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Abstract

Animal olfactory detection of human diseases haaa@ed an increasing amount of
interest from researchers in recent years. Beaafube inconsistent findings reported in this
body of research and the complexity of scent digtecesearch, it is difficult to ascertain the
potential value of animal detectors in operatiafiagnostic algorithms. We have outlined
key factors associated with successful trainingaraluation of animals for operational
disease detection and, using these key factorsiatsgor comparison, conducted a
systematic review of the research in this areadi8suthat were published in peer-reviewed
outlets and that described original research etialyianimals for detection of human
diseases were included in the review. The majofitglevant studies have assessed dogs as
detectors of various forms of cancer. Other reseaschave targeted bacteriu@ostridium
difficile, hypoglycemia, and tuberculosis. Nematodes andthglirats were the only
exceptions to canine detectors. Of the 28 studmsting inclusion criteria, only 9 employed
operationally feasible procedures. The most comthaeat to operational viability was the
use of a fixed number of positive samples in eachgde run. Most reports included
insufficient information for replication or adeqeatvaluation of the validity of the findings.
Therefore, we have made recommendations regardétype of information that should be
included when describing research in this area.réhelts of this systematic review suggest
that animal detectors hold promise for certain daagic applications but that additional
research evaluating operationally viable systemslifactory detection of human diseases is
necessary.

Keywords: animal behavior; diagnostic technology; discriatian; olfaction; scent detection
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| ntroduction

It is common knowledge that many animals possedselyp heavily upon a highly
developed sense of smell when locating food, angigredators, finding mates, and
navigating their environments. Humans, who haveaively poor sense of smell, often
employ other animals in the detection of targetdustances by training them to make an
identifiable response in the presence of volatiiepounds that emanate from those
substances. Dogs have been trained to locate exggotandmines, illicit drugs and other
contraband, missing persons, disaster victimsaanile variety of other targets (Browne et
al., 2006; Williams & Johnston, 2002). Bees, pigge, rats, and a number of other animals
have also been successfully trained to identifgetad substances (Bodyak & Slotnick, 1999;
Poling et al., 2010a; Rains et al., 2008; Taloal €t1990).

Several anecdotal reports of dogs spontaneousilyispanterest in skin cancer on
their owners have been published. Williams and Rek&b(1989) wrote of a patient whose
dog persistently sniffed a mole on her leg. The'slegcessive interest in the mole prompted
the patient to visit a dermatologist, who identifibhe mole as a malignant melanoma. Church
and Williams (2001) reported a man whose dog cotigtaniffed at a patch of eczema on his
leg. After excision of the lesion, it was foundb® a basal cell carcinoma. Campbell et al.
(2013) described a case in which a man’s dog pendig licked a lesion behind his right ear,
which was later confirmed to be malignant melanoima&ach of these cases, the dog was
apparently able to detect and was attracted tdile@ganic compounds (VOCs) emanating
from the affected area on its owner’s skin.

VOCs are organic chemicals with high vapor presatitgpical room temperature,
resulting in evaporation or sublimation of the noolles into the air surrounding the source.
VOC profiles reliably associated with asthma, salvBpes of cancer, cholera, cystic fibrosis,

diabetes mellitus, dental diseases, gut diseasas, &llograft rejection, heart diseases, liver
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diseases, pre-eclampsia, renal disease, and tlbssc(lB), have been identified (Corradi et
al., 2010; Dent et al., 2013; Shirasu & Touhard,130Disease-related VOCs may be found
in the blood, breath, feces, skin, sputum, sweateuand vaginal secretions of affected
individuals. Research investigating the VOCs asgediwith various human diseases is
underway, primarily driven by the goal of develgpinstrumentation for use in clinical
diagnostics that is capable of reliably identifysyecific disease-associated VOC marker
profiles. Currently, the development of this tediogy is limited by the prohibitively high
cost of the necessary laboratory instrumentati@hdifficulties in standardizing sample
collection and preparation procedures in cliniedtisgs (Sethi et al., 2013).

