet Safe) situated 1.5 m away. The room housing the apparatus was
3.2 m by 4.3 m and was maintained at an ambient temperature of approximately 20°C. The
apparatus was controlled by a computer in an adjacent room. After preliminary training, each

dog worked in the room alone and was monitored by a researcher in the adjacent room watching
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Figure 6
Apparatus Photographs

Note: Left: front panel of the apparatus with odor port and rotation switch (on right-hand side
of front panel). Right: 17-segment carousel with lid removed. Note: dogs were only able to
access the front panel of the apparatus.

a live feed from two cameras in the experimental room. See (43, 44) for additional information
about the apparatus, standard operating procedures, and performance obtained using the
apparatus with standardized samples.The apparatus was cleaned at the end of every training
day. After the samples had been returned to the freezer, all exposed surfaces of the apparatus
were wiped with a 1:1 isopropanol/water solution and paper towels. The chambers were
washed using a dishwasher powder containing enzymes, rinsed in tap water, then rinsed again

using 1:1 isopropanol/water solution and left to air dry overnight.

2.3 Sample Materials and Handling

All breath sample tubes were assembled by a single researcher at the dog laboratory.
Latex gloves were used when handling all sample material. Gloves were changed as soon as
any new sample was handled. Annealed glass tubes (Duran tubing, 120 mm long, 26 mm OD,
2-mm wall thickness) were packed with 1 g of L10Y4 polypropylene fiber (manufactured by
IFG Asota) sandwiched between two halves of a split single cotton wool ball. In instances
where glass tubes were re-used, they were soaked for 24 hours in a 60% nitric acid solution,

then oven dried after being rinsed with deionized water. Tube caps (tapered plug/cap LDPE
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red 23.62 mm D MX, manufactured by Hi-Q Components) were dipped in boiling water, rinsed
in a 1:1 isopropanol/water solution, then air-dried prior to use. The tubes were transported and
stored in sealed plastic containers cleaned using 1:1 isopropanol/water solution and air-dried
for 24 hours before use.

During the course of the three-year project the same two nursing staff gathered breath
samples in one designated consulting room from 900 pre-cancer diagnosis participants
attending a local hospital respiratory clinic. Four tubes were prepared for each participant. Two
tubes were used by the scent-detection laboratory, while the other two were sent to the
university’s chemistry department for chemical analysis (for a separate study). Specific
participant instructions for sample collection were as follows: “Take a deep breath and breathe
slowly through the tube. Exhale completely, until there is no air left in your lungs. Breathe
three times through each of the tubes.” Illustrations were provided on the instruction sheet, and
the process was modelled by the nurses. Immediately after sampling was completed, each tube
was sealed, placed in an individual plastic bag which was also sealed, and all four bagged and
sealed breath samples were then placed in a larger bag, which was also sealed and transferred
to a -80°C freezer at the hospital. Samples were packed in dry ice when they were transferred
from the hospital to the scent detection laboratory’s -80°C or -60°C freezers, subject to
available space. The disease-status of the first 460 samples was prospectively adjudicated for
training purposes by a specialist respiratory physician with access to up-to-date clinical records
including results from multi-disciplinary meetings following review of cancer diagnosis. The
adjudication results (355 lung cancer negative, 99 lung cancer positive, 3 unknown, 3 consent
withdrawn) were then shared with the scent-detection researchers.

Given that current smokers were more prevalent in the group of individuals who had been
diagnosed with lung cancer than those who were not, the proportion of positive and negative

samples from current smokers were adjusted to be approximately equivalent each day so that
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dogs would not develop a smoking-related bias. Samples were positioned in the apparatus in a
randomized order. Prior to use, samples were removed from freezer storage. Each sample was
placed in its own metal tray and remained sealed for at least 30 minutes, which was the time
required for the samples to reach room temperature. Latex gloves were changed every time a
new sample was handled, and care was taken not to touch the outside of the outer bag after
having handled interior bags and samples, to prevent cross-contamination. After 30 minutes,
the researcher transferred the first sample tube to the experiment room, removed the tube caps,
placed the caps face up in the first chamber of the apparatus, then positioned the first tube on
its side on the base of the chamber with both ends exposed. The researcher then returned to the
work room and repeated the process 16 more times. This required approximately 15 to 20
minutes. Once all samples were in position, the apparatus lid was lowered on top of the
chambers, sealing them. The headspace in the chambers was allowed to approach equilibrium
for 10 minutes prior to working with the dogs. After training, the samples were sealed and

returned to the freezers following the same process in reverse.

2.4 Procedure

One array of 17 samples was assembled and placed in the apparatus for presentation to
the dogs in the experiment room each training day. Patients from each required category
(according to lung cancer and smoking status) were randomly selected for inclusion in the
array. After the first sample from one patient had been presented for the first time, in a
subsequent array, the second sample from the same patient would be presented. Subsequently,
the samples from that patient were re-used in the same alternating fashion (see Table 6). Two
samples from the same patient were never presented in the same array. On each training day,

each dog had up to 10 opportunities to evaluate the same breath sample array.
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Table 5

Order of Use for 2 Samples from 1 Patient

Training Day? Sample Number  Re-use Frequency
1 1 0
2 2 0
3 1 1
4 2 1
5 1 2
6 2 2
7 1 3
8 2 3

®Training days with an individual patient’s samples were not necessarily consecutive

During training, indication duration requirements for a sample to be treated as
“indicated” by the dogs began at 500 ms. An indication duration below 500 ms, followed by
activation of the switch to advance the carousel to the next sample, was treated as a “miss”
response to a lung-cancer positive sample or a “correct rejection” response to a lung cancer
negative sample. Positive indication duration was increased by 100 ms after each accurately-
completed session at one duration value. These values were increased to an upper indication
threshold of 3500 - 4500 ms, based on the threshold that produced optimal performance for
each individual dog. In instances where a dog missed (failed to indicate) a positive sample, the
indication threshold associated with that positive sample for the individual dog was lowered
and then gradually raised to facilitate acquisition of the lung cancer target. These adjustments
to individual sample indication thresholds were carried out across sessions on individual days;

a single indication threshold was used for all samples in the first session of each day.
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2.5 Data Analysis

The dogs’ performance was evaluated according to the frequency of sample re-use. Data
related to sample tubes that had been opened and used once for training, then re-used up to
three more times on later training days, were used for the present analysis. The dogs evaluated
the same samples repeatedly on training days. Only data from the dogs’ first session of the
relevant training day were used when evaluating their tendency to indicate samples according
to their re-use status. At the beginning of the training phase, some of the dogs demonstrated
extremely rapid target acquisition, which suggested that there may have been a contamination
issue with the preparation procedures for training sessions (e.g., systematic introduction of
olfactory cues). After re-evaluating and refining the preparation procedures, accuracy returned
to the levels expected during early training. Consequently, data from the first 15 training days
were eliminated from this analysis.

A linear mixed model was used to evaluate the relationship between sample re-use
frequency and accuracy measures. Individual dog performance was identified as a random
factor in the equation, while sample use and re-use frequency and sample number (S1 or S2)
were fixed factors. The data from the training and testing phases of the experiment were
combined for this analysis. IBM SPSS Statistics 27 was used for all statistical analyses.
Statistical significance was determined with « = .05.

Log d and log B measures were calculated for each sample re-use frequency level to
investigate potential changes in the dogs’ ability to identify positive samples or changes in
response bias. Log d is a signal detection measure that reflects the detector’s ability to identify

the target, with higher values indicating greater target detectability.

hit ) (correct re]'ection)]

1
logd = =1 (
ogd 2 og[ miss

false alarm
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Log B is a signal detection measure that can determine the extent to which a detector
shows a positive or negative indication bias. Numbers greater than zero indicate a positive
indication bias (liberal response bias), while numbers less than zero indicate a negative

indication bias (conservative response bias).

1 hit false alarm
log B =—log[( - )( — )]
2 miss/ \correct rejection

Results

Seven dogs participated in the study from the outset, but attrition reduced the number of
participants to four. Rylea and BJ became ill and withdrew, while Bramble developed an
aversion to the food dispenser which could not be remediated. The data produced by these dogs
prior to their departure were included in this analysis.

Figure 7 shows mean dog accuracy with breath samples that were opened once, twice,
three times and four times during training. The mean sensitivity shows a drop in accuracy as
the number of exposures increases, while the mean specificity shows a very slight increase.
Individual dog performance data are available in the supplementary file, S1.

Figure 8 displays log d and log B values across re-use frequency. Log d values, indicative
of the dogs’ ability to detect the target, did not differ in the first two re-use frequency levels,
but dropped slightly across the last two levels (Figure 8, top). The first two log B values were
near zero, while the last two were below zero, indicating that the dogs were more inclined to
treat samples as negative as the sample re-use frequency increased (Figure 8, bottom).

The linear mixed model analysis of sensitivity data showed significant effects for the
coefficient for re-use frequency (-6.65, p = <.001, 95% CI [-10.56, -2.76]). Significant effects
were also identified for the coefficient for re-use frequency in the specificity data (2.87, p =

.036, 95% CI [.19, 5.55]). Analysis of log B data also identified the coefficient of re-use
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Figure 7
Sensitivity and Specificity Across Responses to Reused Samples
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specificity value.

Figure 8

Log d and B Measures Across Responses to Reused Samples

0.6 -

log d
56665 ooooo

MhwhPrOoRMNBANONBRYOR HhwNPEPoRNWEN
PR S R S A R S SR R R R AT A A A

0 (N=7) 1 (N=7) 2(N=5) 3(N=1)
Re-use Frequency

log B
SO000 000000000
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indicates the number of dogs contributing data to each level.

65



INFLUENCES OF BREATH SAMPLE RE-USE ON ACCURACY OF DETECTION DOGS

frequency as a significant factor (-.094, p = <.001, 95% CI [-.149, -.39]), but this coefficient
was not significant in the analysis applied to the log d results (-0.30, p = .285, 95% CI [-.087,
.26]). The results from the linear mixed model analyses did not reveal any significant effects
of accuracy rates between S1 and S2 responses (sample number factor) or individual dog

performance.

Discussion

We evaluated the effect of sample re-use on the accuracy of dogs working to identify
breath samples from lung cancer positive individuals. Sample re-use frequency was found to
have a significant effect on the dogs’ sensitivity, which decreased as sample use frequency
increased. Re-use frequency also significantly influenced specificity, which increased as
sample use frequency increased. As sample use frequency increased, a measure of bias (log B)
shifted from neutral to a bias away from indicating samples as positive. Interestingly, there was
no significant change in the measure of detectability of the lung cancer target (i.e., the dogs’
ability to distinguish between positive and negative samples; log d), although there was a slight
downward trend in this measure as use frequency increased.

The finding that the shift in bias was statistically significant but not the decrease in
detectability is somewhat puzzling. If sample degradation is responsible for the change in
sensitivity and specificity, it seems that this change would be the result of reduced availability
of VOCs that are used to classify the samples and allow dogs to develop a target concept.
Reduced availability of sample information should reduce the detectability of the target (log d)
rather than the dogs’ response bias (log B). However, it may be that dogs are simply less
inclined to indicate a sample as positive when there is less information present. Our finding
that sensitivity decreased despite the dogs being exposed to the samples previously suggests

that the effects of sample degradation (which is expected to decrease sensitivity) outweigh the
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potential influence of the dogs’ previous exposure and feedback for responding to specific
samples (which is expected to increase sensitivity).

To the extent that dogs can “recognise” previously encountered samples, this indicates
that samples are preserved sufficiently so that these individual sample characteristics are still
available. Accurate performance with re-used samples, even if it is partially due to experience
with those specific samples, suggests that the samples are still useful for training. It is difficult
to disentangle the effects of sample re-use on dogs’ learning to respond to individual samples
and dogs’ learning to respond to a general cancer-related profile, something that this study was
not designed to do. One approach that could be used to help to provide a clear picture of the
effects of sample re-use on dogs’ learning of a general concept may be to present samples that
have been previously used with other dogs to dogs that have never been exposed to those
specific samples.

A potential shortcoming of the method described above is that each dog inhales and
exhales rapidly and repeatedly into each sample chamber during their encounter with the
sample (45). Although dogs could not come into direct contact with the samples, it is possible
that dogs could change the VOC profile of samples during this process. Given that positive
samples are more likely to be indicated as positive, these samples may be changed more than
negative samples, in general. Analysis of the residual VOCs that dogs are breathing into the
sample chambers during presentation might therefore have merit. Questions remain about
whether or not dogs could learn to indicate on other dogs’ cues. No clear evidence that this
occurred was apparent in the current project as dog order, which was changed regularly, was
not correlated with accuracy. One testing procedure to evaluate the effects of sample re-use
without the potential for dog-related VOC contamination is to open samples and present them
as they are typically used for training but without exposing them to dogs, then testing the dogs’

performance with them subsequently.
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Importantly, the two primary limitations of the present study (the possible influence of
dog-related VOCs from previous sample evaluations and the entanglement of learning effects
and sample degradation effects) are representative of the conditions that are in effect when
samples are re-used. Therefore, the findings are informative with respect to outcomes of sample
re-use that can be expected. Nevertheless, it would be helpful to clarify the contribution of
these factors to these outcomes.

Although the coefficients associated with sample re-use trends were found to be
statistically significant for three out of the four dependent measures, the number of dogs
contributing data to each re-use frequency was reduced at the higher re-use levels. For log d
and B calculations, only one dog encountered sufficient samples that had been re-used thrice
to calculate these measures. Therefore, the data associated with the highest re-use frequency
level should be interpreted with caution.

Standardizing procedures for training and testing medical detection animals, including
the selection of research materials (31), storage and handling of samples (42), and training and
testing methodology and measurement (14, 44, 46-47) is likely to increase the quality of
research and practice in this area. Practical considerations must also be taken into account when
exploring the influence of relevant factors. For example, in the present study, samples were
stored at -80°C or -60°C; some researchers or practitioners may not have access to freezers
with these capabilities. Similar research examining sample re-use after storage at -18°C
(standard domestic freezer temperature) or 4°C (standard refrigeration temperature) would

clarify whether sample re-use is advisable when samples are stored under less ideal conditions.

