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ABSTRACT

The olfactory acuity of dogs has resulted in them being trained for a wide range of
applied tasks, including the detection and alert of medical conditions and states.
Anecdotal reports of dogs signaling hypoglycemua in people with type 1 diabetes suggest
that dogs can detect odour cues that signal physiological changes. I present a series of
studies examining the traming and testing of hypoglycemia detection and alert dogs. I
first present a traiming program for traiming dogs with no previous detection traming to
detect human breath samples. The efficacy of the traming program was then evaluated by
testing four dogs’ ability to 1) discnminate between breath samples from three different
people and, 2) discnnunate between breath samples from one person donated at three
different times of the day. The results showed that all four dogs could discriminate the
breath samples with a high degree of accuracy. Next, I present and test a method for
maintaimng breath sample integrity over tume. Breath samples were prepared using
silicone-coated cotton and uncoated cotton and four dogs’ detectability of the samples
were tested over time. The results showed that silicone-coated cotton balls did not
improve dogs’ detectability two hours after breath sample preparation, but greatly
mmproved two dogs’ detectability of breath samples stored over four weeks. Finally, I
tested four dogs’ ability to discinunate between breath samples donated by people with
type 1 diabetes when their blood sugar was low, normal, and high_I then tested two dogs’
ability to generalize the odour of hypoglycenua across multiple breath samples from one
imndividual, and tested the ability of one dog to generalize the odour of hypoglycemma
across breath samples from different individuals. The results showed that all four dogs
could discriminate between the breath samples from different glycemic states (accuracy
93.3%-100%). One dog (of two tested) generalized the odour of hypoglycenua across
multiple breath samples from the same person (Specificity 89%; Sensitivity 62%). More
research 1s needed to determune whether the same dog could generalize the odour of
hypoglycenua across breath samples from different people.
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CHAPTER 1: INTRODUCTION

1.0 Overview

Because of our close evolutionary history, humans and dogs share a profound
interspecies relationship. Owning a dog has been shown to reduce stress, and improve
physical health and mental well-being (O’Haire, 2010). Moreover, dogs have contnibuted
posttively not only to our personal lives, but to our professional lives as well. Dogs’
mncredible olfactory acmty (Walker et al., 2006) combined with their unique ability to
communicate with humans (Kaminsk: & Nitzschner, 2013; Udell & Wynne, 2008) has
resulted i their traiming to assist humans 1n a wide range of olfactory processing tasks.
For example, dogs have been successfully trained i olfactory tasks such as search and
rescue, conservation and agricultural applications, and forensic identification (for a
review, see Helton, 2009).

Further evidence suggests that dogs may be more attuned to therr human
companions than previously thought. A 1989 report by Williams and Pembroke
documented the case of a dog that persistently smiffed at a mole on the owner’s leg,
which, after clinical examination, was discovered to be malignant melanoma. Since then,
scientists have begun to examine whether dogs can recogmize physiological changes in
their owners, with pronusing results. Studies have shown that dogs may alert to changes
in their owners’ physiological state, such as migramnes (Marcus & Bhowmick, 2013),
seizures (Strong, Brown, & Walker, 1999), and diabetic hypoglycenua (Hardin et al
2015; Wells et al_, 2008). Further empirical studies report dogs’ successful detection of

infections and infectious agents (Bomers et al. 2012; Koivusalo et al , 2017), and cancers



(Moser & McCulloch, 2010). But additional studies report dogs showing less success
detecting the same conditions (Amundsen et la_, 2014; Dehlinger et al., 2013; Elliker et
al , 2014; Gordon et al., 2008; Willis et al., 2004). However, as a growing field,
discrepancies in traming procedures, protocols for biological sample collection and
storage, and formal testing designs may be responsible for the inconsistencies in the
literature.

One area where biomedical detection and alert dogs have potential for greatly
improving their owners’ quality of life 1s the detection of hypoglycemia in people with
type 1 diabetes. Although technologies for blood glucose momitoring continue to
improve, research suggests that people may choose not to utilize these technologies
because they can be uncomfortable to wear, entail an mcreased time burden, and can be
expensive (Acerini, 2016). Furthermore, reports on the effect of current technologies on
the meidence of hypoglycenua are contradictory (for reviews see Jeitler et al |, 2008;
Riemsma et al , 2016). Dogs have been reported to regularly detect hypoglycenua, often
before the owner 1s even aware of the hypoglycemic episode (Chen et al , 2000; Tauveron
et al_ 2006; Wells et al . 2008).

In the scientific literature, however, studies that train and test dogs for
hypoglycenua detection are few and their findings are mnconsistent (Dehlinger et al |
2013; Hardin et al , 2015). Therefore, thus thesis will contribute to the literature by
presenting studies pertaiming to the training and testing of hypoglycemma detection dogs.
1.1 Diabetes and Treatment Techniques

Type 1 diabetes (insulin-dependent diabetes) 1s one of the most common chronic

diseases i children. In a worldwide study spanming 57 countries, De Beaufort (2006)



found that between 1990 and 1999, 40,000 children were diagnosed with type 1 diabetes,
and that the average increase in prevalence was 2.8% per year.

Hypoglycemia, or low blood sugar, 15 the most common acute comphication of
msulin-dependent diabetes, occurring on average twice a week (Frier, 2008). For
individuals with type 1 diabetes, hypoglycemua 1s difficult to avoid due to imperfect
msulin replacement precipitated by an imbalance between factors that lower blood sugar,
like exercise and msulin, and those that raise it, like food (Trang et al , 2014). Mild
episodes of hypoglycemia may result in cognitive impairments (Becker & Ryan, 2000;
Gschwend, Ryan, Atcluson, Arslaman, & Becker, 1995), but if they are detected early,
they do not compromise an individual’s ability to admimister necessary treatment to
themselves (Unger & Parkin, 2011). But recurrent muld hypoglycemic events can
mncrease the likelihood of asymptomatic hypoglycema (Ovalle et al., 1998) and impair
subsequent hormonal counter regulation mechamsms (Davis, Shavers, Mosqueda-Garcia,
& Costa, 1997), thereby imncreasing the chances of future hypoglycemic episodes. If left
untreated, a hypoglycemic event can result in neuroglycopenic symptoms (e.g., dizziness,
lethargy, slurred speech and mental confusion, Gonder-Fredernick, Nyer, Shepard, Vajda,
& Clarke, 2011), at which point an individual requires the help of someone else to
admimister treatment (ADA, 2005). Without treatment, these severe hypoglycemic
episodes can result in a loss of consciousness, a seizure, coma, or death (Frier, 2004) and
repeated episodes can lead to permanent cognitive impairments (Bade-White & Obrzut,
2009; Becker & Ryan, 2000; Brands, Biessels, de Haan, Kappelle, & Kessels, 2005;
Hershey et al_, 2005). Although severe hypoglycemic events have been documented at a

rate of only 5.8 out of 100 patient years (O’Connell, Cooper, Bulsara, Davis, & Jones,



2011), the potential sevenity of untreated hypoglycemia often leads people to develop a
fear of hypoglycemia that can impede their blood-glucose maintenance and negatively
affect their psychological well-bemng (Gonder-Frederick et al , 2011; Wild et al., 2007).
Therefore, timely and accurate detection of hypoglycenua 1s imperative to maintain long
term health in individuals with type 1 diabetes. But hypoglycemia can be difficult to
detect (Gonder-Frederick et al , 2008), especially during sleep when hypoglycemic
symptoms are less pronounced (Ly et al., 2014). Therefore, accurate and timely detection
of hypoglycema 1s a constant concern for people with type 1 diabetes.

Some patients self-momtor their blood sugar levels three to four times a day using
a home glucose meter, and manual injection of insulin when needed (Riemsma et al |
2016). Alternatively, individuals may use continuous glucose monitors (CGM) which,
through the use of sensors mserted under the skin, provide continuous real time
measurements of interstiial glucose throughout the day and might (Howsman & Bequette,
2015). CGMs can be combined with continuous subcutaneous msulin mfusion pumps
(CSII) to maxinize glycemic control (Jeitler et al | 2008), and the most recent
technologies even allow for the infusion of msulin to be suspended if needed (Riemsma
et al , 2016). An appealing feature of CGMs 1s that they can be programmed to sound an
alarm when their users’ blood sugar deviates into hyperglycemic or hypoglycemic levels
(Klonoff, 2005), decreasing the chances of an mndividual delaying treatment due to
asymptomatic hypoglycemic episodes, or nocturnal hypoglycemic events.

Although the use of these technologies can result in improved glycemic control,
the detection of hypoglycenua 1s not necessarily improved with newer technologies

(Acerimi et al_, 2016; Jeitler et al_, 2008; Riemsma et al_, 2016). Furthermore, CGMs can



often sound false alarms for hypoglycemia (Zijlstra et al | 2013). False alarms can be
particularly dangerous since they increase the likelihood that an individual will develop
“alarm fatigue™; when an individual 1s exposed to an alarm so frequently that his/her
likelihood of responding to the alarm decreases (Shivers, Mackowiak, Anhalt, & Zisser,
2013). Alarm fatigue 1s particularly common in the case of nocturnal hypoglycenua
(Buckingham et al_, 2005), often leading to severe hypoglycemic episodes (Buckingham
et al, 2008; Matkya, 2002).

Furthermore, despite the potential benefits, the use of CGMs tends to decline over
time (Weinzimer et al | 2009), especially in children. Decreased adherence to the use of
CGM technologies 1s likely because they can be uncomfortable to wear especially in
young children with hmited skin surface area, and the use of subcutaneous systems
increases the likelihood of infection at msertion and tape sites (Aye, Block, &
Buckingham 2010). Moreover, these technologies can be quate costly with long term use
(Acermi et al , 2016). And finally, mdividuals utilizing CGMs and CSII may see their
monitors as a constant renunder of their disease, which may contribute to social
impairments and a feeling of social stigmatization (Schabert, Browne, Mosely, &
Speight, 2013).

The observed limitations of CGMs, both technological and psychological, have
prompted research examining more user-friendly hypoglycenua detection systems.
Anecdotal evidence of people with type 1 diabetes exhibiting fruaty odour on the breath
and in the unne during hyperglycenia (Phallips, 1997) and advancements in technology
have spurred an interest in the utihty of exhaled breath analysis for hypoglycena

detection.



1.2 Volatile Organic Compounds

As mentioned above, ancient physicians documented disease-specific odours
emanating from their patients, including the fruity odour of acetone on the breath of
diabetic people expeniencing hyperglycenua (Phillips, 1997). With modem technology,
we know that what these ancient physicians were smelling were volatile organic
compounds being emtted from different channels i the human body.

Volatile organic compounds (VOCs) are molecular compounds that have high
vapor pressure and are therefore in the gaseous state at room temperature (Angle et al |
2016; Schnudt & Podmore, 2015). Metabolic processes i human body cells release
VOC:s into the bloodstream and through pulmonary circulation, these VOCs enter the
lungs and are exhaled in the breath. VOCs are also found in the headspace (the air above
a sample) of feces, urine, sweat, milk, blood, and saliva (de Lacy Costello et al , 2014).
Furthermore, infection, disease, or changes in metabolism, such as mn the case of diabetic
hypoglycenua, change cellular processes and consequently change the ratio and type of
VOCs produced (Shirasu & Touhara, 2011). Therefore, VOCs mdicate the metabolic
state of a person and can signal physiological changes within the body, therefore having
diagnostic potential.

Importantly, the collection of biological samples for analysis of VOCs can be very
simple and non-invasive. For example, the collection of a breath sample typically
mvolves having a patient simply breathe through a breath collection mstrument
containing an adsorbent material (adsorption, not absorption, because the molecules in
the breath adhere to the surface of the matenial rather than dissolving into 1t). And sweat

samples are obtamned by wiping a person’s skin with an adsorbent material (Shirasu &



Touhara, 2011). The sample collection materials can then be stored until analysis. Not
only are these sampling techniques non-invasive, they are straightforward, do not requure
much traming, and multiple samples can be collected without discomfort to the patient.

Chemucal analysis of VOCs m biological samples 15 done with a number of
analytical techmques. Most commonly, researchers first use solid-phase microextraction
(SPME) to extract the volatiles of interest. Following extraction, gas chromatography
(GC) 15 used to separate the compounds based on their volatility, and then mass
spectrometry (MS) 1s used to identify the compounds based on their mass. But multiple
different techmques (not discussed here), are requured to accurately identify the collection
of VOCs emutted by the different channels of the human body (de Lacy Costello et al ,
2014).

Using these technologies, researchers have discovered specific VOCs associated
with many physiological conditions (for a review, see Shirasu & Touhara, 2011)
ncluding fluctuations of blood glucose m people with diabetes (Minh et al | 2012).
Novak et al. (2007) found a correlation between increased plasma glucose levels
(hyperglycemuia) and exhaled methyl nitrate and Neupane et al. (2016) found that exhaled
breath 1soprene rose sigmificantly during a hypoglycemic event. Galassett: et al. (2005)
measured chemicals i exhaled breath as a model for estimating glucose levels and found
a strong correlation between exhaled breath measures and standard glucose measures.
Despite the promusing results of these studies, clinical application of exhaled breath VOC
analysis 1s limited because of technological drawbacks. The concentrations of most
VOCs in biological samples are very low [e.g., parts per billion (nmol™) to parts per

trillion (pmol'lj mn breath; Schmidt & Podmore, 2015], and since current technologies are



only able to detect VOCs in concentrations of parts per billion (nmol/mol), a complicated
preconcentration process 15 often required (Schomdt & Podmore, 2015). Moreover,
conditions may be marked by multiple different VOCs or simply by changes in their
concentrations, making analysis even with very sensitive technologies complicated.
Finally, these techniques can be expensive and extensive traiming 1s required to perform
and analyze their results (Shirasu & Touhara, 2011). Alternatively, researchers have
begun to examine the efficacy of a cheaper, more user-friendly VOC analysis system:
domestic dogs.
1.3 Physiology of Dog olfaction

Through the process of natural selection, the dog’s nose has evolved as a sensitive
and efficient olfactory processing organ. Settles et al. (2003) examined the aerodynanucs
of sniffing using a combination of high-speed videography of thermal air currents, light
scattering by arrborne particles, and direct imaging of the dogs’ nostrils in motion. Their
work showed how air currents carrying odorant molecules flow towards the dogs’ nose
during inhalation. Settles et al. (2003) also documented the physiological details of a
dog’s nose during smffing. They showed that when a dog exhales, a flap of skin just
mside the dogs’ nostrils, called the alar fold, covers a large portion of the nostril, and air
1s forced out ventrally and laterally through the nudlateral slits of the nose. Then, during
the mspiration phase of smffing, the alar fold retracts to allow the incoming air to be
directed to a hole in the upper part of the nostril they call the “upper orifice”. Further
work by Craven et al (2010) showed that each nostril samples air from spatially distinct
regions, resulting in sampling from a large surface area. Craven et al. (2010) also

measured the airflow rate of dogs during the inhalation and exhalation phases of a



smffing bout and found that dogs smiffed at an average frequency of 4 to 7 Hz, with each
smffing bout being characterized as exhibiting a crescendo and decrescendo (Craven et
al, 2010).

Following the flow of odour-laden air through the dogs’ nostrils, into the nasal
cavity and towards the olfactory tissues, it 1s clear that the dogs’ nose 1s evolved to
process olfactory stimuh efficiently and effectively. Using magnetic resonance imaging,
Craven et al. (2010) modeled the mternal structure of a dog’s nasal cavity and revealed
two distinct pathways that mspired air may travel. During respiration, awrflow 1s directed
below a bony plate (the lamina transvera) towards the nasopharynx and then out of the
nasal cavity. Duning olfaction, however, air 1s directed above the lamina transvera and 1s
transported to the olfactory recess at the rear of the nasal cavity. Here, airflow turns 180
degrees and encounters scroll-like ethmoturbinates lined with olfactory epithelium
(Craven et al , 2010). A dog’s olfactory epithelium measures around 150 to 170 cmE? as
compared to humans’ olfactory epithelium that is only 5 cm’ (Miklosi, 2007). Within the
dog’s olfactory epithelium are speciahzed olfactory receptor cells that take in molecules
and convert them to neural signals. A dog’s olfactory epithelium contains between 220
million to 2 billion olfactory receptor cells (compared to human’s 12 to 40 nullion,
Miklosi, 2007).

All this specialized olfactory hardware translates into dogs being able to detect
odours at parts per trillion (Walker et al_, 2006). Furthermore, a study conducted by
Waggoner et al. (1998) showed that dogs could detect target odours in the presence of
distracting odours, even when the concentration of the distracting odours increased to 100

times the concentration of the target odour. Therefore, the dog’s nose 1s well designed to
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process complex olfactory stimuli; a trait that lends itself well to the detection of disease-

specific odours.

1.4 Dogs for Biomedical Detection and Alert

The field of canine biomedical detection was sparked by an intripmung report by
Williams and Pembroke (1989), in which they presented the first report mn a scientific
journal (the Lancet) hypothesizing that a dog could smell a human pathology. They
documented the case of a dog persistently smffing a mole on woman’s leg, and even
attempting to bite the area on one occasion. After histopathological exanuination, the
mole was found to be malignant melanoma. A similar report was presented by Willhams
and Church (2001) who documented two more cases where dogs correctly identified
cancers on their owners’ skin.

Likewise, Chen et al (2008) presented anecdotal reports of dogs detecting
hypoglycenua in their owners. In one case, a woman with type 2 diabetes who reported
having pood awareness of her hypoglycemic symptoms, reported that her dog would
consistently get up and lude under a chair prior to a hypoglycemuc event in her owner.
Incredibly, the dog would hide before the owner experienced any symptoms of
hypoglycenua. In two more cases, dogs were reported to wake up their owners during
nocturnal hypoglycemic events. And Tauveron et al. (2006) reported a case of a dog that,
while niding m the car with the owner, would suddenly sit up, stare and bark at the owner
until the owner stopped the vehicle and checked his blood glucose level. The blood
glucose meter would consistently confirm a hypoglycemic episode. Incredibly, these
reports do not seem to be 1solated. In a survey of 212 dog owners with type 1 diabetes,

Wells et al (2008) found that 36% of respondents believed that their dog showed



11

behavioural responses to most of their hypoglycemic episodes. Moreover, 33 6% of
owners reported that their dogs responded to their hypoglycenuc events before they were
aware that their blood sugar was low.

Following such reports, orgamzations throughout North America and the UK.
have begun to train Diabetic Alert Dogs (DADs) for ndividuals with type 1 diabetes.
DAD owners report a decrease mn the frequency of both muld and severe hypoglycemic
episodes, and consequently, less fear of hypoglycenua and a higher quality of hfe
(Gonder-Frederick, Rice, Warren, Vajda, & Shepard, 2013). These promising reports
suggest that olfactory alert dogs could serve as non-mnvasive, friendly hypoglycema
detection assistants.

As discussed above, 1t 1s believed that in these cases, dogs are detecting changes in
the VOCs being expressed by their owners that sigmfy physiological change. Empirical
studies of canine biomedical detection, and specifically hypoglycemma, have begun to
examine and attempt to confirm whether dogs can be trained to reliably detect and
1dentify disease-specific odour signatures. Before a review of these studies, a discussion
of the common procedures and statistical analyses used to test and evaluate olfactory
processing dogs will be presented.

1.4.1 Common procedures for test of canine olfactory detection. The most
commonly used procedure to test olfactory detection and discrinination by dogs 1s a
stimulus line-up. The olfactory line-up 1s modeled on traditional forensic line-ups where
an eye witness attempts to identify a perpetrator out of a line of suspects (Schoon &

Haak, 2002). In the case of forensic identification biomedical detection dogs, however,
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dogs are presented with olfactory stimuli that contain odour profiles of potential suspects
(Curran et al , 2005; Schoon, 1996) or biological diseases (Shirasu & Touhara, 2011).

In forensic applications, testing a dog with a lineup of olfactory stimuli often
includes a Matching-to-Sample (MTS) component. With a MTS line-up, a tramed dog 1s
first presented with an object recovered from a crime scene (that was left by, touched by,
or simply exposed to a perpetrator, Vyplelova et al_, 2014). This item serves as the
“sample”. Then the dog 1s directed to smff a senes of olfactory stimmuli (usually five to
seven pieces of clothing or sweat samples) gathered from suspects and arranged in a line
on the floor. If one of the stimuli in the line-up 1s 1n fact from the perpetrator, the
perpetrator’s odour profile would be detected on the object and it would match that of the
sample, and therefore, the dog should indicate this object as matching the sample.

In tests of biomedical detection, the lineup procedure 1s again, widely used, and 1s
often recommended as the standard (Jezierski et al. 2015). In biomedical applications,
however, a MTS component 1s not always used because biomedical detection dogs are
often tramned to detect a single odour signature (the disease signature, as discussed
above). So, typically, a dog 1s presented with a senies of five to seven biological stimuli,
where one of the siimmli contains a disease-specific odour and the remaiming stimuli are
healthy, and the dog must indicate the diseased stimulus.

Empirical tests that evaluate the efficacy of scent detection traiming programs and
testing procedures are lacking (Hall et al | 2013; Jezierski et al., 2010). The question of
whether the traditional line-up procedure 1s the most valid method for testing dogs’
detection and discrinunation of stimmli 15 debated (Elliker et al | 2014; Gadbois & Reeve,

2014; Johnen et al | 2017). Experiments on perceptual learning show that when stimuli
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are presented simultaneously, the percerver can compare and identify distinctive features,
thereby facilitating discrimmation (Gibson, 1969). However, we must assume that when a
dog completes an olfactory line-up, 1t 1s not sampling the odours simultaneously. In a
MTS hine-up, a dog will smell the sample odour, and then smff the other stimuli in
succession attempting to find the odour profile that matches the sample. As the dog 1s
smffing successive stimuli 1n rapid succession, it 1s accumulating both sensory/perceptual
(odour) and mnemonic (sensory memory and working memory) interference. Therefore, a
MTS line-up procedure with five to seven stimuli 1s more a test of a dog’s perceptual and
mnemonic abilities than it 1s of its ability to detect and discriminate a target odour from
distracting odours (Gadbois & Reeve, 2014).

Therefore, as will be presented and discussed in Chapter 2, we advocate for a
simpler version of the traditional line-up that utilizes only two or three sttmuli. In
presenting fewer siimmuli, the detection of the target odour becomes less cognitively
demanding and therefore learning 1s accelerated (as evidenced by the findings presented
i Chapter 2) and the dogs’ accuracy may imncrease as a result.

Evidence from eyewitness identification lineups show that people often use
“relative judgements™ to identify perpetrators in a sismultaneous presentation of lineup
members. That 1s, in a hineup that does not contain the perpetrator, eye witnesses may
choose the person that looks most like the perpetrator relative to the others in the lineup
(Lindsay & Wells, 1985). Consequently, the rate of false identification errors 1s high with
sequential presentation of stimmh (Lindsay & Wells, 1985; Steblay et al , 2001).
Therefore, Lindsay and Wells (1985) advocated the use of a sequential presentation of

lineup members, one at a ttme. Their 1985 study showed that sequential presentation of
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stimuli resulted in eye witnesses commtting fewer false identifications than when stimuhi
were presented simultaneously, without compronusing correct mdications. Applying this
line of evidence to olfactory detection tasks, presenting dogs with one stimulus at a time
and requiring a “yes” or “no” response may result in more accurate representations of
dogs’ abilities to detect target odours.

Sequential presentation of olfactory stimmuli can be achieved using a Go/No-Go
procedure. Contrary to the simultaneous presentation of stimuli in a line-up, single
stimuli are presented sequentially with the Go/No-Go procedure, and a dog 1s requuired to
1dentify the stimulus as the target odour (the “Go™ component) or not (the “No-Go™
component). Using this procedure, the dog has less opportunity to compare amongst
stimuli. While this may seem counterproductive to learning, a Go/No-Go procedure may
be more ecologically valid for certain applications of alert dogs. For example, 1f we
consider the deployment of dogs for biomedical detection, 1t would be much more
practical for a clinician to present a dog with a single sample and have the dog identify it
as possessing the target condition or not, as opposed to having to gather a series of
samples and present them to a dog in a line-up procedure. A second example 1s the case
of a tramned and deployed biomedical alert dog. An alert dog must be able to detect
indicators of a condition (e.g., seizure, hypoglycemia) without ever comparmng its owner
to another person, or explicitly between different states of the same person. Furthermore,
the use of the Go/No-Go procedure allows for the calculation of informative statistics that
are not so easily calculated with a line-up procedure such as the d’ and C statistics used in
Signal Detection Theory that quantify observers’ stimulus detectability and bias in

decision making.
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One factor that must be carefully considered when traming and testing dogs for
biomedical detection and alert is the incidence of the target condition. Although no
empirical studies have examined how the prevalence of target-positive trials influences
dogs’ response rates (Lit, 2009), human research shows that when there 1s a low
prevalence of trials where a positive mndication 1s required, detection rates are low. Evans,
Birdwell, and Wolfe (2013) exanuined how the prevalence of breast cancer-positive
mammography scans influenced radiologists’ detection of breast cancer. In the low-
prevalence condition where positive scans made up roughly 1% of the total scans,
radiologists missed 30% of positive mammograms, whereas in the high prevalence
condition where positive mammograms made up 50% of cases presented, radiologists
missed only 12% of positive cases.

Wolfe et al. (2013) replicated this prevalence effect in arport checkpoint
screener’s detection of safety threats in baggage However, they then showed that 1f
screeners were presented with a series of high prevalence trials, their performance then
improved on subsequent low prevalence tnials. Given that biomedical detection and alert
dogs would likely encounter low prevalence rates of target sttmul in real world applied
settings, particularly in the case of hypoglycenuia detection where a dogs” owner may go
days or weeks without a hypoglycemic event, this low prevalence effect should be
examined i biomedical detection and alert dogs (Lit, 2009).