An increasing number of experimental analyses emangianimal detection of human
diseases have appeared in the literature sincelRatkl. (2004) reported the high detection
accuracy of two dogs trained to detect melanoma.cimulative number of relevant studies
published between 2004 and 2016 are displayedur€&il. The steepening gradient in the
data path suggests that interest in this topiari@sased over time. This body of literature on
which Figure 1 is based has been reviewed fronouarperspectives (Bijland et al., 2013;
Boedeker et al., 2012; Dent et al., 2013; Desik@i3; Freeman & Vatz, 2015; Jezierski et
al., 2015; Johnen et al., 2013; Lippi & Cervel@012; Luque de Castro & Fernandez-
Peralbo, 2012; Marcus, 2012; McCulloch et al., 20M@ser & McCulloch, 2010; Oh et al.,
2015; Wells, 2012). Many reviewers and researchave remarked that critical components
of the training and testing procedures in the @¢studies are often unreported or are
deficient. Therefore, it is difficult to ascertalme potential of animals as detectors of various
human diseases (e.g., Elliker et al., 2014; Jedietsal., 2015). The purpose of the present
article is, first, to suggest required and pref@ienditions for training and testing animals
for operational disease detection and, second;aluate the existing research with respect to

these conditions. Our hope is that the guidelinepmwpose will be useful for researchers,



ANIMAL OLFACTORY DETECTION OF HUMAN DISEASES 5

animal trainers, and medical practitioners whoiaterested in olfactory detection of human

diseases.
Training Conditions

Operant discrimination training, in which indicaticesponses (e.g., barks by a dog)
to samples known to be positive for the diseaspigstion are reinforced (rewarded, as by
delivery of a preferred food) and responses to $ssmmwt known to be positive for the
disease are not reinforced, is used to teach asitnaletect the disease. Once an animal
reliably emits the indication response only in pinesence of known-positive samples,
samples of unknown status are presented and th@bsiresponse to those samples is
recorded. Samples that engender an identificaispanse are considered to be disease-
positive according to the animal detector, althoagdtitional confirmatory technology is
often used to ensure the patient who provided dhgpte actually has the disease. Responses
to samples of unknown status are not reinforced @nichaintain performance, known-
positive samples have to be included in the saupée. As in training, responses to such
samples are reinforced. Details of training diffedely across studies, but certain aspects of

training are of general, and critical, significance
Required conditionsfor training

The conditions outlined in this section are neagsfa training an animal to reliably
indicate the presence of disease-related VOCsvelrsamples.

Confirmed positive samples. Ideally, the status of every sample used in trgjri.e.,
samples that are positive for disease as well@setthat are negative for disease) is
determined with the gold standard or best availdtdgnostic technology for the targeted
disease. However, knowing the true status of “pasisamples that will be used to arrange
reinforcement for correct indications is a requiceddition. Even occasional reinforcement

of a positive indication to a disease-negative darogn lead to persistent false indications
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(positive indications of disease-negative samplegrmittent reinforcement generates
patterns of behavior that persist even when retefment is no longer forthcoming (Angle et
al., 2015; Nevin, 1988). Persistent indication isedse-negative samples negatively impacts
specificity (proportion of disease-negative sampted are accurately classified as such),
negative predictive value (NPV; the number of cctrrejections [negative indications]
divided by the total number of rejections), andifps predictive value (PPV; the number of
correct positive indications divided by the totahmber of positive indications).

Intermittent schedules of reinforcement for coriadication responses have the
desirable effect of preparing the animal for caondg under which correct indication
responses cannot be reinforced. Such conditionsevéable if the animal will be used
operationally because an animal detector wouldideomo additional value in an operational
scenario in which the status of all samples isaalyeknown. For this reason, knowing the
status of all “negative” samples used for trainmgot a required condition. If a positive
sample is incorrectly classified as “negative” #émel animal’s correct identification response
is not reinforced, the animal will learn to contnevaluating the remaining samples, as it
would be required to do in an operational scendmiearly stages of training, while the
search and indication behaviors are being shapeigharatio of reinforcement (i.e.,
continuous reinforcement) is necessary, but thedwde of reinforcement should be
gradually thinned to match the schedule of reirdaorent anticipated under testing and
operational conditions. Under training conditionsvhich consequences are provided for
correct or incorrect identification of negative gdes (e.g., Gordon et al., 2008; Walczak et
al., 2012), it is important that the status of “atdge” samples is confirmed with the best
available diagnostic technology.

Control (negative) samples that are comparable to positive samples except for disease

status. If positive samples and control samples have syatie differences other than their
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status with respect to the targeted disease, iheahmay learn to rely on these additional
cues patrtially or entirely and its true abilitydetect disease-positive samples will be
obscured. For example, because a high percentagdiwatiuals with lung cancer also smoke,
an animal may dismiss all samples from non-smo&ensegative, despite the presence of
lung cancer in some non-smokers. Matching contnolerms of age, gender, and other
factors that are likely to influence outcome measus standard practice in medical research,
but consideration of additional factors is necesgdren working with animals.