Conclusion

There is some evidence that dogs can be trained to detect lung cancer using human breath
samples. Although it appears that breath samples are commonly re-used for lung cancer
research with dogs, there is limited information about the precise effects of sample re-use on
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training performance. Sourcing breath samples for such research can be challenging and
resource-intensive. Therefore it is important to determine the influence of this factor so that
researchers or practitioners can make informed decisions about sample re-use for dog training.
The present findings suggest that samples can be re-used at least three times under the
conditions described herein. Based on these results, we can expect dogs’ sensitivity to decline,
specificity to improve, and bias to shift away from a positive indication bias across successive
re-uses. The specific influences of previous exposure to specific samples and potential odor

cues introduced by previous exposure of the samples to dogs remain to be explored.
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Chapter Four

Experiment 3

Transitioning from Training to Testing with Scent Detection Animals: Application to

Lung Cancer Detection Dogs*

4 Crawford, M. A., Perrone, J. A., Browne, C. M., Chang, C. L., Hopping, S., & Edwards, T. L. (2022).
Transitioning from training to testing with scent detection animals: Application to lung cancer detection
dogs. Journal of Veterinary Behavior, 55-56, 23-34. https://doi.org/10.1016/j.jveb.2022.07.004
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Model fitting and analysis

If scent detection target acquisition can be represented as a sigmoid curve, the upper
asymptote on that curve shows the instance where the task of identifying a scent target cannot
be improved upon in any meaningful way by an individual organism. The detector organism
in this example needs no more training apart from the intermittent behavioural maintenance
work required during testing. The value of asymptote will vary significantly between
individual animals as a result of environmental and idiosyncratic differences. However, the
performance of a team of scent detection animals treated as a single detector could provide a
solid basis for deciding on the reliability of specific samples for specific targets. Having a
quantitative basis — a mathematical model - for choosing when to transition from training to
testing makes disease scent detection projects more easily replicable, and more accessible to
researchers who may not necessarily have extensive experience training dogs. No research on

this specific topic had been published at the time of writing.
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Abstract

Scent-detection animals are routinely evaluated for detection accuracy for a wide range
of targets. The obtained estimates of accuracy vary widely, even with the same species of
detector (e.g., dogs) and target type (e.g., lung cancer). One factor that may contribute to
these varied results is variability in the point at which the detection animals are transitioned
to the accuracy test. If training is incomplete, a nonrepresentative estimate of the animal’s
potential performance will likely be obtained. Descriptions of evaluation research with scent-
detection animals commonly include little information about the factors influencing the
researchers’ decision to transition from training to testing. When this information is reported,
the decision criteria are often problematic. Herein, we explore methods of evaluating when a
detection animal is performing at or near the highest accuracy of which they are capable and,
therefore, when it may be suitable to transition to an accuracy test. We then apply these
methods to an applied scent-detection project in which dogs were being trained to classify
breath samples according to the status of the sample donor as lung-cancer-negative or lung-
cancer-positive. In this specific case, a quantitative model of acquisition was most
informative. We recommend that researchers in this field apply and report on evaluations of
acquisition when conducting and describing evaluation research with scent-detection animals.

Keywords: acquisition, diagnostic accuracy, medical detection, modelling, olfaction.
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Dogs are often employed to detect chemically complex targets such as cash, food items,
cryptic animals and material decay because of their acute olfaction and trainability (Browne
et al., 2015, Kokocinska-Kusiak et al., 2021). Recently, dogs and other animals have been
evaluated for their potential to serve as detectors of diseases in humans and other species
(Pleil and Giese, 2017, Ellis et al., 2017, Edwards et al., 2017, Pirrone and Albertini, 2017).
Researchers working with disease-detection and other detection animals often undertake to
produce accurate estimates of the animals’ ability to detect the target. Some of this research is
aimed at determining the suitability of the detection animal for operational use. For example,
African pouched rats have been evaluated for and are currently used for detection of
tuberculosis (Ellis et al., 2017). In other cases, researchers produce accuracy estimates that
can be used as comparative estimates for the development of machine-based detection
technology (Fischer-Tenhagen et al., 2018). In either case, an accurate representation of the
detector’s ability to correctly classify potential targets as positive or negative is crucial.

For any given detector and target combination, estimates of diagnostic accuracy vary
widely. For example, Edwards et al. (2017) found that studies evaluating dogs as detectors of
lung cancer produced estimates of sensitivity (correct positive indications/total positive
samples) between 56% and 99% and estimates of specificity (correct rejection of negative
samples/total negative samples) between 8% and 99%. They also found that estimates
associated with other diseases were highly variable. The anatomic and ontogenetic diversity
of the animal participants across studies may contribute to this variance (Stevens, 2013;
Teodoro-Morrison et al., 2014; Lazarowski et al., 2019).

Edwards et al. (2017) and other researchers (Johnen et al., 2013; Elliker et al., 2014,
Jezierski et al., 2015; Jamieson et al., 2017; Johnen, 2017; Pirrone and Albertini, 2017) have
also identified specific methodological differences that may be responsible for these various

outcomes, and have highlighted the need for a more uniform approach and agreed standards
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of practice in this field of research. These methodological differences include variability in
sample collection, handling and storage; determination of the number of unique sample
sources used in training and testing, which should be but is usually not supported by a power
analysis; sample source (i.e., patient and control) characteristics; and blind-testing protocols,
including the method of sample presentation and determination of the detector’s response to
each individual sample.

One factor that may also contribute to variable outcomes in this evaluation research is
the criteria employed to determine when an animal is finished training. Similar decision-
making processes are involved if phase changes are required during complex target
acquisition. Specifically, if an animal being trained to detect a disease or another target has
not attained or approached the maximum accuracy of which it is capable, a blind test (or
change in training conditions) will provide a misleading representation of the animal’s ability
to classify potential targets. Additionally, the blind test conditions may result in significant
disruptions in the animal’s performance (Jakovcevic et al., 2013; Elliker et al., 2014; Hall,
2017). If the researcher changes the training phase or transitions to testing too late, they
consume scarce resources — including the animal’s output as a proportion of their overall
lifespan — without generating reliable evidence of performance. Training-to-testing transition
criteria have received little attention in the field of olfaction, yet they represent a major
source of potential variability in estimates of diagnostic accuracy.

Herein, we explore key considerations when making the decision to transition from
training to testing, including production, selection and analysis of relevant data. We then
apply this analysis in the context of a project in which dogs were being trained to detect lung
cancer using an automated apparatus. Our aims with this work are to identify best practice (or

approximations thereof) for transitioning from training to testing, evaluate the analytical tools
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that are available for this purpose, and provide a demonstration of the application and
interpretation of these analyses in an applied research project.
Canine Detection of Lung Cancer

Lung cancer is responsible for more cancer-related deaths than any other type of
cancer, worldwide (Barta et al., 2019). Long-term patient survival rates improve if the cancer
is detected early, but in approximately 75% of cases, the disease is not detected until it is well
advanced (stage 111 or IV) (Blandin et al., 2017; World Health Organization, 2019). There
appear to be some reliable changes in volatile organic compounds (VOCs)® in the breath of
individuals with lung cancer (Saalberg and Wolff, 2016). To the extent that differences in
VOC patterns between people with and without lung cancer can be reliably detected, VOC
analysis may represent a potential non-invasive lung cancer screening method. Dogs trained
to identify breath samples collected from individuals with lung cancer have produced a wide
range of estimates of diagnostic accuracy (see Table 7).

The methodology across these studies differed considerably, and their variable
outcomes could have been the result of any combination of factors from sampling through to
testing conditions. Criteria for transitioning from training to testing also varied widely. The
criteria in all of these studies, where specified, were applied to evaluation of samples that the
dog may have been exposed to previously. These criteria are problematic for several reasons,
which we outline below.

Consideration for Transitioning from Training to Testing
Novel Sample Sources
Re-use of samples is common when training detection animals, particularly when

samples are difficult to obtain (McCulloch et al., 2006; Walczak et al., 2012; Rudnicka et al.,

5VOCs are low-chemical weight substances that are released into the atmosphere at room temperature. See
Hung, R., Lee, S. & Bennett, J. 2015b. Fungal volatile organic compounds and their role in ecosystems. Appl.
Microbiol. Biotechnol., 99, 3395-3405.
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Table 6

Research on Canine Scent Detection of Lung Cancer using Breath Samples

Study Sensitivity Specificity Training to Testing Criteria
McCulloch et al. (2006) 99% 99% 30 consecutive correct trials
Buszewski et al. (2012) 82% 82% 40 consecutive correct trials

Ehmann et al. (2012) 71% 93% Not available
Rudnicka et al. (2014) 86% 2% 40 consecutive correct trials
Amundsen et al. (2014) 56-76% 8-33% “99% test sensitivity”
Fischer-Tenhagen et al. 9/9, 8/9 8/10, 4/10 “80% correct indications”
(2018)

2014; Jezierski et al., 2015; Fischer-Tenhagen et al., 2018). Novel samples from the same
source (e.g., the same patient) are also commonly used in training. Neither practice is
necessarily problematic, provided that the animal is exposed to enough unique sample
sources that they can learn to generalize accurate classification responses to novel sample
sources (Herrnstein and Loveland, 1964; Herrnstein et al., 1976). Generalisation to novel
sources is precisely the ability that we aim to evaluate in a testing scenario and, therefore, it
should also be the primary consideration when deciding when the animal is ready to be
tested. Consequently, the only data that are relevant to testing are obtained from the animal’s
first exposure to samples from novel sources.

For example, if a dog has been trained with repeated exposure to samples from 10
individuals with breast cancer and 30 without, the only new information that will inform us of

the dog’s ability to identify the breast cancer profile will come from its first response to
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samples from individuals that were not in this original training set (e.g., an 11" person with
breast cancer and a 31% person without). Classification accuracy of samples from the original
training set will tell us nothing about the dog’s ability to do what the test aims to evaluate
unless we retrospectively look at their response when they first encountered a sample from
each individual. The animal’s responses to samples to which they have already been exposed
can be evoked by idiosyncratic features of the individuals or samples rather than the general
target profile. Edwards et al. (2017) suggest that an efficient approach to training a detection
animal involves regular introduction of samples from novel sources while attending to the
animal’s performance with these samples (as opposed to introducing samples from all
available sources at once, for example). Under no circumstances should the decision to
transition from training to testing be based on performance with sample sources to which the
animal has already been exposed.
Accuracy Measures

Diagnostic Accuracy Measures. Sensitivity and specificity are commonly reported
indicators of diagnostic accuracy (Zhou, 2011). Sensitivity, often recorded as a percentage, is
generated by dividing the number of correct positive indications by the number of known
positive samples. This measure represents the detector’s accuracy with positive samples.
Specificity is calculated by dividing the number of correct rejection responses by the total
number of negative samples available in the array. This measure indicates the detector’s
accuracy with negative samples; in practice, this is the proportion of non-target samples
correctly ignored (Lazarowski et al., 2020). Both measures are important when evaluating the
usefulness of potential diagnostic technology. Low sensitivity indicates that the test is
missing many positive cases, whereas low specificity indicates that the detector is producing

many false alarms.
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Sometimes, a single measure of diagnostic accuracy can be useful. For example, when
analyzing data for stability, as we aim to do herein, it is more straightforward to apply an
analytic technique to a single measure (Gallistel et al., 2004). One simple approach to
producing a single measure involves summing sensitivity and specificity measures (i.e.,
sensitivity + specificity). Interpretation of this measure is clear and intuitive; values lower
than 1.0 indicate lower-than-chance performance, while those above 1.0 show higher-than-
chance performance. The maximum value, perfect accuracy, is 2.0. A similar approach
involves calculating the mean of the summed specificity and sensitivity data, which restricts
the measure to a maximum of one and a minimum of zero instead. Values near 0.5 represent
chance performance. We have used this latter measure in the present study.

Signal detection theory offers some alternative approaches to generating meaningful
accuracy measures (Macmillan and Creelman, 2004). One such measure, d’, is a parametric
index which provides an estimate of accuracy with both positive and negative samples,
independent of bias (Hautus, 2015). Bias represents the degree to which a detector tends to
classify samples as positive or negative and is independent of the detector’s ability to detect
the target. For example, providing a large reward for hits but arranging no consequences
(such as delayed access to the next sample) for false alarms may result in a strong bias toward
indicating that the target is present. However, it will not influence the participant’s ability to
detect the target (Macmillan and Creelman, 1990). In practice, a dog may tend to indicate
samples as positive or negative regardless of sample status; d’ provides an estimate of the
dog’s true ability to identify the target without the influence of this underlying bias.

Unit of Analysis. The selection of relatively small units of analysis, including
individual responses to samples or session-by-session data, will produce more variable data
compared to the data produced by larger units of analysis, such as daily or weekly

performance (Johnston et al., 2019). For the purpose of evaluating stability, selecting too
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small of a unit of analysis (e.g., individual responses) may produce too much “noise” for
some analytic techniques to be usefully applied. However, if too large of a unit of analysis
(e.g., monthly data) is applied, then the ability to detect changes within the period is lost.
Herein, we primarily rely upon session data, a session being comprised of 17 sample
evaluations, with between three and nine positive samples.
Stability, Not Accuracy

The goal of testing is to produce useful estimates of accuracy. Therefore, it is
inappropriate to require a specific degree of accuracy before transitioning to testing.
Accuracy tends to improve throughout training up to a level at which it stabilizes and no
longer improves significantly. The point at which a function such as the acquisition curve
approaches a theoretical maximum is referred to as its “asymptote”. It is not possible to
predict the level at which an individual’s accuracy will stabilize (i.e., reach asymptote), so
training and testing criteria must be based on stability rather than accuracy criteria.
Researchers should endeavor to move from training to testing only when they have evidence
that dogs’ accuracy has reached or approached asymptote. Asymptote can be identified using
a variety of methods, including visual analysis and quantitative analysis. Herein, we explore
some of the approaches to identifying asymptote that seem suited to the task of making
decisions in a scent-detection scenario.
Approaches to Analysis
Visual Analysis

Visual analysis is commonly applied to data from single-subject (i.e., repeated-
measures, within subjects) designs (Lane and Gast, 2014; Johnston et al., 2019). This
approach to analysis involves identification of stability, which is defined as the absence of
trends and excessive variability in the data. When applied to acquisition data, identification of

an increasing trend would lead the researcher to conclude that acquisition is not yet complete.
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An experienced visual analyst can incorporate many features of the data at once when
analyzing single-subject data. Therefore, visual analysis can be superior to quantitative
approaches that rely only on one or a few features of the data (Johnston et al., 2019).
Nevertheless, concrete, quantitative rules for determining when data are stable (or when
asymptote has been reached) can be beneficial for a variety of reasons. Quantitative rules can
be reported when describing the decision to transition between training phases or from
training to testing in the research methods. Researchers who are not experienced with visual
analysis can apply a quantitative rule without the need to acquire visual analysis skills.
Additionally, visual analysts, even highly trained ones, often disagree on conclusions that can
be drawn from the data (Jones et al., 1978; Nourbakhsh and Ottenbacher, 1994).
Simple Quantitative Analysis

Simple quantitative analysis approaches to analyzing single-subject data have been
developed as alternatives to visual analysis (Baer and Parsonson, 1981; Nourbakhsh and
Ottenbacher, 1994). Most relevant to the current assessment, these approaches to analysis
include methods of determining whether trends are present within phases. For example, the
“split-middle method” involves identifying horizontal and vertical median points and using
these to construct a trendline (Zhan and Ottenbacher, 2001). Applying a simple linear
regression model to the data is another approach. The main issue with these approaches to
analysis for the purpose of determining when acquisition is complete is that all data in a
phase are used to calculate a trend and, therefore, a trend would nearly always be detected
when applied to acquisition data. This is because accuracy measures are expected to start at a
low value and progress to a higher value, where they should eventually stabilize.