1.4.2 Statistical evaluation of performance. In tests of camine biomedical
detection, a dog’s performance 1s assessed by recording its response on a binary
classification test; whether a target odour 1s present or absent. If the target odour 1s

present the dog can either identify it as present; termed a true positive or a lut, or the dog
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may mcorrectly identify the odour as being absent; a false negative, otherwise known as a
miss (equivalent to a Type II error). Conversely, if the target odour 1s not present, the dog
may identify it as such; a true negative, or a correct rejection, or the dog may mcorrectly
1dentify the target odour as being present; a false positive, or a false alarm (equivalent to
a Type I error) (see Figure 1). Using the line-up procedure, researchers interpret the lack
of an indication 1n response to control stimuli as a correct rejection.

Given a total number of trials in which a target odour may be present or absent, the
proportion of the types of responses a dog commuts can be used to calculate different
statistics to evaluate the dog’s performance (see Gadbois and Reeve, 2016). Which
statistics are calculated, however, varies depending on convention in a given field. Since
biomedical detection dogs may be studied from both a medical perspective and a
psychophysical perspective, I will present the most commonly used statistics for both
fields, thereby allowing the reader to understand the dogs’ performance regardless of
their domain of study. A short description of these statistics follows.

The most commonly reported statistics in the literature of biomedical detection dogs
are those from medical diagnostics: sensitivity and specificity. Sensitivity (probability of
detection, true positive rate) 1s the proportion of positives correctly identified as such,
usually expressed as a percent. Applied to camine biomedical detection, sensitivity would
be a measure of a dog’s ability to identify a target odour when the target odour 1s present.

Sensitivity 1s calculated as follows:

hits
hits+misses

Sensitivity = X 100
Specificity (true negative rate) 1s the proportion of negatives correctly identified as

such, typically expressed as a percent. Applied to canmine biomedical detection, specificity
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1s a measure of a dog’s ability to identify what 1s not the target odour (what odours are
not associated with the disease or condition of interest). Specificity 1s calculated as

follows:

correct rejections
] 100

Specificity =

correct rejections+false alarms

Other measures of mterest commonly reported in medical diagnostics include
precision (positive predictive value) and accuracy. In assessing the performance of a
biomedical detection dog, precision 1s a measure of how consistent the dog 1s; how
consistently they present the same response pattern (regardless of whether 1t 1s the correct
response given the stimulus). Precision 1s calculated as:

hits

Precision = X 100

hits+false alarms

Accuracy 1s akin to percent correct in that it provides a measure of how many
correct decisions are made 1n all trials (hits and correct rejections). In canine biomedical
detection, accuracy provides a measure of both how well the dog indicates when the
target odour 1s present (hits) and how well the dog can indicate that the target odour 1s

absent (correct rejections). Accuracy is calculated as:

Ace _ hits+correct rejections
cy hits+misses+correct rejections+false alarms

X 100

In psychophysics, Signal Detection Theory (SDT) 1s used to measure an observer’s
ability to distinguish between a target stimulus (fermed the “signal” in SDT) and
distracting stimuli (fermed “noise™). SDT assumes that, due to an observer’s own mternal
noise or uncertainty as to whether they have perceived the stimulus or not, the detection
of stimuli can be represented stochastically within an observer’s brain; the probability

that a target stimulus will be present (or absent) 1s distributed normally (Kingdom &
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Pnins, 2016). Therefore, as seen in Figure 1, the probability distribution of the signal can
be presented alongside the probability distribution of noise.

If differentiation between the signal and noise 1s difficult, the probability
distributions will overlap, as depicted in Figure 1. In this case, an observer may decide
that the sthmlus 15 present when 1t 1s not, thereby comnutting a false alarm, or they may
decide the signal 1s absent, when 1t 1s actually present, thereby commuitting a muss. If
discimination between the signal and noise 1s clearer, however, the two curves will not
overlap as much (or at all) and an observer will be less likely to commut misses and false
alarms.

The statistic d’ (“dee prime™), termed the sensitivity index, provides a measure of
the distance between the means of the signal and the noise distributions. It 1s therefore a
measure of detectability. d’ 1s defined in terms of a standardized distribution, the details
of which will not be discussed here (but see Green & Swets; 1966; Macmullan &
Creelman, 2005). Essentially, the variables used to calculate d’ (luts and false alarms) are
converted to z scores (standard deviation units) and d° 1s calculated as:

d’ = Zhits — Zfaloe alarms

where a small d” value would indicate overlap between the signal and noise
distributions, and a large d” would mndicate little overlap between the distributions. In
considering the types of responses an observer may commut, an “ideal observer” is one
“who make(s) optimal use of the nformation in the stimulus 1n making their decisions™
(Macmillan & Creelman, 2005 pp. 267); they mininuze both false alarms and muisses.
SDT recognizes, however, that most observers have a response bias; one observer may be

more likely to comnut false alarms and another observer may be more likely to commut
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misses, regardless of their actual sensitivity to the signal The most common measure of
bias, the Criterion, C, 1s calculated as:

(Zhiest
C=_ zfai_:e alarms)
2

In Figure 1, the Criterion 1s represented by the “neutral criterion™ vertical line in-
between the two distributions. As discussed above, an ideal observer would have no bias
towards commutting false alarms or nusses, and as a result, his/her Criterion value would
be close to zero. Therefore, the areas under the distributions that represent the false
alarms and musses would be equal (as seen mn Figure 1). If an observer was a liberal
decision maker, however, his’her Criterion value would be negative, and the line would
be shifted to the left, resulting in the area under the distribution representing false alarms
to be larger than the area representing the misses. Conversely, a conservative decision
maker would commut more misses, his’her Criterion value would be positive, and the
Cnterion line would be shifted to the right resulting in the area under the distribution that
represents misses being larger than that of the area representing false alarms.

The Criterion 1s a valuable calculation when assessing a biomedical detection dog
because 1t tells you about a dog’s internal bias in decision making. A dog’s internal biases
in decision making may be a product of a few different factors. First, a dog may simply
have a ngid decision making process as a result of previous traiming or cogmtive
heunistics. Second, motivational factors may influence a dog’s decision making process.
For mstance, a hungry dog may become a more liberal decision maker if they are
rewarded with food for correct identifications. Finally, a dog’s decision making bias may
be a product of the testing procedure. For example, although not empirically examined in

dogs, evidence from human studies of Go/No-Go tests suggest that if more “Go™ trials
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are presented than “No-Go” trials, a dog may develop a liberal decision making bias
(Chikazoe et al_, 2009). Knowledge of a dogs” tendency for bias 1s important information
with respect to biomedical detection and alert dogs. In the case of hypoglycema
detection, 1t would be advantageous to have a detection dog with a liberal bias. Although
a lhiberal dog may commut false alarms, signaling hypoglycemic events when they are not
occurring, it will be less likely to commut nusses; neglecting to signal hypoglycemic
events when they occur.

In comparing medical diagnostic statistics and SDT, one can see that both
calculate measures of sensitivity. But they differ in an important way; the error term used
in diagnostic sensitivity uses the proportion of misses whereas d’ uses false alarms. In
other words, diagnostic sensitivity uses both the “yes™ and “no™ responses and the d’
calculation utilizes only the “yes” responses. This difference may represent the emphasis
diagnostic analysis puts on misses. With diagnostic tests, there 1s an obvious need for a
balance between false alarms and mmsses. It could be said, however, that oisses are
costlier to the patient than false alarms. In cases where early detection of disease 1s
imperative for positive prognosis, a missed diagnosis 1s potentially life threatening_
Moreover, in the case of hypoglycenua detection, missed detection of a hypoglycemic
event could ultimately result in death. But, as discussed above, the most important
difference between diagnostic statistics and SDT 1s that SDT allows researchers to
1dentify the bias of a detection dog, independent of their sensitivity. With this detailed
knowledge of a dog’s response profile handlers may alter the dog’s distribution of
responses through procedural manipulations and reward contingencies, and ultimately

allows handlers to assess a dog’s ufility in specific applied tasks.
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Meutral criterion Probability
distribution
Probability distribution of signal
of noise alone and noise
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e| Correct Hits
g. rejections
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=
5| Correct Hits/false
E rejections/misses

Response (arbitrary units)

Figure 1.1. The distribution of yes and no responses as modeled by Signal
Detection Theory. From:
https://www nature com/nmeurol/journal/v4/n6/1mages/ncpneuro0794-f1 jpg
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1.4.3 Review of canine biomedical detection literature. The study of canine
biomedical detection 1s a burgeoming field of research. Beginming in the early 2000s,
empirical tests have been conducted to examine dogs’ ability to detect a wide range of
conditions including infections and infectious agents, cancers, and diabetic
hypoglycenua. What follows here 1s a review of these empinical studies of canine
biomedical detection.

1.4.3.1 Infections and infectious agents. In 2012, Bomers et al_ tramned a beagle
to detect the bactenia C. diffficile, which commonly infects people in healthcare facilities,
causing severe gastromtestinal aillments (Bomers et al, 2012). After successfully traiming
the dog to discrinunate between odour imprints of stool samples positive for C. difficile
and odour imprints of stool samples negative for C. difficile, Bomers et al. (2012) then
tested whether the dog could detect people infected with C. difficile in a hospital setting.
They reported that the dog accurately 1dentified 25 out of 30 people infected (83%
sensitivity) and correctly 1gnored 265 out of 270 non-infected people (98% specificity).

Koivusalo et al. (2017) tramned a golden retriever to detect cultured Methicillin-
resistant S. aureus (MRSA); an infection-causing bacteria that 1s resistant to methicillin
treatment. Kotvusalo et al. (2017) reported that the dog could discrininate between
MRSA and a similar, yet methicillin sensitive strain, S. aureus (MSSA), as well as
methicillin resistant S. epidermidis (MRSE) and MSSA with a SCCmec remnant
(MSSAr) at a high level of sensitivity and specificity.

1.4.3.2 Cancer. Early detection of cancer 1s imperative to increase survivabihity,
but research 1s needed to develop more accurate early detection tests (Szulejko et al |

2010). Given that many potential VOCs have been implicated as potential biomarkers of
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different cancers, canine biomedical detection appears a promising alternative to current
diagnostic tests. Therefore, the majonity of empirical studies of canine biomedical
detection have examined dogs’ ability to detect cancer. A review of these studies follows,
mncluding canine detection of melanoma, colorectal, bladder, ovarian, breast, prostate, and
lung cancer.

1.4.3.2.1 Melanoma. Following the intrigming report by Williams and Pembroke
of a dog 1dentifying a cancerous mole on 1ts owner, Pickel et al. (2004) examined
whether two dogs could be trained to detect melanoma. After imitial tramning and testing
procedures showed promusing results, Pickel et al_ (2004) had the dogs smff people with
skin areas suspected by a dermatologist to be cancerous. The dogs’ indications were later
compared with biopsy results. Results revealed that the first dog correctly indicated
cancerous tissue on five people, and failed to indicate the skin on one person as cancerous
that was later confirmed as such. On a seventh person, the first dog indicated one sample
as cancerous that was mmtially found to be non-cancerous, but upon further
histopathological examination, was in fact found to contain cancerous cells. The second
dog searched four of the seven people and provided the same responses as the first dog.
The findings of this study provide very promising evidence that dogs can be framed to
detect melanoma with a high degree of accuracy.

1.4.3.2.2 Colorectal Cancer. Sonoda et al (2011) report the only empirical study
examining dogs’ ability to detect colorectal cancer, with equally promising results. After
traiming, Sonoda et al. (2011) tested the ability of one dog to detect colorectal cancer in
breath and watery stool samples presented in a five-station line-up. In the breath sample

test, the dog detected the colorectal sample with 91% sensitivity and 99% specificity, and
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in the watery stool sample test, the dog detected the cancerous sample with 97%
sensitivity and 99% specificity.

1.4.3.2.3 Bladder Cancer. Willis et al. (2004) examined dogs’ ability to detect
bladder cancer with less promising results than the aforementioned studies. Here,
researchers presented the dogs with a target urine sample obtamned from a person with
bladder cancer, and six control samples from healthy people and people with non-bladder
malignancies. Willis et al_ (2004) reported that, overall, the dogs could detect the
cancerous samples with a mean accuracy rate of 41%. They conclude that the dogs’
performance was greater than the chance level of one in seven (14%) and therefore, the
dogs could detect bladder cancer in urine at above chance levels.

1.4.3.2.4 Ovarian Cancer. Horvath et al. (2008, 2010, 2013) have conducted a
series of studies of studies examining dogs’ abilify to detect ovarian cancer m both tumor
tissue and blood. Beginming 1n 2008, Horvath et al. examned dogs’ ability to detect
ovanan cancer. In their first study, Horvath et al. (2008) trained a dog to detect cancerous
ovarian tissue samples and then tested 1its ability to locate 1t amongst non-cancerous tissue
samples (fat, intra-abdominal muscle). In this test, the dog detected the cancerous ovarian
samples with sensitivity and specificity values of 100%. In a second test, Horvath et al.
(2008) examuined whether the dog was simply detecting an odour associated with
gynecological tissues by presenting the cancerous ovarian samples with other
gynecological tumor samples, such as cervical, vulvar, and endometrial carcinomas as the
control samples. The use of other gynecological tissues as controls had very little impact
on the dog’s performance; the dog successfully detected the ovanan cancer samples with

100% sensitivity and 91% specificity.
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Then, in 2010, Horvath et al. furthered their study of canine detection of ovarian
cancer by traiming the same dog to detect blood samples from people with ovarian cancer,
while a second dog was trained to detect cancerous ovanan tissue (as was done m their
2008 study). Then the dogs were tested for their ability to detect both cancerous tissue
and blood samples against control samples from healthy people and from people with
other gynecological carcinomas. The first dogs’ sensitivity and specificity detecting
blood samples from people with ovarian cancer were both 100%. And, even though the
second dog had never been tested with blood samples, her detection sensitivity was
100%, and specificity was 96%. In the tests with tissues samples, the first dog’s detection
sensitivity and specificity were 100% and 94% respectively, and the second dog’s
sensitivity were 100% and specificity 94%.

Finally, m a follow-up study, Horvath et al. (2013) tested the same two dogs’
ability to detect ovanan cancer i the blood of two groups of people: people undergoing
chemotherapy (blood was taken between the fifth and sixth courses) and people who had
completed their last round of chemotherapy three to six months prior. In the first test, the
dogs showed the ability to detect ovanan cancer odours with sensitivity and specificity of
97% and 99% respectively. In the second test, the dogs positively indicated three out of
ten samples at both the three and sixth month follow-up tests. Incredibly, all three of
individuals whose samples the dogs indicated as cancerous had recurrences of cancer.

1.4.3.2.5 Breast Cancer. McCulloch et al. (2006) conducted a study examiming dogs’
ability to detect breast cancer in exhaled breath samples. After traiming with a set of
cancerous and healthy control samples, they tested the dogs by presenting new samples in

a five-station line-up where one station contained a cancerous breath sample, and the
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remaiming four contained breath samples from healthy controls. The results showed that,
overall, the dogs could detect the cancerous samples with 88% sensitivity and 98%
specificity.

A second study examining dog’s detection of breast cancer was conducted by Gordon
et al. (2008), using urine samples. In this study, the researchers recriuted professional dog
trainers to tramn their dogs on their own time and in their own homes. Four dogs were
trained in this manner. Gordon et al. (2008) believe that the lack of standardized and
controlled traiming procedures was responsible for the overall poor performance of the
dogs during the testing trials; none of the dogs achieved detection sensitivity at levels
above chance, and only two of the dogs had detection specificity at levels just above
chance.

1.4.3.2.6 Prostate Cancer. The most common screeming tool for prostate cancer 1s to
test for Prostate Specific Antigen (PSA) in the blood. Thus test, however, has been shown
to have poor diagnostic utility (Stamey et al , 2004) and efforts have been made to
develop better diagnostic tests including testing dogs’ detectability of VOCs associated
with prostate cancer.

Cornu et al. (2011) tested one dogs’ detectability of prostate cancer in urine
samples. The urine samples were obtained from men who showed elevated PSA levels or
had abnormal digital rectal findings. After prostate biopsies revealed the presence or
absence of prostate cancer, the urine samples were classified as cancerous or controls
accordingly. After traiming with a series of cancerous and control samples was complete,
Cornu et al. (2011) tested the dogs with samples they had not previously smelled. The

samples were presented in a six-station line-up with one station containing a cancerous
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urine sample and the remaming five contaiming control urine samples. The results showed
the dogs’ detection sensitivity and specificity were both 91%. Interestingly, the dog
commutted three false alarms, and after these men had new biopsies conducted, one of the
men was diagnosed with prostate cancer. These results suggest that canine detection of
prostate cancer may be more sensitive than traditional blood and rectal exams, offering a
promusing non-invasive alternative. However, additional studies do not show the same
pronusing results.

Elliker et al. (2014) began by traiming ten dogs for the detection of prostate cancer
in urine samples. Cancerous urine samples were obtained from men with biopsy-
confirmed prostate cancer and control samples were obtained from men with a normal
PSA test. After two traming stages, however, only two dogs were formally tested with
new samples. The results showed that the first dog could only detect the prostate cancer
samples with detection sensitivity of 13% and specificity of 71%. The second dog’s
detection sensitivity was 25% and specificity was 75%. In mterpreting their results,
Elliker et al. (2014) make the important point that 1t 15 possible that the dogs memonzed
the odour of the traiming samples, therefore identifying mdividual odours as opposed to
generalizing a common odour of prostate cancer across samples.

The third study to examine dogs’ abilty to detect prostate cancer was conducted
by Gordon et al. (2008) in the same series of studies where they tested dogs’ ability to
detect breast cancer. Using the same training procedure, four dogs were trained by their
owners m their homes. During testing, the dogs were presented with urine samples from
people with biopsy-confirmed prostate cancer alongside urine samples from people with

normal PSA test results. The samples were presented in a seven-station line-up with one
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cancerous sample and six healthy control samples. The results of the prostate cancer test
were similar to those of the breast cancer test; none of the dogs achieved detection
sensitivity above chance levels, and only two of the four dogs reached above chance
levels of specificity.

1.4.3.2.7 Lung Cancer. One of the most common causes of cancer death 1s hing
cancer, due, in part to late diagnosis (Siegel et al | 2016). Therefore, there appears to be a
focus 1 canine biomedical detection to examune dogs’ potential as early detectors of lung
cancer.

McCulloch et al. (2006) tested five dogs’ ability to detect breath samples obtamned
from people with biopsy-confirmed lung cancer agamst breath samples from healthy
people. The samples were presented i a five-station line-up with one cancerous sample
and four healthy samples. The dogs’ overall detection sensitivity and specificity was
99%.

In a second study exammming canine detection of lung cancer, Buszewski et al.
(2012b) obtained two sets breath samples from people with lung cancer and healthy
controls. The first set of samples was analyzed for VOC content using GC-MS and the
second set was presented to dogs (the number of dogs 1s not mentioned). The dog tests
used a five-station line-up where one station contamned a cancerous sample and the other
four contained healthy samples. The dogs’ performance showed detection sensitivity of
82 2% and specificity of 82 4%. Interestingly, a comparison of the dogs’ positive
indications with the results of the GC-MS analysis revealed that the dogs” indications
were positively correlated with specific VOCs n the breath: ethyl acetate and 2-

pentanone.
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In a further two studies, researchers agamn presented dogs with breath samples
from people with confirmed lung cancer, but the control samples mcluded other lung
pathologies. In a series of tests, Ehmann et al. (2012) presented four dogs with lung
cancer samples against healthy control and against samples from people with Chronic
Obstructive Pulmonary Disorder (COPD). Overall, the dogs’ detection sensitivity was
72% and specificity was 94%.

In 2014, Rudnicka et al. presented two dogs with breath samples from people with
lung cancer against breath samples from people with asthma, Chronic Obstructive
Pulmonary Disease, or synthetic samples, as well as from healthy people. Samples were
presented to the dogs in a five-station line-up with one station containing a cancerous
breath sample and the other four containing control samples. The dogs” overall detection
sensitivity and specificity were 86% and 72% respectively. Furthermore, Rudnicka et al.
(2014) used CG-MS to exanune the VOCs present in breath samples from healthy people,
people with lung cancer, and people with other lung diseases. Their analyses revealed
that the concentration of acetone, 1soprene, ethanol, 1-propanol, 2-propanol, hexanal and
dimethyl sulfide were higher in patients with lung cancer than in healthy volunteers and
people with other lung diseases.

Finally, Amundsen et al. (2014) exanuned whether dogs could detect lung cancer
in a series of heterogeneous samples (malignant and bemgn); thereby testing their
performance in a task more comparable to a real world applied test. To begin, Amundsen
et al. (2014) trained the dogs to detect lung cancer in breath and urine samples against
healthy controls in a six-station roundel (a method like a line-up, except samples are

presented on an apparatus in a circle rather than a line). After successful traiming, three
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dogs were tested with the heterogeneous breath samples from people with either
malignant or benign conditions. The results showed that the dogs’ overall detection
sensitivity was 56% and specificity was 33%. Therefore, despite evidence that dogs can
detect VOCs associated with lung cancer, empirical tests report differing levels of
success. But, taken together, studies of canine detection of cancer show that dogs may
serve as a promising alternative to current diagnostic tests, and in some cases, show a
higher degree of sensitivity than traditional measures (Cornu et al_, 2011). Further
research 1s required before dogs can be deployed m real-world clinical applications.

1.4.3.3 Diabetic Hypoglycemia. To the best of my knowledge, only two empinical
studies of canine detection of hypoglycemia have been conducted. In 2013, Dehlinger et
altested whether three dogs that were serving as DADs in the homes of individuals with
Type 1 Diabetes could identify hypoglycemia in sweat samples from three mndividuals
unknown to the dogs. Dehlinger et al. (2013) obtamned sweat samples using the same
protocol used to collect the samples for the mitial traming of the dogs; individuals rubbed
two cotton balls on the skin of their arms during two episodes of hypoglycenua, and then
an additional two cotton balls were rubbed on the skin of their arms during each of two
normoglycemic episodes. To indicate the detection of hypoglycemua, the three dogs had
previously been trained to push a bell after smelling a hypoglycemic sample. When
Dehlinger et al. (2013) presented the dogs with the sweat samples from the people
unknown to the dogs, however, none of the three dogs could indicate the hypoglycemic
samples at above chance levels.

In a second study, Hardin et al. (2015) tested the ability of six dogs to detect

hypoglycenuc samples. The biological samples used by Hardin et al. (2015) were
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combined breath and sweat samples on gauze, donated by four people during
normoglycemic and hypoglycenuc states. In this study, researchers trained the dogs to
signal the hypoglycemic samples in three phases. In the first phase, the dogs were tramned
to smell the hypoglycemuc sample and sit. In the second phase, the dogs were presented
with hypoglycemic and normoglycemic samples donated by the same person, as well as
blank stimuli, and were required to locate the hypoglycemic sample and sit. In the thurd
phase, the dogs were trained to smell a hypoglycenuc sample held on a person’s body and
poke the person. Once a dog successfully completed all three phases of traimning, they
were introduced to the hypoglycemic and normal glycemic samples from the other donors
and traiming continued until the dogs could discriminate between the samples. Then, to
test the dogs’” ability to detect the hypoglycemic samples, Hardin et al. (2014) presented
the samples 1n a seven-station line-up where one station contained a hypoglycenuc
sample, two stations contained normoglycemic samples, and the remaining four stations
contained blank gauze. Hardin et al. (2015) reported that the dogs could detect the
hypoglycenuc samples with sensitivity ranging from 50% to 87.5% (two of the dogs
demonstrated lower sensitivity than the other four), and specificity ranging from 89.6 to
97.9%. While these results may seem very impressive, it 1s important to note that during
testing, the dogs were only ever presented with four hypoglycenuc samples that they had
been reinforced for identifying many times during the mitial traiming phases. It 1s possible
that the dogs tested by Hardin et al (2015) memorized the odour of the individual
samples, rather than 1dentifying an odour signature of hypoglycenua that 1s consistent
across samples. Therefore, Hardin et al. (2015)’s conclusion that dogs can be trained to

1dentify hypoglycenua 1s nusleading.
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Taken together, the empirical studies of canine detection of hypoglycema provide
little evidence that dogs are detecting an odour signature of hypoglycemma. Therefore, the
experiments presented here in Chapter 4 will seek to contribute to the field of canine
detection of hypoglycemua by testing whether dogs can be trained to detect an odour

associated with hypoglycemia that generalizes across hypoglycemic events.

1.5 Outline of Dissertation Papers

The goal of my dissertation was to address current gaps in the literature of canine
biomedical detection. As a new and developimng field, little empinical evaluation of
traiming and testing procedures exists in the literature. Furthermore, concerns exust
surrounding the collection and storage of biological samples. Finally, empirical studies of
hypoglycenua are few and their results are inconsistent. Therefore, the studies presented
here seek to contribute valuable procedures and findings to the field of canine biomedical
detection, specifically canine detection of hypoglycenua for people with type 1 diabetes.

1.5.1 Outline of chapter 2. My first senies of studies, as presented in Chapter 2,
describe and evaluate a novel program to train dogs to detect human breath. Given that
there 1s a notable gap in the literature examining the efficacy of current traiming and
testing procedures (Hall et al | 2013; Jezierski et al_, 2010), this manuscript contributes to
the literature by presenting a fraiming and testing program that utilizes a procedure not
commonly used mn current tests of canine olfactory detection: a cued, 3 Alternative
Forced Choice procedure. In thus manuscript, the authors and I present our “low saliency
traiming™ procedure, where dogs are trained to detect progressively lower concentrations
of orange pekoe tea, then tea breath, and finally, clean breath. We then present two

experiments to evaluate the utility of the traming program_ In the first experiment, we
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examined dogs’ ability to detect and discriminate between breath samples from three
different people. In the second experiment, we tested dogs’ ability to discriminate
between breath samples from one person at three different times of the day. The results
showed that the dogs transitioned from the traming phase to the testing phases with ease.
The results of Experiment 1 showed that the dogs could discriminate between breath
samples from different people at above chance levels, and the results of Experiment 2
showed that all the dogs further discriminated between breath samples from one person at
three different times of the day at above chance levels.