Control samples collected in a different time péyifvom a different location, or by a
different person from the one who collected thatp@ssamples are likely to emit VOCs
irrelevant to the targeted disease (e.g., volatitsociated with a specific clinic) that may
function as cues during training. Attempts to preva@oss-contamination between positive
and control samples can also lead to systematerédifces between the samples. For
example, control samples regularly may be prepfrsid by a different person, or in a
different room. Any systematic discrepancy betwssmple collection, handling, and
preparation procedures for positive and controlamcan result in cues that control the
indication response instead of the relevant disaaseciated volatiles. Under these
conditions, the animal may perform well under tragnand testing conditions but poorly
under independent testing or operational conditiBesause many disease detection research
projects never reach the stage of independentgestioperational trials, researchers may
inadvertently obtain and report spurious resulteréfore, it is essential to ensure that there
are no systematic differences, save for diseasesstaetween positive and negative samples
used for training and testing.

A large number of sample sources (patients and healthy controls). Training an animal
to detect disease-positive samples is, in essémehing the animal a concept. If only a few

exemplars are presented repeatedly during traitineganimal will have no trouble
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identifying the “positive” samples after a shomd, but not necessarily because of what they
have in common. Pigeons have been trained to itediba presence of trees, water, people,
and even a specific person in novel pictures, ¢hreagh there is no single defining feature
of any of these concepts (Herrnstein & Lovelandg4t Herrnstein, Loveland, & Cable,
1976). In these experiments, key pecking was resefbwhen a picture containing the target
was present and not reinforced when the targetalvasnt. In testing sessions, only novel
pictures were presented, and the rate of key pgakithe presence of positive (target-
present) and negative (target-absent) pictureseasded. Herrnstein, Loveland, and Cable
used approximately 1000 pictures (half negativelaaltipositive) in training and 800
additional pictures for testing acquisition of eacmcept. Although these studies did not
establish the minimum number of training exemptatgiired for concept formation, if the
researchers had used only a few pictures for trgjnt is unlikely that the pigeons would
have been able to respond accurately to novelnegturing testing.

When training for disease detection, using multtsue or fluid samples from the
same human is not a solution for training a diseaseept for the same reasons that multiple
copies of the same photo are not useful when trgipigeons the “tree” concept. In one
report, dogs trained extensively on one type ofe2tdnitrotoluene (TNT) showed high
sensitivity (i.e., hit rate) with the type of TN'Bed in training but failed to indicate other
types of TNT (Goldblatt et al., 2011). Increasihg variation in training samples led to
improved generalization. Similar issues were reggbimh a study on the detection of
gunpowder (Oxley & Waggoner, 2009). VOC profiles@sated with diseases are much
more complex than those associated with TNT anghgwder. Therefore, researchers must
take additional precautions to ensure that traismgditions are conducive to concept

formation.
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A wide variety of positive samples with a singlersuonality — positive disease
status — is required; likewise, a wide variety efjative samples with a single commonality —
negative disease status — is required. The minisiaenof the sample set will depend on a
number of factors including the amount of diseadated VOCs that are available in the
headspace of a typical sample and the relativdadoiiity of unrelated VOCs. An effective
approach to training the targeted disease conceghwhe number of sample sources is
restricted is as follows: (1) Train with a subskthe available sample sources until the
animal reaches pre-established performance cribetimtil performance is no longer
improving. (2) Introduce samples from novel po&tand control sources and evaluate
performance with these samples prior to any regddindications of the positive samples
(e.g., on the first presentation of the sample)Ir{Blude these samples in the training set if
performance with the novel samples is low, andaepese steps until performance with
samples from novel sources is reliably high. Witis inethod, progress toward concept
formation is regularly evaluated, additional exeanplare systematically added to the training

set, and the required number of novel sample ssusaminimized.
Preferred conditionsfor training

The conditions outlined in this section are notessarily required for successful
training of animal detectors of human disease hllitypically result in more rapid training
or higher performance in subsequent testing ancatipeal use.