One potential solution to this issue is to apply the trend analysis only to the most
recently obtained data. For example, a trend analysis might be conducted on the data from the

most recent 10 sessions. The main weaknesses of this approach are as follows. First, the
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number of sessions to which the data analysis will be applied is arbitrarily determined, and
the outcome of the analysis is likely to differ depending on the time period chosen. Second,
the slope criterion that the researcher uses to determine that a trend is present is also
arbitrarily determined. Therefore, an analysis of trend alone does not take variability into
account. Probability values (p-values) that are produced by statistical analyses such a linear
regression, which are partially a function of variability, are not suitable for making decisions
about transitioning from training to testing. If the data are highly variable, the p-value is
likely to be non-significant, even if a trend is present, so the researcher may decide to
transition to testing too early. Nevertheless, applying a trend analysis to data from the most
recent “X” sessions may represent a useful quantitative approach to determining when
acquisition is complete, taking these limitations into account.
Models of Acquisition

The data associated with acquisition are often characterized by initial chance
performance, followed by an increase in accuracy, then a gradual levelling off (i.e.,
approaching asymptote), so appropriate models will accommodate this general shape (Murre,
2014). A variety of mathematical models have been applied to acquisition data (Mazur and
Hastie, 1978; Gallistel et al., 2004; Deliano et al., 2016). One sigmoidal model that appears to
be appropriate for acquisition applied to accuracy data is the Weibull cumulative function.

The Weibull cumulative function is commonly used in psychophysics (Gallistel et al.,
2004; Mortensen, 2002) and has several features that are useful in the context of identifying
asymptote in scent-detection animals using the measure that we have chosen (the mean of
sensitivity and specificity): the model assumes a starting value of 0.5, only two free
parameters (slope and inflection point) are in the model, the model has a sigmoidal form, the

model has predictive value (i.e., future accuracy values can be forecast), and the model can

87



TRAINING TO TESTING: APPLICATION TO LUNG CANCER DETECTION DOGS

predict asymptotic values lower than one. Therefore, we applied this model in the present
study, but other models may also be appropriate for this purpose.
The Present Study

In the present study, we evaluated the utility of the analytical techniques described
above for determining when to transition dogs from training to testing for lung cancer
detection. Seven dogs were trained to identify breath samples from individuals with lung
cancer. An automated apparatus that presented samples, recorded responses, and provided
feedback to the dogs enabled the dogs to work in the absence of a researcher (see Edwards,
2019). We monitored the dogs’ performance with samples from novel patients and analysed
the data visually and quantitatively to determine when the dogs should be transitioned

between training phases and ultimately to the testing phase of a larger diagnostic study.

Method

Subjects

Nineteen dogs were screened for inclusion in the study. Out of the seven dogs that met
the inclusion criteria (see Table 8), four dogs completed the study. Initial screening included
the assessment of the effectiveness of dry kibble as a reinforcer for each dog and the dog’s
suitability for intraday housing and work in a laboratory environment. Five dogs were
eliminated at the induction stage for showing signs of sustained anxiety in the laboratory,
while four dogs were eliminated for signs of aggression in the presence of other dogs. A
further three dogs were not sufficiently food motivated to complete the training. Three dogs
were inducted into the training program but did not continue to the testing phase, two of them
because of ill health and one because it acquired an aversion to the feeding apparatus.

Four of the seven dogs completed the training and transitioned to the testing phase.
Two dogs, Tui and Katie, had previously participated in another scent detection project

(target: amyl acetate) using the same apparatus that was used in this research (Edwards et al.,
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Table 7

Participant Dog Profiles

Name Sex* Age at Recruitment Breed
BJ Female 10 years Beagle
Bramble Female 3 years English springer spaniel
Katie Female 9 years Blue heeler X border collie
Onyx Male 2 years Labrador retriever
Rocky Male 4 years Jack Russell X beagle
Rylea Female 6 years Labrador retriever

) Border collie X huntaway X
Tui Male 3 years _ ]
Australian kelpie

Note: dogs with bold names completed the study

*All dogs were neutered

2022). The other two dogs, Onyx and Rocky, learned to use the apparatus to indicate the
presence of amyl acetate prior to training with breath samples for lung cancer detection. Dogs
were only housed in the research facility during the day, typically for a morning or afternoon
twice each week. Handling and care of the dogs was in accordance with a standard operating
procedure (SOP 20). This SOP and the use of dogs for this project was approved by the
University of Waikato Animal Ethics Committee (Protocol 1029).
Apparatus and Setting

The apparatus used for this research was a fully automated 1-m?3 device housing a
carousel with 17 enclosed segments that was situated behind a panel with a 10 cm port
through which segments were accessed (see Figure 9). An infrared beam running across the

port aperture was used to record dogs’ observations (described below) and indications of
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samples. An omnidirectional switch used by the dogs to rotate the carousel to the next
segment was positioned on the right edge of the panel, 50 cm from the floor. An automated
food dispenser (Treat & Train Remote Dog Trainer manufactured by Pet Safe) was placed
approximately 1.5 m away from the port. See Edwards (2019) and Edwards et al. (2022) for
further apparatus specifications and results obtained using the apparatus with standard
chemicals.

The apparatus was situated in a 3.2-m by 4.3-m room where, after initial training, dogs
operated the apparatus alone. This activity was monitored and recorded via two cameras
connected to a computer in an adjacent room. Another computer ran the software that was
used to control the apparatus and record the dogs’ responses. Ambient temperature in the
experiment room was maintained at approximately 20°C.

Samples were accessed by the dog via the port on the panel at the front of the carousel

(see Figure 9). The infrared sample port beam had to be broken by the dog for at least 500 ms

Figure 9

Apparatus Photographs

e

Note: Left: front panel of the apparatus with odbf port and rotation switch (on right-hand\sidé
of front panel). Right: 17-segment carousel with lid removed. Note: dogs were only able to
access the front panel of the apparatus.
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for the sample to be treated as “observed”. Activation of the omnidirectional switch would
only rotate the carousel to the next sample after an observation response had occurred. The
beam-break duration required for a sample to be treated as “indicated” was set based on an
optimal value for each individual dog, typically between 3500 ms and 4500 ms. Indication
responses to a negative sample or a “non-reinforced” positive sample (when intermittent
reinforcement was arranged) had no consequences; in this circumstance the dog was required
to activate the omnidirectional switch in order to progress to the next sample. When the dogs
were fully trained, a single session with one carousel rotation through all 17 samples took
approximately three to four minutes.
Samples

Breath samples were collected from patients visiting a respiratory clinic, prior to
diagnosis. Four breath samples were collected from each patient using glass tubes (26 mm x 2
mm Duran tubing, 120 mm long, cute and flamed, 26 mm OD, 2 mm wall thickness) packed
with 1 gram of L10Y4 polypropylene fiber (manufactured by IFG Asota) between two halves
of a single cotton wool ball. Prior to use, the tubes were either annealed at 540°C or soaked
for 24 hours in a 60% concentrated nitric acid solution, then rinsed with deionized water and
oven dried. The tubes were sealed with plastic caps (tapered plug/cap LDPE red 23.62 mm D
MX, manufactured by Hi-Q Components) which were taped into place after three full
exhalations by the patient into each tube. Each tube was individually packing into its own
plastic resealable bag, which in turn was placed in a bag containing all samples from each
respective patient. From the outset to the end of the project, sample collection was carried out
by the same nursing staff in a single designated consulting room of the respiratory clinic.
Over a period of three years, 900 individual samples were collected.

The samples were stored in -80°C freezers on site at the hospital, then in equivalent

freezers at the dog laboratory. For training purposes, the lung cancer status and cancer type of
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the first 400 samples was prospectively adjudicated by a specialist respiratory physician, who
relayed this information to the scent detection researchers. Analysis of the frequency of
gender, smoking status and cancer type associated with patients who provided the samples in
the lung-cancer-positive and lung-cancer-negative groups was completed. Samples were
randomly selected for training except that additional randomly selected control samples from
smokers were sometimes used to replace samples from non-smokers to correct for a higher
proportion of smokers in the pool of lung-cancer-positive samples. This was done to avoid
the development of smoking-related biases in the dogs. No significant gender differences
between cancer patients and controls were observed, so no correction for gender was
required.

To prevent cross-contamination, all materials associated with the experiment were
handled with latex gloves, which were changed following contact with any patient’s samples
or other materials. Individual samples were prepared for use on individual metal trays stored
on non-absorbent, sterilized surfaces. The trays were washed with detergent then rinsed with
a 1:1 water/isopropanol solution and air-dried after each use. All samples were returned to the
freezers each day before any cleaning was undertaken.

Procedure

After the dogs completed training using the apparatus to identify amyl acetate (see
Edwards, 2019 for a description of this training protocol), the target was changed to breath
samples from lung-cancer-positive individuals. The initial schedule of positive to negative
breath samples was 9:8 with an indication threshold of 500 ms. The indication threshold (i.e.,
the duration of a sample-port beam break that was treated as a positive indication) increased
by 100 ms each time the dog accurately identified all of the positive samples in the session.
The sample ratio changed by one unit each week, ultimately reducing to 4:13, positive to

negative. The number of kibble pellets dispensed for correct positive indication increased
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from 1 (with the 9:8 positive to negative ratio) to 2 (7:10), then 3 (4:13). Finally, intermittent
reinforcement of one of the four samples in each array was introduced. Exposure to a sample
from a novel source was always used for this phase of training. Correct positive indication of
this sample was not reinforced for the first two sessions, mimicking the lack of reinforcement
for correct positive sample indication in a blind test. At this phase of the training, the number
of positive samples per session was varied between 3:14 and 5:12 on a random schedule. The
order in which the dogs accessed the experiment room each training day was also randomized
to control for dogs’ potential use of scent cues from other dogs when doing the detection task.

When dogs missed a positive sample in the first session on a training day, the trainer
initially began to manually reinforce subthreshold observations of these missed samples in
subsequent sessions. This process of reducing the threshold to shape indications to previously
missed positive samples was subsequently achieved automatically through alteration of the
software controlling the apparatus. The training conditions altered to some extent over time.
Richer reinforcement ratios were reintroduced and then phased out again, while indication
thresholds were sometimes dropped then increased to previous levels. These alterations were
made to facilitate the dogs’ performance, as required, following interruptions associated with
equipment malfunctions and other disruptions, including a nine-week hiatus during New
Zealand’s COVID-19 lockdown period.
Data Analysis

Sensitivity and specificity values were calculated following each session. Tui, Katie,
and Onyx all attained consecutive 100% mean sensitivity and specificity scores for at least
five sessions from the fifth training session where exposure to novel samples occurred. This
raised questions about the possibility of some form of unintentional cue associated with
positive samples. Although the experimental sessions were automated, the researcher was not

blind to sample status when preparing the samples and testing the apparatus prior to daily
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sessions. Additional measures were taken to ensure that all samples were treated the same
way. These initial target acquisition data are not included in this analysis but are available as
supplementary material (see S1). Accuracy declined with the introduction of intermittent
reinforcement, so intermittent reinforcement was temporarily discontinued until accuracy
improved again. The second introduction of intermittent reinforcement continued until the
dogs transitioned to testing. Training with intermittent reinforcement corresponded most
closely with blind testing conditions, in which blind samples would be interspersed among
samples of known status, thereby creating a situation in which the dogs would be working
under a variable, intermittent schedule of reinforcement. In the planned blind test conditions,
indications of positive blind samples would not be reinforced but indications of positive
unblinded samples would be reinforced. Therefore, it was important to establish asymptotic
performance under similar conditions.

For the purpose of determining when the dogs were ready to transition to testing,
analysis was conducted with the data gathered from Tui, Katie, and Onyx during the first and
second phases of intermittent reinforcement (session 19 — 23, 29 — 33+). Rocky started
training approximately 150 sessions after the other dogs. His results did not show the same
rapid, problematic initial increase in accuracy that the other dogs displayed. Consequently,

the target acquisition analysis was applied from the beginning of Rocky’s training.

Results
Sensitivity and specificity data from the introduction of intermittent reinforcement
training for Tui, Katie, Onyx, and Rocky are shown in Figure 10. The sparser, black data
paths display the dogs’ accuracy when first exposed to samples from novel patients whereas
the grey data paths display the dogs’ accuracy with all samples, including those from patients
to which the dogs had already been exposed. Trends in the data were not immediately

apparent because of the variability in the data. This was particularly pronounced in the data
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generated by exposure to novel samples as a result of accuracy measures being based on very
few samples in each session. Positive samples from novel sources (i.e., from patients that the
dogs had not yet encountered) made up, on average, 1.85 (range 0 to 9) out of the 17 samples
presented in each session across the first 52 days of training. A mean of 3.12 negative
samples from novel sources (range 0 to 8) were included in each sample array, while the
remaining positive and negative samples were re-used up to four times or new samples from
patients that the dogs had already been exposed to.