1.5.2 Outline of chapter 3. The manuscript in Chapter 3 presents studies
concerming the maimntenance of breath sample integrity. In studies of canine detection of
breath samples, breath samples are sometimes stored for up to six months (Ehmann et al |
2012). However, no studies have ever examuned whether the detectability of these
samples decreases with storage time. With the knowledge that our future studies would
require breath samples to be stored for up to a month, we therefore sought to exanune
how to increase sample integrity over time. With the help of Dr. Peter Wentzell from
Dalhousie’s Department of Chenustry, we developed a procedure for coating cotton balls
in silicone o1l. The liqud phase coating the cotton ball allows more VOCs to be absorbed
onto the cotton ball compared to uncoated cotton. As a result, diffusion of the compounds
mnto the surrounding air will persist for longer than the diffusion of VOCs off uncoated
cotton balls. We then tested whether the use of silicone-coated cotton balls results i
breath samples being detectable longer than breath samples obtained using uncoated
cotton balls in two experiments. In the first experiment, we tested four dogs’ detectability

of breath samples on coated and uncoated cotton up to two hours after the breath samples
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were donated. In the second experiment, we tested the same four dogs” detectability of
breath samples that were collected using coated and uncoated cotton and then stored for
one, two, three, and four weeks. The results showed that, in Experiment 1, the silicone
coated cotton balls did not affect the dogs” detection of the breath samples at up to two
hours after sample donation. The results of Experiment 2 showed that, for two of the four
dogs, the silicone coated cotton balls improved the detectability of the breath samples
from one week onward. For the remaimng two dogs, the silicone coated cotton balls did
not affect their detectability of the breath samples up to three and four weeks after sample
donation.

1.5.3 Outline of chapter 4. In Chapter 4, I present three studies in which we tested
dogs’ ability to detect and discrnminate between breath samples from people with type 1
diabetes. As discussed above, currently only two empirical studies of canine detection of
hypoglycenua have been conducted, and their results are inconsistent. Therefore, the
series of studies presented here serve to further the study of canine detection of
hypoglycenua. In the first experiment, we used a cued, 3AFC procedure to test four dogs’
ability to discriminate between breath samples obtained from people with type 1 diabetes
during normoglycema, hypoglycemia, and hyperglycemma. Then in the second
experiment we used a Go/No-Go procedure fo test two dogs’ ability to generalize the
odour of hypoglycema across multiple hypoglycemic events from one person. In the
third experiment, we tested one dog’s ability to generalize the odour of hypoglycemma
across multiple hypoglycemic events from two different people. The results of the first
experiment showed that all four dogs could discriminate between the breath samples from

the different glycenuc states at above chance levels. The results of the second experiment
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showed that one dog generalized the odour of hypoglycemma across multiple samples
from one person. The results of the third experiment were difficult to mterpret and would

require further study before concluding whether the dog could generalize the odour of

hypoglycenua across different people.
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CHAPTER 2: ANOVEL METHOD FOR TRAINING DOGS TO DETECT AND

DISCRIMINATE HUMAN BREATH SAMPLES

The manuscript prepared for this study 1s presented below. Catherine Reeve, under the
supervision of Dr. Simon Gadbois, was responsible for devising the research questions,
traiming protocol, and plotting and interpreting the dogs’ performance. She was the lead
on dog traiming and testing, with the support of her co-authors. Catherine wrote the initial
draft of the manuscript, and received and incorporated feedback from her co-authors and
commuttee members. The manuscript will be submutted for publication in the near future_

The full reference for this manuscript 1s:

Reeve, C., Wallace, K., & Gadbois, S. (2017). A novel method for traming dogs to detect

and discriminate human breath samples.



2.1 Abstract
Despite the growing mterest in the use of dogs for disease diagnosis and alert, little
research has exanuned the best tramming protocols and testing procedures for biomedical
detection and alert dogs. The current study presents a novel three-phase training program
to train dogs to detect breath samples. All three phases used a cued, three-alternative
forced choice procedure. In the first phase, five dogs were trained to detect decreasing
concentrations of orange pekoe tea as a target odour. In the second phase, four dogs were
trained to detect tea breath, and in the third phase, the dogs detected clean breath.
Subsequently, the fraimming program was evaluated in two discrimination experiments. In
the first experiment, the dogs were required fo discriminate between three breath samples
from three different people. In the second expennment, the dogs were tested on their
ability to discriminate between three breath samples from the same person donated at
three different times of the day. The results of both experiments showed that all four dogs
successfully discriminated between the breath samples at above chance levels, suggesting
that the training program was effective in traiming dogs to detect and discriminate

between human breath samples with a hugh degree of accuracy.
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2.2 Introduction

Domestic dogs’ (Canis lupus familiaris) incredible sense of smell (Craven et al |
2010) and proclivity for traming has resulted in their successful application i a wide
variety of olfactory detection tasks including bomb and narcotics detection, conservation
applications, search and rescue, forensic applications, and biomedical detection (for
reviews, see Helton, 2009; Gadbois and Reeve, 2014). In the case of forensic and
biomedical detection, the dogs are faced with simmlar tasks because they are required to
detect and discrininate human odours that are of very low saliency. When dogs detect
and discriminate human odours, they are smelling volatile organic compounds (VOCs),
carbon based compounds produced during cell metabolism that are gases at room
temperature (Schnudt & Podmore, 2015). VOCs are exhaled m the breath during
pulmonary circulation, and are present in the headspace of breath, sweat, urine, and feces
samples (Kusano et al , 2011; Schomdt & Podmore, 2015). Sweat and breath samples,
which are most commonly used in forensic and biomedical tests of canine detection,
show variation in their VOC content between mdividuals (Curran et al_, 2005; Plullips et
al , 1999), and can therefore serve as person-specific odour profiles. Furthermore, when
cells experience metabolic change or disease, the concentration and type of VOCs
emitted change. Therefore, VOCs 1n breath and sweat may further serve as diagnostic
olfactory biomarkers (Shirasu & Touhara, 2011).

Given the incredible sensitivity of a dog’s nose, however, VOCs are odours that
dogs have likely been exposed to, without reward, for their entire lives. Therefore, in

traiming dogs for forensic and biomedical applications, a good traiming protocol would



mncrease the mcentive salience of previously 1ignored VOCs by teaching dogs that such
odours are relevant and rewarding. In the current literature, a lot of vanety exists in the
traiming protocols used for canine detection of human odours. Empirical evaluations of
the efficacy of different training and testing protocols for scent detection dogs, however,
are lacking.

With respect to forensic applications, dogs are usually required to identify criminals
based on sweat samples. Traditionally, camine identification of a perpetrator 1s done using
a matching to sample (MTS) line-up procedure with anywhere from five to 12 stimuli
(Schoon & Haak, 2002). Using this procedure, law enforcement would collect items left
or touched by a perpetrator at a crime scene, and would also collect sweat samples from a
series of potential suspects. Then in the lab, the dog would first smff the cnme scene
stimulus, the “sample™, and then be directed to smff a senes (typically five to seven) of
the suspect sweat stimuli arranged beside one another i a “line-up”. If one of the
suspects was in fact the perpetrator, its sweat stimulus will match the sample, and that
will be indicated by the dog.

Empirical studies that evaluate dogs’ ability to match human odours using a MTS
line-up procedure are few, but those that do exust show mconsistencies and
methodological concerns. For example, Brisbin and Austad (1991) found that three dogs
previously tramned on human scent discrimination could successfully discriminate
between their handler’s hand scent and blank controls in 93.1% of tnals, but could only
discriminate between their handler’s hand scent and a stranger’s hand scent 1n 75.7% of
trials. Brisbin and Austad (1991) also found that dogs could not detect and discriminate a

target individual’s odour from strangers when the target individual’s sample was taken
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from somewhere other than their hand, but Settle et al_ (1994) found that dogs could
match individual odour samples 1n a six-stimulus line-up, regardless of where on the
body the sample was obtamned from Furthermore, Schoon (1996) found that
methodological details in scent identification tests such as the number of stimuli
presented to the dog, whether positive control trials are completed, and the strength of the
sample odour can influence the performance of specially trained human scent detection
dogs. Therefore, evaluation of a dog’s performance 1s not straightforward. However,
despite the documented vanability, dogs’ performance in such tests are admitted as
evidence i some European countries (Schoon, 1996, 2005). Given the findings
highlighted above, the potential for maccurate dog 1dentification of suspects 1s real and it
1s therefore imperative that the validity of traiming programs and dogs’ corresponding
accuracy be evaluated carefully.

Simular 1ssues arise i tests of canine biomedical detection. Unlike forensic
applications where the dogs must identify person-specific odours, the goal for canine
biomedical detection 1s for dogs to identify disease-specific odour profiles (Shirasu &
Touhara, 2011) that generalize across multiple different people. In tests of canine
biomedical detection, biological samples such as breath, sweat, saliva, unne, feces, or
tissues may be presented to the dog. These samples are typically presented using the
same line-up procedure discussed above (Jezierski et al , 2015), but, beyond imtial
traiming, there 1s no MTS component (no “sample” 1s presented) because, 1n most cases,
the dogs are looking for the same target odour profile in every trial. In tlus case, some
researchers may use a “cue” sample to remind the dog of the particular odour they are

searching for.
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Empirical studies of canine detection of disease have reported promising results i
the detection of cancers such as melanoma (Pickel et al , 2004), lung cancer (McCulloch
et al | 2006; Buszewski et al , 2012a; Ehmann et al | 2012; Rudnicka et al_, 2014), breast
cancer (McCulloch et al., 2006), colorectal cancer (Sonoda et al | 2011), prostate cancer
(Cornu et al, 2011), and ovarian cancer (Horvath et al | 2008, 2010, 2013). There 1s also
evidence that dogs can successfully detect C. difficile (Bomers et al |, 2012), MRSA
(Korvusalo et al , 2017), and diabetic hypoglycenua (Hardin et al , 2015). But further
studies show that dogs may have difficulty detecting some of the same conditions
including lung cancer (Amundsen et al., 2014), breast and prostate cancer (Gordon et al.,
2008; Elliker et al., 2014), bladder cancer (Willis et al , 2004), and diabetic hypoglycenua
(Dehlinger et al, 2013). Such inconsistent findings prevent the clinical application of
dogs as detectors of disease. As a new field of research, inconsistencies across studies of
canine biomedical detection could be the result of many factors (for a discussion of these
variables, see Elliker et al., 2014; Jezierksi et al_, 2015; Johnen et al_, 2017), one of which
could be the traiming program and sample presentation. Elliker et al (2014) suggest that
the traditional line-up presentation of samples may not be optimal for the level of
detection and discrimination required by biomedical detection dogs. As discussed in
Gadbois and Reeve (2014), we agree with the proposition put forth by Elliker et al |
(2014). We argue that line-ups of five to seven stimmuli actually test dogs’ working
memory more than they test dogs’ ability to detect a target stimulus and diserinunate it
from other stimuli. Furthermore, a dog completes quick smffing bouts in succession as
they approach each stimulus in a hne-up. In doing so they experience sensory memory

and perceptual interference as the odours from each new stimulus accumulate (Gadbois &
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Reeve, 2014). As a result, traditional line-up procedures make olfactory detection tasks
more difficult than necessary and therefore may musrepresent dogs” abilities.

Therefore, despite the potential for scent detection dogs to make important
contributions in forensic and biomedical applications, their implementation has been
limited because of inconsistencies m the results of empinical studies and procedural
limitations. A closer examination of the design of the traiming and testing protocols may
benefit these fields.

Jezierski et al , (2010) presented the first empirical evaluation of a multi-phase
program designed to train dogs to detect target human odours and discriminate between
different indrviduals. Here, researchers tramed six dogs using a MTS, five-station line-up
procedure. After preliminary traiming phases that encouraged the dogs to smff and
indicate at scent stations (see Jezierski et al | 2010 for details of the full traiming
program), the dogs were trained on palm samples obtaimned by having people hold cotton
swabs n their hands for 15 minutes. In the first phase with palm samples, one station
contained a target palm sample, and the remaming four stations contained blank control
samples. After this phase, one station contamed the target palm sample while the other
four stations contamed decoy palm samples from different individuals. In the final
“working phase”, the dogs were presented with both samples from training, plus palm
samples obtained from police forensic situations. Jezierski et al. (2010) found that in the
mitial tramning phases the dogs’ performance was very high, but decreased over
successive traiming phases, with the percent of correct responses on the working phase
being only 58.1%. Jezierski et al (2010) concluded that the dogs could be easily tramned

on a line-up procedure, but that their performance during traiming did not necessanily
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predict their performance with new stimuli. Taken together, the results of Jezierski et al.
(2010) combined with those of the canine forensic and biomedical detection studies
underscore the need for effective training programs and valid procedures for canine
detection.

Moreover, as discussed above, some biomedical alert and forensic identification
tasks require dogs to smell odours that they have smelled throughout their lives without
reward, resulting in the dogs learning to 1gnore, habituate to, or simply not attend these
“urelevant” odours. In the Canid Behaviour Research Lab at Dalhousie Umiversity, we
train dogs for biomedical detection. Previous work in our lab showed that after dogs had
been trained to successfully perform Matching-to-Sample tasks with cooking herbs, they
subsequently could not match human breath samples (pilot study, unpublished data). We
assumed that the dogs were unable to detect human breath samples because of learned
wrrelevance. Therefore, we developed the fraiming program presented here to teach dogs to
focus on breath samples.

After assessmg ghly motivated dogs, five dogs were tramed. Our traimnmg
program consisted of three phases. In the first phase, dogs were presented with
decreasing concentrations of orange pekoe tea. The goal of this first phase was to first
assess the motivation and persistence of the dogs to complete a repetitive task, and
second, to train the dogs to detect odours of decreasing saliency. If a dog could not
successfully complete the first phase of traming, they were unlikely to be successful with
subsequent traming phases. In the second phase of the traiming program, we attempted to
bridge the gap between the tea stimulus and a human breath stimulus by presenting the

dogs with a “tea breath” stimulus. In the third and final phase of the traiming program, the
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dogs were presented with “clean breath samples™”. After the traiming program was
complete, we tested dogs” ability to discriminate between human breath samples in two
experiments. In the first expennment, we tested dogs’ ability to discriminate between three
breath samples from three different individuals. In the second expennment we tested the
dogs’ ability to discriminate between three breath samples from one individual donated at
three different times of the day.

2.3 Training Program
2.3.1 Method

2.3.1.1 Subjects. Dogs were recruited from the surrounding city by word of mouth,
and were assessed for basic obedience, food or play drive, and motivation to work. Five
dogs were selected and tramed for the current study: Nutella (3 years old at the time of
traiming, intact), Bella (2 years old), Mist (3 years old), and Charlee (2 years old) were
female purebred border collies and Koda (1 year old) was a male border collie mux.

The dogs were brought to the Camid Behaviour Research Lab at Dalhousie
University once or twice a week, as this tramning schedule has been found to result in
optimal task acquisition (Demant et al , 2011). Work days lasted two to three hours
depending on the owner’s availability. All dogs were tramned individually, with no other
dogs present at the time of fraiming. All procedures were approved by the University
Commuttee on Laboratory Animals before the study was conducted.

2.3.1.2 Preliminary training. All traming procedures used reward-based positive
remnforcement methods, with the use of a clicker as a secondary reinforcer and kibble or
the toss of a ball as a primary reinforcer. If a dog was not previously clicker trained, its

first day working in the lab was spent clicker traming
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2.3.1.2.1 Shaping an indication response. In shaping the desired indication

response, we first tramed the dogs to approach the stitmuli apparatus and to indicate
samples using a “poke-and-hold” behaviour. First, a piece of kibble was placed mnside a
stainless-steel jar with holes in the lid. The jar was then placed on the floor of the testing
room and when a dog approached and smffed the jar a clicker was activated and a food
reward was given. Once a dog consistently oriented towards and smffed the jar, a cotton
ball was placed inside the jar alongside the kibble, and 3mL of tea that had steeped for 15
minutes was dispensed onto the cotton (see procedure below). Then, when the dog
approached and smiffed the jar, researchers required that the dog hold its nose against the
jar progressively longer before the clicker was activated. Once a dog could hold its nose
against the jar for five full seconds, the kibble was removed and further trials were
conducted until the dog could reliable hold its nose against the jar contaimning only tea for
five seconds. Then, a second jar containing only cotton was presented simultaneously
with the jar contaiming the tea stimmlus. The dog was encouraged to smff both jars and
indicate the jar containing the tea using the poke-and-hold. Once a dog could reliably
indicate the jar contaiming the tea, 1t began the first phase of the traiming program

2.3.1.3 Training program. The tramming program was composed of three phases.
The general procedure was the same for all three phases, but different stinmli were
presented i each phase. A description of the general procedure will be presented first,
followed by the details of each individual phase.

2.3.1.3.1 General procedure. The dogs were tested at Dalhousie’s Camd

Behaviour Lab. The lab contains three adjoining rooms: Room 1 where the dogs stayed

between work sessions, Room 2, a small interior room connecting the other two rooms,
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and Room 3, where the testing was done (see Figure 2.1). Dogs began a work session by
waiting with a handler mmside Room 2 while the test stimuli were set up in Room 3 by a
researcher. When a test tnal began, the door to Room 3 was opened and the dog was led

mn
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Figure 2.1. The layout of the Camd Behaviour Research Lab at Dalhousie
University. Room 1 1s where dogs spend time when they are not being tested. Room
2 1s where dogs wait between test trials, and Room 3 1s where testing takes place.
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The samples were presented to the dogs using a cued, 3 Alternative Forced
Choice (3AFC) procedure. When the door between rooms two and three was opened, a
jar contaming the odour sample was presented to the dog to smff, serving as a scent
“cue”. Then the dog was directed towards the apparatus holding the other three stimuli;
one contaiming a cotton ball with an odour sample 1dentical to the cue, and two control
stimuli. The dog was required to indicate which stimulus contained the odour sample that
matched the cue by using a previously trained “nose hold™” behaviour where the dog held
its nose against the correct jar or tube for 4 seconds. A successful indication was
rewarded with a few pieces of kuibble or a few throws of a ball. If the dog indicated
mncorrectly, a researcher uttered “nope™ using a gentle tone, and the trial was complete_
After completing a trial, the dog was brought into a small adjoining room and the door
was closed, allowing researchers to randomuze the position of the jars for the next trial_

Each session consisted of 10 frials. The position of the target odour stimulus
relative to the control stimuli (left, mddle, or rnight) was determined for each trial using a
semu-randomuzation procedure of rolling a die (1f the die rolled 1 or 2 the tea stimulus
was 1n the left position, 3 or 4, in the middle position, and 5 or 6, 1n the right position).
Constraints were applied to the randomuzation procedure such that the tea stimulus had to
be 1n each position (left, right, or nuddle) at least three times within the 10 trials, the tea
stimulus could not be in the same position for more than three consecutive trials, and the
posttion of the tea could not follow a pattern (such as left, nght, left, right) for more than
two 1terations. Dogs completed between three and five sessions during a work period,

depending on the amount of fime they could spend in the lab.
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2.3.1.3.2 Phase 1: Tea. The odour used for the first phase of traiming was
varying concentrations of Orange Pekoe tea. The required concentration of tea was
prepared at the beginming of every work session. Tea was prepared by placing one tea bag
mn a 530mL teapot and adding boiled water on top of the tea bag until the water reached
the teapot’s fill line. Decreasing concentrations of tea were prepared by allowing the tea
to steep for: 15 minutes, ten minutes, seven nunutes, five minutes, three minutes, one
minute, 45 seconds, 30 seconds, 15 seconds, and five seconds. Once the required steep
time had been reached, the tea was poured into a glass jar. Two lower concentrations
were created by diluting the tea steeped for five seconds with water: A half dilution (one
part tea steeped for five seconds with one part boiled water) and a quarter dilution (one
part tea steeped for five seconds with three parts water). Pure boiled water was also
poured from the kettle into a second glass jar. This water was used to prepare the control
samples for the later phases of traiming.

Samples were prepared for presentation by dispensing the liquuds onto cotton
balls mside stainless steel jars. One cotton ball was placed inside each of four stainless
steel jars (S5em hugh, 5.5cm in diameter, and 18cm circumference). Each jar also
contained a strong magnet. Using a 10mL plastic syringe, 3mL of tea was dispensed onto
two of the cotton balls. In the imitial tea training phase, control jars were prepared by
putting one dry cotton ball inside the remaming two jars. In the later phase of tea traiming,
a second syringe was used to dispense 3mL of boiled water onto the cotton balls in the
control jars. Lids contaimning three small holes were placed on all of the jars. Usmng a
permanent marker, a small check mark or “x” was drawn on one side of the jar containing

the tea stimulus for identification by researchers.
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2.3.1.3.2.1 Apparatus. Three of the stainless-steel jars (one contaiming the tea
stimulus and two blank stimuli) were placed roughly 10 cm apart on a metal sheet 84cm
long and 52 cm wide, with the small identification mark on the tea stimulus facing away
from the dog. The metal sheet was set on top of a box so that 1t was raised 32cm off the
ground. The magnets inside of the jars ensured that the jars did not slide when the dogs’
noses contacted the jar hids. The fourth jar contaiming the second odour sample was
placed on a table near the entrance to the room three (see Figure 2.1).

2.3.1.3.2.2 Criterion. When the dogs first began training, the three stimuli
they were presented with were one jar contaming cotton with tea and two jars with dry
cotton. At later stages of training, an equal amount of boiled water was dispensed onto
the dry cotton balls to create more valid control stimuli. The point at which water was
added to the control jars was different for each dog depending on how far they had
progressed in their traimning. For every dog, however, when water was added to the
control jars, the concentration of the tea sttmulus was increased to a previously more
concentrated level to make the task easier. At each level of tea concentration, the dogs
were required to demonstrate reliable performance before progressing to a lower
concentration stimulus. Reliable performance was considered as two to three consecutive
sessions of 70% correct or greater (based on chance level calculated using a binomal
probability with 10 trials, 0.33 probability of success per tnial, and an alpha level of 0.05).
If the water 1n the control jars was introduced at a later stage of traiming, only one session
with performance of 70% correct was required for concentrations they had previously

been tested on, before progressing to lower concentrations. Once a dog had demonstrated
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the ability to detect the lowest concentration of tea, 1t was then presented with tea breath
samples.

2.3.1.3.3 Phase 2: Tea Breath. After traming with the hiqmd tea samples was
completed, dogs were presented with tea breath samples. A tea breath sample was
prepared using a plastic cylindrical tube [poly(ethylene terephthalate), Uline ca],
measuring 20.5 cm 1n length and 7 cm in diameter, inside which were two cotton balls. A
researcher prepared tea by placing a tea bag i a 530mL teapot and filling the teapot with
boiling water to the fill hine. The tea was steeped for roughly two munutes and then
poured into a small glass jar. The tea was left to cool for five to seven nunutes and then a
researcher sipped the tea and held it in their mouth. After 30 seconds, the researcher spit
out the tea and then exhaled two deep breaths through one side of the breath collection
tube, then tured the tube around and exhaled a further two deep breaths through the
other side of the tube. Then, using tweezers, one of the two cotton balls was removed and
placed inside a stainless-steel jar with holes in the lid. This stimulus served as the cue
sample (see procedure below). Two additional control tubes were prepared by mserting
one cotton ball into each tube, but not exhaling any breath onto them.

2.3.1.3.3.1 Apparatus. The tea breath stimuli were presented to the dogs
mside breath sample stations. Each station consisted of a wooden platform mside which a
black PVC tube measuring 25cm (see Figure 2A) long stood upright. The PVC tube was
longer than the breath collection tube (see Figure 2B), such that when a breath collection
tube was dropped inside the PVC tube 1t sat 4 5cm lower than the opening of the PVC

tube (see Figure 2 2). This prevented the dogs’ noses from comung nto direct contact
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with the breath collection tubes. Three sample stations were used to present the stimuli
for the study procedure (see Figure 2 3).

2.3.1.3.3.2 Criterion. After completing the tea stimulus tramming, the dogs
were presented with the tea breath samples. Sessions where the dogs were presented with
tea breath samples consisted of 10 trials, and the dogs completed between three and five
sessions per work day. In this phase of the traiming program, the performance cniterion

was at least three consecutive sessions at 80%
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Figure 2.2. The components of a breath sample station. A. The plastic tube
containing a cotton ball used for breath sample preparation. B. [llustrates
that the breath sample tube 1s shorter than the black PVC pipe in which the
breath sample tube 1s placed. C. The breath sample tube mside the black
PVC pipe 1s held upright when placed inside the wooden stand. All umts
combined results in one breath sample station.



Figure 2.3. Three 1dentical sample stations placed on the floor
beside one another for presentation to the dogs. One sample
station contains a breath sample and the other two contain blank
samples. Here, Mist 1s identifying the station contamning the
breath sample using the “nose hold” behaviour.
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correct or higher. However, as can be seen in Figures 5, 6, and 8, Mist, Koda and

Bella completed more sessions and work days after the criterion was aclueved. This was
because there were often breaks longer than one week between work sessions, so to
ensure that their performance was maintained over time, they completed multiple work
sessions with the tea breath stimmlus before progressing to the clean breath phase.

2.3.1.3.4 Phase 3: Clean Breath. Clean breath samples were prepared using
the same breath collection tubes and procedure described above, except a researcher did
not first hold tea mn lis/her mouth After breath was exhaled through the tube, one of the
cotton balls was removed and placed mside a stainless-steel jar with holes in the lid to
serve as the cue (see procedure below). Two additional control breath collection tubes
were prepared as well.

2.3.1.3.4.1 Apparatus. The same sample stations used n phase two were used
here i phase three.

2.3.1.3.4.2 Criterion. The dogs completed two work sessions each with the
clean breath stimulus. To complete the traming program, they were required to
demonstrate at least three consecutive sessions at 80% correct or higher.
2.3.2 Results and Discussion

Given the large degree of vanability between dogs” performance across the
traiming program, their results will be discussed individually.