Trainer blind to status of all samples. Whenever the trainer has knowledge of the
disease-status of the samples in the sample sdtkélihood of cuing is very high, even for
well-intentioned trainers. If the reader is notally convinced of the difficulty of abstaining
from cuing under non-blind conditions from the gtof “Clever Hans,” the research of Lit et
al. (2011) may provide the required evidence. Hsearchers conducted tests with drug and

explosives detection dog/handler teams in whickangeted substances were present at any
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time, but certain locations and decoys were mavkéda paper marker and others were not.
The marked locations were statistically signifi¢ambore likely to be indicated by the
dog/handler team than the unmarked locations, waoinfg that handler beliefs about the
location of targeted substances had a powerfulénite on the perceived or actual
performance of the dogs. Dogs are very receptiveitoan communicative cues such as hand
signals, body orientation, and the emotional canténerbal commands (Ruffman & Morris-
Trainor, 2011; Soproni et al., 2002; Viranyi et 2004). Due to the insidious effects of cuing
on true scent detection performance, this “pretec@ndition” is a strong candidate for the

list of “required conditions.” There are, howevamumber of training methods that can
reduce or eliminate the possibility of cuing.

One such method involves placing the trainer behisdreen positioned in such a
way that the trainer can see which samples aregbeéemntified as positive but the animal
cannot see the trainer. When this strategy is ubedrainer must ensure that no auditory
cues are accidentally provided (for example, bys#mning a clicker when the animal is
approaching a positive sample). Another methodlir@sopositioning an observer with
sample status information out of view of the anienadl the trainer, who is blind to sample
status. Each time the animal identifies a sampl@oagive, the trainer calls out the sample
position, and the observer immediately replies wh#hnsample status so that the trainer can
take appropriate action (Elliker et al., 2014; Maéy et al., 2012). With this type of training,
the observer must be careful not to provide anytarydcues. Yet another method is to
construct an apparatus that is capable of relidétgcting a positive identification and
delivering a reinforcer for identification of sameplprogrammed as positive/reinforcement
samples (e.g., Mahoney et al., 2014). When “playised as the reinforcer, the automated
apparatus can emit a visual or auditory cue, whkighals the handler to initiate play, but we

are unaware of any studies employing this partramethodology.
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Confirmed negative samples. Under typical training conditions, no consequerares
scheduled for correct or incorrect identificatidmegative samples. If, however, “negative”
samples are known to be negative, consequencdseganovided for correct or incorrect
identification of negative samples. For examplerdaa et al. (2008) and Walczak et al.
(2012) delivered a mild rebuke when detection dogsrrectly identified negative samples
as positive, which presumably served to puniskefaddications. Zimmerman and Ferster
(1963) found that arranging punishment in the fofrtime-outs of 10 s — 1 min from the
training procedure when an incorrect response oedun a matching-to-sample task resulted
in higher accuracy, which suggests that conseqsdocencorrect responding can increase
accuracy in a discrimination task. Unfortunateglevant research in the scent-detection field
is lacking.

When it comes to evaluating the animal detectogidgumance, working with
confirmed negative samples allows the trainer terd@ne the precise sensitivity (proportion
of true positives identified as positive) and sfieity (proportion of true negatives identified
as negative) of the detector. When “negative” saspte identified as positive by the animal
detector, the apparent specificity will declinet lisome of these samples are actually
positive, the true specificity is higher than tipparent specificity. In other words, the animal
may appear to be incorrectly identifying negatisenples as positive, but some of the
identifications are actually correct. Thereforehi¢ status of all samples is not known, the
trainer does not have an accurate picture of thmaalis true detection performance and does
not have complete data on which to base decisions.

Training samples same as operational samples. If a disease-related VOC has been
identified and can be isolated for training andibgspurposes, one of the largest challenges
in olfactory detection of human diseases — thaanfple availability — may be overcome. But

training with an isolated compound will not neceggaesult in success when testing or
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operating with human tissues or fluids. Lazarovesid Dorman (2014) found that training
with potassium chlorate was not sufficient to praglgeneralization to potassium-chlorate-
based explosive mixtures for most dogs in theidgtBomers et al. (2012) conducted
training with toxigenicClostridium difficile strains on culture plates prior to training with
stool samples, but the influence of the initiairtiag with the isolated VOCs on subsequent
training with samples obtained directly from patgewas not evaluated. Suckling and Sagar
(2011) trained honeybees to indicate the presehcleemical compounds that were
previously found to be associated with TB, buthiees were not subsequently tested with
samples obtained from humans. When training anifoalglinical use, it is generally
advisable to train under the conditions in whiok #mimal detector will be tested, which
should in turn be the same conditions under wHiehanimal will operate.