Figure 11 displays the mean of sensitivity + specificity generated by Tui, Katie, Onyx,
and Rocky’s first exposure to samples from novel sources across the same range of sessions
displayed in Figure 10. With this summary analysis, it appears that Katie’s accuracy was
trending upward in later sessions, Tui’s data appeared to show a gradual upward trend with
later performance generally better than earlier performance, but no trend was apparent in
Onyx’s data. Rocky’s data appeared to trend upward; variability in later sessions made it
difficult to determine if his accuracy was reaching asymptote.

Figure 12 displays the Weibull cumulative function applied to the same mean
sensitivity + specificity data for Tui, Katie, Onyx, and Rocky. Analysis of the dogs’
performances using the Weibull cumulative function allowed for identification of specific
slope and inflection values associated with any x-axis value. These were then used to
calculate likely asymptote values at a specified gradient (.005) on the upper region of the
curve, and the number of sessions required to complete training. Based on a visual analysis of
the cumulative function and the underlying data, we used .005 as a working definition of the
gradient associated with asymptote. Using this gradient value, estimations of the number of
sessions required to reach asymptote (or whether asymptote had already been reached) were

possible.
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Figure 10
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Figure 11
Mean of Novel Sample Response Sensitivity and Specificity ([Sensitivity + Specificity]/2)
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Figure 12

Weibull Function Applied to Novel Sample Response Mean Sensitivity + Specificity Values
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The data terminate at the point in time when we decided to transition to testing based
on these analyses and also due to constraints on sample availability for additional training.
Both Tui and Onyx reached asymptote according to the Weibull cumulative function
measure, while Rocky would have required approximately six more training sessions, and
Katie, twelve. Four dogs completed target acquisition training. See Table 9 for specific

details regarding the number and frequency of training sessions for each dog.

Discussion

We evaluated methods of determining when scent-detection dogs are prepared to
transition from training to testing for complex target detection. In this case, dogs evaluated
breath samples from lung-cancer-positive individuals. Using an automated apparatus, the
dogs were trained to identify the presence of lung cancer by evaluating a combination of
breath samples from novel sources and previously encountered sources and samples.
Evaluation of their ability to identify the target, samples from lung-cancer-positive
individuals, was based only on their initial performance with samples from novel sources
(i.e., patients). Visual analysis of sensitivity and specificity data separately proved
challenging because of the variability of the data. Visual analysis of a summary accuracy
measure, the mean sensitivity + specificity, aided with identification of the dogs’ progress
with target acquisition. The mean sensitivity + specificity values were also analysed by fitting
the Weibull cumulative function to these data. The fitted line served as a valuable visual aid.
The model was used to predict asymptote values, and predict the number of sessions required
to complete training when asymptote was defined as beginning with a gradient of .005. Based
on this information and logistical constraints on additional training, the dogs were
transitioned to testing at the point where two dogs were already performing at asymptotic
levels (according to the Weibull model) and two were predicted to reach asymptote within six

to twelve training sessions.
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Table 8

Complete Training Session Frequency (Lung Cancer Detection)

Dog Number of Mean Number Tlr\lal;rrnger:;”
Training of Training Da gS
Sessions Sessions/Day Comp>lleted
Katie 365 5.60 65
Onyx 345 5.24 65
Rocky 167 5.75 44
Tui 346 5.21 67

The present analysis suggests that these methods, or variations of them, can be
fruitfully applied when determining when to transition scent-detection animals from training
to testing. We do not suggest that researchers use these data to draw conclusions about the
number of sessions that will be required to train dogs to acquire a lung cancer target in other
research projects. ldiosyncratic factors such as the number of samples per array, the
positive:negative sample ratio, sample characteristics, dog characteristics, and training
methods may vary between projects. These factors are likely to influence the amount of
training that is required before performance stabilizes. The aim of this work is to demonstrate
a method rather than to provide information regarding the number of sessions that are
required for dogs to reach stable performance for lung cancer detection.

The data used for this exercise were influenced by several challenges specific to this
project. Interruptions to training with work on the laboratory building from December 2019

through February 2020 and the advent of the COVID-19 lockdown in New Zealand from late
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March to mid-May 2020 disrupted training and impacted the performance of the dogs on their
return to training. These interruptions prompted a reduction in indication thresholds, an
increase in the magnitude of reinforcement, and the return of continuous reinforcement until
accuracy returned to levels that were observed prior to these disruptions. Other limitations
impacting the project included the intermittent supply of novel samples (also related to
COVID-19 disruptions), and changes in the health status and availability of individual dogs.
Under better circumstances, it is unlikely that the dogs would require training of this duration
to reach asymptotic accuracy levels. The data from Rocky provide some evidence of this
effect. He started much later than the other dogs but was performing at similar levels by the
end of the training phase. Nevertheless, conducting this exercise with these less-than-ideal
data may benefit others, as challenges with training are common in applied scent-detection
research.

It is highly unlikely that any organism learning a complex target would reach near-
perfect performance within as few as 10 sessions, as observed with Katie, Onyx, and Tui.
These results suggested that some systematic difference, other than disease status, may have
been present at the outset of our study. We were unable to determine what was specifically
responsible for this initial high accuracy, but after taking additional measures to eliminate
differences between handling of positive and negative samples, results did appear to be more
in line with expectations, and we did not observe this pattern in the results of Rocky, who
started training later.

After a review of the available models, the Weibull cumulative function appeared to be
a suitable model for analyzing mean sensitivity and specificity data for the reasons specified
in the Methods section. The model does, however, assume that the data should follow a
sigmoidal pattern and, therefore, it did not fit the data well when they were not sigmoidal. For

example, when applied to Onyx’s data, the sigmoidal element of the model had no predictive
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value. Because of the challenges faced when collecting these data, including the initial near-
perfect performance, not all data were included when conducting the analyses with three of
the four dogs. It is likely that applying the model to data obtained later in training will not be
as effective as application from the beginning of training because the model assumes a
starting point of 0.5. Nevertheless, this model does appear to provide some additional value
when determining when asymptote has been or will be reached, even under suboptimal
conditions such as the ones encountered in the process of conducting the present study. Other
models may also be useful; researchers considering using a model for this purpose may wish
to explore other alternatives. Our use of the summary measure (sensitivity + specificity)/2 is
also not without limitations. An advantage of this measure is that sensitivity and specificity
are weighted equally (rather than according to the positive:negative sample ratio), but a
disadvantage is that it obscures the contribution of sensitivity and specificity to the summary
measure. This would be most problematic if one measure was decreasing and the other
increasing; these changes would cancel each other out in the summary measure and produce
the illusion of stability. Therefore, examining the underlying measures separately before
summarizing them would be prudent. The individual measures could both be analysed
separately with a quantitative approach as well.

Individual dogs showed different rates of target acquisition as the research progressed,
but, for logistical reasons, all dogs needed to move to the testing phase at the same time. This
presented the challenge of making group decisions based on disparate individual
performance. This challenge was also encountered when making decisions about specific
phases of training. While not all dogs may have reached asymptote, it may still be appropriate
to begin a new phase or begin to test the entire group. The logistics of training and the
relative scarcity of samples from novel sources meant that all of the dogs could only be

exposed to 17 training samples per day. The indication thresholds and reinforcement
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schedules could be manipulated to meet each dog’s individual training needs, but there were
significant limitations on the degree to which the sample arrangement could be customized
for individual dogs. One strategy that helped to integrate a new dog (Rocky) into the training,
although other dogs had progressed to a more advanced stage with fewer positive samples,
was to skip some negative samples. This increased the likelihood of the new dog
encountering a positive sample and presented more opportunities for reinforcement of
positive indications.
Conclusion

The dogs’ position on the acquisition curve when they are transitioned to testing
appears to be a critical determinant of the accuracy estimates that will be obtained in the blind
tests. Therefore, we recommend that researchers who are conducting evaluation research with
detection animals use methods such as we have applied herein when deciding to transition
from training to testing. We also recommend that a description of the criteria that have been
applied to determine when animals are deemed to be ready for testing should be described in

reports describing such research.

103



TRAINING TO TESTING: APPLICATION TO LUNG CANCER DETECTION DOGS

Acknowledgements

Funding for the experimental procedures associated with this project was provided by
the Health Research Council of New Zealand (grant 18/632), the University of Waikato, and

the Waikato Medical Research Foundation (grant 281).

We are grateful to the owners of the dogs that participated in this project for supporting
the project by making their dogs available to us and reliably transporting them to the

laboratory.

Conflict of interest statement: The authors have no conflicts of interest to disclose.

Authorship statement: The experiment was designed by Browne, Crawford, Edwards,
and Perrone; the experiment was performed by Hopping and Crawford; the data were
analysed by Crawford, Edwards and Perrone; the paper was written by Browne, Chang,

Crawford, Edwards, and Perrone.

Animal ethics statement: The experimental procedures described herein comply with

international regulations on the ethical treatment of animals and were approved by the

University of Waikato Animal Ethics Committee.

104



TRAINING TO TESTING: APPLICATION TO LUNG CANCER DETECTION DOGS

References

Amundsen, T., Sundstrem, S., Buvik, T., Gederaas, O.A., Haaverstad, R., 2014. Can dogs
smell lung cancer? First study using exhaled breath and urine screening in unselected
patients with suspected lung cancer. Acta Oncol. 53, 307-315.

Baer, D.M., Parsonson, B.S., 1981. Applied changes from steady state: Still a problem in the
visual analysis of data. In: Bradshaw, C.M., Szabadi, E. & Lowe, C.F., (Eds.)
Symposium on recent developments in the quantification of steady-state operant
behaviour. Elsevier/North Holland Biomedical Press, Owens Park, Manchester. 273-
285.

Barta, J.A., Powell, C.A., Wisnivesky, J.P., 2019. Global epidemiology of lung cancer. Ann.
Glob. Health. 85, 8.

Blandin, S.K., Crosbie, P.A., Balata, H., Chudziak, J., Hussell, T., Dive, C., 2017. Progress
and prospects of early detection in lung cancer. Open Biol. 7, 170070.

Browne, C.M., Stafford, K.J., Fordham, R.A., 2015. The detection and identification of
tuatara and gecko scents by dogs. J. Vet. Behav. 10, 496-503.

Buszewski, B., Ligor, T., Jezierski, T., Wenda-Piesik, A., Walczak, M., Rudnicka, J., 2012.
Identification of volatile lung cancer markers by gas chromatography—mass
spectrometry: Comparison with discrimination by canines. Anal. Bioanal. Chem. 404,
141-146.

Deliano, M., Tabelow, K., Kdnig, R., Polzehl, J., 2016. Improving accuracy and temporal
resolution of learning curve estimation for within- and across-session analysis. PL0S

ONE, 11, 0157355.

105



TRAINING TO TESTING: APPLICATION TO LUNG CANCER DETECTION DOGS

Edwards, T. L., 2019. Automated canine scent-detection apparatus: Technical description and
training outcomes. Chem. Senses, 44, 449-455.

Edwards, T.L., Browne, C.M., Schoon, A., Cox, C., Poling, A. 2017. Animal olfactory
detection of human diseases: Guidelines and systematic review. J. Vet. Behav. 20, 59—
73.

Edwards, T.L., Giezen, C., & Browne, C.M. 2022. Influences of indication response
requirement and target prevalence on dogs’ performance in a scent-detection task.
Appl. Anim. Behav. Sci., 105657.

Ehmann, R., Boedeker, E., Friedrich, U., Sagert, J., Dippon, J., Friedel, G., Walles, T., 2012.
Canine scent detection in the diagnosis of lung cancer: Revisiting a puzzling
phenomenon. Eur. Respir. J. 39, 669-676.

Elliker, K., Sommerville, B., Broom, D., Neal, D., Armstrong, S., Williams, H., 2014. Key
considerations for the experimental training and evaluation of cancer odour detection
dogs: Lessons learnt from a double-blind, controlled trial of prostate cancer detection.
BMC Urol. 14, 22.

Ellis, H., Mulder, C., Valverde, E., Poling, A., Edwards, T.L., 2017. Reproducibility of
African giant pouched rats detecting Mycobacterium tuberculosis. BMC Infect. Dis.,
17, 298.

Fischer-Tenhagen, C., Johnen, D., Nehls, 1., Becker, R., 2018. A proof of concept: Are
detection dogs a useful tool to verify potential biomarkers for lung cancer? Front. Vet.
Sci. 5, 52.

Gallistel, Fairhurst, S., Balsam, P., 2004. The learning curve: Implications of a quantitative
analysis. Proceedings of the National Academy of Sciences of the United States of

America, 101, 13124-13131.

106



TRAINING TO TESTING: APPLICATION TO LUNG CANCER DETECTION DOGS

Grier, J.B., 1971. Nonparametric indexes for sensitivity and bias: Computing formulas.
Psychol. Bull. 75, 424-429.

Hall, N.J., 2017. Persistence and resistance to extinction in the domestic dog: Basic research
and applications to canine training. Behav. Processes, 141, 67-74.

Hautus, M., 2015. Signal detection theory. In: Wright, J.D. (Ed.) International Encyclopedia
of the Social & Behavioral Sciences (2nd ed.). Elsevier.

Herrnstein, R.J., Loveland, D.H., 1964. Complex visual concept in the pigeon. Science, 146,
549-550.

Herrnstein, R.J., Loveland, D.H., Cable, C. 1976. Natural concepts in pigeons. J. Exp.
Psychol. Anim. Behav. Process. 2, 285-302.

Hung, R., Lee, S., Bennett, J., 2015. Fungal volatile organic compounds and their role in
ecosystems. Appl. Microbiol. Biotechnol. 99, 3395-3405.

Jakovcevic, A., Elgier, A., Mustaca, A., Bentosela, M., 2013. Frustration behaviors in
domestic dogs. J. Appl. Anim. Welf. Sci. 16, 19-34.