2.3.2.1 Charlee. When Charlee first began the traiming program with the liquid tea

stimuli, her performance dropped to below the criterion when a lower concentration

stimulus was first introduced (see Figure 2 4). Once the stimmlus reached the 45 second
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steep time concentration, however, her performance was consistently high until the %
(five second) concentration. Here she seemed to have imitial difficulties but her
performance recovered after two sessions. When the water i the control stimuli was
mtroduced, her lowest performance was observed, but 1t subsequently increased and
remained above criterion until the last liquid tea sttmulus concentration. Charlee moved
away before she could begin the tea breath traiming.

2.3.2.2 Mist. As 1llustrated by Figure 2.5, Mist demonstrated the most consistent
performance across all phases of the traiming program. With the exception of one session
with the 15 minute liquud tea stimulus, her performance was maintained at above the
criterion throughout the liquid tea phase. When the water was added to the conftrol stimuli
in the liquud tea phase of traiming, her performance dropped only slightly, but not below
the criterion. When the clean breath stimuli were introduced her performance fell to
below criterion, but recovered after three sessions and she reached the cniterion in the
subsequent three sessions.

2.3.2.3 Koda. Koda’s performance was consistently above criterion for most the
liqud tea traiming phase (see Figure 2_6). When the water was introduced to the control
stimuli, we mncreased the concentration of the tea stimulus to seven rmnutes, and his
performance was not affected at all. At the five second steep point, his performance fell
to below criterion and remained inconsistent. His performance with the ¥ (five second
tea) stimulus was his lowest yet, so here we presented him with one session of a five
second steep time stimulus to bring lus performance back above the criterion. This
strategy was successful in that as soon as we re-mfroduced the ¥ (five second) tea

stimulus, his performance remained high. During the clean breath phase of the traiming
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program, his performance fell in one session, but in the subsequent four sessions he met
the criterion and completed the tramming.

2.3.2.4 Nutella. Before the water was introduced to the control stimuli, Nutella’s
performance with the liquid tea sttmuli was consistently above criterion, with the
exception of three sessions below chance at the 15 minute and five nunute stimuh (see
Figure 2.7). When the water was mtroduced to the control stimuli at the % (five second)
stimulus, her performance dropped. After this, the stimulus concentration was imcreased
to five seconds and then 30 seconds, at which point her performance improved but
remained mconsistent unfil the five second stimulus. After the five second stimulus was
presented, her performance on the hquid tea stimuli was maintained above the criterion.
When the tea breath and clean breath stimuli were first infroduced, Nutella showed mmitial
decreases m her performance, but met criterion for both phases after eight sessions with
the tea breath stimulus and five sessions of the clean breath stiimulus.

2.3.2.5 Bella. As illustrated by Figure 2 8 Bella showed the most inconsistent
performance throughout the traiming program. Interestingly, her performance did not
seem to be negatively affected by the mtroduction of the water in the control stimmuli, or
by decreases i the hiqud tea concentrations, as her performance did not systematically
fall below criterion at these pomts. Bella met the criterion at each concentration of tea
stimulus, mcluding for the % (five second) tea stimulus. But, given her previously
mnconsistent performance, we continued with additional sessions after she met the
criterion for the % (five second) stimulus to ensure she was prepare for the tea breath
stimulus. Throughout these additional sessions, however, her performance decreased.

Given the documented high motivation level of border collies, it 15 possible that her
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mnconsistent performance was a result of vigilance decrement due to task-induced stress
(Helton, 2009). Thus 1s lhughly likely as researchers noted that i1f Bella were to incorrectly
1dentify a stimulus on one trial, she often become frustrated and distressed, as evidenced
by behavioural markers such as hesitation to approach the stimuli and barking. Following
one incorrect trial, researchers found that she was much more likely to get subsequent
trials wrong. Although Bella’s performance was not at criterion at the end of the hqmd
tea simmulus phase, she did demonstrate the ability to detect the stimulus at criterion in
earlier sessions, so the decision was made to continue to the tea breath stimulus phase.
Bella required six sessions of tea breath stimuli before reachung the criterion. As wath the
tea stimmuli, additional sessions were completed with the tea breath stimulus after Bella
reached criterion to ensure she was prepared for the clean breath stimulus. Much like
with the tea sttmuli her performance dropped throughout these additional sessions. Given
the previous pattern of performance, however, we made the decision to present her with
the clean breath stimmuli. Bella transferred easily to the clean breath phase and reached

criterion within three sessions.
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Figure 2.4. Charlee’s performance in the first phase of the traiming program_ In the
first phase she was presented with liquid tea simmli at decreasing saliency levels in
a cued, 3AFC procedure. The triangle marker indicates the point at which water was
added to control sttmuli. The dotted line represents the criterion (70%) based on
chance level calculated using a binommal probability with 10 trials, 0.33 probability
of success per trial (represented by the intermittent dashed line), and an alpha level

of 0.05.
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Figure 2.5. Mist’s performance across the three phases of the traming program_ The
triangle marker indicates the point at which water was introduced in the control
stimuli during the hiquid tea phase of the traiming program_ The dotted line
represents the criterion (70%) based on chance level calculated using a binonual
probability with 10 trials, 0.33 probability of success per trial (represented by the
mtermittent dashed line), and an alpha level of 0.05.
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Figure 2.6. Koda’s performance across the three phases of the traiming program.
The tnangle marker indicates the point at which water was introduced in the control
stimuli during the hiquid tea phase of the traiming program_ The dotted line
represents the criterion (70%) based on chance level calculated using a binonual
probability with 10 trials, 0.33 probability of success per trial (represented by the
mtermittent dashed line), and an alpha level of 0.05.
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Figure 2.7. Nutella’s performance across the three phases of the tramning program.
The tnangle marker indicates the point at which water was introduced in the control
stimuli during the liquid tea phase of the traiming program_ The dotted line
represents the criterion (70%) based on chance level calculated using a binommal
probability with 10 trials, 0.33 probability of success per trial (represented by the
mtermittent dashed line), and an alpha level of 0.05.
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Figure 2.8. Bella’s performance across the three phases of the traiming program
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The tnangle marker indicates the point at which water was introduced in the control
stimuli during the liquid tea phase of the traiming program_ The dotted line

represents the criterion (70%) based on chance level calculated using a binommal
probability with 10 trials, 0.33 probability of success per trial (represented by the

mtermittent dashed line), and an alpha level of 0.05.
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2.4 Experiment 1
As reported above, four of the five dogs successfully completed the traiming

program (the fifth dog, Charlee, moved away before she could complete the program)
and could therefore reliably detect human breath samples. The goal of Experiment 1 was
to test the dogs’ ability to discnminate between breath samples from three different
individuals using a three-stage cued, 3AFC procedure.
2.4.1 Method

2.4.1.2 Dogs. All the dogs that underwent training took part i this study, except for
Charlee who moved away before the study began.

2.4.1.3 Stimuli. Breath samples were donated by three different individuals in the
lab just prior to a dog armving for its scheduled work day. Breath samples were collected
with the same breath collection tubes described above except here, either end of the tubes
were capped with tight fitting rubber caps. When a breath sample donor arrived at the lab,
the rubber caps were removed and a breath sample was donated using the same protocol
described above. Once complete, the rubber caps were fitted back on the tubes until use.

One of the three breath collection tubes contained two cotton balls (see Figure

2.9). This sample served as the target breath sample that the dog would be asked to
1dentify. The second cotton ball allowed a cue sample to be prepared. While the breath
samples were donated, two additional control samples were prepared. Control samples
were breath collection fubes contaiming one cotton ball each, but onto which no breath

was exhaled.
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Figure 2.9. Three breath collection tubes with caps. The breath collection tube on
the left, which will be used to collect the target breath sample, holds two cotton

balls so that after sample donation, one can be removed and used as the sample
stimulus.
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2.3.1.4 Procedure. Samples were prepared for presentation by removing the tube
caps and placing the breath collection tubes inside sample stations. The cue sample was
prepared by using tweezers to remove one of the cotton balls from the target breath
sample tube and placing 1t inside a stainless-steel jar with holes in the id. Samples were
presented to the dogs using the cued, 3AFC procedure outlined above, however, in this
experiment the stimuli were presented in stages, where distracting sttimuli were added to
the presentation only if the dog met criterion for the previous stage. In the first stage, the
target breath sample was presented with two control samples and the dog was required to
complete one session at 80% correct before progressing to the second stage. In the second
stage, one of the control samples was removed and a breath sample from a second
mndividual was put mn its place. To successfully complete stage two, the dog was required
to complete three consecutive sessions at 80% correct or two sessions at 90% or 100%
correct. In stage three, the last control sample was removed and the third breath sample
from the third different individual was put 1n its place. To successfully complete stage
three, the dog was required to complete three consecutive sessions at 80% correct or two
consecutive sessions at 90% to 100% correct. Samples were not used for more than one
work day, therefore 1f a dog did not complete all three stages within its scheduled work
day, they had to start over at stage one with new samples the following work day.
However, if a dog previously demonstrated the ability to disciminate between samples to
criterion in stage two, they were only required to complete one session at 80% correct 1n
stage two on subsequent work days before progressing to stage three. It 1s important to
note that, because the amount of time a dog could spend at the 1ab was dependent upon its

owner’s schedule, one dog may have taken longer to complete stage three than another
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simply because of tume constraints, not because of its performance. Once a dog
completed stage three, 1t was considered to have successfully discriminated between

breath samples from three different individuals.

2.4.2 Results and Discussion
As 1llustrated by Figures 2.10 through 2.13, dogs took a varying amount of

time to complete stage three of the testing. However, as discussed above, some dogs took
longer to reach the criterion not because they had trouble with the task, but simply
because they completed fewer work sessions per work day than another dog.

2.4.2.1 Mist. Mist required only two work days to reach the criterion for phase
three, demonstrating that Mist could very easily be trained to discriminate between
individuals using breath samples. However, observing her performance in Figure 2.10, 1t
1s possible that she could have met the criterion 1n only one work day 1f more sessions
had been conducted on that day. Mist showed generally consistent performance
throughout the training program despite some fluctuations above and below chance with
the clean breath stimmuli (which she recovered from quickly and then showed more typical
high performance). Therefore, her performance in the traiming phase was predictive of her
performance in Experiment 1 in that her performance was consistent and above the
criterion for all stages of the test.

2.4.2.2 Koda. Koda met the criterion for phase three in only one work day,
demonstrating that he could easily discrimunate between breath samples from different
individuals (see Figure 2.11). He showed a slight decrease in performance when the
second distracting breath sample was introduced at the beginning of phase three, but his

performance was mamtained at above the criterion throughout all stages of testing.
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Koda’s performance in the traimng program showed some fluctuation in the
lower saliency tea stimubh and in the tea breath and clean breath phases, but his
performance was typically consistently above criterion with the breath stimuli. It could
therefore be said that his performance in the training program was predictive of his
performance in Experiment 1.

2.4.2.3 Nutella. As seen i Figure 2 12, Nutella showed an mitial drop in
performance when the first distracting breath sample was introduced in stage two.
However, when presented with the target breath sample and one distracting sample on the
second work day, her performance decreased only slightly and remained above criterion.
The same pattern of performance was observed between stage one and stage two on work
day three. This suggests that in the first stage of the experiment, Nutella may have been
percetving the target breath sample as an “odour™ without perceiving the details of the
VOC profile. Therefore, she may have initially struggled to detect differences between
the different individuals® VOCs profiles because she was not detecting the distimgmshing
details. It appears as though after a few presentations of multiple samples, however,
Nutella perceived the differences in the breath sample VOC profiles and was successfully
able to discriminate between them. When the second distracting stimulus was mtroduced
on work day three, Nutella imtially showed a high degree of discrinunability, as her
performance was above the critenion. Her performance on the second session of stage
three, however, fell to below the criterion. We struggle to explain why her performance
with the same stimuli could have dropped so dramatically within one work day, but on

work day three, Nutella completed stage three with no apparent difficulties. Therefore,
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Nutella learned to discriminate between breath samples from different individuals with
minimal difficulty.

Nutella’s Performance in the traming program was somewhat predictive of
performance in Experiment 1. As discussed in the results of the traimming program,
Nutella’s performance decreased when different stmuli were introduced such as at the
beginning of the tea breath phase and the clean breath phase. Likewise, when the new
distracting breath samples were introduced here, a similar decrease i performance was
observed.

2.4.2.4 Bella. As 1illustrated by Figure 2.13, on Bella’s first work day she completed
four sessions at the end of which she had met the criterion for stage two. However,
observing Bella’s performance 1 more detail, 1t 1s evident that when distracting breath
samples were imtroduced at the beginning of stage two and stage three, she had difficulty
disciminating between the stimuli, as evidenced by performance falling to below the
criterion at these points. Much like Nutella, this pattern of performance suggests that, at
first, Bella did not perceive the details of the VOC profiles in the breath samples.
Therefore, although the introduction of new stimuli mmitially affected Bella’s
performance, she was ultimately successful n discrimunating between the three breath
stimuli at a high level of performance.

Bella’s mnconsistent performance throughout the traiming program may have
been predictive of her performance in the current experiment, in that it was also
mconsistent. However, recall that in the traiming program, the introduction of the water
control and the point at which the tea saliencies decreased did not affect Bella’s

performance, whereas here in Experiment 1, decreases in Bella’s performance are related
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to the mtroduction of a distracting stimulus. Therefore, the tramning program did not
necessarily predict a decrease in performance when the study parameters became more
difficult.
2.5 Experiment 2
The results of Experiment 1 showed that all four dogs could successfully

discnminate between breath samples from three different individuals at a high level of
performance. The goal of Experiment 2 was to examune whether the dogs could detect
more nunute differences in the breath samples by testing their ability to discriminate
between breath samples donated from one individual at three different times of the day.
2.5.1 Method

2.5.1.1 Stimuli. Breath samples were donated by one individual at three different
times of the day. The day before the samples were to be presented to a dog, the breath
sample donor came to the lab and was given a bag containing five capped breath
collection tubes: three for the collection of breath samples, and two control tubes onto
which no breath would be exhaled. The breath samples were collected using the same
breath collection tubes and same donation procedure described above. That day that the
donor individual received the tubes, he/she prepared an evening breath sample (donated
just before the mndividual went to bed, but before brushing his/her teeth). The next day
(the same day the samples would be presented to a dog), the breath sample donor
collected a morming sample (donated first thing in the morning before eating or brushing
one’s teeth) which would serve as the target sample, therefore, this breath collection tube

contained two cotton balls (one served as the cue). Finally, the individual donated one
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midday sample just before he/she ate lunch. The donor then returned the tubes to the lab

before the dog arrived to work that afternoon.
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Figure 2.10. Mist’s performance across stages of testing, discriminating between
breath samples from three different people. The circle marker indicates stage one
sessions where only the target breath sample and two blank control samples were
presented. The diamond marker indicates stage two sessions where the target breath
sample, one distracting breath sample from a second person, and one blank control
sample was presented. The triangle marker indicates stage three sessions where the
target breath sample, and two distracting breath samples from two different people
were presented. The dotted line 1illustrates the criterion (80%).
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Figure 2.11. Koda’s performance across stages of testing, discnminating between
breath samples from three different people. The circle marker indicates stage one
sessions where only the target breath sample and two blank control samples were
presented. The diamond marker indicates stage two sessions where the target breath
sample, one distracting breath sample from a second person, and one blank control
sample was presented. The triangle marker indicates stage three sessions where the
target breath sample, and two distracting breath samples from two different people
were presented. The dotted line 1illustrates the criterion (80%).
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Figure 2.12. Nutella’s performance across stages of testing, discnminating between
breath samples from three different people. The circle marker indicates stage one
sessions where only the target breath sample and two blank control samples were
presented. The diamond marker indicates stage two sessions where the target breath
sample, one distracting breath sample from a second person, and one blank control
sample was presented. The triangle marker indicates stage three sessions where the
target breath sample, and two distracting breath samples from two different people
were presented. The dotted line 1illustrates the criterion (80%).
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Figure 2.13. Bella’s performance across stages of testing, discrimmating between
breath samples from three different people. The circle marker indicates stage one
sessions where only the target breath sample and two blank control samples were
presented. The diamond marker indicates stage two sessions where the target breath
sample, one distracting breath sample from a second person, and one blank control
sample was presented. The triangle marker indicates stage three sessions where the
target breath sample, and two distracting breath samples from two different people
were presented. The dotted line 1illustrates the criterion (80%).
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2.5.1.2 Procedure. Samples were presented to the dogs using the cued, 3AFC
procedure outlined above. Here, the samples were presented to the dogs in three stages
simular to those used in the previous study, and the same criterion was required at each
stage. In the first stage, the morming breath sample was presented with two control
samples. In the second stage, one of the control samples was removed and the same
imndividual’s evening breath sample was put in its place. In stage three, the last control
sample was removed and the midday breath sample from the same mdividual was put m
its place. Once a dog completed stage three, 1t was considered to have successfully
discriminated between breath samples from three different individuals. As with the
previous study, no breath samples were used for more than one work day. Therefore, if a
dog was unable to complete all three phases of testing within a work day, 1t was required
to start back at stage one of testing on the next work day.
2.5.2 Results and Discussion

2.5.2.1 Mist. Mist met the criterion for stage three on the first day of testing. As
seen 1n Figure 2_14, her performance was consistently high and never fell below 90%
correct. Therefore, Mist presented no difficulties in disciminating between one
individual’s breath samples at three different times of the day. As discussed above, Mist
demonstrated consistently high performance across all training and testing phases,
therefore, her performance throughout the training program was predictive of her
potential to work with human breath samples.

2.5.2.2 Koda. As illustrated by Figure 2.15, Koda’s performance dropped well

below the criterion at stage two when he was first requured to detect the morming breath
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sample and ignore the eveming breath sample. These results suggest that Koda may have
struggled to detect differences in the VOC content of the samples. This 1s to be expected,
because, although an individual’s breath VOC profile may fluctuate throughout the day
due to metabolic changes or exogenous sources (Amann et al_ | 2014), the three samples
likely have a large number of overlapping VOCs. Koda’s performance on the second
work day, however, was maintained at 100% correct through all stages of testing. But, as
discussed in the method section, breath samples were not used more than once.
Therefore, Koda was presented with a set of breath samples from one individual on the
first work day, and a set of breath samples from a different individual on the second work
day. We cannot elininate the possibility that the individual that donated the breath
samples used on the second day did not consume any food, drink, or medications
throughout the day that may have made their three different breath samples particularly
distinct from one another.

Koda’s performance across the training program showed some inconsistent
performance at lower saliency tea stimuli and with the breath stitmul and therefore could
have been indicative of some difficulties with lower saliency stimuli. This could be a
reason for his observed difficulty in discriminating the moming and evening breath
samples mn stage two on the first work day. However, as discussed above, it 15 possible
that the breath samples used on the first work day were qualitatively different than those
used on the second work day.

2.5.2.3 Nutella. All illustrated by Figure 2.16, Nutella maintaimned a high level of
performance at throughout all stages of this experiment, suggesting that she could

discnminate between the VOC profiles of the breath samples from the same individual
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with ease. Nutella’s performance in the traimng program was not indicative of her
potential performance, since she demonstrated much more vanability during all three
traiming phases.

2.5.2.4 Bella. As 1illustrated in Figure 2.17, Bella showed no difficulty
discnminating between the morning and evening breath samples in stage two, as her
performance was mamtamned at 100%. When presented with the nidday breath sample in
stage three, however, her performance, although imtially mgh, dropped to below
criterion. On the second work day, however, she progressed through stages two and three
maintaimng performance of 100% correct throughout all sessions, indicating that she had
little difficulty discriminating between the breath VOCs from one person at three
different times of the day. Bella’s performance throughout the traiming program was not
predictive of her performance here since she demonstrated great vanability in her
performance throughout training, but showed much more reliable performance n this

experiment.
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Figure 2.14. Mist’s performance across stages of testing, discriminating between
breath samples donated by one person at three different times of the day. The circle
marker indicates stage one sessions where the target morming breath sample 1s
presented with two blank control samples. The diamond marker indicates stage two
sessions where the target morming breath sample, the distracting evening breath
sample, and one blank control are presented. The triangle marker indicates stage
three sessions were the target morning breath sample, and the distracting evening
and midday samples are presented. The dotted line illustrates the criterion (80%).
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Figure 2.15. Koda’s performance across stages of testing, disciminating between
breath samples donated by one person at three different times of the day. The circle
marker indicates stage one sessions where the target morming breath sample 1s
presented with two blank control samples. The diamond marker indicates stage two
sessions where the target morming breath sample, the distracting evening breath
sample, and one blank control are presented. The triangle marker indicates stage
three sessions were the target morning breath sample, and the distracting evening
and midday samples are presented. The dotted line illustrates the criterion (80%).
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Figure 2.16. Nutella’s performance across stages of testing, discnminating between
breath samples donated by one person at three different times of the day. The circle
marker indicates stage one sessions where the target morming breath sample 1s
presented with two blank control samples. The diamond marker indicates stage two
sessions where the target morming breath sample, the distracting evening breath
sample, and one blank control are presented. The triangle marker indicates stage
three sessions were the target morming breath sample, and the distracting evening
and midday samples are presented. The dotted line illustrates the criterion (80%).
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Figure 2.17. Bella’s performance across stages of testing, discrimmating between
breath samples donated by one person at three different times of the day. The circle
marker indicates stage one sessions where the target morming breath sample 1s
presented with two blank control samples. The diamond marker indicates stage two
sessions where the target morming breath sample, the distracting evening breath
sample, and one blank control are presented. The triangle marker indicates stage
three sessions were the target morming breath sample, and the distracting evening
and midday samples are presented. The dotted line illustrates the criterion (80%).
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2.6 General Discussion

The goal of the current study was to test the utility of a new framning program
designed to train dogs to detect and discriminate between human breath samples. The
traiming program consisted of three major phases in which different stimuli were
presented to the dogs using a cued, 3AFC procedure. In phase one, the dogs detected
decreasing concentrations of orange pekoe tea on cotton against control stmuli. In phase
two, the dogs detected “tea breath™ stimuli, and 1n phase three the dogs detected clean
breath. All five dogs trained successfully completed the tramming program. Subsequently,
four dogs” ability to discriminate between breath samples was tested in two different
experiments. In the first expeniment, a three-stage cued, 3AFC procedure was used to test
dogs’ ability to discriminate between breath samples from different individuals. In the
second expennment, the same procedure was used to test dogs” ability to discriminate
between breath samples from one individual donated at three different times of the day.
The results showed that for both experiments, all four dogs met our established criterion
in less than six work days.

The dogs’ performance throughout the tramning program appeared to predict their
performance in Experiment 1 but not necessanily in Experiment 2. Results show that
general trends in dogs’ performance observed i the tramning program were maintained in
Expeniment 1. For example, Mist and Koda showed generally consistent performance
across both, whereas Nutella was challenged when new stimuli were presented in the
traiming phases and the testing stages. The predictive potential of Bella’s performance in
the tramning program 1s less clear since she showed inconsistent performance throughout

the tramning program unrelated to decreases m stumuli saliency, but showed systematic
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difficulties when distracting stimuli were mnfroduced in stages two and three in
Experniment 1. All of the dogs’ performance in Experiment 2 were consistently high, with
the exception of Koda, who showed poor performance on the first work day, the potential
reasons for which are discussed above. Therefore, other than for Mist, whose
performance was consistently high across traimming and testing, the dogs’ performance
throughout phases of the traimming program was not predictive of their performance in
Expennment 2. As discussed above, 1t 15 assumed that the samples obtained from one
person at three different times of the day would have different VOC profiles, but there
would be much more overlap than the samples donated from three different people.
Therefore, 1t 1s likely that the high level of performance observed in Experiment 2 was
the result of practice effects, as the dogs had smelled many breath samples at that pomnt.
Taken together, the results of the traimming program and Experiments 1 and 2 suggest
that the tramning and testing procedures were successful in fraiming the dogs to detect and
disciminate between human breath samples. Furthermore, the level of performance
observed in Experiments 1 and 2 was much ligher than the performance of the dogs
reported by Jezierski et al. (2010). The high level of accuracy demonstrated by the dogs
in these studies 1s likely attributable to a few important factors. First, contrary to
tradition, in both traimning and testing we did not use the five to seven stimulus line-up
procedure, but rather we used what could be considered a shortened line-up of only three
stimuli. While this 1s potentially an easier task, we argue that presenting a dog with more
stimuli 1s unnecessary. As discussed by Gadbois and Reeve (2014), although a correct
mndication in a seven-stimulus line-up 1s less likely due to chance than a correct indication

in a three-stimulus line-up, the longer line-up 1s more a test of a dogs’ working memory
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and resistance to sensory and perceptual interference than 1t 1s a test of accurate detection
and discrimination. If the goal of a study 1s to test dogs” ability to detect and discrinunate
stimuli, this can be easily achieved with a smaller array of stumuli. If the ability of the
dog to detect or discriminate i high distraction sifuations 1s sought, then other techniques
can be applied (Gadbois & Reeve, 2014). This proposition 1s confirmed by the data of the
current study, since the performance of our dogs 15 lugher than what was reported by
Jezierski et al. (2010).

Second, in the traiming phases we applied a criterion that required that the dogs’
performance be above chance on multiple consecutive sessions (with a few exceptions)
before they progressed onto subsequent training phases. If a dog met this criterion, we
could be sure that they could reliably perceive the stimmuli and, were motivated enough to
persist with a repetitive task. In Jezierski et al. (2010), dogs progressed through tramning
phases if their performance was above chance on 50 out of 100 trials. However, Jezierski
et al. (2010) did not observe improvement in detection accuracy within a traming phase_
This could serve as an indication that the dog did not grasp the task fully and therefore
struggled when presented with a subsequent more difficult task. This 1s likely, as the
results showed that, overall, the dogs’ performance decreased with each subsequent
traiming phase (Jezierski et al_, 2010). We agree with Schoon (1996), in suggesting that a
“better than chance™ criteria 1s not good enough 1f dogs are to be used in forensic and
biomedical detection applications (p. 258). Therefore, we suggest that more strict criteria
be adopted.

Finally, we utilized a traming program that gradually decreased the saliency of the

target sttmuli and then gradually bridged the gap between the non-biological stimulus
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(liqumd tea) and the biological stimulus (tea breath and clean breath samples). In doing so,
we ensured that dogs were detecting the target odour, and that they learned over time that
low saliency odours, including breath that they had smelled their entire lives, were
important and could signal reward.