Positive sample prevalence similar to prevalence of disease in operational setting.
Training of animals for any purpose usually procesigpwise with simple, fundamental
responses trained first, followed by the establishihof more complex responses in more
difficult training conditions. Animals trained tetéct human diseases should eventually be
trained to identify the positive samples in a sargat where the prevalence of positive
samples is similar to the prevalence of the diseatiee targeted operational scenario. For
example, dogs under training for eventual screeafrgkin samples for skin cancer from a
dermatological clinic where six percent of the sksare tested positive for skin cancer
should eventually be trained under conditions wi®di%% of the skin samples are negative.
Wolfe et al. (2005) found that the percentage afsad targets increased substantially when
the prevalence of targets was reduced in a vigaath task with humans (50% prevalence
produced 7% miss errors while 1% prevalence pratl@686 miss errors). Target prevalence
is a critical factor that is likely to impact theopability of hits, false indications, and other

key outcome measures in scent detection tasksefdner the terminal prevalence of positive
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samples in training should match that of testinigiclw should match the prevalence
anticipated in operations as closely as possible.

Intermittent reinforcement. If identification responses are reinforced evamneta
positive sample is correctly identified, the respowill deteriorate quickly under testing and
operational conditions in which the status of s@raportion of samples is unknown and,
therefore, some correct identifications cannotdieforced. Behavior that is reinforced
intermittently is more persistent when it is nodenreinforced (i.e., it is more resistant to
extinction) than behavior that is reinforced eantetit occurs (Nevin, 1988; 2012). But, in
order to avoid degrading an animal’s performanagrmittent reinforcement must be
introduced gradually. If the trainer goes from ferning every correct response to
reinforcing every 28 correct response, the animal will probably not enko the 28
response before shifting to other behavior thatahbigiher likelihood of being reinforced. As
with positive sample prevalence, the rate of reitément should be adjusted gradually to
match the rate that is expected to be encountarx$iing and operational scenarios. For
example, if approximately 25% of the positive sa@sph an operational scenario will have
known status, then the animal should be graduhifyesl to a schedule of reinforcement

under which only 25% of correct identifications, average, are reinforced.

Testing Conditions

Required conditionsfor testing

Testing is usually conducted to determine the seitgiand specificity of the animal
as a detector of the targeted disease after adpefimaining. Other variables may also be
investigated when an animal detector is testedy as@valuation speed, stamina, and
resistance to extinction. For a test to providemvicing demonstration of an animal’s

ability to detect human diseases, the followinguregments must be met:
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Sample sources differ from sources used in training. Samples collected for testing
purposes must not come from the same individualseasamples used for training purposes.
If the animal detector is given the opportunityégpond to samples that were taken from the
same individuals who provided training samplesaiinot be determined with any degree of
certainty that the animal’s identification respaaee being controlled by disease-related
VOCs rather than other volatiles unique to thevitlial who provided the sample. Using
samples that have already been used in traininddyamse an even larger threat to the
validity of the test, as it would be easier stilt the animal to identify samples that were
correctly identified during training without regai@' their disease-status.

Trainer blind to status of all samples and presence of positive samples. Results from
testing conducted under non-blind conditions cateotonsidered as valid. Not only must
the trainer be unaware of the status of indiviciaahples, he or she must also be unaware of
the number of positive samples that are preseanynset of samples under evaluation (e.g.,
in each run, with “run” meaning a set of samplaswianeously presented to an animal for
evaluation). For example, if an animal is testethwequential presentations of eight-sample
runs comprising one positive and seven control $asnghe animal and trainer are afforded
significantly more information than would be avai@under operational conditions in which
any number of samples could be positive in any $ausgt. This problem is further
compounded with “forced choice” procedures in whioé animal must choose one and only
one sample from each run. With forced choice proces] the trainer often makes a judgment
call regarding which sample was selected, andnimea is likely to be influenced by some
form of cuing (e.g., the trainer encourages thetdagdicate one of the samples).

Additionally, standard measures of diagnostic a@cyiobtained from such
procedures are not valid, particularly specifi@atyd negative predictive value (NPV). For

example, if a dog evaluated seven samples at aumnder a forced choice testing procedure



ANIMAL OLFACTORY DETECTION OF HUMAN DISEASES 15

(in each set of seven samples, one is positivettdog must indicate only one sample each
run), even if it misses the positive sample eacte it will only be able to indicate one of the
six negative samples in each run, therefore estahtj a floor of one in six samples
incorrectly identified as positive, which transkte a minimum specificity and NPV of 83%.
If the dog had instead correctly identified theipes sample in each run, specificity and

NPV would be 100% by default. These values argemmtesentative of the animal’'s
performance and do not provide any indication of tamight perform in circumstances
where an unknown number of positive and negativepéss are preserftor accurate
calculation of diagnostic accuracy, it is necessaryave a variable number of targets in runs
and a protocol that ensures that the animal careragositive indication to any sample.