Jamieson, L.T.J., Baxter, G.S., Murray, P.J., 2017. Identifying suitable detection dogs. Appl.
Anim. Behav. Sci. 195, 1-7.

Jezierski, T., Walczak, M., Ligor, T., Rudnicka, J., Buszewski, B., 2015. Study of the art:
canine olfaction used for cancer detection on the basis of breath odour. Perspectives
and limitations. J. Breath. Res. 9, 027001.

Johnen, D., Heuwieser, W., Fischer-Tenhagen, C., 2013. Canine scent detection—fact or
fiction? Appl. Anim. Behav. Sci. 148, 201-208.

Johnen, D., Heuwieser, W., Fischer-Tenhagen, C., 2017. An approach to identify bias in
scent detection dog testing. Appl. Anim. Behav. Sci. 189, 201-208.

Johnston, J., Pennypacker, H., Green, G., (Eds). 2019. Strategies and Tactics of Behavioral

Research and Practice. Routledge.

107



TRAINING TO TESTING: APPLICATION TO LUNG CANCER DETECTION DOGS

Jones, R.R., Weinrott, M.R., Vaught, R.S., 1978. Effects of serial dependency on the
agreement between visual and statistical inference. J. Appl. Behav. Anal. 11, 277-283.

Kokocinska-Kusiak, A., Woszczyto, M., Zybala, M., Maciocha, J., Bartowska, K. &
Dzigciot, M. 2021. Canine olfaction: physiology, behavior, and possibilities for
practical applications. Animals (Basel), 11, 2463.

Lane, J.D., Gast, D.L., 2014. Visual analysis in single case experimental design studies: brief
review and guidelines. Neuropsychol. Rehabil. 24, 445-463.

Lazarowski, L., Rogers, B., Waggoner, L.P., Katz, J.S., 2019. When the nose knows:
ontogenetic changes in detection dogs' (Canis familiaris) responsiveness to social and
olfactory cues. Anim. Behav. 153, 61-68.

Lazarowski, L., Krichbaum, S., DeGreeff, L.E., Simon, A., Singletary, M., Angle, C. &
Waggoner, L.P. 2020. Methodological considerations in canine olfactory detection
research. Front. Vet. Sci. 7, 408-408.

Macmillan, N., Creelman, C., 1990. Response bias: Characteristics of detection theory,
threshold theory, and "nonparametric" indexes. Psychol. Bull. 107, 401-413.

Macmillan, N.A., Creelman, C.D., 2004. Detection theory: a user's guide. Taylor & Francis
Group.

Mazur, J.E., Hastie, R., 1978. Learning as accumulation: a reexamination of the learning
curve. Psychol. Bull. 85, 1256-1274.

McCulloch, M., Jezierski, T., Broffman, M., Hubbard, A., Turner, K., Janecki, T., 2006.
Diagnostic accuracy of canine scent detection in early- and late-stage lung and breast
cancers. Integr. Cancer Ther. 5, 30-39.

Mortensen, U., 2002. Additive noise, Weibull functions and the approximation of
psychometric functions. Vision Res. 42, 2371-2393.

Murre, J.M.J., 2014. S-shaped learning curves. Psychon. Bull. Rev. 21, 344-356.

108



TRAINING TO TESTING: APPLICATION TO LUNG CANCER DETECTION DOGS

National Institute of Health Research. 2018. Largest ever UK lung cancer screening study

launches in London [WWW Document]. URL https://www.nihr.ac.uk/news/largest-

ever-uk-lung-cancer-screening-study-launches-in-london/9808 (05. 09. 19)

Nourbakhsh, M.R., Ottenbacher, K.J., 1994. The statistical analysis of single-subject data: a
comparative examination. Phys. Ther. 74, 768-776.

Pirrone, F., Albertini, M., 2017. Olfactory detection of cancer by trained sniffer dogs: a
systematic review of the literature. J. Vet. Behav. 19, 105-117.

Pleil, J. & Giese, R. 2017. Integrating exhaled breath diagnostics by disease-sniffing dogs
with instrumental laboratory analysis. J. Breath Res. 11, 032001.

Rudnicka, J., Walczak, M., Kowalkowski, T., Jezierski, T., Buszewski, B., 2014.
Determination of volatile organic compounds as potential markers of lung cancer by
gas chromatography—mass spectrometry versus trained dogs. Sens. Actuators B: Chem.
202, 615-621.

Saalberg, Y. & Wolff, M. 2016. VOC breath biomarkers in lung cancer. Clin. Chim. 459, 5-9.

Stevens, M., 2013. Sensory ecology, behaviour, and evolution. Oxford University Press.
Teodoro-Morrison, T., Diamandis, E.P., Rifai, N., Weetjens, B.J.C., Pennazza, G., De Boer,
N.K., Bomers, M.K., 2014. Animal olfactory detection of disease: promises and

pitfalls. Clin. Chem. 60, 1473-1479.

Walczak, M., Jezierski, T., Gérecka-Bruzda, A., Sobczynska, M., Ensminger, J., 2012.
Impact of individual training parameters and manner of taking breath odor samples on
the reliability of canines as cancer screeners. J. Vet. Behav. 7, 283-294.

World Health Organization. 2019. Cancer [WWW Document]. URL
https://www.who.int/en/news-room/fact-sheets/detail/cancer (09. 12. 18)

Zhan, S., Ottenbacher, K., 2001. Single subject research designs for disability research.

Disabil. Rehabil. 23, 1-8.

109


https://www.nihr.ac.uk/news/largest-ever-uk-lung-cancer-screening-study-launches-in-london/9808
https://www.nihr.ac.uk/news/largest-ever-uk-lung-cancer-screening-study-launches-in-london/9808

TRAINING TO TESTING: APPLICATION TO LUNG CANCER DETECTION DOGS

Zhang, J., Mueller, S.T., 2005. A note on ROC analysis and non-parametric estimate of
sensitivity. Psychometrika, 70, 203-212.

Zhou, X.-H., 2011. Statistical methods in diagnostic medicine. Wiley.

110



GENERAL DISCUSSION

Chapter Five

General Discussion

111



GENERAL DISCUSSION

Practical contribution summary

Our project is a novel contribution to the body of literature on this subject. It generated
both practical and theoretical findings: using an automated apparatus and operant
conditioning, dogs can learn a lung cancer-positive scent target more quickly and accurately
with breath samples than saliva samples. We discovered that dogs can detect a lung cancer-
positive target in saliva samples at higher than chance levels. We found that breath samples
can be used for lung cancer-positive scent detection training purposes up to four times
without significant compromise in the dogs’ performance. Also, we learnt that a quantitative
model could be applied to training data to determine likely maximum performance for
individual dogs. This analysis was used to inform our decision to transition the dogs from
training to testing the detection of lung cancer using breath samples from patients with
respiratory illness. These findings suggest qualified support for the use of dogs for lung
cancer screening purposes.

Given the results of previous lung cancer detection studies using breath samples
(Buszewski et al., 2012; Fischer-Tenhagen et al., 2018; Guirao et al., 2019; Guirao Montes et
al., 2017; McCulloch et al., 2006; Rudnicka et al., 2014; Walczak et al., 2012) we predicted
that using breath samples to train the dogs to detect lung cancer was likely to result in above-
chance sensitivity and specificity. This proved to be the case. The emergence of saliva as a
viable sample type for electronic disease scent detection (Bel’skaya et al., 2020; Chakraborty
et al., 2018; Katakura et al., 2015; Ma et al., 2020; Printz, 2012; Qian et al., 2018; Zhang et
al., 2012) suggested that saliva too might be a viable medium for disease detector organism
training. Our experiment results do not rule out saliva as a potential training medium, but it
became impractical for our project to continue training using both sample types once the
difference in target acquisition rates became clear. There are a variety of different collection,

storage and presentation options available to researchers that may facilitate quicker
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acquisition of a disease scent target using saliva and prove more efficacious than our
procedures.

Our exploration of the use and re-use of breath samples during scent detection training
was informed by two ideas with potentially contradictory outcomes: 1) VOCs dissipate at
room temperature, so are likely to lose their potency in breath samples that are repeatedly
opened, closed and stored (Wang et al., 2018); and 2) learning effects occur when an
organism is repeatedly trained using the same sample (Walczak et al., 2012). We predicted
that it was likely that the potency of individual breath samples would decrease over time,
creating a situation where dogs were more likely to provide a false negative indication.
However, we also predicted that the repeated presentation of specific samples to the dogs
would be likely to improve the probability of correct positive or negative indications because
the individual scent profile would be learnt through repetition. The extent to which these two
dueling processes had been explored in previous experiments was unclear. Response
accuracy during repeated exposure to a single sample over a day had been evaluated
(Walczak et al., 2012), but no research on the acquisition of a disease scent target by dogs via
repeated sample use and extended breaks between exposures had been published at the time
our experiment was designed. Our findings seem to suggest that sample decay and learning
effects can cancel each other out to an extent during target acquisition training. However,
further research is required to confirm this and to clarify the extent of the contribution of each
effect.

Using an automated apparatus during training optimized aspects of our work. After
successfully shaping each dog’s initial interactions with the apparatus, the trainer was no long
required in the experiment room. Because the trainer was no longer in the room, the
possibility of trainer cueing was eliminated in all subsequent training. Automation allowed

the team to identify and apply individual dog’s optimal indication thresholds (Edwards, 2019;
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Edwards et al., 2022). Automation and the development of standard operating procedures
also meant that our experiments were standardized. Standardization increased the chance of
future teams being able to precisely replicate our methods and results.

We predicted that the dogs would learn to discriminate lung cancer-positive samples
from negative samples with increasing accuracy following a sigmoid performance curve
(Murre, 2014). The dogs’ acquisition data broadly conformed with this prediction. The range
of asymptotic performance identified in article three (Chapter 4) for dogs with extensive
training clustered around 70% (mean sensitivity + specificity). A question our project raises
for further research is the extent to which each dog’s individual performances could be
interpreted usefully and accurately in a group. For disease screening purposes, having a team
of dogs where the team is treated as a single diagnostic tool, may offer advantages over using
only a single dog, There is precedent for such an approach in the tuberculosis screening
programmes using teams of giant African pouched rats by APOPO (Bauér et al., 2022).
Screening: Individual and group performance

While average group behaviour is rarely representative of individual behaviour (Adi-
Japha et al., 2008; Pamir et al., 2011), there could be advantages to assessing canine group
performance as disease detectors using arbitrary cut-off values. The cut-offs could decide
what proportion of individual dog responses to a sample must agree with each other before
the sample status is fixed. For example, in a team of 4 trained dogs, a cut-off value of 75%
could be applied. This would mean that if at least 3 out of 4 of the dogs provided a positive
indication in the presence of a sample, the sample status would be identified as positive.
Theoretical contribution summary

Our project addressed theoretical questions about the nature of concept formation and
target acquisition. All three experiments concurrently monitored the acquisition of a complex

concept, while experiment three focused specifically on the analysis of target concept
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acquisition. Each project used samples obtained from participants in a clinical context: the
dogs were presented with training samples drawn from the same pool as test samples. While
the gender, smoking status and disease status of each participant was recorded, individual
characteristics including co-occurring illnesses, current treatment, and diet were not. During
multiple exemplar/sample training, we assessed each dog’s ability to form a complex concept
of the lung cancer scent target and respond accurately to both the “signal + noise” of a true
lung cancer scent and the “noise” of extraneous VOCs occurring at random in each new
sample.
Concept formation and target acquisition

The acquisition of simple concepts is abrupt (Gallistel et al., 2004). The acquisition of
complex concepts involving generalisation of discriminable feature identification to
unfamiliar contexts and media is much more nuanced and likely to require exposure to a large
range of exemplars (Bhatt et al., 1988; Herrnstein et al., 1976; Keller et al., 1951). In some
cases, previous research on canine scent detection of lung cancer focused on targeting
specific high frequency VOCs. These VOCs were synthetically generated or analysed in
breath samples using mass spectrometry (Buszewski et al., 2012; Fischer-Tenhagen et al.,
2018; Rudnicka et al., 2014; Walczak et al., 2012). Being able to identify “marker” VOCs for
lung cancer with a high level of accuracy could certainly be a basis of effective screening.
However, chemical analysis of biological samples suggests that reliable marker VOCs for
this disease do not exist in concentrations available for screening using current technology
(Saalberg & Wolff, 2016; Schallschmidt et al., 2016; Shirasu & Touhara, 2011; Zhan et al.,
2020). If marker VOCs do not provide a viable explanation for the above-chance lung cancer
scent detection shown in previous research, what does?