One important limitation of the current study 1s that we did not include “zero trnials™
i which no stimulus matches the sample and the dog nmst therefore refrain from
ndicating a stimulus. However, the goal of our research was to exanune basic perceptual
olfactory processes in dogs and we at no point intended to have our dogs deployed in real
world applications, therefore zero trials were not necessary. But, as discussed by Schoon
(1996) and Jezierski et al_, (2010), 1n real world applications of olfactory detection dogs,
1t 15 imperative that a dog be capable of signaling that there 1s not a match, to prevent
false accusations of innocent suspects or to prevent unnecessary medical procedures. We
recognize this as a linutation of the current design and encourage others to implement

them in their own traming programs.
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CHAPTER 3: ASSESSING INDIVIDUAL PERFORMANCE AND
MAINTAINING BREATH SAMPLE INTEGRITY IN BIOMEDICAL

DETECTION DOGS

The manuscript prepared for this study 1s presented below. Catherine Reeve, under the
supervision of Dr. Simon Gadbois, was responsible for devising the research questions
and seeking out Dr. Peter Wentzell n Dalhousie’s Chenustry department to help develop
a protocol to prepare the materials. With the help of Dr. Wentzell and Bjorn Wielens,
Cathenine developed a method for coating cottons balls in silicone o1l. Catherine then
designed two experiments to test whether the use of silicone-coated cottons balls
improved the detectability of breath samples for smiffer dogs. With the support of her co-
authors, Catherine was the lead on dog traiming and testing. Catherine wrote the 1mtial
draft of the manuscript, and received and incorporated feedback from her co-authors and
commuttee members. The manuscript was subnutted to a special 1ssue of the journal
Behavioural Processes on ammal olfaction in May of 2017 and 1s in the revise and
resubmut stage. The full reference for this manuscript 1s:

The full reference for this manuscript 1s:

Reeve, C., Wentzell, P., Wielens. B, Jones. C_, Stehouwer, K., & Gadbois, S. (2017). Assessing
individual performance and maintaining breath sample integrity in biomedical detection

dogs. Manuscript submitted for publication to Behavioural Processes.
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3.1 Abstract
In empirical tests of biomedical detection dogs, exhaled breath samples are often used
because breath contains volatile organic compounds that can signal metabolic states,
infection, or disease. However, m studies that present dogs with breath samples, results
show a notable degree of vanabulity in dogs’ accuracy both between and within studies.
Differing protocols for the collection and storage of exhaled breath samples may
contribute to this observed vanability. The goal of the current study was therefore to test
whether there was a difference in the detectability of breath samples collected using
silicone-coated versus uncoated cotton balls. This was tested in two experiments. In
Expeniment 1, breath samples were prepared using both silicone-coated and uncoated
cotton balls, which were then left exposed to the surrounding air. Four dogs’ detection of
the samples was tested using a cued, three alternative forced choice (3AFC) procedure at
regular intervals up to two hours after the samples were prepared. The results of
Expeniment 1 showed that the dogs’ performance was above chance and there was no
significant difference in the dogs’ detection of the breath samples across conditions. In
the second experiment, a series of breath samples were prepared and stored for one, two,
three, and four week periods. The same four dogs’ ability to detect the breath samples
was tested each week using the same cued, 3AFC procedure. The results of Experiment 2
showed that when silicone-coated cotton balls were used, all four dogs could detect the
breath samples at above chance levels after the samples were stored for three weeks, and
three dogs could detect the samples that were stored for four weeks. When the dogs were
tested on their ability to detect the breath samples prepared using uncoated cotton, two

dogs’ performance fell to below chance levels at one week of storage time, while the
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other two dogs could detect the breath samples at above chance levels after the samples
were stored for four weeks. Taken together, the results of the two experiments illustrate
that silicone-coated cotton balls do not improve detectability of breath samples within
two hours, but can greatly improve the detectability of breath samples stored over longer
periods of time. Since the use of silicone-coated cotton balls only improved the
detectability of the breath samples for two of the four dogs, these results highlight the
importance of examining individual differences in dogs’ performance. Furthermore, we
argue that, piven the inherent differences in olfactory ability across dogs, widespread use
of silicone-coated cotton balls for the collection of breath samples would increase the
pool of testable dogs for biomedical detection studies and would decrease the degree of

variability both within and between studies.
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3.2 Introduction
There 15 a great need for sumple, non-invasive screemng and diagnostic techmques to
effectively prevent disease and disease complications. The effective management and
treatment of disease is dependent upon early diagnosis. For example, throughout the 20™
century, deaths due to most types of cancer have declined as a result of emphasis on early
detection (DeSantis, Ma, Bryan, & Jemal, 2014; Siegel, DeSantis, & Jemal, 2014; Siegel,
Miller, & Jemal, 2015). However, lung and pancreatic cancer do not show increased
survivability because diagnoses are often made at late stages of the disease (Siegel et al |
2016). Current screening and diagnostic tools for disease often involve subjecting
patients to painful and invasive procedures such as biopsies, laparoscopies, and blood
tests (Amann & Snuth, 2013; Burak & Liang, 1987; Jezierski, Walczak, Ligor, Rudmicka,
& Buszewsk, 2015; Wilson, 2015). The invasive nature of these procedures may prevent
some mdividuals from seeking out screemng tests because of fear of the procedures
themselves (Burack & Liang, 1987) thereby leading to late diagnoses. Furthermore, many
diagnostic tools involve the use of equipment that requires specially trained individuals to
operate, analyze, and interpret the results. Therefore, these procedures are not only
mvasive, but can also be very expensive.

The analysis of exhaled breath has been proposed as a simple and non-invasive
alternative to current diagnostic tools (Schmidt & Podmore, 2015). Breath serves as a
promusing channel for diagnostic purposes because cells emit compounds that, when
dissolved 1n the blood, become volatilized and exhaled m the breath during pulmonary
circulation (Amann et al | 2014) in concentrations of parts per billion (nmol/mol) and

parts per trillion (pmol/mol) (Schnudt and Podmore, 2015). These volatile organic
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compounds (VOCs) therefore provide a window to the metabolic processes of the body
(Amann et al , 2014). Donation of a breath sample typically involves an individual
exhaling into a breath collection bag, or breathing onto an absorbent matenal that 1s then
contained for later analysis. This approach is less invasive than traditional diagnostic
tools, permits easy, repeat donations of breath samples for most individuals, allows
sampling in the hospital or at home, and the process 1s very inexpensive (Solga & Rasby,
2013).

Currently, the most common tools for analyzing the VOC content of exhaled breath
samples mvolve specialized extraction techniques such as solid-phase microextraction
(SPME), followed by analytical techmques such as gas chromatography-mass
spectrometry (GC-MS) or the use of specialized VOC sensors (Buszewski et al , 2012b;
Sun, Shao, & Wang, 2016). Using GC-MS, Phillips et al. (1999) examined the VOCs in
breath samples from 50 “normal™ individuals. In total, Phillips et al. (1999) found over
3400 different VOCs across the participants, with individual samples averaging 204.2
VOCs. Although individuals differ greatly in the number and type of VOCs emitted in
their breath, specific diseases and physiological conditions may present specific VOC
profiles (Phallips et al., 1999; Wilson, 2015). The analysis of disease-specific VOCs in
exhaled breath has been proposed as a method for the detection of a wide range of
physiological conditions (Schnudt & Podmore, 2015), including cancers (Balseiro &
Correia, 2006; Buszewski et al | 2012b; Rudnicka, Walczak, Kowalkowski, Jezierski, &
Buszewski, 2014; Sun et al , 2016; Szulejko et al_, 2010), lung inflammation and disease
(Corradi & Mutti, 2013), hiver function (Modak, 2013) and diabetic hypoglycemma (Minh,

Blake, & Galassetti, 2012; Neupane et al , 2016; Smuth, ﬁpanél, Fryer, Hana, & Ferns,
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2011) to name a few. Despite progress developing VOC disease profiles, current
technologies are only able to detect VOCs in concentrations of parts per billion
(nmol/mol) (Schnudt and Podmore, 2015), and disease conditions are often marked by
numerous different VOCs or simply by changes m VOCs (Solga & Risby, 2013), making
analysis even with the most sensitive technologies difficult (Buszewski et al , 2012b;
Wilson, 2015). Moreover, these techniques can be expensive and require highly tramed
individuals to perform the tests and analyze the results (Ross & Esarik, 2013).
Alternatively, trained domestic dogs have been proposed as a cheaper and more
accessible VOC analysis techmque. A dog’s nose 1s physiologically perfected to take in
and process volatile compounds. When a dog smffs, airrborne molecules are efficiently
directed mto the nasal cavity where the molecules contact the olfactory epithehum
(Buszewski et al | 2012b; Craven, Paterson, & Settles, 2010; Settles, Kester, & Dodson-
Breibelbis, 2003). The dog’s genome contains 1,094 olfactory receptor genes (Quignon et
al , 2005) coding for the olfactory receptors located in the olfactory epithelium. This
translates into the ability to detect some odours at 1 part per trillion (ppt, Pearsall &
Verbruggen, 1982; Walker et al_, 2006). Furthermore, dogs are highly tramnable, and
using the principles of operant conditioning, can be trained to 1dentify specific odours
(Gadbois & Reeve, 2014). Using an olfactometer, Waggoner et al. (1998) tested four
dogs’ ability to detect a target odour in the presence of an extraneous odours as the
concentration of the extraneous odours increased. All of the dogs could successfully
detect a target odour in the presence of extraneous odours, and one dog could detect the
target odour even when the extraneous odour increased to a concentration 100 times

stronger than the target odour. Furthermore, Walker et al. (2006) reported that two dogs
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were able to detect n-amyl acetate at parts per tnillion; concentrations significantly lower
than those detectable by current technologies (Schnudt & Podmore, 2015). These results
illustrate the incredible sensitivity of dogs’ noses, and their ability to identify specific
odours. It further suggests that complex mixtures of many odours, such as would be
expected in a breath sample, do not necessarily impede the ability of dogs to detect
specific target odours. Applied to biomedical detection, dogs’ incredible olfactory
abilities combined with their trainability make them promusing diagnostic assistants.
Empirical studies of dogs’ ability to detect disease and physiological states from breath
samples present promuising results, but a careful examination of the hiterature shows
mnconsistencies both withun and between studies.

Empinical tests of dogs’ efficacy as biomedical detection tools have focused
primanly on dogs’ ability to detect a vanety of cancers, but also on physiological states
such as diabetic hypoglycenua. Dogs’ performance on these tasks 1s typically reported
using sensitivity and specificity. Sensitivity 1s the proportion of positives correctly
1dentified as such, usually expressed as a percent and specificity 1s the proportion of
negatives correctly identified as such. Here we will briefly review those studies that
present dogs with breath samples specifically.

To the best of our knowledge, McCulloch et al. (2006) have conducted the only
study to examine dogs’ ability to detect breast cancer from breath samples. McCulloch et
al. (2006) obtamed breath samples from individuals with biopsy-confirmed breast cancer
as well as breath samples from healthy confrols, and then tested five dogs™ ability to
1dentify a cancerous sample amongst control samples. McCulloch et al (2006) reported

that the dogs could 1dentify cancerous breath samples with 88% sensitivity and 98%
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specificity. Likewise, Sonoda et al. (2011) have published the only study to examine
dogs’ ability to detect colorectal cancer from breath samples. Sonoda et al. (2011)
presented one dog with breath samples from individuals with colorectal cancer against
breath samples from healthy controls and reported the dog’s detection sensitivity was
91% and specificity was 99%. Taken together, these results are impressive and
encouraging with respect to the effectiveness of biomedical detection dogs.

To date, there has been a greater focus on the empirical examination of dogs’
ability to detect lung cancer, and the results have been more inconsistent. A review of the
current studies shows more inconsistencies in the dogs’ performance than those reported
for breast and colorectal cancer detection. Buszweski et al. (2012) and McCulloch et al.
(2006) presented tramned dogs with breath samples from individuals with lung cancer and
healthy controls. Buszweski et al. (2012) reported that the dogs (the number of dogs was
not reported) tested detected the cancerous samples with detection sensitivity and
specificity of 82 2% and 82 4% respectively, and McCulloch et al. (2006) reported that
the five dogs tested identified the lung cancer samples with 99% sensitivity and 99%
specificity. Sumlarly, Ehmann et al (2012) and Rudnicka et al (2014) presented dogs
with breath samples from individuals with lung cancer and control samples, but here the
control samples included breath samples from healthy individuals as well as mdividuals
with asthma (Rudnicka et al, 2014), individuals with Chronic Obstructive Pulmonary
Disease (Ehmann et al, 2012; Rudmicka, 2014), or synthetic samples (Rudnicka et al |
2014). Ehmann et al. (2012) reported that the four dogs tested could indicate the lung
cancer sample agamst the controls with detection sensitivity of 71% and specificity of

93%, while Rudmicka et al. (2014) reported that the two dogs tested had overall detection
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sensitivity of 86% and specificity of 72%. Rudnicka et al. (2014) pointed out, however,
that when examining each dogs’ performance individually, 1t was apparent that one dog
detected lung cancer better than the other. Fmally, Amundsen, Sundstrem, Buvik,
Gederaas, and Haaverstad (2014) attempted to determine whether dogs could distinguish
between malignant and bemign conditions. To begin, Amundsen et al. (2014) trained dogs
to 1dentify lung cancer by presenting the dogs with cancerous tissue samples and breath
samples from healthy controls; a task that the dogs completed with a high degree of
sensitivity and specificity. However, when Ammundsen et al (2014) subsequently
presented the dogs with a series of heterogenous breath samples that were obtamned from
individuals with either malignant or bemign conditions (as would be expected in a real
world applied setting), the dogs’ were only able to detect the malignant conditions with
overall sensitivity and specificity of 56% and 33% respectively. This was a more
challenging task than in previous studies, and the results were much less promusing. As
evidenced by the findings of the studies discussed here, dogs’ ability to detect lung
cancer 1s uncertamn. Although the studies discussed above were all examiming dogs’
ability to detect lung cancer in breath samples, considerable vanability was evident in
their reported results, both within and between studies.

Sinularly, the only empirical study to examine dog’s ability to detect diabetic
hypoglycenua from breath reports diffening levels of performance across dogs. Hardin,
Anderson, and Cattet (2015) applied camine detection of VOCs to the detection of
hypoglycenua, or low blood sugar, in individuals with Type 1 Diabetes. In this study,
participants collected samples that contained both sweat and breath by rubbing gauze

pads on their skin, putting the gauze pad into a bag, and then exhaling into the bag.
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Samples were collected duning a hypoglycemic event and when blood sugar levels were
normal. Hardin et al (2014) then tested whether six dogs could identify the
hypoglycenuc samples against normal glycemic samples. Of the six dogs tested, the
detection sensitivity ranged from 50-87.5% and specificity ranged from 89.6-97.9%. In
this case, five out of the six dogs tested could detect the hypoglycemic sample with a
high degree of consistency, but one dog, although at above chance levels, had a much
poorer performance than the other five dogs. Taken together, empirical studies of dogs’
ability to detect disease illustrate that as the field of canine biomedical detection grows,
mconsistencies in findings continue to emerge.

Inconsistencies in the field of canine biomedical detection both within and across
studies are likely attributable to several factors, mcluding differences in dog
characteristics (breed, age, sex, etc.), differences in fraiming protocols and tramning time,
experimental setup, and sample collection and storage (reviewed by Jezierski et al, 2015;
Mosher & McCulloch, 2006). Sample collection and storage 1s a fundamental concern
because if the necessary VOCs are not adequately “captured”, dogs will not be able to
detect the VOCs 1n the samples regardless of breed, training, or experimental protocols.
In the studies discussed above, the majority of breath samples were collected by having
participants breathe through a sample collection tube contaimning polypropylene wool
(Buszewski et al | 2012a; McCulloch et al |, 2006) fleece, (Ehmann et al_, 2012), or filters
(Amundsen et al , 2014). Sonoda et al. (2011) had participants exhale into a breath
collection bag and in the case of Hardin et al. (2015), participants breathed into a bag
containing a gauze pad before sealing the bag. The length of time these samples were

stored before being presented to dogs varied from one day (McCulloch et al |, 2006) to six



111

months (Ehmann et al., 2012). Given that VOCs are volatile gases, the quality and
longevity of breath samples must be considered carefully. Depending on the materials
used to collect the breath samples, the number of VOCs contained and the amount of time
before the volatiles desorb and dissipate will be vanable. In an attempt to elininate
concems about breath sample viability, some researchers have designed their breath
collection materials with this m mund.

When breath 1s exhaled onto a given material, the contamnment of volatiles will be
influenced by both the chemical properties (e g, affimty to particular VOCs) and
physical characteristics (e.g., surface area) of the matenal. If the material 1s a solid, such
as cotton or wool, the number and types of volatile molecules that adsorb onto the surface
of the solid will be limited due to the nature of the mnteractions between the compounds
and the surface active sites, as well as by the number of sites available for bonding
(Atkins & de Paula, 2006). In the studies conducted by McCulloch et al. (2006) and
Ehmann et al. (2012), the authors specify that the absorbent material used to collect
breath samples was polypropylene wool or fleece coated in silicone o1l. When a solid
material 15 coated in a hiquid phase such as silicone o1l, the capacity of the matenal to
retain chemical compounds generally increases because it 1s no longer limited by the
surface area, but rather the volume of the liqud matenial Furthermore, mechamsms for
gas/liquid phase equilibration (partitioning) are of a more general nature (dipole, induced
dipole, hydrogen bonding) than those for surface binding, so a larger variety of molecules
would be expected to have an affimity for silicone o1l (Patel et al_, 2017) than solid
surfaces. These characteristics suggest that more VOCs (varety and amount) will

dissolve mnto the silicone o1l than will adsorb onto a solid material alone.
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Moreover, volatile compounds dissolved mto silicone o1l may take longer to desorb
mnto the surrounding air than compounds adsorb onto the surface of a solid material  After
breath samples are prepared, they are typically stored within a sealed container. Once
sealed, the compounds will adsorb onto the surface of the sohid, or absorb into the
silicone o1l until they have reached equilibrrum as defined by their individual partition
coefficients: the ratio of the concentration of the compound on the breath collection
material to its concentration in the air in the tube (Kwon, 2001). However, once the
container 1s opened to the environment (for presentation to a smffer dog), the volatiles on
the materials will begin to desorb into the surrounding air until as the equlibrium 1s
disrupted by diffusion of gas phase VOCs out of the tube, requiring them to be
replenished by adsorbed/absorbed compounds. Given that the silicone-coated matenal
has a hugher capacity for VOCs than the material alone, once the container 1s opened it 15
likely that diffusion of the VOCs from the silicone o1l into the surrounding air will persist
for a longer period of time (Bir, 2000). Therefore, 1t 15 likely that breath samples
collected using matenials coated in silicone o1l will result in a sample that, when
presented to a dog, allows them to smell more volatiles for a longer period of tume than
samples collected with adsorbent materials alone. Considering the vanability in the
sample collection and storage procedures in the studies outlined above, 1t 15 possible that
the vanability in the performances of the dogs 1s a result of the varied quality of the
breath samples.

The question of whether or not the use of silicone treated adsorbent materials
actually increases a dog’s ability to detect a breath sample over time has never been

empirically exanined. The goal of the current study, therefore, was to determine how the
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use of silicone-coated cotton for collection of a human breath sample affected dogs’
ability to detect breath samples. This question was exanuned across two experiments. In
both expennments the dogs were presented with breath samples in two conditions: an
experimental condition in which breath samples were collected using cotton coated in
silicone o1l and a control condition in which the breath samples were collected using
uncoated cotton. In Experiment 1, we examined the detectability of breath samples after a
period of two hours, and 1 Experiment 2 we examuned the detectability of breath
samples stored for up to four weeks.
3.3 Experiment 1

The goal of Experiment 1 was to determuine whether the use of silicone-coated cotton
balls affected dogs’ ability to detect breath samples that were left exposed to the air for
up to two hours. In the expennmental condition dogs were presented with breath samples
prepared using silicone-coated cotton balls, and i the control condition, the dogs were
presented with breath samples prepared using uncoated cotton balls. In both conditions, a
breath sample was prepared when a dog arrived at the lab. Once a researcher had
breathed through the tube, the sample was left exposed to the surrounding air, and the
dog’s ability to detect the breath sample was then tested at regular intervals for a
maximum of 2 hours.
3.3.1 Method

3.3.1.2 Participants. Four dogs participated in this study. Three of the dogs were
purebred border collies: Nutella (4 year old female, mtact), Mist (4 year old female,
spayed), and Bella (3 year old female, spayed). One of the dogs, Koda, was a border

collie mix (2 year old male, neutered). The dogs’ owners brought the dogs to the lab once
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a week for 2 to 3 hours at a time. Each dog had a designated work day that did not
overlap with that of another dog. All four dogs had previously been trained to detect
breath using a “Saliency Tramning Procedure™ outlined in Gadbois and Reeve (2016).

3.3.1.3 Stimuli.

3.3.1.3.1 Silicone-coated Cotton Balls. Silicone-coated cotton balls were prepared
by first placing cotton balls on a scale and recording their combined weight (ca. 29 g for
40 cotton balls). The cotton balls were then uniformly distributed in a 2.8 L glass dish
(ca. 34 cm x 23 cm). Next, an equivalent weight of 100% silicone o1l (Clearco Products
Co., Inc) (1 g silicone o1l/1g of cotton balls) was dissolved in hexane n a 14:1
(hexane:silicone o1l) mass ratio (ca. 6.7% w/w solution), since we had previously
determined that a 1 g cotton ball could absorb about 14 mL of liqud. The hexane was
added to the silicone o1l 1n a stepwise fashion (ca. 21.4 mL/g) from a 1000 mL beaker to
ensure complete dissolution. The resulting solution was poured into the glass dish
containing the cotton balls. The researcher then held each side of the dish and tilted 1t
carefully from side to side to allow the silicone o1l solution to come in contact with every
cotton ball. As the cotton balls absorbed the solution they took on a shghtly darker
colour, so the researcher observed carefully to ensure that the solution was absorbed fully
by all of the cotton balls. If necessary, individual cotton balls were turned over so that
they would soak up the solution entirely.

The cotton balls soaked in silicone o1l and hexane solution were then left inside a
fumehood for 24 to 48 hours. This allowed the hexane to evaporate, leaving the cotton
balls coated only in silicone o1l. The resulting silicone-coated cotton balls were placed

mto a glass mason jar with the lid secured until needed.
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3.3.1.3.2 Breath Samples. Breath samples were collected using PET cylindnical
tubes [poly(ethylene terephthalate) ordered from Uline ca, measuring 20.5 cm 1n length
and 7 cm in diameter]. A single breath sample was prepared by first using metal tweezers
to mnsert two cotton balls mside a tube (see Figure 3.1A). In the experimental condition,
these cotton balls were coated 1n silicone o1l and in the control condition, these cotton
balls were not coated. One mndividual prepared all of the breath samples. This individual
was careful not to eat any food or drink items that would result in a very strong breath
odour the day of breath sample preparations. The mdividual providing the breath sample
held the tube contaiming the two cotton balls 1n one hand, very gently placed the tube
against their lips, and exhaled two deep breaths through the tube. Whale exhaling, the
mndividual placed their other hand very lightly against the far end of the tube so as not to
block the flow of breath, but as a barner in case the breath pushed the cotton ball out of
the tube. The imndividual then turned the tube around, placed the other end against their
lips, gently blocked the far end of the tube, and exhaled a further two deep breaths for
uniform exposure of both cotton balls. Then, using tweezers, one of the cotton balls was
removed and placed mnside a stainless steel jar with holes in the lid. The breath collection
tube contaiming the other cotton ball was then placed inside a sample station: a wooden
platform that held a black plastic PVC tube measuring 25 cm in length (see Figure 3.1 B
and C). The PVC pipe was longer than the breath collection tube therefore the breath
collection tube sat a few centimeters below the opening of the PVC pipe. This prevented
the dogs from comung into contact with the breath collection fube.

Two blank tubes that were not exposed to exhaled breath were prepared using the

same procedure, however only one cotton ball was inserted into each. In the experimental
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condition, these “blank™ cotton balls were coated in silicone o1l and in the control
condition, these cotton balls were uncoated. No breath was exhaled through the blank
tubes. Both blank tubes were then placed inside two additional sample stations, resulting
in three 1dentical sample stations (see Figure 3.2). Researchers placed small pieces of
tape with sample type indicators on the base of each sample station. The sample stations
were placed on the floor so that these indicators faced away from the dog. Which sample
station contained the breath sample was decided randomly (see randonuzation procedure
below) for each work day and the PVC tubes and wooden bases were cleaned with water
and ethanol between each work day.

3.3.1.4 Procedure. Testing took place mside Dalhousie’s Camid Behaviour
Research Lab. The lab contains three rooms: Room 1, where the dogs stayed between
work sessions, Room 2, a small interior room connecting the other two rooms, and Room
3, where the testing was done (see Figure 3 3). Dogs began a work session by waiting
with a handler mside Room 2 while the test stitmuli were set up in Room 3 by a
researcher. When a test trial began, the door to Room 3 was opened and the dog was led
mn

The dogs were tested using a cued, 3 Alternative Forced Choice (3AFC) procedure.
Although the dogs were only ever presented with one target sample and two blank
samples, this study was part of a larger research program in which future studies would
require the dogs to discimunate between multiple breath samples. Therefore, the dogs
were cued at the beginming of each tfrial to maintain consistency. Using this procedure,
the dog handler opened the door between Room 2 and Room 3 and then presented the

stainless steel jar contaming one cotton ball from the prepared breath sample to the dog to
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smff The handler then directed the dog towards the three sample stations, which were
presented simultaneously, lined-up beside one another (see Figure 3.2). One of the
stations contained the 1dentical breath sample and the other two stations contamed blanks.
The dog was required to mmdicate the station containing the target breath sample (that
matched the sample mside the stainless steel jar) using a previously tramned “nose hold”
behaviour where the dog held its nose or chin against the tube for five full seconds (see
Figure 3.2). If the dog chose correctly, 1t was rewarded with a few pieces of kibble and/or
a few tosses of a ball accompamed by verbal praise. If the dog chose mcorrectly, the
handler uttered a gentle “nope™ and the dog was lead out of the room without reward. In-
between test trials, the dog was led back into Room 2 and the door to Room 3 was closed.
Each work session contamned 10 test trials. In between test trials, while the dog and
handler were in Room 2, researchers wiped the opening of the PVC tubes with a paper
towel wet with a solution of 20% ethanol. Duning this fime, researchers also randonuzed
the positions of the sample stations without the handler or dog watching. Within the 10
trials per session, the position of the target breath sample (left, muddle, or nght) relative
to the blank samples was predetermined using a randomization procedure. Researchers
applied specific constraints to the position, such that the breath sample could not be in
one location for more than three consecutive trials, the breath sample had to be 1 each
posttion at least three times within the 10 trial session, and finally, the position of the
breath sample could not follow a patterned position (e.g., left, rnght, left nght) for more
than 2 iterations.