Accurate knowledge of sample status. In order to accurately determine the sensitivity
and specificity of the animal detector, the disestagus of the samples must be known with a
high degree of certainty. This typically involvestermining the status of the samples using
the “gold standard” diagnostic test, which is tlestbavailable test for the disease.
Particularly when conducting proof-of-concept tegtifor the test results to be convincing to
interested parties, the reference technology shoellithe best available under the
circumstances. Follow-up testing of individuals where found to be disease-negative
according to gold standard technology but positieeording to animal detectors can provide
information regarding the ability of animals to mdi¢y diseases in early stages.

Control (negative) samples that are comparable to positive samples except for disease
status. For the same reasons provided under Training @ondj positive and negative
samples must not differ in any systematic wayutftsdifferences exist, any test of the
animal’s disease detection performance will be lidi@ecause the animal may be responding

to irrelevant features of the samples.
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Sufficiently large number of sample sources. The number of sample sources used in
the test should be based on an appropriate samzglealculation conducted prior to the test.
A variety of tools have been developed for thisgage, including formulas (Jones et al.,
2003), nomograms (Carley et al., 2005), tableshgtl# et al., 2005), and software designed
for conducting power analyses for diagnostic acoytasts. An inadequate number of
samples will result in extremely wide confidenceermals around the obtained accuracy
measures, rendering the results of the test melasm@Hajian-Tilaki, 2011).

Two examples calculated using the R (R Core Te&i5Ppower.diagnostic.test
function in the MKmisc package (version 0.991)sthate the range of sample sizes that are
necessary to establish estimates of sensitivitthérfirst example, the expected sensitivity of
the detector is 0.9, and the researcher wishestablesh 95% confidence intervals for
sensitivity with a lower limit of no less than 0.7®amples from 74 disease-positive
individuals would be required. In this examplethié animal were to be tested with a disease
prevalence of 0.1, samples from 666 disease-negatiividuals would also be required. In
another example, the expected sensitivity of thiedder is 0.8, and the researcher wishes to
establish 95% confidence intervals for sensitiwith a lower limit of no less than 0.7. In
this case, samples from 215 disease-positive iddals would be required. If testing with a
disease prevalence of 0.05, samples from 4,08askseegative individuals would also be
required. Both of these examples are representatitygical conditions and highlight the
importance of conducting appropriate tests wheardehing the number of samples that
must be included in evaluations of animal deteabbtsuman diseases.

Preferred conditionsfor testing
The conditions described in this section may naobdeessary for a test to be

considered valid or for a test to produce usefsiiits but are generally desirable for the

reasons outlined below.
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Mechanical or other objective determination of identification response. With
explosives detection and many other scent detetdrks, the animal/trainer pair can be
considered a single unit, the animal reacting éotéingeted volatiles, and the trainer reacting
to the animal’s reaction. Nonetheless, the requerdrthat a trainer identify a response as
indicative of the presence of the targeted substaan lead to subjective interpretation of the
animal’s behavior. While some level of subjectivign be tolerated in the highly variable
conditions encountered in explosives detectionathdr related work (especially when it
involves erring on the side of caution), in a coléd laboratory setting where disease
detection work will take place, removing human sghyity from the equation is advisable
for several reasons: the apparent performancesadriimal may fluctuate if the trainer is
distracted or if one trainer is substituted fortheo; independent observers may not be able
to obtain consistent data from the same test, thiedrainer must make a judgment call on
“borderline” identification responses. As with traig, an automated testing apparatus may
be the best solution, but when construction of sudevice is not feasible, an objective
definition of an identification response that emshihdependent observers to obtain high
levels of agreement should be developed and usaagdesting.

Positive sample prevalence similar to prevalence of disease in operational setting.
When detection animals are being evaluated foeaip operational application, the
prevalence of positive samples in the test shottdrately reflect the prevalence in the
targeted operational population. If, for exampte &nimal is tested with a positive sample
prevalence of 10%, but the prevalence of the desgathe targeted population is 1%, the
information gained from the test will not be suifiat to estimate the performance of the
animal detector in the operational setting. Detecperformance can and should be expected
to vary depending upon the prevalence of positarees in the sample set (Evans et al.,

2013; Wolfe et al., 2005).