Wasserman (2016) posited the following two theoretical assumptions about complex

concept acquisition in human and non-human animals. Firstly, he suggested that samples or
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exemplars being used to train an organism to indicate the presence of a target are likely to
have many common elements. After initial training, the detector organism has encountered
the elements in a range of other positive samples. During each of these encounters,
reinforcement has been used to increase desired responding in the presence of target
elements. Therefore, when an organism can perceive several of these (category-specific)
elements in a new sample, the probability of a target indication is high. Alternatively, when
target elements in samples occur infrequently or are present but difficult to perceive, the
probability of an organism indicating the presence of the target is low. These lower-frequency
elements are stimuli-specific. Wasserman’s second assumption was that complex concepts
are developed by strengthening and refining connections between active stimulus elements
and organism responding via “error-driven learning”. Theoretically, a detector organism
responds to a sample on the basis of perceived available elements that have produced the
richest reinforcement for responding in the past. If there is a mismatch during training
between an organism’s response to available elements in a novel sample and the true sample
status, the difference between expected and encountered reinforcement (the organism’s
“prediction error”) will shape future behaviour and thus, categorization. In the context of our
project, it appeared that the concept-specific elements of lung cancer scent in breath samples
were available to dogs more frequently during training than in saliva samples. The repeated
use of breath samples during training did not diminish the samples’ effectiveness, suggesting
that either the individual scent profile of each sample was learnt by the dogs through repeated
exposure, or that elements available in the samples for scent detection did not change
significantly after each use. Finally, concept-specific characteristics of lung cancer scent in
breath samples may be more readily available to dogs when compared with saliva samples, as

the dogs’ acquired the former target more quickly than the latter.
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Learning theory and target acquisition

It is assumed in behavioural science that complex processes and concepts are composed
of much simpler, foundational behavioural phenomena that can be discovered through forms
of component/composite analysis (Cooper et al., 2020). Learning in the context of the
laboratory is precipitated through planning and manipulating the presentation of stimuli, the
arrangement of consequences for responses, signaling stimuli, signaling consequences and
established the effectiveness of consequences (Catania, 2013). In less controlled
circumstances, teasing out the extent to which acquired concepts and skills are setting-
specific, and the range of elements under faulty stimulus-control during learning acquisition,
is astonishing complex (Kantor, 1988). Underpinning disease scent detection target
acquisition lies associative learning theory. Associative learning theory suggests that learning
occurs when exposure of an organism to a stimulus changes the perceptual effectiveness of
that stimulus (Hall, 2003). When characterized as a single-state phenomenon, associative
learning and concomitant changes in responding can be represented accurately with a
learning curve. Alternative analyses of associative learning suggest that multiple aspects of
learning context are acquired at the same time by animals, and produce step-wise patterns of
‘all or nothing’ responding that are much more abrupt than previously thought (Blanco &
Moris, 2018). Acquisition of new behaviours occurs through conditioning processes —
respondent or operant - consistent with associative learning theory. Learning varies
depending on the number of opportunities the organism requires before new responding
appears, how quickly the organism can attain maximum performance, and the level at which
maximum performance occurs. These three features of learning can often be represented with
a reasonable degree of fidelity via an algorithm or a learning curve (Gallistel et al., 2004).
We fit a curve to our data based on their shape and limits, informed by theoretical

assumptions outlined earlier.
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Applications to Lung Cancer Screening

Clearly, there is still a great deal to be learnt about quantifying the acquisition of
complex concepts. The first experiment in our project generated data showing a quicker
acquisition of the lung cancer target using breath samples when compared with saliva
samples. This suggests that there could be more concept-specific features of the scent of lung
cancer available to dogs in breath samples than saliva samples. Applying concept formation
theory, it is possible that the features of lung cancer scent in saliva are less salient to dogs, or
that more “noise” is present in samples.

The second experiment explored the extent to which sample decay through re-use can
be off-set by the learning effects of repeated exposure. The design does not allow for
separation of degradation and learning effects. Information from this design is still useful
because, although the dogs’ previous exposure to individual samples could enhance their
subsequent performance with those samples, there would need to be sufficient volatiles
available for them to “recognise” the sample when encountered again. Although it is possible
to design a study that could separate these effects (e.g., by opening samples but not using
them), this was financially and logistically infeasible in our project. We hope that this may be
possible to follow up on in the future by a group with sufficient resources to address this
specific issue.

Our finding that breath samples could be re-used up to four times without a significant
reduction in the dogs’ sensitivity reinforced the theory that concept-specific repetition
supports complex concept formation. It is possible but unlikely that the dogs learnt each
individual scent after brief exposure several weeks apart. However, it is much more likely
that the dogs had learnt sufficient concept-specific features that they recognised these in the

available VOCs in repeatedly opened samples.
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Concept acquisition was explicitly quantified in our third experiment. The analysis
developed in this work was potentially the most impactful of the three, as it could be applied
to any learning context, or any form of disease screening where hit, miss, false alarm and
correct reject data are collected. The results of this experiment conform with both acquisition
modelling using a sigmoid representation of the learning curve, and concept formation
through asymptotic responding at values well above chance.

Project limitations

Many of the limitations associated with our project were logistical. Sample supply and
analysis issues were prompted by the COVID-19 pandemic. Building renovation and
nationwide lockdowns preventing access to the laboratory. Automated apparatus mechanical
faults and dog health issues each impeded data collection.

Our project relied on a supply of breath and saliva samples from a respiratory clinic at a
local hospital. The commitments of the clinicians associated with the project were wide
ranging. Dog training needed to be suspended more than once to allow the clinicians time to
adjudicate participants’ health and assign ‘positive’, ‘negative’ or ‘unknown’ lung cancer
status to samples provided. This adjudication process became exponentially more difficult
with the advent of COVID-19 and the explosion of responsibilities weighing on our
colleagues as respiratory specialists.

The laboratory building was closed for two months while scheduled renovations took
place. Soon after this, the global COVID-19 pandemic sparked another shutdown of the
laboratory and a lockdown of all parties involved for further two months. These extended
interruptions to training had a significant impact on dog performance and the systems
involved in maintaining the project.

More frequent, short-term but equally intrusive interruptions occurred as a result of the

automated apparatus faults. These were not unexpected, as the apparatus was a prototype. No
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models were available to us of standard operating procedures for the training and testing of
dogs using an automated apparatus. These evolved through several iterations as we
determined how to optimize the dogs’ responding. Researchers became adept at resetting
aspects of the machine, while the technician involved in the prototype design was often
quickly on hand to address any ongoing issues.

The wellbeing of the dogs and the commitments of their owners determined the extent
to which they were available for training on a daily basis. Each dog’s participation was
functionally assent-based. No coercive consequences for non-training behaviours were
provided at any stage in the project, so a “disengaged” dog could effectively end training at
will. Two of the dogs experienced extended periods of ill health, while another dog
developed an aversion to the feeder. Care was taken to monitor each dog’s weight. In the case
of three dogs, adjustments were made to diets outside of the laboratory where it became
apparent that they were gaining weight while participating in the project. Changes in feeding
routines at home allowed the dog’s weight to reduce and then stabilize in each instance.

In short, the research team fostered ongoing relationships with both campus technicians
and dog owners that accommodated short-term plan changes while minimizing disruption to
training as much as possible.

Beyond practical considerations, we were unable to isolate the source of contamination
that influenced the dogs’ initial acquisition accuracy. It was difficult to gauge the level of
sensitivity and specificity of previous canine scent detection work with a lung cancer target as
the methodologies of previous projects varied so significantly. Because we had no closely-
corresponding models against which to compare the early acquisition results, it was difficult
to be certain that our procedure was flawed in some way. We needed to rely on concept
formation acquisition data across a range of detector organisms and targets to confirm the

unlikely nature of our dogs’ early performance.
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Further investigation of target acquisition could be developed using an alternative
approach to capturing missed positive samples. Because we dropped the indication threshold
of any lung-cancer positive sample the dog “missed” during a session, only the first response
provided an accurate picture of the dog’s performance. The manipulation of the threshold in
subsequent sessions meant that we could not analyse the dogs’ evaluation of samples during
the course of one training day.

Some features of our experiments could be characterized as either limitations or
strengths, depending on the expectations of a reviewer. For example, we premised the search
for detector organisms on the understanding that there is no such thing as a “scent detection
dog”. Single subject research methodology allowed us to focus instead on each dog’s
individual (and potentially idiosyncratic) target acquisition and responding over time,
comparing each animal’s performance with itself. Applying screening criteria that had been
developed for other scent-detection applications (e.g., for border security applications) would
not be appropriate for this novel method and setting. Recruiting dogs that had been trained
using other methods would be similarly problematic. All training was specific to our unique
automated approach and dog suitability was assessed with respect to this approach. While
some breeds would be physically mismatched with the apparatus (e.g., pugs, bull dogs,
mastiffs), we did not select for breed. Using pets provided us with two advantages: 1) high
social validity — dog owners described the “enthusiasm” of their dogs to arrive at the
laboratory for training, and 2) a much larger pool of potential trainees. Because we used pet
dogs across a range of breeds, our data were potentially more broadly applicable to dogs
generally.

Another potentially challenging feature of our research involved the breath and saliva
samples. Dog-related VOC contamination was a limitation of the research conducted in our

experiments. Although we had the means of controlling for contamination for the purpose of
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operational/blind testing of the dogs (e.g., we only paid attention to the dogs’ first encounter
with novel samples from novel patients and we changed the order in which the dogs trained
using a random number generator each day), it wasn’t possible to control for or eliminate this
issue in the present investigation. However, in line with the applied aims of this study, dog-
related VOC contamination would be a standard issue when samples are re-used and,
therefore, we have produced data that are relevant to the applications that we are most
interested in understanding.

Our project relied upon the application of single-subject research design for the
optimization of practices in a field without any current gold standard practice or universally
recognised methodology or measures. There is potentially a strong argument to be made of a
burgeoning of single-subject research in this field before any meaningful meta-analysis is
possible.

Final reflection

Effective screening for the early detection of lung cancer could increase the efficacy of
treatment and survivability of this disease. From a theoretical basis informed by learning
acquisition and concept formation, we were able to ascertain that dogs learn a lung cancer
target scent from breath samples more easily than saliva samples; that breath samples can be
used up to four times for training purposes without significantly impacting sensitivity; and
quantitative measures can be generated to standardize the transition from training to testing.
On the basis of what we have learnt in our project about dogs’ ability to acquire complex
concepts like the scent of lung cancer, it is not necessary for dogs to perform like either an
eNose or a mass spectrometer to provide effective screening. However, they can certainly
perform in tandem with other technologies. The chemical analysis of a breath sample using
technology is a task distinct from the discrimination performed by a dog during scent

detection. Using a group of dogs as a single diagnostic tool for lung cancer screening is a
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potentially low-risk, non-invasive option to increase the chances of early disease detection.
The costs and absolute risks of not being screened need to be compared against both the risks
of higher than necessary exposure to x-rays or biopsy via more intrusive screening, and the
maximum demonstrated sensitivity and specificity of dogs as lung cancer detectors.
Increasing the power of sample evaluation by providing weighted analysis of group results, as

described earlier, may be one way of tipping the balance in favour of canine scent detection.
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Supplementary File 1 (S1)

Table 1

Breath Sample Collection and Storage Methods for Canine Scent Detection of Lung Cancer Research

Experiment

Collection
Method
[Number of

Novel Samples]

Storage Method

Sensitivity

Specificity

McCulloch (1)

Buszewski (2)

Ehmann (3)

Walczak (4)

Rudnicka (5)

Fischer-
Tenhagen et
al. (6)

Exhaled 3-5
times through
tube [169]

Exhaled 2-3
times through
tube [73]

Exhaled 5 times

through tube
[220]

Unclear [627]

3 deep

exhalations into

tube [253]

Exhaled 5 times

through tube
[60]

Polypropylene organic vapor
sampling tube; silicone-coated
polypropylene wool, stored in

sealed bag at room temperature.

Disposable polypropylene sampling

tubes; removable inserts were
removed from tubes and stored in
sterile polypropylene boxes. No

temperature information.

Glass tubes; rubber caps,

polypropylene wool with silicone

treatment, stored in light-tight box

at room temperature.

Polypropylene sample tubes; cotton

wool, polypropylene box, sealed

bag, stored at room temperature.

Polypropylene tube; oil-coated
polypropylene inserts. Inserts
transferred to glass vessels for
training. Wrapped in a sterile
plastic bag, stored at room
temperature.

Glass tubes; rubber caps,
polypropylene wool with silicone

treatment. Stored at 8°C.

0.99 (95% Cl
[0.99, 1.0])

0.82 (ClI not
available)

0.71 (95% ClI
[0.51, 0.88])

0.79 (ClI not
available)

0.86 (CI not

available)

9/9, 8/9 (CI not

available)

0.99 (95%
CI [0.96,
1.0D)

0.82 (ClI not

available)

0.93 (95%
Cl [0.81,
0.98])

0.78 (Cl not
available)

0.72 (Cl not

available)

8/10, 4/10
(Cl not

available)
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Supplementary File 2 (S2)

SOP Number: 20

Handling and Care of Pet Dogs for Research

General:

This document outlines the general procedure for the handling and care of pet dogs being
used in research. This protocol has been developed with reference to the Animal Welfare
(Dogs) Code of Welfare (Animal Welfare Advisory Committee, 2010,
http://www.mpi.govt.nz/protection-and-response/animal-welfare/codes-of-welfare/)

Location/Equipment:

A maximum of 5 dogs will be present in any of the facilities at any one time.

Dogs will not be held at the facility overnight. Arrangements will be made by the
researcher to meet owners when they drop off their dog before each research
session and for pickup afterwards. Under exceptional circumstances, after
consultation with supervisors, a researcher may pick up or drop off the dog from the
dog owner’s home.

Each dog will be held in a separate kennel, crate, or tie-up station containing
bedding, toys, and a bowl of fresh water.

A logbook will be kept with the name of the dog, arrival time and collection time,
and contact details of owner. Dog’s owner will sign in upon arrival and sign out when
they have picked up their dogs.

Dogs must wear a collar and be on a lead at all times, except when they are in the
kennels or in some cases in the experimental room (depending on the exact
requirements of the particular study).

All dogs must be fully vaccinated up to date for the core diseases: distemper,
hepatitis, parvovirus, and leptospirosis. Kennel cough vaccination is also required.
Vaccinations are confirmed by sighting and photographing the vaccination
certificate; all vaccination records will be stored in a database and reviewed monthly
—if a dog’s vaccination is due, the owner will be asked to bring the dog’s updated
vaccination record into the facility and the photograph/record updated accordingly.
All food will be stored in labelled sealed containers within the storage room.

Record Keeping:

Pet dogs will be used in studies. A roster of pet dogs that are available will be
maintained and kept up-to-date regarding their history of participation and
suitability for this type of research.
The following records will be kept for each dog:
o Animal’s name
o Owner’s name, address and telephone number
o Emergency/contact telephone number of the owner or their nominee
o A photo of the dog
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o A description of the animal including:

= sex
* breed
= colour
= age

» distinguishing features

= any collars, leads, or belongings brought in with the animal

* their vaccination status (photograph of the vaccination certificate and
storage of expiry dates in a database)

* Microchip number (if the dog is microchipped)

* the name and contact number of the veterinarian who normally
attends to the animal

* the dog’s normal diet (food type and amount per day)

» if the dog has any allergies, or any other relevant health issues (e.g.,
medication).

e The date and number of trials during each experimental session will be recorded for

each dog. In addition, the time the dog was last fed and any adverse/unusual
observations will be noted.

e During the recruitment process, owners will be asked if their dog has shown
aggressive behaviour in the past, and if it is aggressive/protective around food. If a
dog has a history of aggression or shows signs of aggression at any time after
recruitment, they will not be used for this research. Owners will also be asked if their
dog has any other relevant behaviour issues (e.g., fear of certain noises).

e Owners will be asked to sign in their dogs at the lab at the beginning of the day and
out at the end.

e Data will be kept for a minimum of 5 years after data collection has ceased.