Each work day, dogs completed 4 or 5 work sessions comprised of 10 trials each.

Dogs completed the first work session when the breath sample was relatively “fresh”,
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meaning within 5 minutes of collection. The subsequent sessions were completed within
15-20 nunute mtervals after the first. When a session was complete, dogs waited in Room
1 unti] the next work session began. Durning this time they had free access to water and
were taken out regularly to relieve themselves if necessary.

Each dog completed two work days for each condition (for a total of 20 tnials at
each time mnterval for both conditions). First, each dog was presented with breath samples
collected using silicone-coated cotton on two successive work days, and then on two
subsequent work days, they were presented with samples prepared using uncoated cotton.
Within each condition, the dogs’ performance was averaged for each time point (e.g., a
dog’s number of correct trials detecting a “fresh™ breath sample on uncoated cotton the
first week was averaged with the same dog’s number of correct tnials detecting a “fresh™
breath sample on uncoated cotton the second week).

All procedures were approved by the University Committee on Laboratory Animals
before the study was conducted.

3.3.1.5 Analyses. Binonual tests were conducted for each dogs’ performance using
the number of successful tnals out of their total number of trials, 0.33 probability of
success per trial, and an alpha level of 0.05. Wilcoxon Signed Rank tests were completed

using SPSS (version 22).
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Figure 3.1. The components of a breath sample station. A_ The plastic tube
contamning a cotton ball used for breath sample preparation. B. Illustrates
that the breath sample tube 1s shorter than the black PVC pipe in which the
breath sample tube 1s placed. C. The breath sample tube inside the black
PVC pipe 1s held upright when placed mnside the wooden stand. All umts
combined results in one breath sample station.

119



120

Figure 3.2. Three 1dentical sample stations placed on the floor beside one another
for presentation to the dogs. One sample station contains a breath sample and the
other two contain blank samples. Here, Mist 1s identifying the station contaimning the
breath sample using the “nose hold” behaviour.
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Figure 3.3. The layout of the Camd Behaviour Research Lab at Dalhousie
Umniversity. Room 1 1s where dogs spend time when they are not bemng tested. Room
2 1s where dogs wait between test trials, and Room 3 15 where testing takes place.
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3.3.2 Results and Discussion

Wilcoxon Signed Rank tests were used to compare each individual’s results across
conditions and bmonual tests were used to determune whether the dogs’ performance was
greater than what would be expected by chance. The tests revealed that for all four dogs,
there was no difference between their performance detecting a breath sample prepared
using silicone-coated cotton and a breath sample prepared using a uncoated cotton ball
(Bella Z(5) = - 0.677 p = 0.498, Nutella Z(3) = - 0.272, p = 0.785, Koda Z(3) = 0.00 p =
0.593, Mist Z(4) =-1.841 p = 0.066; see Figures 3 4 A through D). Furthermore, at every
mnterval up until two hours after the breath samples were prepared, the dogs were able to
detect the breath samples at a performance level sigmficantly better than would be
expected by chance regardless of whether they were prepared using silicone-coated
cotton balls or uncoated cotton balls (see Table 3.1). Therefore, it can be inferred that two
hours after the breath samples were prepared, the VOCs 1n the breath that had adsorbed
onto the surface of the cotton in the control condition did not desorb and dissipate faster
than the VOCs that had dissolved into the silicone o1l coating the cotton in the
experimental condition. This 1s valuable information as 1t suggests that VOCs m breath
samples will remain detectable throughout the duration of longer testing sessions whether
or not researchers use silicone-coated materals to collect the breath samples. However,
as discussed in the introduction, some researchers stored their breath samples for
extended periods of time (Ehmann et al | 2012) before presenting them to dogs.
Therefore, Experiment 2 sought to examine whether or not the use of silicone-coated
cotton balls increased dogs’ detection of breath samples with storage time of up to four

weeks.
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Table 3.1

Binomial tests of dogs’ performance detecting breath samples prepared using
cotton balls coated in silicone oil and uncoated cotton balls. Dogs were tested
when the breath samples were fresh and then at regular intervals up to two hours
later. All dogs completed 20 trials at each interval.

Coated Uncoated
Dog Session No. of p - value No. of p - value
numher SUCCESSES SUCCESSES
(n=20 trials) (n=20 trials)
Fresh 15 =0.00012 14  =0.00064
2 17 =2.24x10" 15 =0.00012
Bella 3 15 =0.00012 12 =0.0085
4 15 =0.00012 14  =0.00064
5 15 =0.00012 15 =0.00012
Fresh 14 =0.00064 14  =0.00064
2 18 < 1x10° 16 =193x107
Nutella 3 15 =0.00012 14  =0.00064
4 14 =0.00064 16 =193x107
Fresh 17 =2.24x10" 18 < 1x10°
2 19 < 1x10° 20 < 1x10°
Koda 3 19 < 1x10° 19 < 1x10°
4 20 < 1x10° 20 < 1x10°
5 20 < 1x10° 12 =0.0085
Fresh 20 < 1x10° 19 < 1x10°
) 2 20 < 1x10° 16 =193x107
Mist
3 20 < 1x10° 17 =224x10"

4 19 <1x10° 15 =0.00012
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Figure 3.4. Bella (A), Nutella (B), Koda (C), and Mists’s (D) performance detecting
breath samples that had been prepared and left exposed for two hours. Each data pomt
illustrates her average performance for two work days. The solid black line illustrates
their performance detecting breath samples prepared using silicone-coated cotton balls
and the dotted line 1llustrates their performance detecting breath samples prepared using
uncoated cotton balls. Chance level (0.33) 1s illustrated with the intermittent dashed line.
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3.4 Experiment 2
The results of Experiment 1 suggested that there was no difference n dogs’ ability to
detect a breath sample between conditions (breath samples prepared using silicone-coated
cotton versus uncoated cotton), up to two hours after breath sample preparation. In
Expeniment 2, we were interested in whether the use of silicone-coated cotton balls
affected dogs’ detection of breath samples at much longer time intervals of up to four
weeks. Dogs were presented with breath samples prepared using silicone-coated cotton
balls (in the experimental condition) and uncoated cotton balls (in the control condition)

that were fresh, or one, two, three, and four weeks old.

3.4.1 Method

3.4.1.1.Participants. The dogs’ characteristics for Expeniment 2 were 1dentical to
those of Experiment 1.

3.4.1.2 Stimuli. On the first day that a dog began the experimental condition of the
study, a researcher prepared five sample sets using cotton balls coated in silicone o1l.
Each sample set contained three stimuli: one breath sample and two control samples. The
breath samples were collected using the same protocol as Experiment 1, however, once a
breath sample was collected, two tight fitting caps were placed on either end of the tube.
Caps were placed on the control sample tubes as well. Only one individual prepared all of
the breath samples. All sample sets were stored at room temperature inside cold msulated
bags (President’s Choice © Thermal Grocery Tote) m Dalhousie’s Camd Behaviour
Research Lab until use.

On the first day that a dog began the control condition of the study, a researcher

prepared a further five sample sets using uncoated cotton balls. The same individual that
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prepared all of the breath samples in the experimental condition also prepared all of the
breath samples for the control condition (and was the same individual that prepared all
the breath samples for Experiment 1).

3.4.1.3 Procedure. The dogs were tested on their ability to detect breath samples
up to four weeks after samples were prepared. All dogs completed the conditions in the
same order (not counterbalanced). First, all dogs were tested mn the experimental
condition, where they were presented with breath samples that were prepared using
cotton balls that had been coated m silicone o1l. Subsequently, all dogs were tested in the
control condition, where they were presented with breath samples that were prepared
using uncoated cotton balls. It was predicted that the breath samples prepared using
uncoated cotton would be more difficult for the dogs to detect than breath samples
prepared with silicone-coated cotton. Therefore, if uncoated cotton samples were
presented to the dogs first, the dogs may have performed poorly and, consequently,
become confused about the conditions of reward. If the dogs were then tested on their
ability to detect breath samples prepared using silicone-coated cotton, poor performance
could be attributed to previous confusion and therefore not be reflective of their ability to
detect the breath samples.

On the first day of the study, dogs were tested on their ability to detect a fresh
breath sample that was prepared that day. Each subsequent week a new sample set was
used, therefore on the second week the sample set used was 1 week old. On the thard
week, the sample set used was two weeks old, the fourth week the sample set used was
three weeks old, and finally, on the fifth week the last sample set used was four weeks

old.
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In the control condition, one dog, Mist, was only tested using one, two, and three-
week old samples (she was not tested using a four-week old sample) due to time
constraints. One dog, Bella, completed a subsequent third phase of the study in which she
was presented with an addifional three-week old breath sample prepared using cotton
coated 1n silicone o1l The reason for testing Bella with a third phase will be explained
below.

In preparation for testing, a single sample set was removed from storage and the
caps were removed from all of the tubes. One of the cotton balls in the breath sample tube
was removed and placed 1n a stainless steel jar with holes in the lid. Then all three tubes
were placed inside sample stations (see Figures 1 and 2).

The general procedure was 1dentical to that of Expeniment 1; The dogs were tested
using a cued, 3 Alternative Forced Choice procedure. Each dog completed 2-4 sessions of
10 trials each per work day and their performance was averaged across the sessions for
each work day. All tnnals were performed double-blind.

If a dog’s performance one week averaged less than 50%, and was accompamied by
behavioural mdications that the dog was frustrated or upset (e_g., whining, barking,
refusal to approach the sample stations), testing did not continue the following week, and
the condition was considered complete. This was because 1t was assumed that 1f a dog
could not mndicate a sample, they would be unlikely to be able to indicate an older sample
the following week. It was also important to avoid the possibility that a dog became
confused with the goal of the task as a result, its performance would decrease regardless

of its ability to detect the breath sample.
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3.4.1.4 Analyses. Binonual tests were conducted for each dog using the number of
successful tnials out of their total number of trnials, 0.33 probability of success per trial,
and an alpha level of 0.05. Wilcoxon Signed Rank tests were completed using SPSS
(version 22).
3.4.2 Results and Discussion
The results of Experiment 2 showed notable individual differences in each dog’s
performance across conditions. Therefore, each individual dog’s results will be presented
and discussed independently.

In the experimental condition of Expeniment 2, binonual tests revealed that Bella
could detect the breath samples at a performance significantly better than expected by
chance for fresh, one, two, three, and four-week old samples (see Table 3.2 and Figure
3.5A). Conversely, Bella’s performance in the control condition suggested that the she
could not detect the breath samples on uncoated cotton balls after one week of storage.
When presented with breath samples prepared using uncoated cotton, Bella was able to
detect the fresh breath sample at above chance levels. This result was not surprising,
given the results of Experiment 1, which suggested that a breath sample on uncoated
cotton remains detectable for at least two hours after preparation. However, when tested
on her ability to detect the 1 week old sample, her performance dropped to 10%.
Furthermore, as the session progressed from trial 1 to trial 10, Bella displayed behaviours
that would suggest she was frustrated, such as barking, whining, and refusing to approach
the sample stations. Bella’s performance combined with her behaviour throughout the
session indicated that the one-week old breath sample prepared on uncoated cotton was

difficult, 1f not impossible for Bella to detect. To explore this finding further, a week after
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being presented with the one-week old breath sample on uncoated cotton, Bella
completed a work session where she was presented with a new three-week old breath
sample prepared using silicone-coated cotton. In this session, Bella was 100% correct m
1dentifying the breath sample agamnst the blank samples. Therefore, Bella’s results clearly
suggested that, when stored for multiple weeks, the breath samples prepared using
silicone-coated cotton balls were much easier to detect than the breath samples prepared
using uncoated cotton balls. An examination of Nutella’s performance reveals a similar
pattern across conditions (see Table 3.2 and Figure 3 5B).

In the experimental condition when the breath samples were prepared using
silicone-coated cotton, Nutella was able to detect fresh, one, two, and three-week old
breath samples at a level sigmficantly better than would be expected by chance (see Table
3.2). However, throughout this time her performance gradually decreased from an
average of 97% with a fresh sample, to 83% at two weeks, 77% at three weeks, and then
fell to 68% at four weeks. These results suggest that, despite the use of the silicone-
coated cotton balls, the concentration of breath volatiles was still gradually decreasng
throughout the four week period to a pomnt that Nutella’s detection of the breath was
effected. Despite Nutella’s gradual decrease in performance in the experimental
condition, a comparison of her performance in the experimental condition to her
performance in the control condition illustrates a dramatic difference. In the control
condition when Nutella was presented with breath samples prepared using uncoated
cotton, she was able to detect the fresh sample with an average of 97%; a level of
performance to be expected considering the results of Experiment 1. But when Nutella

was tested with the one-week old breath sample, her performance dropped to only 10%.
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During this session, Nutella demonstrated behaviours that were not observed in the
experimental condition, such as wluning and barking. As with Bella, the researchers
interpreted these behaviours as signs that Nutella had difficulty detecting the breath
sample and was frustrated with the task. Given that every trial n this study contained a
stimulus that matched the cue, Bella and Nutella were never trained to provide a “no
match™ behaviour whereby the dogs would mndicate that none of the sttmuli matched the
cue stimulus. If they had been trained to provide a “no match™ indication, however, it 1s
possible that they would have exhibited less frustration behaviours when they could not
perceive the breath sample_ It remans clear though, that for both Bella and Nutella, the
use of silicone-coated cotton balls greatly improved the detectability of the breath
samples over an extended period of time. There are a few potential reasons for why, at
the molecular level, this would be the case.

As discussed m the infroduction, if a breath collection tube 1s sealed after breath
sample donation, the compounds within the tube will adsorb onto the surface of the
cotton, or partition into the silicone o1l until each compound has reached an equlibrium
between the concentration of the compounds on the cotton or in silicone o1l and the air
contained in the tube (defined as the partition coefficient). In Expeniment 2, the breath
collection tubes were sealed for up to four weeks and theoretically the concentration of
compounds within the tube did not change during this time. However, the results suggest
a decrease 1n the concentrations of gas phase VOCs over time, especially in the case of
the uncoated cotton. A number of mechanisms mght be responsible for this. Although
unlikely, it 1s possible that the seal of the tubes was not sufficiently tight to prevent

diffusion of VOCs out of the tube. This would affect both conditions, but the impact
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would be greater for the uncoated cotton, since the capacity of the storage medmm 1s less
and would therefore be affected more quickly. A second possible explanation 1s
wrreversible adsorption of the volatiles, (either onto the sides of the tube or into the
cellulose n the case of the uncoated cotton) or permeation into the plastic walls of the
tube. Irreversible adsorption implies a strong chemucal interaction that essentially
precludes equilibration with the gas phase and, again, would be expected to have a
greater effect for the uncoated cotton. A third possibility that cannot be excluded 1s the
slow reaction of key volatile organics to form mactive (non-volatile or non-detectable)
compounds. This scenario would be expected to be more likely in the case of the
uncoated cotton, where the molecules are interacting directly with active sites, than in the
case of the coated cotton, where the molecules are dissolved in relatively mert silicone
o1l. Any combination of these factors could explain the poorer detectability of the breath
samples m the control condition, as demonstrated by Nutella and Bella. Taken together,
these factors could explain the poorer detectability of the breath samples in the control
condition, as demonstrated by Nutella and Bella.

Contrary to the results of Bella and Nutella, however, no differences were
observed in etther Koda’s or Mist’s performance across conditions; Wilcoxon Signed
Rank tests revealed no significant difference between Koda (Z(4) =- 0.365, p=.715) and
Mist’s (Z(3) =-0.816, p = 414) performance on breath samples collected using silicone-
coated cotton balls and breath samples collected using uncoated cotton balls (see Figures
3.5C and 3.5D). Furthermore, the results of binonual tests revealed that their performance
in both conditions, across all storage times, was significantly higher than would be expect

by chance (see Table 3.2). In the experimental condition, Mist and Koda were able to



132

detect the breath samples prepared using silicone-coated cotton balls at above chance
levels for fresh, one, two, three, and four-week old samples, consistent with the results of
Bella and Nutella. Mist and Koda’s performance in the control condition differed greatly
from Bella and Nutella’s. In the control condition of Experiment 2, Mist was able to
detect the breath samples prepared using uncoated cotton balls at above chance levels
when the samples were fresh, one, two, and three weeks old, and Koda was able to detect
the samples at above chance levels at fresh, one, two, three, and four weeks after sample
preparation. During all of the sessions, neither Mist nor Koda showed any indications that
they had any difficulty detecting the samples. Given the stark difference between the
performance of Koda and Mist, and Bell and Nutella, one must consider the possibility
that the breath samples presented to Koda and Mist contained more easily detectable
breath volatiles, compared to the samples presented to Bella and Nutella. This could
occur if, on the day the breath samples were prepared for Koda and Mist, the breath
donor had consumed particularly strong smelling food or drink items or taken
medications that she did not consume the day she prepared breath samples for Bella and
Nutella. Per the procedure, only one individual carefully prepared all breath samples to
mimmize this source of variability. Despite best efforts to mimnize inter-sample
differences, however, it cannot be 1gnored as a potential confound. It 1s also possible that
the tubes used to prepare the breath samples for Koda and Mist were sealed more tightly
than those used for Bella and Nutella, resulting in fewer losses of compounds from the
tube. However, the same model tubes and caps were used for preparation of all of the
breath samples for each dog, so it would be expected that any differences between the

seal of individual tubes and caps would be minor.
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Alternatively, 1t 1s possible that the differences observed between dogs 1s simply
the result of individual differences. As will be discussed below, individual differences
between dogs can greatly affect their performance on olfactory tasks (Jezierski et al |
2008). Given that individual differences are ever-present and have the potential to affect
the mterpretation of results, we argue that examining them m detail 1s an important part

of studies of camine olfactory ability.
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Table 3.2

Binomial tests of dogs’ performance detecting breath samples prepared using
cotton balls coated in silicone oil and uncoated cotton balls over storage time of up
to four weeks.

Coated Uncoated
Dog Storage No. of No. of p-value No.of No. of p - value
time (10 trials  successes tnals  successes
weeks)
Bella  Fresh' 30 29 <1x10° 30 29 =6.07x10"
One 20 15  =0.00013 10 1 =0.09
Two 30 24 <1x10° %
Three 30 22 =6.07x10° /
Four 30 29 < 1x10° 4
Nutella Fresh 20 17  =2.24x10" 30 29 < 1x10
One 20 16 =193x10° 10 1 =0.09
Two 30 25 <1x10° %
Three 30 23 =1.04x10"°
Four 40 27 =6.59x10"° / 7
Koda  Fresh 30 28 <1x10° 30 30 <1x10°
One 30 21  =3.01x107 30 30 < 1x10°
Two 40 40 < 1x10° 30 30 < 1x10°
Three 30 23 =1.04x10"° 30 27 < 1x10°
Four 30 23 =1.04x10"° 30 29 < 1x10°
Mist  Fresh 30 30 < 1x10° 30 30 <1x10°
One 30 23 =1.04x10"° 30 28 < 1x10°
Two 20 30 <1x10° 30 30 < 1x10°
Three 30 28 <1x10° 30 30 < 1x10°

1. Lhogs were tested on thewr abihty to detect breath samples prepared the same day of testing
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Figure 3.5. Bella (A), Nutella (B), Koda, (C), and Mist’s (D) performance detecting
breath samples that had been stored for up to four weeks. Each data point illustrates
their average performance for one work day. The solid black line illustrates her
performance detecting breath samples prepared using silicone-coated cotton balls
and the dotted line 1llustrates their performance detecting breath samples prepared
using uncoated cotton balls. Note that in Bella’s figure, the diamond marker
mndicates her performance detecting a second three-week old breath sample. Chance
level (0.33) 1s illustrated with the intermittent dashed line.
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3.5 General Discussion and Conclusion
The goal of this study was to determine whether there was a difference in dogs’ detection
of breath samples in two conditions: breath samples prepared usmng silicone-coated cotton
(expernnmental condition) and those prepared using uncoated cotton (control condition).
This was examined with two experiments. In the first experiment, four dogs were tested
for their ability to successfully detect breath samples in both conditions at regular
mntervals up to two hours after preparation of the breath sample. In the second
experiment, the same four dogs” ability to detect breath samples stored 1n both conditions
was tested each week, for up to four weeks after breath sample preparation. In both
experiments, the dogs’ ability to detect the breath samples was assessed using a cued,
3AFC task, and the dogs’ performance in detecting the breath samples was compared
between conditions.

The results of Experiment 1 showed that for all four dogs, there was no
significant difference in the detectability of the breath samples across conditions; the
dogs’ performance was above chance at all time points up to two hours, regardless of
whether the breath samples were prepared with silicone-coated cotton balls or uncoated
cotton balls. The results of Experiment 2 showed that the use of silicone-coated cotton
balls greatly improved Bella and Nutella’s detection of breath samples that were stored
for up to four weeks. However, this effect was not observed for Mist or Koda; Mist and
Koda were able to detect both breath samples that were prepared with silicone-coated
cotton and uncoated cotton at above chance levels when the samples were stored for up to
four weeks. As discussed above, the differences observed between dogs’ performance 1n

Expeniment 2 could be the result of differences in the breath samples themselves (more
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pungent VOCs, differences in the tightness of the caps, differing dissipation of
compounds). In the future, this factor could be eliminated by having a set diet on sample
collection days, or by preparing all the sample sets on the same day and therefore testing
the dogs on the same day each week. An examination of the literature suggests that
individual dog characteristics could also be responsible for the differences in
performance.

Given the performance of the four dogs across conditions in Experiment 2,
individual differences between the dogs were readily apparent. This 15 not a umque
finding; of the studies reviewed in the introduction, vaniability between dogs’
performance was noted 1n all cases except for McCulloch et al. (2006). However, 1t 15
important to note that most of the dogs in these studies were either previously trained for
specialized olfactory tasks (Rudnicka et al | 2014; Sonoda et al, 2011; Buszewski et al_,
2012a), or were pet or rescue dogs selected for characteristics such as tramnability and
eagerness to smff (Hardin et al |, 2014; Ehmann et al, 2012; McCulloch et al | 2006). In
the current study all four dogs were carefully selected for their tramability and motivation
to work, they all had an equal amount of traiming within the lab, all four had
demonstrated the ability to detect and discriminate between fresh breath samples with a
high degree of accuracy (Reeve, Wallace, & Gadbois, unpublished data). Therefore, 1t 15
unlikely that the differences in performance observed here were due to differing levels of
experience or desire to work. Rather, some studies suggest that inherent differences
between dogs may influence their success in olfactory tests.

Rooney, Bradshaw, and Almey (2004) had 244 dog handlers and trainers from

UK government agencies rate 30 dog behaviour characteristics for their relative
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importance for a specialized search dog. Among those characteristics rated most
important were: acuity of sense of smell, incentive to find an object which 1s out of sight,
tendency to hunt by smell alone, stamina, ability to learn from being rewarded, and
consistency of behaviour from day to day. Although no formal behavioural assessments
were completed on the dogs in the current study, the authors would rate the four dogs
high on these particular characteristics.

Another individual difference that may have affected the dogs’ performance 1s
the way in which they smiffed the samples and the stimuli. Jezierski, Walczak, and
Gorecka (2008) found that when dogs were tested using a matching-to-sample procedure
with a five-station lineup, individual differences in dogs’ “smiffing style” (willingness to
smff inside a jar), the length of time spent smiffing stimuli, and the number of stimuli
sniffed influenced the number of errors the dogs made in the lineup. These variables were
not assessed in the current study, but certainly could have been a factor contributing to
the performance differences observed between dogs in Experiment 2 when the breath
volatiles were potentially weaker and therefore more difficult to detect.

Finally, additional research suggests that, even within the same breed,
differences in olfactory ability can have a genetic basis. In a study of five olfactory
receptor genes, Lesmak et al. (2008) found that all five genes had allelic vanations, most
of which resulted in vanations in the subsequent protemns. The allelic vanations
ultimately resulted i structural differences in olfactory receptors. Consequently, Lesmak
et al. (2008) believe that some olfactory receptor genotypes may result in olfactory
receptors that have a superior receptor-binding affinity for particular VOCs. Therefore,

even with comparable levels of motivation and traiming, the olfactory task presented here
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may have simply been easier for Mist and Koda because of genetic vanation in the genes
that code for their olfactory receptors.

An mmportant pomnt which 1s a corollary to the discussion of individual
differences is that canine biomedical detection studies often employ a small sample
design - researchers train and test only a few dogs at a time. As mentioned above, in most
cases these dogs are not selected randomly, but are carefully selected for behavioural
characteristics such as those described by Rooney et al., (2004). Therefore the dogs in
biomedical detection studies are inherently not representative of the general population of
dogs (Morgan & Morgan, 2009). Researchers select their dogs this way because the goal
of these studies 1s not to illustrate that all dogs are capable of detecting medically
relevant volatiles, but rather that some exceptional dogs can. It 15 extremely important in
studies of canine biomedical detection that individual differences between dogs are
examined carefully and that each dog’s performance 1s reported and discussed on an
individual basis. Pooling of the data would neglect these mndividual differences and could
result in skewed results that misrepresent individual dog’s capabilities (Machlis, Dodd, &
Fentress, 1985). Unfortunately, this may lead readers to musinterpret the utility of dogs as
biomedical detection tools.