ANIMAL OLFACTORY DETECTION OF HUMAN DISEASES 18

Other testing conditions similar to operational conditions. Other testing conditions
such as sample quantity and quality (including roétbf collection, age, and storage
conditions), session duration, testing environmantl schedule of reinforcement should be
similar to those anticipated in operational comdli. Reinforcement samples may be
interspersed among the testing samples if suclirangement would be operationally
feasible, but the prevalence and quality of thesepdes should be similar to samples
expected to be available under operational conditidny discrepancy between training and
anticipated operational conditions, such as theotiseied rather than fresh blood, may cast
doubt on the suitability of the test for evaluatthg animal detector’s potential for
operational use.

Independent evaluation. It is preferable for animal detectors in the tegimase to be
independently evaluated by a third party to vettily accuracy of the animal detectors and
confirm that preliminary results were not spurigusbtained. Well-trained and well-
intentioned researchers can unintentionally builelscinto the training process and obtain
results that cannot be replicated by others. Indeget evaluation of detection animals can
take a variety of forms, the simplest of which ilwes testing of samples that have been
provided by a third party without sample classtiica. The results obtained from the animal
detector are submitted to the third party who ttesmals the sample classification and the
performance of the detector. Other arrangements, asiindependent replication of findings
across multiple laboratories, can build confideinctne findings and strengthen the case for

operational deployment.

Operational Conditions

Required conditionsfor operations

The conditions that are required for successfutatpens with animal detectors

depend heavily upon the type of disease detectmik and the setting in which the work will
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take place. Despite this, several overarching requents can be identified and will be
described briefly below.

Ongoing training. Animals are constantly learning and, unless appatptraining is
arranged frequently, detection performance willitably decline. Ongoing training can only
be foregone when identification of positive sampdeisitrinsically reinforcing, as it appears
to be for some dogs that spontaneously show irtteréiseir owners’ skin cancer or with
nematodes employed as described by Hirotsu e2@l5), for example. Three possibilities
for conducting ongoing training will be describesrdy, although other methods may exist.

The first method involves interspersing known sk gtraining samples) among
samples with unknown status (evaluation samplesy.eCt identifications of positive
training samples are reinforced and correct idieatiions of positive evaluation samples are
not reinforced, essentially maintaining the ideadifion of positive samples under an
intermittent schedule of reinforcement. The seamathod involves alternating between
training sample runs and evaluation sample runsnQuhe runs with training samples,
correct positive indications are reinforced, wherea indications are reinforced during runs
with evaluation samples. The third method involirasing with samples with known status
on some days or sessions and evaluating samplesimkhown status on others. Although
they have not been systematically compared, tleethmethods are likely to produce different
performance. Therefore, as specified under preferoaditions for testing, the testing
conditions should match the operational arrangement

Regardless of the method of known-sample interghete operational settings
should involve a high rate of reinforcement whemdgasible. Sargisson and McLean (2010)
found that higher rates of reinforcement (35-75%)dpced higher sensitivity in remote
explosives tracing with dogs than lower rates offorcement (20-30%) without impacting

specificity.
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Training conditions cannot be discriminable from operational conditions.

If an animal can discriminate between training amdluation conditions or between training
and evaluation samples, performance with the etialugamples will suffer because correct
identification of training samples is differentialieinforced (i.e., indication of positive
training samples is reliably reinforced while inalion of positive evaluation samples is
never reinforced). If, for example, the trainingngdes are stored in the freezer and the
evaluation samples are not, the animal might be &bdliscriminate between samples that
were frozen, which are reinforced if correctly itt@ed, and those that were not frozen, and
to which responses are never reinforced. Therefoesanimal would not respond to samples
that were not stored in the freezer. Likewiserafrting sessions are conducted in one setting
and operational evaluation is conducted in anotheranimal’s performance in the
operational setting will decline.

Regular evaluation of performance with another diagnostic tool. Regular comparison
of animal performance with another diagnostic mmbles the trainer to identify changes in
performance and take corrective action if necesssyformance during training or with
training samples is not sufficient for performaremluation because of the potential for
discrimination between training and evaluation siasps described earlier. An animal’s
performance in training can be very good whilg#sformance during operational evaluation
IS very poor, in which case the trainer must idgrdnd eliminate the discriminable
difference between training and operational coadgi As this type of evaluation is likely to
impact the cost-effectiveness of animal detectmuatsns, the frequency of these
comparisons can be minimized by adopting and emfgntgorous standard operating
procedures, particularly those associated with $aegidlection and preparation.