Cleaning:

e Dog pens and the experimental room will be vacuumed and soiled surfaces will be
cleaned with disinfectant at the end of each day after dogs have left.

e If any faeces or urine is deposited inside the facility, they will be disposed of
appropriately and cleaned thoroughly. For example, disposable gloves will be worn,
and a plastic scoop will be used to remove any faeces which will then be bagged and
disposed of in an external rubbish bin outside of the dog facility. The area will then
be cleaned thoroughly using an appropriate cleaner.

e A foot pedal rubbish bin will be used to contain general waste within the dog facility,
and this will be emptied as appropriate.

e Bowls will be washed thoroughly each day with a disinfectant that is suitable for
food surfaces that kills both viruses and bacteria and then rinsed.

e Pest control for insects and rodents will be applied as necessary. These control

methods will be used in such a way that dogs cannot access them. If there is any risk
of dogs accessing them, a non-toxic (to dogs) control method must be used.
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Animal Handling/General Care:

One person will be in attendance when dogs are present at the laboratory. Another
person will be aware and available on call during the running days.

Before removing a dog from its kennel, external doors to the facility will be closed,
and the dog must be put on a lead.

Dogs will be taken out to walk and toilet every 2 hours, and dog waste disposed of
appropriately. Volunteer dog walkers who have been recruited and trained
according to Appendix 2 may be used to walk dogs involved in research at the
University of Waikato.

Dog walkers will take care to prevent dogs from accessing bait stations that are
positioned around campus. An up-to-date map of the location of these stations will
be posted at the exit of each building. Walkers will also prevent dogs from accessing
discarded food/trash and, if there is any indication that they have eaten something
inappropriate, they will immediately report this to the lab supervisor.

Any dog showing signs of aggression towards the researcher will cease participation
in the study.

Any dogs showing persistent signs of distress or fear will cease participation in the
research and the owner will be contacted.

Dogs that are transported in vehicles by researchers will always be transported in a
manner that is safe and approved by the dog’s owners. Dogs will only be transported
individually, with the exception of dogs that live together.

If a dog becomes ill/injured, the laboratory manager will call the owner’s vet and
take the dog to the vet immediately. If the owner’s vet is unavailable, the dog will be
taken to the local vet (Newstead Vet) or the after-hours clinic if the local vet is
closed. The owner will be contacted as soon as practical. A vehicle must be available
(i.e., on campus) for emergency transportation at all times when dogs are present at
the facility. If the dog’s illness/injury occurred as a result of involvement in the
research project, the School of Psychology will pay for the veterinary services.
Otherwise, the owner will pay for the services.

Multiple dogs will only be present at the facility at the same time if the owners give
permission for this to occur, and if they state that their dog is friendly towards other
dogs (as part of the consent form). The dogs will be kept on leads around each other
and held in separate kennels/crates/tie up stations (unless they are from the same
household and the owner prefers them held together). Only dogs that are confirmed
to be reliably friendly toward each other (including those who live together) will be
walked together. If any conflict behaviour is seen between dogs, then the dogs will
be separated from each other and the senior researcher will be contacted.

Building Security:

All researchers will ensure the building is locked and secure (windows and curtains shut)
before leaving. If there are any security concerns, University of Waikato security will be
called on 07 838-4444.
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Emergency Evacuation Procedures:

If the personal safety of the staff or researchers are not compromised the dogs will be lead
one at a time (if possible) to the fence adjacent to the FMD building where tie-stations have
been installed for this purpose. Each dog will be secured to one of the tie-stations, which
are situated such that no dog can be in physical contact with another. Five chew-proof leads
designated for this purpose are hanging by the main exit of both buildings. Dog owners will
be contacted as soon as possible and temporary provision of water will be made to the
dogs.

Versions and Reviews: Version 2.1
Date revised: October 2019

Date approved: 18 October 2019
Next revision due: 19 October 2022
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Standard Operating Procedure for Training Dogs to Use

Automated Scent-Detection Apparatus

NOTE: Procedures for dog selection, habituation, handling, and care have been omitted, as requirements are likely to
vary among laboratories. The complete standard operating procedures specific to the author’s laboratory are
available upon request.

Apparatus setup

Position the apparatus in a room without other objects that might distract the dog. Only the front panel of
the apparatus should be accessible to dogs. Moveable partitions may be used to block access to the other
sides of the apparatus. The room must have a door that closes/latches and should be equipped with one or
more cameras that can be used to monitor the dogs. The computer(s) used to control the apparatus and
monitor the dogs should be positioned in an adjacent room.

Training

1. Introduction
Once the dog is habituated to the environment and researchers, training sessions can be started. During
the shaping and early training process, at the first sign of fatigue/disinterest, the session should be
terminated, ideally immediately following a correct response and reinforcement. Early
shaping/training sessions should not exceed 10 minutes.

2. Conditioned reinforcer establishment
Dispense food from the automatic feeder using the remote/hand-switch until the dog immediately
approaches the feeder upon hearing the sound made when it is activated. The dog should approach the
automatic feeder and consume the food within 3 seconds 3 times in a row to continue to the next stage
of training.

3. Shaping: nose in sample port
Once the sound of the feeder is established as a conditioned reinforcer, the remote/hand-switch is used
to train the dog to put its nose into the sample port of the apparatus. Use the method of differential
reinforcement of successive approximations to this target behaviour (see Appendix). Prompting (e.g.,
pointing) may be used but the prompt must be faded and removed before proceeding to the next step
(lever activation).

As soon as the nose is first inserted into the port, the dog is taken out of the room and the apparatus is
loaded with positive samples and set to treat indications of 1000ms as indications (500ms as
observations). Continue shaping as required until the dog begins to trigger the feeder automatically.
Once a session (17 samples) at the 1000ms threshold is complete, increase the threshold to 1500ms.
Once a round at 1500ms is complete, continue to the next step.

4.  Shaping: lever activation
With the apparatus turned off, use the method of differential reinforcement of successive
approximations to shape lever pressing (see Appendix). Depending on the size and the behavioural
tendencies of the specific dog, an appropriate topography should be selected for shaping (e.g., use of
paw or nose to activate lever). Prompting (e.g., pointing) may be used but the prompt must be faded
and removed before proceeding to the next step. Once the lever has been activated 10 times without
prompts (and reinforced via manual activation of the feeder), proceed to the next step.

5. Discrimination training
Load the apparatus with approximately half positive and half negative samples (e.g., 8 and 9 samples,
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respectively), alternating positive and negative with the first sample positive (enter the status of the
samples into the session configuration file). Ideally, samples should contain a high concentration of
the target/control substance. Set the apparatus with a threshold of 1500ms for the indication response
and 500ms for the observation response.

Put the dog into the experimental room and stand beside the apparatus. If there is no response to the
apparatus within 20 seconds, prompt as required. On the first negative trial, also allow 20 seconds
before prompting to see if the lever press occurs without prompting. Continue prompting, if necessary,
but fade prompts as soon as possible (i.e., wait for an increasing amount of time before prompting).
Prompt with a consistent cue - finger pointing to sample port or lever.

Once a round (of 17 samples) is completed without prompting, randomize the sample arrangement in
subsequent sessions. Continue until hit rate is above 80% and the dog is working reliably without
prompting. The experimenter should gradually remove themselves from the room and, once the dog is
successfully working on its own, systematically increase the indication threshold in 500 or 1000ms
increments until the target threshold is reached (5500ms is generally optimal based on our preliminary
research, but this may vary depending on the dog/application).

With a standard sample (e.g., amyl acetate) at a high concentration, hit rate and correct rejection rate
should reach and stay at approximately 100%. At this point, additional rounds may be added (i.e., the
samples can be presented two or more times in one session) or the sample concentration, type, or
distribution (e.g., positive sample prevalence) can be changed systematically as required.

Troubleshooting

Problem Solution
The dog is performing poorly in - Make sure the dog is healthy. Deal with any health-related
training. issues first.

- Confirm that food is an effective reinforcer by evaluating
approach and consumption and/or by attempting to shape a

simple response. If current food is ineffective, confirm that dog
is not being overfed prior to training and, if confirmed, select a

different food (using a paired-choice preference assessment
procedure?).

- Return to earlier stages of training as required (e.g., if the lever

press is not occurring reliably in discrimination training,
conduct another lever press shaping session in isolation).

- Check factors related to sample quality (make sure that samples

have been prepared and arranged as specified in the specific
sample preparation SOP)

- If the dog continues to perform poorly, the dog will cease
participation in the study. Consult with supervisor.

Wicars, S. M., Miguel, C. F., & Sobie, J. L. (2014). Assessing preference and reinforcer effectiveness
in dogs. Behavioural Processes, 103, 75-83.
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1.

Appendix: Guidelines for Shaping

Introduction

This document outlines the basic training hierarchy for shaping by successive approximations. As a
general rule, each step must be completed 3 times in a row before progressing to the next stage of training.
Some dogs, however, may require additional learning trials before progressing. Keep sessions short (5-
10 mins) and finish on a positive note when possible to ensure that the process is enjoyable for the dog.

Procedure
2.1. Researcher is to position themselves near the apparatus, ideally near the door, avoiding the dog’s
gaze to reduce unintentional cueing. This will facilitate fading of the researcher’s presence during
later trials when the dog is required to be in the experimental room alone. Gestural prompts may be
used to facilitate training, but these should be used only as needed as they must be faded out before
training is complete.
2.2. Shaping of sample port entry
2.2.1. Turn apparatus on and start a session so that the sample port beam breaks will produce a
“beep.”
2.2.2. Reinforce moving further and further away from the feeder until the dog is reliably
approaching the other side of the room (near apparatus).
2.2.3. Reinforce attending to the apparatus (putting nose near any part of the front panel).
2.2.4. Reinforce placing nose near port.
2.2.5. Reinforce placing nose in port.
2.2.6. Reinforce breaking the beam for any length of time (indicated by “beeping” sound).
2.2.7. Reinforce touching the segment flap with nose.
2.2.8.  Reinforce pushing the flap inwards.
2.3. Shaping of lever press
2.3.1.  Turn apparatus off.
2.3.2. Reinforce any movement toward lever.
2.3.3. Reinforce movement of nose or paw toward lever (as appropriate).
2.3.4. Reinforce any contact with the lever (nose or paw, as appropriate).
2.3.5. Reinforce any movement of the lever.
2.3.6. Reinforce movement of the lever that produces the “click” (microswitch closure).
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Supplementary File 3 (S3)

Methods
Apparatus and Setting

The dogs completed initial scent detection training (target: amyl acetate) to use the
automated apparatus with a trainer present in the experiment room, then transitioned to
working alone. Once the dogs demonstrated fluency using the apparatus, the samples were
switched to breath and saliva samples, with samples from lung cancer-positive patients

serving as the positive samples.

Breath and saliva samples were presented to dogs on an automated apparatus, consisting of a
carousel with 17 removable aluminium chambers sandwiched between two stainless steel
plates. A single sample was placed in each chamber. Each chamber was fitted with an
inward-opening hinged flap that remained closed unless pushed open. A 10 cm-diameter
aperture in the centre of a 1 m? acrylic panel mounted on the front of the apparatus allowed
the dogs access to one chamber at a time. A grid of infrared sensors directly behind the
aperture measured the duration of the dogs’ access to each chamber. The dogs’ response
durations were used to determine whether they had evaluated samples; a duration of at least
250ms constituted an “observation” response. A switch on the right-hand side of the front
panel could be activated by the dogs to rotate the carousel by a single chamber once the
observation response occurred. A second, longer response duration, typically 4500 ms but
adjusted for individual dogs, constituted an “indication” response. Indication responses to
positive samples were reinforced using a remote-controlled kibble dispenser (Treat and Train
Remote Dog Trainer, by Pet Safe), positioned 1.5 m from the apparatus. The experiment
room housing the apparatus was 3.2 m by 4.3 m, maintained at approximately 20°C. A

computer in an adjacent room controlled the apparatus and was connected to two cameras
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that provided a live feed of the dogs’ activities. See (1,2) for further details of this apparatus

and details of training processes and results.

Sample Information

Samples provided by 490 human participants recruited from the Chronic Obstructive
Pulmonary Disease clinic of a local hospital were used for training purposes. Human ethics
approval was obtained from New Zealand’s Health and Disability Ethics Committees
(17/NTB/178/AM02). Following informed consent, breath and saliva samples were collected
from each participant by two nursing staff in a dedicated consulting room. Additional data
including demographics, the subject’s smoking/vaping status, time to last meal, time to last
smoking were also collected. Participants were referred by their general practitioners to the
general respiratory clinic and had not yet been assigned a diagnosis and participation was
offered as part of the clinic’s diagnostic process. Thus neither study staff nor participants
were aware of the participants’ cancer status at recruitment. Procedures, materials, personnel,

and location remained the same throughout the recruitment period.

Breath samples for each participant were collected in four annealed glass tubes (Duran
tubing, 120 mm long, 26 mm OD, 2 mm wall thickness) packed with 1 g of L10Y4
polypropylene fibre (manufactured by IFG Asota) sandwiched between two halves of a split
single cotton wool ball. Participants were instructed to “Take a deep breath and breathe
slowly through the tube. Exhale completely, until there is no air left in your lungs. Breathe
three times through each of the tubes.” The nurses sealed each tube with plastic caps (tapered
plug/cap LDPE red 23.62 D MX, manufactured by Hi-Q Components), placed each tube in
its own sealable plastic bag, then sealed all four of the capped and bagged samples from the

participant into a larger plastic bag.
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A single saliva sample was also collected from each participant. 10 ml of tap water in
a disposable plastic cup was offered to the participant with the request to “rinse your mouth
with the water provided (do not swallow the water).” This mixture of saliva and tap water
was then expectorated into a hospital-issue 100 ml polypropylene sample cup which was
immediately closed, sealed in a plastic bag, and placed in the larger plastic bag holding the

breath samples.