Furthermore, the examination of individual differences can elucidate how
specific study characteristics may affect the performance of some dogs (Kazdin, 2011).
The experimental conditions that afford one dog a high degree of olfactory acuity may
not result mn a second dog demonstrating equal performance. It 1s reasonable to expect
that breath samples collected for studies of canine biomedical detection may need to be

stored for a length of time, but as the results of the current study showed, this storage
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time can decrease the detectability of the samples for some dogs. The most important
finding of the current study was that for some dogs, the use of silicone-coated cotton balls
greatly improved the detectability of breath samples stored for extended peniods.
Although the use of silicone-coated cotton balls was not necessary for Mist and Koda to
detect four-week old breath samples, 1t dramatically improved the detectability of the
samples for Bella and Nutella. In the current study Bella and Nutella had had at least one
full year of previous traiming. Therefore, the finding that silicone coated cotton increased
their detectability of breath samples meant the retention of these two dogs for further
studies. We extend this finding to suggest that 1t 1s very valuable for the traiming of
biomedical detection dogs. The traiming time required for detection and alert dogs 1s
extensive and, as a result, can be an expensive process. Any procedural fine-tuning that
mcreases dog retention should be valued.

Finally, as discussed in the introduction, a larger vanety of molecules would be
expected to have an affimity for silicone o1l (Patel et al | 2017) resulting in the silicone-
coated cotton balls holding a larger number VOCs than cotton alone. Therefore, in tests
of canine biomedical detection, the use of silicone-coated cotton balls for the collection
of exhaled breath would result in a breath sample that 1s more representative of the actual
exhaled breath VOC profile compared to breath samples collected using uncoated cotton.

Although beyond the scope of this paper, researchers must consider additional
challenges with the use of breath samples, such as the separation of endogenous versus
exogenous volatile compounds, and the possibility that only certain VOCs are contamned
over time (Schmidt & Podmore, 2015). Furthermore, the affinities of particular

compounds to silicone o1l means that the concentration of compounds contamned within
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the breath sample will not necessarily be 1dentical to those expressed in the breath itself
(Patel et al , 2017). Future work should utilize GC-MS to examine which particular
compounds absorb into the silicone o1l and if the concentration of compounds in the
breath samples using a given breath collection technique change with mcreased time.
Given the findings presented here, the authors argue that the use of silicone-coated cotton
balls should be implemented m all studies of canine biomedical detection of breath

samples to adequately contain breath VOCs over time, and ultimately allow researchers

to study more dogs.
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CHAPTER 4: CAN DOGS GENERALIZE THE ODOUR OF HYPOGLYCEMIA

IN BREATH SAMPLES FROM INDIVIDUALS WITH TYPE 1 DIABETES?

The manuscript prepared for this study 1s presented below. Catherine Reeve, under the
supervision of Dr. Simon Gadbois, was responsible for devising the research question.
Furthermore, under the supervision of Dr. Elizabeth Cummungs, Catherine was
responsible for meeting with potential sample donors with type 1 diabetes and
demonstrating sample collection, obtaiming consent, momitoring participants’ progress,
and collecting completed samples. With the help of Dr. Gadbo1s, Catherine designed the
three experiments presented here. She completed the training and testing of the dogs
largely with the help of the honours student, Soma Smith. Catherine was responsible for
data analysis and interpretation. She wrote the imitial draft of the manuscript, and
recerved and mcorporated feedback from her co-authors and commuttee members. The
manuscript will be subnutted to Applied Amimal Behaviour i the future. The full

reference for this manuscript 1s as follows:

Reeve, C., Cummungs, E_| Smuth S & Gadbois, S. (2017). Can dogs generahize the

odour of hypoglycenua in breath samples from individual with type 1 diabetes?
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4.1 Abstract
Studies examining dogs” ability to detect hypoglycema i individuals with type 1
diabetes are few and their findings are contradictory. This study investigated whether
dogs could discriminate between breath samples collected from people with type 1
diabetes during different glycemic states, and then further tested dogs” ability to
generalize the odour of hypoglycema. This was explored with three experiments. In
Expeniment 1, we tested four dogs” ability to discriminate between hypoglycemic,
normoglycemic, and hyperglycemic breath samples from the same mdividual using a
cued, three alternative forced choice task. In Experiment 2, two dogs were presented with
three breath samples from the same individual: one hypoglycemic, one normoglycemuc,
and one hyperglycemic, and were trained to identify the hypoglycemic sample using a
Go/No-Go procedure. Then the dogs’ ability to generalize was tested by presenting them
with a second sample set (that the dogs had never smelled before) from the same
individual and the number of times they 1dentified the new hypoglycemic sample was
observed. In Experiment 3, we tested whether one dog could generalize the odour of
hypoglycenua between two different people by further presenting additional samples
from a different individual The results of Experiment 1 showed that all four dogs
disciminated between the breath samples at above chance levels. The results of
Expeniment 2 mdicated that one dog showed evidence of being able to generalize the
odour of hypoglycemma within samples from the same mdividual, but the second dog
could not. The results of Expennment 2 showed that the dog could not generalize the

odour of hypoglycemia across two different individuals. Considered together with the
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current literature, the results have important implications for the tramming of Diabetic

Alert Dogs.
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4.2 Introduction
Type 1 diabetes 1s one of the most common chronic diseases in children (Acerim et al |
2016) and hypoglycenua, or low blood sugar, 1s the most common acute complication of
the disease. If left untreated, severe hypoglycemic episodes can result in a loss of
consciousness, a seizure, coma, or death (Frier, 2004). Given the potential severity of
hypoglycenua, individuals with type 1 diabetes can develop a fear of hypoglycema that
negatively affects their management of diabetes, their psychological well-being, and their
quality of hife (Gonder-Fredenick et al , 2011; Wild et al, 2007). Therefore, timely and
accurate detection of hypoglycenua 1s imperative to mamntamn long term health in
individuals with type 1 diabetes.

Individuals with type 1 diabetes may self-momnitor their blood sugar levels with
home blood glucose meters or they may use newer technologies such as continuous
glucose momtors (CGM) and continuous subcutaneous msulin infusion (CSII) pumps
with suspension of msulin infusion functions (Acerini et al | 2016; Riemsma et al., 2016).
Use of these technologies can result in improved glycemic control but reports of their
effect on the incidence of hypoglycemia are contradictory (for reviews see Jeitler et al |
2008; Riemsma et al_, 2016). Some individuals choose not to use, or to discontinue use of
these technologies because they can be uncomfortable to wear and the use of
subcutaneous systems increase the likelihood of infection at msertion and tape sites (Aye
etal , 2010; Wong et al , 2014). Moreover, individuals using CGMs and CSII may see
these devices as a constant renunder of their disease, which may contribute to social
impairments and a feeling of social stigmatization (Schabert et al | 2013). The hinutations

of current technologies have prompted research examining the efficacy of a potentially
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more user-friendly hypoglycenua detection system: tramned domestic dogs.

Reports of dogs behaving abnormally when their owners become hypoglycemic
provide evidence that dogs may be able to detect hypoglycema in their owners (Chen et
al , 2008; Tauveron et al , 2006; Wells et al | 2008). Following such reports,
orgamzations throughout North America and the U K. have begun to train Diabetic Alert
Dogs (DADs). DAD owners report a decrease in the frequency of hypoglycemic
episodes, and consequently, have less fear of hypoglycemia and a higher quality of life
(Gonder-Frederick et al , 2013). Despite the reported successes of DADs, empirical
science elucidating how dogs detect hypoglycena 1s minimal and mconclusive.

Given the mcredible olfactory acuity of dogs (Craven et al , 2010; Miklos1, 2007),
1t 15 believed that dogs who detect hypoglycema are detecting volatile orgamic
compounds (VOCs) that signal a physiological change in therr owner. When human body
cells undergo changes due to metabolic fluctuations, disease, or infection, they release
compounds that become dissolved in the blood and become volatized during pulmonary
circulation. VOCs are then emmtted in breath and sweat (Amann et al_ 2014) in
concentrations of parts per billion (nmol/mol) and parts per trillion (pmol/mol) (Schnudt
& Podmore, 2015). Research shows that diabetic hypoglycenia may be correlated with a
specific VOC profile (Minh et al | 2012; Neupane et al_, 2012; Snuth et al, 2012) and
since dogs have been shown to detect odours at concentrations of parts per trillion
(Walker et al_, 2006), 1t 1s possible that hypoglycemua-detecting dogs are detecting these
changes m VOCs. Working under this premuse, two research teams have tested dogs’

ability to detect hypoglycemia i sweat and breath.
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In 2013, Dehlinger et al. tested whether three previously trained DADs could
1dentify hypoglycenua in sweat samples from three individuals unknown to the dogs.
After obtaimning hypoglycemic and normoglycemic sweat samples by the same protocol
used to collect the samples for the imifial traiming of the dogs, Dehlinger et al. (2013)
presented the dogs with individual sweat samples one at a time for 30-45 seconds. If the
dogs detected a hypoglycemic sample, they were to ring a bell beside the sample.
Dehlinger et al. (2013) found that none of the dogs could indicate the hypoglycemic
samples at above chance levels.

Hardin et al. (2015) collected combined sweat and breath samples from four
individuals with type 1 diabetes during hypoglycemic and normoglycemuic states. After
traiming six dogs to signal to the hypoglycemic samples, they then tested the dogs’ ability
to locate the hypoglycemic samples in a seven-station line-up. Hardin et al. (2015)
reported that the dogs could detect the hypoglycemic samples at above chance levels,
most with a high degree of sensitivity and specificity. Importantly though, Hardin et al.
(2015) presented the dogs with a small number of samples that they were previously
reimnforced for indicating during traiming. Therefore, it 15 possible that they simply
memorized the odour profile of the individual hypoglycemic samples rather than
1dentifying a hypoglycema-specific odour that 1s consistent across individuals.

Taken together, the results of Dehlinger et al. (2013), and Hardin et al. (2015)
present mconclusive evidence as to whether dogs can be trained to detect hypoglycenua.
Therefore, the goal of this study was to determune whether dogs could detect
hypoglycenuc breath samples, discriminate them from normoglycemic, and

hyperglycemic breath samples, and generalize the odour of hypoglycema. This was
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tested in three experiments. In Experiment 1, four dogs were presented with breath
samples from one person in each glycemic state and were tested for their ability to
disciminate between the samples. In Experiment 2, two dogs were trained to identify a
single hypoglycemic breath sample and then tested for their ability to generalize the
odour of hypoglycema to new samples they had never smelled before from the same
person. In Experiment 3, one dog was again trained to identify a hypoglycemic sample
and then tested for her ability to generalize the odour to new samples she had never
smelled before from a different person.
4.3 Experiment 1

4.3.1 Method

4.3.1.1 Participant recruitment. People with type 1 diabetes were recruited
through the Pediatric Diabetes Clinic at the TWK Health Centre in Halifax, NS, Canada
and by word of mouth. Participants were required to have been diagnosed with type 1
diabetes at least szx months prior to participation, to have had no episodes of
hypoglycenua unawareness in the past six months, and in the case of children, to have
sufficient parental support to complete the procedures.

4.3.1.2 Participant demographics. Twenty-three individuals provided mmformed
consent and were given a sample collection kit. Of those 23, 11 individuals did not
respond to contacts, or withdrew from the study. Three people returned some completed
samples, but did not complete all. Nine people completed sample collection (Age range =
7-36, M.z = 17, Median = 14). Five of these also completed a second phase of sample
collection. Of the mine who completed sample collection, seven were female and two

were male.
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Famulies that participated in the study recerved $15 for the iitial visit at the TWK
in which consent was obtained, and kits and instruction on sample collection were
provided. A $10 gift card was 1ssued following completion of sample collection and
collection of record sheets and samples. Participants were given the opportunity to
participate in a second phase of sample collection, after which they received a second gaft
card valued at $10 to a location of their choosing.

4.3.1.3 Breath samples. After in person traimning, participants were given sample
collection kits that contained instructions for how to collect the samples, the supplies to
collect the breath samples, sample information sheets, and three hypoglycema symptoms
questionnaires (adapted from Ross et al | 1998).

Participants were asked to collect six breaths samples 1n total; two breath samples
during a hypoglycemic event (defined here as a blood glucose monitor test indicating
blood sugar levels of less than 4 mmol/L), two breath samples during a hyperglycemic
event (lugher than 14 mmol/L), and two breath samples when their blood sugar was
normal (between 5-10 mmol/L).

The breath collection tubes were plastic cylindrical tubes (Uline ca), measuring
20.5 cm m length and 7 cm 1n diameter, mside which were silicone o1l coated cotton balls
(see Figure 4.1). Each breath collection tube was labeled for the glycemic states (e g,
hypoglycenuc sample #1, hypoglycemic sample #2, normoglycemic sample #1, efc).
Note that the breath collection tubes labelled for the collection of a hypoglycemic breath
sample contained two silicone o1l coated cotton balls (the reason for which will be

explained below). Both ends of the tubes were capped with a tight fitting rubber cap.



156

Figure 4.1. Breath collection tube contaiming a cotton ball and with caps secured.
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Participants were mstructed to collect breath samples according to the home
glucose meter reading after first performing their regular blood glucose check.
Participants were mstructed never to induce hyperglycema or hypoglycemia, and not to
collect a breath sample if they felt too unwell to do so.

To donate the samples, participants were mstructed to remove the rubber caps on
both ends and exhale two deep breaths through one side of the tube, and then an
additional two deep breath through the opposite end of the tube. Then they were to
replace the tube caps and store the collected breath sample mnside the msulated bag
provided. After collecting the breath sample, participants were asked to fill in the sample
information sheet with the date, time, and their blood sugar level at the time they
collected the sample. For hypoglycemic samples, they completed a hypoglycemic
symptom questionnaire after collecting the breath sample. Completed sample sets were
refurned to the clinic or were picked up in person by researchers. If participants collected
and returned all six samples, they were then invited to provide a further nine samples (3
hypoglycenuc, 3 hyperglycemic, and 3 normoglycemic samples).

The IWK Health Centre Research Ethics Board and Dalhousie University
approved all experimental protocols and procedures before the experiment began.

4.3.1.4 Dogs. Four dogs participated in Experiment 1: Nutella (4 year old female
border collie, intact), Bella (3 year old female border collie), Koda (2 year old male
border collie mix), and Mist (4 year old female border collie). Each dog was brought by
their owner to Dalhousie’s Camd Behaviour Lab once or twice a week for 2 to 3 hour
work days. Only one dog worked 1in the lab at any given time. All four dogs had

previously been frained to detect and discriminate between breath samples using the
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procedure outlined in Gadbois and Reeve (2016). All procedures were approved by the
University Committee on Laboratory Amimals before the study was conducted (protocol
number 13-004).

4.3.1.5 Sample presentation. Each participant’s breath samples were orgamized
into sample sets. Each sample set contamned five breath tubes: three donated breath
samples from the same individual (one hypoglycemic sample, one normoglycemic
sample, and one hyperglycemic sample) and two additional blank tubes breath collection
tubes m which one silicone-coated cotton ball was mserted, but onto which no breath was
exhaled. The blank tubes were prepared in the lab as soon as a sample kit was recerved
and added to the contents of the sample kit until use.

Breath samples were prepared for presentation to the dogs by first removing the
caps from the breath collection tubes and placing them inside a sample station; a wooden
platform holding a black PVC tube upright. The breath collection tubes were shorter in
length and smaller in diameter than they PVC tubes, such that they fit inside the PVC
tube and sat an inch lower than the opening of the PVC tube (see Figures 4 2A-C). This
prevented dogs from comung into direct contact with the breath collection tubes. It 1s
important to note that, before the hypoglycemic sample was placed inside a sample
station, one of the cotton balls from the hypoglycemic sample was removed with
tweezers and placed mnside a stanless-steel jar with holes in the hd (to serve as the “cue”,
as described below).

4.3.1.6 Procedure. The dogs were tested at Dalhousie’s Canid Behaviour Lab.
The lab contains three adjoming rooms: Room 1 where the dogs stayed between work

sessions, Room 2, a small mterior room connecting the other two rooms, and Room 3,
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where the testing was done (see Figure 4.3). Dogs began a work session by waiting with a
handler mside Room 2 while the test sttmuli were set up in Room 3 by a researcher.
When a test trial began, the door to Room 3 was opened and the dog was led n.

The dogs were tested for their ability to discriminate between the breath samples
with a cued, three alternative forced choice (3AFC) procedure. Using this procedure, the
dog handler opened the door between Room 2 and Room 3 and presented the dog with
the stainless-steel jar containing one cotton ball from the hypoglycemic breath sample.
Once the dog smiffed the sample in the jar, the handler directed the dog towards three
sample stations, which were presented simultaneously, lined up beside one another (see
Figure 4 4). The breath samples inside the sample stations differed depending on the
phase of testing (see Table 4.1). In the first phase, the three sample stations held one
hypoglycenuc breath sample and two blank tubes. The dog was required to identify the
station contaimning the matching hypoglycenmic sample. All four dogs 1dentified their
choice using a previously trained “nose hold” behaviour where they held their nose or
chin against the tube for five full seconds (see Figure 4 4). If the dog correctly identified
the station contaiming the matching hypoglycemic breath sample, they were rewarded
with a few pieces of kibble and/or a few tosses of a ball accompanied by verbal praise. If
the dog chose incorrectly, the handler uttered a gentle “nope™ and the dog was lead out of
the room without reward. In-between each test trial, the dog was lead back into Room 2
and the door to Room 3 was closed. One work session was comprised of 10 such trials.
Once a work session was completed, the dogs were given a 10-15 munute break inside
Room 1 where they had free access to water. During this time, the dogs were also taken

outside to relieve themselves if necessary. To successfully complete phase 1, the dogs
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were required to complete one full session at a rate of 80% correct or higher. If this
criterion was met, the dog progressed to phase 2.

In phase two, one of the blank tubes was removed and a hyperglycemic donated
by the same mdividual was put i 1ts place. Now the dog was required to smell both the
hypoglycenuc sample and the hyperglycemic sample and continue to identify only the
hypoglycenuc sample. In this phase, the dog was required to 1dentify the hypoglycenuc
breath sample at a rate of 80% correct for three consecutive sessions (of 10 trials each),
or at a rate of 90-100% correct for two consecutive sessions (of 10 trials each). If this was
completed successfully, the dog progressed to phase three. In phase three, the second
blank breath sample tube was removed and was replaced with a normoglycemic breath
sample donated by the same individual. Here in phase three, the dog was required to meet
the same criterion as phase two to be considered to have discriminated successfully
between the breath samples donated from different glycemuc states.

In between test trials while the dog and handler were in Room 2, researchers
wiped the opening of the PVC tubes with a paper towel wet with a solution of 20%
ethanol and water. During this fime, researchers also randonuzed the positions of the
sample stations without the handler or dog watching. Within the 10 trials per session, the
posttion of the hypoglycemic breath sample (left, nuddle, or nght) relatrve to the other
samples was predetermined using a pseudo randomization procedure (rolling a die).
Researchers applied specific constraints to the position, such that the breath sample could
not be in one location for more than three consecutive trials, the breath sample had to be

in each position at least three times within the 10 trial session, and finally, the position of
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the breath sample could not follow a patterned position (e.g_ left, nght, left nght) for
more than two iterations.

Most dogs completed all three phases within one work day. If, however, a dog
was unable to reach criterion at any phase of testing within one work day, the sample
caps were placed back on their corresponding tubes and were presented again to the dog
the following work day. In total, each dog was tested with three different sample sets
from three different individuals and samples were never used with more than one dog.

Each dogs’ performance was averaged at each phase.

4.3.2 Results and Discussion

All four dogs successfully discnminated between the samples at each phase of
testing (see Figures 5A through D). Most importantly, the dogs’ performance in phases
two and three were at above chance levels, providing evidence that they could
discriminate between the breath samples from different glycemic states. Recall, however,
that a cued procedure was used here, meaning that the dogs were always shown a
hypoglycenuc sample “cue” before locating the matching hypoglycemic sample in the
series of hypoglycemic, normoglycemic, and hyperglycemuc samples. It follows, then,
that the results of this experiment do not provide evidence that the dogs are able to detect
a general odour of hypoglycenua, but only that they can match the odour of specific
breath samples, contributing little more to the findings of Hardin et al. (2015). Therefore,
to further examine whether the dogs could generalize the odour of hypoglycenua across

multiple sample sets, two additional studies were conducted.
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Figure 4.2. The components of a breath sample station. A. A breath collection
tube with the end caps removed. B. Illustrates that the breath sample tube 1s
shorter than the black PVC pipe in which the breath sample tube 15 placed. C.

The breath sample tube inside the black PVC pipe 1s held upright when placed
mside the wooden stand. All units combined results in one breath sample
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Figure 4.3. The layout of the Camd Behaviour Research Lab at Dalhousie
Umniversity. Room 1 1s where dogs spend time when they are not being tested. Room
2 1s where dogs wait between test trials, and Room 3 15 where testing takes place.

163



Figure 4.4. Three 1dentical sample stations are placed on the floor beside one
another for presentation to the dogs. One sample station contains a hypoglycemic
sample and the other two contain the hyperglycemic and normoglycemic samples.
Here, Mist 1s identifying the station contaiming the hypoglycemic breath sample
using the “nose hold” behaviour.
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Table 4.1.

The three testing phases used to test dogs’ ability to discriminate between breath

samples collected by people with type 1 diabetes during hypoglycemia,

normoglycemia, and hyperglycemia.
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Phase Stimuli (hypoglycemic sample target in all Criterion
5E551015)

Phase 1 Hypoglycemic sample, two blank samples 1 session = 80%

Phase 2 Hypoglyecmic sample, hyperglycemic sample, 3 sessions = 80%
one blank sample or 2 sessions = 90

Phase 3 Hypoglycemic sample, hyperglycemic sample, 3 sessions = 80%

nommoglycemic sample

or 2 sessions = 90
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Figure 5. Nutella (A), Koda (B), Mist (C), and Bella’s (D) performance 1dentifying
hypoglycemic breath samples on each phase of discrimination testing. The dashed
line represents the criterion (80%). The criterion 15 10% higher than chance level
(70%) which was calculated using binomuial probability with 10 trials, 0.33
probability of success per trial (represented by the dotted lne).
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4.4 Experiment 2
The results of Experiment 1 showed that the dogs could discriminate between
breath samples collected at times of hypoglycemia, normoglycemia, and hyperglycemma.
The goal of experiment 2 was to examine whether dogs could generalize the odour of

hypoglycenua across multiple sample sets from the same individual.

4.4.1 Method

4.4.1.1 Dogs. Nutella and Koda participated in this expennment.

4.4.1.2 Samples. Breath samples were organized into sample sets, where one
sample set consisted of three breath samples from the same individual: one
hypoglycenuc, one normoglycemic, and one hyperglycenuc. Samples were prepared for
presentation to the dogs by removing the tube hids and placing the tubes inside larger
PVC tubes that stood upright in wooden platforms (See Figure 2). The PVC tubes were
longer than the breath collection tubes (25c¢m 1n length), therefore the dogs could not
directly contact the breath collection tubes. This setup resulted in three mdividual sample
stations.

4.4.1.3 Training

4.4.1.3.1 Shaping the responses. The sample stations were presented to the dogs
one at a time. When the dogs were presented with a hypoglycemic sample, they were
encouraged to smff the tube and then asked to provide a previously trained nose hold
behaviour. If the dog held its nose or chin to the tube for the full five seconds, a
secondary remforcer (a clicker) was used, followed by a food reward. Conversely, when

the dogs were presented with a normoglycemic or hyperglycemic breath sample, they
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were encouraged to smiff the tube, were asked to sit, and then a secondary reinforcer was
used (clicker), followed by a food reward.
4.4.1.3.2 Procedure. Once the behaviours were shaped, the dogs completed two
work days of traming withun which we completed as many trials as possible given the
amount of time the dog could spend at the lab. This resulted in Koda completing 80 frials
and Nutella completing 120 trials. Samples were presented to the dogs i a double blind
set-up. If, at the end of the trials, the dogs could provide the appropriate behavioural
response corresponding with the sample type presented to them at above chance levels,
the tramning phase was considered complete.
4.4.1.4 Testing

4.4.1.4.1 Samples. The samples presented during testing included the samples
used during the traming phase plus one additional sample set (one hypoglycemic, one
normoglycemic, and one hyperglycemic) from the same individual who donated the
samples used durning the traimming phase. Therefore, the dogs could be presented with any
one of six breath samples from the same individual, three of which they had previously
been trained on, and three that they had never smelled before.

4.4.1.4.2 Procedure. The dogs were presented with one of the six potential
samples each trial, with hypoglycemic samples presented half of the time and
normoglycemic or hyperglycemic samples presented the other half of the time so that
there was an equal distribution of “Go™ and “No-Go™” tnials. Samples from the first
sample set and samples from the second sample set were presented in equal proportions.
All trials were double blind such that researchers who knew the 1dentity of the sample

were not visible to the dog handler or the dog. As with the traimming phase, the dogs
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completed as many test trials as possible within two work days. This resulted in Koda
completing 120 trials and Nutella completing 160 trials.

4.4.1.5. Analyses. The numbers of hits (true positives), misses (false negatives),
false alarms (false positives), and correct rejections (frue negatives) were documented for
the tramning phase and for the testing phase. Using these values, each dog’s sensitivity,
specificity, accuracy, and precision was calculated as sensitivity = hats/(hits + musses),
specificity = correct rejections/(correct rejections + false alarms),
accuracy = (hits + correct rejections)/(hits + misses + correct rejections + false alarms),
and precision = hit/(hits + false alarms). Signal Detection Theory was used to calculate a

d’ and a C (bias) value for each dog for each phase (Gadbois & Reeve, 2016).

4.4.2 Results and Discussion

4.4.2.1 Training. Nutella and Koda’s distribution of hits, misses, false alarms,
and correct rejections in the traming phase can be seen in Table 4.2. During the imtial
stages of tramming, both Nutella and Koda obtained a performance of 100% within two 10-
trial sessions, therefore demonstrating little to no acquisition phase. Following this, for
both dogs, all of their traming data was mcluded in analyses. As illustrated by her results,
Nutella obtained an overall accuracy level of 76%. The crniterion value close to zero
demonstrates that she was close to being an unbiased decision maker; she was no more
likely to commut nusses than she was false alarms. This 1s further reflected by her siular
sensitivity and specificity values. These results show that Nutella could detect the
hypoglycenuc sample equally as often as the normoglycemic and hyperglycemic
samples. Koda demonstrated an overall accuracy of 78%, but was more of a conservative

decision maker than Nutella (as demonstrated by the higher C value). His conservative
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decision making was reflected in the higher ratio of correct rejections to false alarms than
the ratio of hits to misses, suggesting that he was confident in indicating the
normoglycemic and hyperglycemic samples, but then sometimes failed to identify what
was a hypoglycemuc sample. Accordingly, his sensitivity value was lower than his
specificity value.

4.4.2.2 Testing. Nutella and Koda completed 160 and 120 trials of testing,
respectively. Their distribution of hits, misses, false alarms, and correct rejections can be
seen 1n Table 4 3. Comparing the overall d’ and accuracy values between Nutella and
Koda reveals that Nutella was better able to generalize the odour of hypoglycemua than
Koda. More specifically, examination of the dogs’ responses to the new samples alone
revealed that Nutella’s sensitivity was much higher than Koda’s. Nutella correctly
1dentified more than half of the new hypoglycemic samples, suggesting that she detected
some overlap in the VOC content between the first hypoglycemic sample and the second
hypoglycenuc sample from the same individual. Conversely, Koda correctly identified
most of the hypoglycemic samples from the original sample set, but was unable to
1dentify any of the new hypoglycemuc samples. These results suggest that Koda likely
memorized the odour of the first hypoglycemic sample and then was unable to detect any
overlapping VOCs between the first hypoglycemic sample and the second hypoglycemic
sample from the same person. Both Nutella and Koda, however, demonstrated a high
degree of specificity, as reflected by the ratio between their correct rejection and false
alarm rates. This means that both dogs were accurate m identifying normoglycenic and

hyperglycemic samples; especially Koda who did not commut a single false alarm Given
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Nutella and Koda’s response profiles, it follows that both dogs were conservative

decision makers as indicated by their positive C (bias) values.



Table 4.2
Nutella and Koda's performance on the training phase of a Go/No-Go task
detecting hypoglycemia
Nutella Eoda
Total number of trials 120 80
Hypoglycemic samples 60 40
Normoglycemic/hyperglycemic samples 60 40
Hits 0.75 (n=45)  0.70 (n=28)
Misses 025 (n=15) 0.30(n=12)
Correct Rejections 0.77 (n=46) 0.85 (n=34)
False Alarms 023 (n=14) 0.15 (n=6)
d 141 156
C 0.03 026
Sensitivity 75% 70%
Specificity 77% 85%
Accuracy 76% T78%

Precision

76%

82%
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Table 4.3

Nutella and Koda's distribution of responses with new sample set from the same individual.

Nutella Koda

Second Second

sample set sample set

Original from same Original from same
sample set individual Overall sample set individual Overall
Total number of samples presented 81 79 160 60 60 120
Hypoglycemic samples 38 42 80 30 30 60
Nomoglycemic/ Hyperglycemic samples 43 37 80 30 30 60
Hits 0.79 (n=30)  0.62 (n=26) 0.70 (n=56)  0.87 (n=26) 0 043 (n=26)
Misses 021 (0=8) 038(n=16) 030(@=24)  0.13 (n=4) 1 (0=30) 0.57 (n=34)
Correct Rejections 0.86 (n=37) 089 (n=33) 088 (n=70) 090 (n=27) 1(n=30) 095 (n=57)
False Alarms 014 (@=6)  0.11 (n=4) 012 (@=10)  0.10 (n=3) 0 005 (=3)
d 1.89 1.51 1.68 241 o 1.47
C 0.14 047 031 0.08 -* 091
Sensitivity 79% 62% 70% 87% 0.00%* 43%
Specificity 86% 89% 88% 90% 100%** 95%
Accuracy 83% 75% 79% 88% 50% 69%
Precision 83% 87% 85% 90% - 90%

*d" and C cannot be calculated if zero hits are committed

**These are mathematically correct results, however, this result nmst be interpreted cautiously because Koda rejected all new samples, including the

hypoglycemic sample, indicating that he could not accurately discern what was nof a hypoglycemic sample.

ELI
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4.5 Experiment 3

The results of Experiment 1 provided some evidence that Nutella could generalize
the odour of hypoglycenua across multiple samples from one mndividual. In Experiment
2, we were interested in whether she could generalize the odour of hypoglycemia further,
by presenting her with hypoglycemic samples from two different individuals.
4.5.1 Method

4.5.1.1 Dog. Nutella was the only dog that participated mn this experiment.

4.5.1.2 Samples. Both sample sets from Experiment 1 plus two additional sample
sets from a different person were added to the pool of samples. This resulted i a total of
12 samples, 6 (2 hypoglycemic, 2 normoglycemic, and 2 hyperglycemic) of which
Nutella had smelled previously, and 6 (2 hypoglycemic, 2 normoglycemic, and 2
hyperglycemic) of which were completely novel to her. All samples were presented in the
same sample stations described in Experiment 1.

4.5.1.3 Procedure. Nutella was presented with one of 12 potential samples at a
time. The distribution of samples was such that half of the time the sample presented was
a hypoglycemic sample and half of the time the sample was a normoglycemic or
hyperglycemic sample. Samples from the first individual and samples from the second
individual were presented in equal proportions. All trials were double blind such that

researchers who knew the identity of the sample were not visible to the dog handler or the

dog during testing_
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4.5.2 Results and Discussion

Nutella completed a total of 80 trials mn which she was presented with two sample
sets from one individual that she had previously seen, and two novel sample sets from a
different indrvidual Her distribution of responses can be seen in Table 4 4. As illustrated
by the data, her overall level of accuracy was 70%. However, a closer look at the
distribution of responses reveals that she demonstrated a low level of sensitivity; she only
1dentified the new hypoglycemic samples in less than half of their presentations, as
evidenced by the low ratio of hits to misses. An interesting finding was that, although
Nutella had previously shown the ability to correctly identify the sample types form the
first sample set in Experiment 1, she only identified less than half of these hypoglycemic
samples here in Experiment 2, resulting in equal performance 1dentifying the
hypoglycenuc samples she was previously tramned on and the new samples she had never
smelled before. The authors hypothesize that the difficulty of the task led Nutella to
become confused about the conditions of the reward, or that the number of samples was
overwhelming and she could not remember the odour of the original sample.

Nutella’s degree of specificity was much better than her sensitivity. As shown by
the high ratio of correct rejections to false alarms, Nutella was consistently able to
1dentify the normoglycemic and hyperglycemic samples from both sample sets. Given the
distribution of Nutella’s responses across sample sets, however, it was difficult to assess
whether she could generalize the odour of hypoglycemia from one previously known set
of samples to new sample sets from a different ndividual. A more valid assessment

would require more trials and would 1deally mnclude samples sets from additional people.
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Table 4.4
Nutella’s distribution of responses when presented with new sample sets from a
different individual

Sample sets

from

Original different
sample sets individual Overall
Total number of samples presented 40 40 80
Hypoglycemic samples 20 20 40
Nommoglycemic/ Hyperglycemic samples 20 20 40
Hits 045(@n=9)  045(n=9) 045 (n=18)
Misses 0.55 (n=11) 0.55 (n=11) 0.55 (n=22)
Correct Rejections 0.95 (n=19) 0.85 (n=17) 090 (n=36)
False Alarms 005(@®=1)  0.15(=3)  0.20 (n=4)
d' 1.52 091 0.72
C 0.89 0.58 048
Sensitivity 45% 45% 45%
Specificity 95% 85% 90%
Accuracy T0% 65% 68%

Precision

90%

75%

82%
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4.6 General Discussion

The three studies presented here examined dogs’ ability to detect hypoglycenua in
breath samples from people with type 1 diabetes. In Expeniment 1, breath samples were
collected from people with type 1 diabetes when their blood sugar was low, normal, and
high and then tested four dogs’ ability to discriminate between the breath samples using a
cued, 3AFC procedure. In Experiment 2, we sought to determune 1f dogs could generalize
the odour of hypoglycenua across multiple breath samples obtained from one person. To
examine this, two dogs, Nutella and Koda, were presented with a set of three breath
samples from the same individual: one hypoglycemuc, one normoglycemic, and one
hyperglycemic, and were trained to 1dentify the hypoglycemic sample using a Go/No-Go
procedure. Then, duning testing, a second sample set (that the dogs had never smelled
before) from the same person was presented to the dogs and their ability to identify the
new hypoglycemic sample was observed. Finally, in Experiment 3 we tested whether
Nutella could generalize the odour of hypoglycemia between two different people by
further presenting her with additional samples from a different individual

The results of Experiment 1 showed that all four dogs could discrininate

between the breath samples from different glycemic states with a high level of accuracy.
This finding 15 consistent with that of Hardin et al. (2015) who showed that dogs could
detect a hypoglycemuc breath and sweat sample 1n a line-up with normoglycemic samples
and blank samples. But, as discussed above, the findings of Hardin et al (2015) and the
findings of Experiment 1 presented here, do not robustly illustrate dogs’ ability to detect

hypoglycenua. Combined with the findings of Experiments 2 and 3, however, the current
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study provides some compelling evidence for dogs’ detection of a general odour of
hypoglycemia.

The results of Experiment 2 provided some evidence that Nutella, but not Koda,
could generalize the odour of hypoglycemia across two hypoglycenuc samples from the
same individual. When presented with a new sample set, Nutella accurately identified
more than half of the new hypoglycemic samples, and correctly identified most
normoglycemic and hyperglycemic samples from both samples sets. To the best of our
knowledge, no other empirical studies have explicitly tested dogs” ability to generalize
the odour of hypoglycenua across multiple samples from one individual, therefore it 15
difficult to determine how this level of performance should be evaluated. We do interpret
these findings as pronusing, however, since Nutella showed some degree of success with
a task arguably more difficult than those of Dehlinger et al. (2013) and Hardin et al.
(2015).

In Experiment 3, Nutella’s distribution of responses across sample sets provided
inconclusive evidence as to whether she could generalize the odour of hypoglycemia
across sample sets from two different individuals. Her level of sensitivity detecting the
new hypoglycemic sample was only 45%, but her sensitivity detecting the hypoglycemic
sample she had previously been trained to respond to dropped to 45% as well. Therefore,
her performance on each individual sample set was comparable, making interpretation of
her performance difficult. Generalization of a “hypoglycemic odour” across people 1s
likely a difficult task because, although there appears to be some VOCs that may
consistently signal hypoglycema across different individuals (Neupane et al , 2016), the

enormous variabihity between different people’s VOC profiles (Phillips et al., 1999) may
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result m individual VOCs profiles emerging during hypoglycemic events. This could
explain Nutella’s performance here, and may have also contributed to the poor
performance observed by the dogs in Dehlinger et al. (2013). Furthermore, 1t 15 worth
noting that durning this experiment Nutella completed 80 consecutive trials in one work
day. Researchers decided to conduct the test on only one work day to prevent the breath
samples from being exposed to the air over multiple work days. Although Nutella
displayed motivation to continue working throughout the test work day, she also began to
show behaviours suggesting that she was tiring over time such as lying down between
trials. It 1s possible that, with further traming over multiple work days, Nutella could have
learned to generalize the odour of hypoglycemia across samples from different people.
Hardin et al. (2015) claim that their results provide evidence that dogs can detect
hypoglycenua, but we emphasize that Hardin et al (2015) tested the dogs™ ability to
detect samples they had previously been tramed to detect, therefore it was not a test of
generalizability. As discussed by Elliker et al. (2014) it 1s possible for dogs to memorize
many traimning odours, rather than detecting a common odour across all samples.
However, Hardin et al. (2015) did illustrate that the dogs could consistently detect those
odours that they had previously been trained on. Therefore, the current study, combined
with the findings of Dehlinger et al. (2013) and Hardin et al. (2015) contributes important
findings to the literature pertaiming to DADs and has notable implications. Dogs can be
trained to detect VOCs from individuals with type 1 diabetes, but, as our findings
illustrate, the collective VOC profile of hypoglycenia may vary across individuals.
Further research 1s required to determune whether dogs can detect a general odour of

hypoglycenua across different people. Applied to the traming of DADs, the findings of
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the studies presented here suggest that dogs i traming may be most successful 1f tramed

to detect hypoglycemia only with their “owner-to-be™.
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CHAPTER 5: DISCUSSION
The overall goal of this dissertation was to make important methodological,
procedural, and empirical contributions to the field of canine biomedical detection. After
a brief summary of the studies mcluded in this dissertation and their findings, I will
discuss the contributions and hmitations of these studies, followed by the implications of
my research findings. Finally, I will discuss avenues for future research that can further
the field of canine biomedical detection.

In Chapter 2, I presented a manuscript in which the authors and I describe a
novel method for traming dogs to detect breath samples. Using our saliency traiming
procedure, four dogs with no previous sniffer dog training were successfully tramned to
detect and discrinunate between breath samples from different people and between breath
samples from one person at three different times of the day. Then, with the knowledge
that future studies would requure that breath samples be stored over time, we developed a
method to coat cotton balls in silicone o1l; a procedure that, at the molecular level,
increases the volume and vanety of VOCs contained in a breath sample. We then tested
whether the use of silicone coated cotton balls affected dogs” ability to detect breath
samples over time (Chapter 3). The results showed that for some dogs, the use of silicone
coated cotton balls greatly improved their detectability of breath samples after one week
of storage time. Finally, we applied what we learned from the studies presented in
Chapters 2 and 3 to an empirical test of dogs’ detection of hypoglycenua in people with
Type 1 Diabetes. In Chapter 4, I presented studies where we collected breath samples,
using silicone-coated cotton balls, from people with type 1 diabetes during

normoglycema, hypoglycenua, and hyperglycemuia. Then in three experiments, we tested
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dogs’ ability to 1) discriminate between the samples, 2) detect and generalize the odour
of hypoglycema across multiple hypoglycemic samples from one person, and 3)
generalize the odour of hypoglycenua across multiple samples from different people. The
results showed that the dogs could discriminate between the samples at above chance
levels, and one dog showed evidence of generalizing the odour of hypoglycenua across
multiple samples from one person. Further research 1s required to determune whether

dogs can generalize the odour of hypoglycenua across different people.

5.1 Contributions and Limitations

The research presented in this dissertation has the potential for making important
contributions to the field of canine biomedical detection and alert. First, in Chapter 2, the
use of the novel saliency traming procedure allowed us to assess the dogs” ability to
detect low saliency odours, their level of motivation, and their ability to complete
repetitive tasks. This level of assessment 1s not always completed for dogs prior to tests
of biomedical detection. Furthermore, empirical assessments of traimning programs for
biomedical detection dogs are lacking, and those that have been conducted evaluated
dogs’ performance on a traditional line-up procedure (Jezierski et al , 2010; Schoon,
1996). Using a less common cued, 3AFC procedure, we reported the dogs” performance
as they progressed through each stage of traimning and then evaluated the efficacy of the
traiming program by testing their ability to detect and discrininate human breath samples.
Therefore, we contributed the first full assessment of a cued, 3AFC training program for
canine biomedical detection.

Although the saliency traming program and procedure was the first of 1ts kind, a

limitation of the procedure was that the use of decreasing concentrations of steeped tea as
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the target sttmulus was not as precise as other studies assessing dogs’ detection
thresholds. For example, Hall et al | (2016) assessed dogs’ sensitivity to decreasing
dilutions of an odour using a liquud dilution olfactometer, and Walker et al. (2006) used
mass air flow controllers to decrease the concentration of an odour and measure dogs’
olfactory thresholds. More precise control over the concentration of the olfactory
stimulus throughout the traming program would have given us a more objective measure
of each dogs’ olfactory sensitivity.

A second contribution of this dissertation 1s the procedure and tests presented in
Chapter 3. Here, we presented a method for coating cotton balls in silicone oil; a
procedure that allows for greater absorption of VOCs i exhaled breath samples. Previous
studies of canine biomedical detection report using silicone-coated cotton (Ehmann et al |
2012; McCulloch et al |, 2006), however, to the best of my knowledge, no studies describe
the procedures for coating the cotton. Furthermore, no researchers have examined how
the use of silicone-coated cotton effects dogs’ detection of breath samples. Therefore, we
are the first in the field of canine biomedical detection to present and evaluate a method
for increasing breath sample integrity.

A linutation of this study 1s that we did not assess how the VOC profile of the
breath samples changed with increased storage time. Although the results showed that for
two of the four dogs the use of silicone coated cotton increased the detectability of the
breath samples over time compared to breath samples prepared with uncoated cotton, we
cannot be positive that the VOC profile of a freshly donated breath sample was identical
to the VOC profile of a four-week old sample. This 1s a concern for all studies that store

biological samples, and one that should be addressed in the future (as discussed below).
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Finally, mn Chapter 4, we present tests of dogs’ detection of hypoglycemia.
Included in Chapter 4 1s the first study to explicitly test dogs’ ability to generalize the
odour of hypoglycemma across multiple hypoglycemic samples. Furthermore,
Expeniments 2 and 3 in Chapter 4 use a Go/No-Go procedure, which 15 not commonly
used in tests of canine biomedical detection. I argue, however, that the Go/No-Go
procedure 1s more ecologically valid for hypoglycema detection since deployed DADs
will never be able to compare between glycemic states. Therefore, this test 1s one of the
first of its kind 1n both the test of generalization and the procedure used.

The biggest imitation of the studies presented in this chapter was that, because of
human participant attrition, the dogs were only exposed to a small number of
hypoglycenuc samples. Although studies have shown potential identifying VOCs of
hypoglycenua (Minh et al | 2012; Neupane et al , 2016; Novak et al_, 2007), indrvidual
differences in people’s exhaled breath VOC content (Phillips et al , 1999) could have
made the recognition of identifying compounds difficult. If the dogs were shown a larger
number of samples from different people, the recognition of common VOCs across all the
samples might have been facilitated. Furthermore, pre-exposure to stimuli increases dogs’
sensitivity for a specific odour (Hall et al., 2016; Julien, 2009). Therefore, if the dogs had
smelled a larger number of samples before testing, Koda mught have shown evidence of
generalizing the odour of hypoglycema, and Nutella might have obtained a higher level
of performance in the generalization tests. A second limitation of this chapter 1s that we
did not use any analytical techniques to assess the contents of the breath samples.

Therefore, although Nutella showed some ability to generalize the odour of
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hypoglycenua across multiple samples from the same person, we cannot know what

specific VOCs she was detecting.

5.2 Implications of Findings
The results of the studies presented mn this dissertation have great potential for

influencing the field of canine biomedical detection. More specifically, our data support
methodological and procedural changes that could result 1n a more accurate assessment of
dogs’ ability to detect and discriminate biological stimuli. Moreover, as will be discussed,
our test of dogs’ detection and generalization of an odour associated with hypoglycemma
could mfluence the traming of DADs for people with type 1 diabetes. What follows 1s a
discussion of the implications of the results presented in this dissertation.

After the saliency traiming program to train dogs to detect and discriminate breath
samples, the dogs showed consistently above chance performance on the discrimination
tests. The only other empirical evaluation of a training program for camine detection of
biological samples reported poorer results than the results obtamned here (Jezierski et al |
2010). As discussed 1 Chapter 2, it 1s believed that the higher level of performance
reported here 1s attributable to several factors in the traming program, including the strict
performance criterion applied at each phase of tramnmg, the gradual transition from the tea
stimulus to the breath stimulus, and the use of the cued, 3AFC procedure as opposed to
the traditional five to seven stimulus lime-up. We argue that use of the traditional five to
seven stimulus line-up could actually be a less valid assessment of dogs’ ability to detect
and discriminate odours (Gadbois & Reeve, 2014). Therefore, given the results presented
in Chapter 2, we advocate a reevaluation of the common procedures used in traimng and

testing of canine biomedical detection.
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In Chapter 3, we presented a procedure for coating cotton balls in silicone o1l.
Furthermore, the results of the Experiments conducted in Chapter 3 demonstrate that, for
some dogs, the use of silicone-coated cotton for the collection of breath samples
improved the detectability of breath samples with increased storage time. These results
have important implications for future studies utilizing breath samples for canine
detection. Given that two dogs showed higher detectability of breath samples collected
using silicone-coated cotton, our results highlighted that, even though all our dogs were
carefully selected, individual differences in olfactory sensitivity were apparent between
dogs. Therefore, in studies of canine biomedical detection where biological samples are
stored over fime, a dog’s poor performance could be the result of decreased sample
mntegrity combined with the dog’s olfactory sensitivity. Therefore, it would be wise for
future studies to utilize silicone coated cotton balls to collect breath samples in order to
ensure that the VOCs are contained and to further obtain an accurate assessment of dogs’
ability to detect the VOCs.

Finally, the results of the studies conducted mn Chapter 4 suggest that dogs can
generalize the odour of hypoglycema across multiple hypoglycemic events in one
person, but their ability to generalize the odour of hypoglycemua across different people
1s unknown. This finding has important implications for the traimming of DADs. Based on
the results of the current empirical studies, companies that tramn DADs would be safest to
train dogs with the person they will be living with as early as possible. If dogs are not
able to generalize the odour of hypoglycenuia across different people, traming a DAD 1n a
facility and then selling the dog to a person with type 1 diabetes could result in the dog

missing hypoglycenuc events or not being able to detect that person’s hypoglycemic
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events at all. Without further empirical studies, however, the extent to which dogs can

generalize the odour of hypoglycema 1s unknown.

5.3 Future Directions

The results of the studies presented in this dissertation generated further questions
that future work should address to help advance the field of canine biomedical detection.
First, as discussed i Chapter 1, a dog’s internal decision making bias can influence its
proportion of responses to target and distractor stimuli. Moreover, a number of factors
may mfluence a dog’s decision making bias. Future work should examine how
procedural variables during training can influence or change a dog’s bias in detecting
physiological changes such as diabetic hypoglycenua. For example, rewarding both
positive and negative responses may result i close to ideal observer, whereas emphasis
on rewarding only positive indications during traiming could result in a more liberal
decision maker. Furthermore, given that hypoglycemic events can be rare (Ly et al |
2014), future research should examine how mtermmttent traiming with high prevalence
trials, as demonstrated by Wolfe et al (2013) could affect the tramning and maintenance of
DADs’ performance.

As discussed above, an area that requires careful consideration 1s how procedures
for the collection and storage of biological samples effects the VOC content of the
sample over time. With the use of analytical techmques such as GC-MS, future work
should document the VOC profile of a sample at the time of donation, and then at
different time points throughout storage time. Although Buszewski et al. (2012a) found a
positive correlation between the concentration of two compounds in exhaled breath from

people with lung cancer and dogs” positive indication of those samples, 1t would be
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interesting to observe whether the dog’s indications were correlated with the same
compounds after the breath samples were stored for a period of time. Empirical studies
regarding whether VOCs change in samples over time would confirm whether the
disease-specific VOCs present at the fime of sample preparation are maintained over
time, and in what concentrations. This would have important implications for the traiming
and testing of biomedical detection dogs.

To that point, future research should examine whether a person’s VOC profile of
hypoglycenua 1s consistent across multiple hypoglycemic events and if the VOCs change
over developmental time. As discussed by Minh et al | (2012), if a person’s diabetes
worsens over tume, corollary pathologies could result in changes to a person’s VOC
profile, mcluding the VOCs present at the time of hypoglycerma. This knowledge could
influence the traming of DADs and support the need for regular re-traming for accurate
detection.

Finally, an area of research that will need particular attention in the future 1s
whether dogs are able to generalize the odour of hypoglycenuia across different people.
This work would provide much needed empirical data that could contribute to more
informed tramming of DADs, resulting in more accurate DADs for people with type 1
diabetes.

5.4 Conclusion
The field of canine biomedical detection 1s a burgeoning field of research, in which
studies present promising evidence that dogs can contribute to disease diagnosis. As a
new field of research, however, training and testing procedures not yet optimal, and the

collection and storage of biological samples need to be considered carefully. This
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dissertation demonstrated that changes in tramning and testing procedures could more
accurately assess dogs’ ability to detect VOCs associated with disease, and that the
integrity of exhaled breath samples can be maimntained over time with the use of silicone-
coated cotton balls.

Within regards to DADs, the marketing of DADs 1s proceeding without solid
empirical studies exanuning the intricacies of canmine detection of hypoglycenua. The
studies in this dissertation demonstrated that dogs can be tramned to successfully
disciminate between breath samples from people with type 1 diabetes donated during
hypoglycenua, normoglycemic, and hyperglycenua. Furthermore, we provided evidence
that dogs can generalize the odour of hypoglycenua in breath samples obtained across
multiple hypoglycemic events from one person. Although results are inconclusive as to
whether dogs can generalize the odour of hypoglycema across multiple people, further
work m the area will provide findings that can contribute greatly to the successful
training of DADs.

For mdividuals considering acquiring a DAD, surveys of DAD owners (Gonder-
Fredenick et al , 2013) and the results of the studies conducted here in Chapter 4 provide
evidence that DADs have the potential to positively impact the lives of individuals with
type 1 diabetes by detecting hypoglycemic events. It 1s important to keep in mind,
however, that further research 1s required to determine what exactly DADs are detecting
when they signal hypoglycemic events and how the traming of DADs impacts their
effectiveness in a real-world setting. Regardless of the performance of DADs,
prospective owners should also recognize that simply owning a dog has positive effects

on physical health and mental well bemng (O’Haire, 2010), and are a great addition to any
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home. With future studies, there 1s no doubt that dogs can continue to contribute to the

lives of people with type 1 diabetes.
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