Samples were immediately stored in a -80°C freezer at the hospital, then transferred
using dry ice to -80°C or -60°C freezers at the University of Waikato Scent Detection
Laboratory. The disease status of the patients was prospectively adjudicated by a specialist
respiratory physician and medical oncologist independently, with any disagreements resolved
by consensus. Lung cancer diagnoses were confirmed and staged by the local lung cancer
multi-disciplinary team; these data were anonymised and then shared with the scent-detection
researchers. Each week 17 samples were identified for training purposes and presented to the
dogs in the apparatus in a randomized array. Between 2 and 5 positive samples were
presented in each set of 17 on training days, while negative samples made up the remaining
12-15 samples. The number of positive and negative samples from smokers were presented in
equivalent proportions to prevent the dogs from developing a smoking-related bias. When a
saliva sample from a specific patient was selected for the first time, the sample was thawed
and aliquoted into 3 x 3 ml volumes into annealed 5 ml glass jars (28 mm interior diameter, 9
mm interior depth) sealed with silicone septa prior to the experimental day. Two of the three
saliva aliquots were used for training purposes; the third was retained for chemical analysis.
All were frozen again immediately after redistribution. On the day of the experimental
sessions, after reaching room temperature, caps were removed from breath sample tubes or
the saliva jars, which were placed directly into the apparatus. Training samples were thawed,

opened, used, closed, and refrozen up to four times (3).
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Procedure

The dogs visited the laboratory and trained two days per week, either mornings or
afternoons. Each day, dogs completed between 2 and 10 sessions. A session consisted of one
complete rotation of the 17-segment carousel. Saliva samples were used on the first of the
two days; breath samples from the same participants were used on the second day. After 18
weeks of training, breath and saliva sample presentation was reversed to evaluate possible
order effects. A combination of novel and used samples were included in each training array.
Used samples had been presented to the dogs for at least one training day previously, then

refrozen.

Training and Error Correction

During training, indication duration requirements for a sample to be treated as
“indicated” by the dogs began at 501 ms and were increased by 100 ms after each subsequent
successful session at that value. These values were increased to an upper indication threshold
of 3500 — 4500 ms, based on optimal performance for each dog. The indication duration

requirements were adjusted separately for each sample type.

In instances where a dog missed (failed to indicate) a positive sample, the indication
threshold for that individual positive sample was lowered to facilitate acquisition of the lung
cancer target. The size of the threshold reduction was determined by the length of the initial
sub-threshold indication; the new threshold was set 500 ms below the duration of the dog’s
initial indication or reduced to 500 ms if the initial value was lower than 1000 ms. For
example, if an indication threshold of 4000 ms was set for a dog’s initial indication response
to a novel sample, but the dog only indicated for 1200 ms before withdrawing, the threshold
for that specific sample during the next training session would be lowered to 700 ms. In the

same scenario, if the dog only indicated for 900 ms before withdrawing, a requirement of 500
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ms would be applied in the next session. The indication threshold was raised by 100 ms in
each subsequent session as the dog experienced reinforcement for correct indication of the
sample. If the dog missed a sample with a lowered threshold, the threshold was reduced

further, following the same procedure.
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Supplementary File 4 (S4)

Data Analysis

1 hit \ scorrect rejection
logd = 5log (75 )

miss false alarm

hit )( false alarm )J

1
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Supplementary Data

Table 1

Individual Hit Rate/Sensitivity Values

Name 0 1 2 3
Tui 76.02941 67.95455 35.25499
Katie 74.53113 77.83654 59.77273
Bramble 76.66667 85.89744
Onyx 76.05311 74.29617 75.26991
Rylea 81.25889 89.89899
BJ 73.06608 65.48345 66.01831 50
Rocky 51.78819 61.81284 58.40125 61.90476
Mean 72.7705 74.74 58.94344 55.95238
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Table 2

Individual Correct Rejection Rate/Specificity Values

Name 0 1 2 3
Tui 94.57891 75.78755 89.94969 86.15385
Katie 65.03038 57.51838 78.92512 67.5
Bramble 73.82366 78.0303
Onyx 82.27538 83.41766 77.18131 85.83333
Rylea 45.20238 59.36911
BJ 67.33092 79.80226 87.03704
Rocky 76.43438 76.57516 77.66813 73.12253
Mean 72.09657 72.92863 68.46021 78.15243
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Table 3

Individual log B Values

Name 0 1 2 3
Tui -0.37107 -0.08424 -0.60838
Katie 0.097826 0.20708 -0.20883
Bramble 0.034504 0.114659
Onyx -0.08052 -0.12072 -0.02008
Rylea 0.370207 0.393314
BJ 0.059349 -0.15532 -0.25856
Rocky -0.24287 -0.15051 -0.19731 -0.12344
Mean -0.01894 0.029182 -0.21553 -0.12344
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Table 4

Individual log d Values
Name 0 1 2 3
Tui 0.872426 0.411377 0.344246
Katie 0.368984 0.338805 0.389647
Bramble 0.486192 0.677129
Onyx 0.586458 0.582237 0.509197
Rylea 0.286023 0.558231
BJ 0.374123 0.447709 0.603162
Rocky 0.274051 0.364317 0.344659 0.336425
Mean 0.464037 0.482829 0.396937 0.336425
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Lung Cancer Detection Project

Sample Handling and Presentation
Standard Operating Procedure
05/05/2019

Margaret Crawford

Preparation — Breath Samples

1) Selecting Samples — Weekly Laboratory Preparation

2)

1.1 Determine number of positive, control and/or blank samples for training session.

1.2 Select samples.

1.3 Create sample list sorted by freezer/box number.

1.4 Retrieve bags from freezer boxes and place in numerical order in work box/es, ready for
use.

1.5 Complete random configuration form (1 — 17) to determine where the samples will be
placed in the apparatus.

On Training Day

2.1 Wipe large work table with isopropanol at least 8 hours earlier. Air room.

2.2 Postit notes recording sample number and date of use placed on the table in order of
presentation to indicate placement of trays in 6/6/5 configuration with as much space
between trays as possible.

2.3 Place 17 trays on table

3) Transferring Breath Samples from the Freezer for Training

3.1 Note the time.
3.2 Put on latex gloves.
3.3 Open freezer, then work box. Remove sample 1 main bag containing 2 x individually
bagged and labelled breath samples in sealed tubes,
3.3.1 Use both hands to open main bag and right hand take breath sample from
first sample main bag and place on first sample tray,
3.3.2 Use left hand to seal and return main bag to training box in numerical order
and close freezer.
3.4 Change latex gloves, left hand first simultaneously inverting and removing right hand
from the base of glove.
3.5 Repeat this process 16 more times.
3.6 Finally, close the freezer.

Allow 30 minutes to elapse between the removal of the first sample from the freezer and
the transfer of samples from the trays to the apparatus. This allows all sealed samples to
return to room temperature.

While waiting:
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4)

3.7 Ensure the door to the experiment room is sitting ajar.

3.8 Chambers should be placed on the apparatus, ready to receive sample containers.

3.9 Run AC in experiment room at 20C. When ambient temperature reaches 20C, record
time.

Transferring Breath Samples from Tray to Apparatus

4.1 Note the time.

4.2 Put on latex gloves.

4.3 Open first sample bag and remove the sample tube (located in Tray 1). Remove tube lids
(use box cutter if necessary to open tape) then carry sample to chamber, and place both
lids interior sides up in chamber next to the tube. Both tube openings should be
exposed.

4.4 Replace gloves. Repeat process 16 times.

When finished, note the time, place the lid on the carousel so the sample chambers are
enclosed and leave for 10 minutes while headspace VOCs accrue. Record the ambient room
temperature.

5)

6)

Unloading Apparatus from the Carousel to the Trays

5.1 Remove the carousel lid. Open freezer. Remove lid from work box.

5.2 Put on latex gloves.

5.3 Retrieve sample from chamber 1. Secure lids using tape, being careful not to touch the
tape dispenser. Carry sample to corresponding tray. Place sealed tube in bag along with
the corresponding tray postit note in the sample bag, being sure to twist the bag
around the sample and expel as much air as possible.

5.4 Replace gloves.

5.5 Repeat until all samples are bagged and waiting on trays.

From the Trays to the Freezer

6.1 Change Gloves.

6.2 Remove first sample main bag from work box, use both hands to open it, right hand
under base of main bag, use left hand to drop in bagged sample 1 tube using thumb and
forefinger. Middle finger and base of hand used to hold main bag while right hand
closes zip lock.

6.3 Sample 1 main bag is returned to work box with right hand and filed numerically.

6.4 Repeat process until all samples are returned to the freezer.

6.5 Note the time when the last sample is returned to the work box and the freezer is
closed.

Miscellaneous: Destruction of Waste Materials

Any waste products exposed to breath that cannot be sterilized via acid bath will be stored
in ‘sharps’ medical waste containers or sealed plastic bags and returned to the hospital for
disposal.
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Supplementary File S1

Sensitivity and specificity of three dogs when evaluating novel patients at the outset of training,
demonstrating anomalous, rapid approach to near-perfect accuracy.
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How our quantitative model was selected

The researchers reviewed and discarded a range of dependent and independent
measures as they evaluated which form of analysis might provide the most pertinent
information about optimal transition from training to testing. The purpose of model fitting
was two-fold; firstly, to determine the structure of the dogs’ concept formation as they
acquired the lung cancer-positive target; and secondly, to discover a quantitative estimation
of the rate of acquisition. This rate could be used to estimate the impact of challenges like
breaks in the training schedule, use and re-use of sample materials, and/or individual
differences in participants. The key considerations of scale, limits/no limits, shape, number of
parameters and how to measure acquisition for binary responses informed decision-making.
Dependent measures — structural building blocks

Before selecting the sum of sensitivity and specificity measures, other diagnostic
accuracy measures including positive predictive value and negative predictive value were
considered. Signal detection theory includes d’, the Receiver Operator Characteristic (ROC),
A and A’ as alternatives.
Positive predictive value, negative predictive value, sensitivity and specificity

Positive predictive value (PPV) identifies how many known positive samples are
present as a percentage of all samples indicated positive. This is done by dividing correct
positive indications by the sum of correct indications and false alarm indications. Similarly,
negative predictive value (NPV) identifies how many known negative samples are present as
a percentage of all the samples indicated negative. PPV and NPV calculations rely on
comparable disease prevalence across populations for meaningful comparisons. Meanwhile,
sensitivity is calculated by dividing correct positive indications by the sum of correct positive
indications and missed indications of positive samples. So long as there are no significant

variations in diagnostic emphasis or major differences in participant characteristics, actual
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disease prevalence does not influence sensitivity. This is also the case for specificity, a
measure generated by dividing correct rejections by the sum of correct rejections and false
alarms (Wong & Lim, 2011).

Signal detection theory

d’ is a statistic that represents the extent to which “noise” and “signal + noise”
(represented as curves) are discriminable to a detector (Stanislaw & Todorov, 1999). It
assumes a normal distribution and similar variance of both the noise and signal + noise
distributions during detection activities. We discovered that the proportion of hits and false
alarms in individual dog’s responding to the lung cancer disease target during acquisition did
not follow a pattern of normal distribution.

We also considered applying the Receiver Operator Characteristic (ROC) to understand
the dogs’ target acquisition more clearly (Baker, 2003). The ROC is generated by plotting
false alarms (X-axis) versus sensitivity (Y-axis). By manipulating biases in responding, false
alarm and sensitivity values can be obtained which, when graphed, show a curve. This curve
can be used to identify performance cut-off points depending on the nature of the measure
required from the detector organism. As we did not systematically manipulate bias, and
required a representation of change over time, we rejected the ROC. A and 4’ are non-
parametric best estimates of area under the ROC curve calculated by averaging a range of
highest to lowest ROC curve values that can be generated from a single data point (Zhang &
Mueller, 2005). However, we concluded that A and 4’ are neither intuitive nor transparent
measures that would strengthen our analysis.

Independent measures — structural alternatives

The following models of acquisition were considered before the Weibull function was

selected: split-middle line of progress; linear regression; cumulative Gaussian function,

recursive algorithm, the Avrami equation and the Boltzmann equation.
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The structure of acquisition
Split-middle line of progress and linear regression

The Split-middle line of progress is a multi-step measure that identifies a trendline
using median values (Lane & Gast, 2014). It is unable to accommodate asymptote, which is a
defining feature of the acquisition data associated with target acquisition. Analysis using
linear regression is also unable to accommodate asymptote, therefore neither of these
measures were selected.
Cumulative Gaussian function

The cumulative Gaussian function (as the name suggests) assumes a relatively normal
distribution of data; our data were not normally distributed. Also, cumulative Gaussian
function analysis involves the fitting of a curve that begins at 0 and ends at 1.0. Meanwhile,
our project data began at chance responding, or approximately 0.5 and (although a maximum
value of 1.0 was possible), appeared to show asymptotic performance for fully trained dogs at
a value of approximately 0.7.
Recursive algorithm

The recursive algorithm used by Gallistel et al. (2004) was generated by using binary
data. The dogs’ individual responses in our project were recorded in zeros and ones, but our
preferred unit of analysis was the session rather than the individual response. Session data
were generated by calculating the mean of sensitivity plus specificity results derived from 17
consecutive responses to a random mixture of positive and negative samples. In practice, a
session involved one full rotation of the automatic training apparatus. This decision to use
session data was made to reduce the noise inherent in too molecular a unit of analysis. As is
apparent from the data included in Crawford et al. (2022), even session data generated during

the training process were very noisy prior to further interpretation.
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Avrami equation

The Avrami equation is traditionally used to understand the kinetics of crystallisation
and other changes in the phase of materials (Cantor, 2020). It was selected because of its
ability to produce a sigmoid curve with potentially predictive qualities. However, the Avrami
equation was rejected when it became apparent that the plotted curve must start at 0 and end
at 1.0 for the function to work.
Boltzmann equation

The Botlzmann equation (Cantor, 2020) was selected when it appeared that the sigmoid
curve it fitted could start at different values on the Y-axis, potentially accommodating our ‘at
chance’ responding of 0.5 when training commenced. Visual analysis of the results of its
application to our project showed that the fit was poor — especially in instances where data
were intermittently unavailable. On the basis of these findings, we settled on the Weibull

function, the features of which are described in the manuscript in Chapter 4.
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