Sandard operating procedures. Reliably accurate performance is key to the wtilit

and acceptability of animals as detectors of huthssase (Jezierski et al., 2015). The



ANIMAL OLFACTORY DETECTION OF HUMAN DISEASES 21

solution to behavioral variability is standardipatiof operating procedures. All aspects of
ongoing training, housing, feeding, session timganple collection, sample preparation,
and all other laboratory practice must be cleaetfjrebd. After all procedures have been
described in detail, arrangements for quality aaste must be put in place to ensure that
procedures are being followed as described. Althaigndard operating procedures cannot
eliminate all behavioral variability, well-writtgorocedures with strict adherence can
eliminate much of the variability that is withinetloperator’s control. Standard operating

procedures should also be developed and followettdming and testing.
Preferred conditions for operations

Consistent sample quality and quantity. A stable flow of both training and evaluation
samples makes regular training and operations Iples$i training or operations are
frequently interrupted, particularly for long peds retraining and retesting may be necessary
before operations can resume. Animal detectorsiyeagble to attain a high level of
performance when the quality of samples in an djpgral scenario varies widely, but if there
is a major shift in sample quality, performancéksly to be adversely affected. If, for
example, operations are shifted from a clinicdisgtwhere samples come from
symptomatic individuals to a non-clinical settimghere the samples come from a variety of
symptomatic and non-symptomatic individuals, perfance should be expected to change
because of the shift in sample characteristicsdisehse prevalence. When shifting to a new
operational setting, training and testing shoulddeducted to ensure that the animal
detectors are capable of performing as requireédamew setting.

Periodic evaluation of performance relative to gold standard. Frequent evaluation of
the animal detector’s performance relative to thlel gtandard can be prohibitively time-
consuming and expensive depending upon the cuyoddtstandard for the relevant disease,

but periodic comparison to the gold standard isillyigdvisable. Comparison to the gold
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standard diagnostic technology can provide the moatrate estimates of the animal
detector’s sensitivity and specificity (if the sdesize is sufficiently large).

These required and preferred conditions for eaatpesof the pathway from initial
training to operational deployment are undoubtéatpmplete, and there are bound to be
exceptions that we have not mentioned. Nonethelessiope and expect that consideration
of these conditions will be of benefit to peopleondre interested or involved in olfactory
detection of human diseases. With these requirdgeeferred conditions serving as points

for comparison, a review of relevant experimengakarch was conducted.

M ethod

The PubMed and Web of Scientalatabases were searched on 25 August 2016
using combinations of the terms: “animal,” “cantécanine,” “chemota*”, “dog,” “detect*,”
“disease,” “odour”, “odor,” “olfact*,” “scent,” andsmell.” Articles that described original
research involving animal olfactory detection offan disease using samples collected from
human participants were selected for inclusioreMaluating the performance of the animal
detectors, gold standard technology must have bseth to confirm the status of positive
samples used for testing. Articles describing ahwifactory detection of psychiatric
conditions were excluded from the present reviesabee no gold standard diagnostic
technology exists for such conditions. Articlesatdsng the use of chemotactic assays with
animals for the detection of human diseases wetaded. Studies examining detection of
samples obtained during hypoglycemic episodes wmeteded, although hypoglycemia is
not classified as a disease. Additional articleetmg the inclusion criteria that were
discovered in a subsequent forward and backwarestiat search of the selected articles

were also included. Twenty-eight articles meetmgusion criteria were discovered.
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Three tables were prepared for organization antysisaf the findings. In Table 1,
basic information about the studies was compiled.dble 2, key features of training as
outlined in the required and preferred conditiamstfaining provided in the Introduction
were organized. Categories in Table 3 were choseording to the required conditions for
testing provided in the Introduction. A final colarm Table 3 was used to classify the
testing conditions in each study as feasible farafons and, therefore, valid evaluations of
the capabilities of disease detection animalsptrivased on the other items in the table. One
coder compiled the information reported in Tablebrbugh 3. A second coder
independently evaluated 7 of the 28 studies (25%)checked the information obtained
from the remaining 21 studies for accuracy. Ushgihdependently coded studies, a
measure of inter-coder agreement was obtainedviginly the number of fields in the tables
in which agreement with the original coder was ol&d by the total number of fields. This
resulted in an agreement percentage of 73%. Caodrgssed inconsistencies in data

extracted from each of the studies and updatethtiles after reaching consensus.

Results

A brief summary of key information from each of stedies is provided in Table 1,
including the disease targeted for detection, ype bf sample, the animal detector, and the
sensitivity and specificity obtained in the stu@ancer detection has clearly received the
most attention, with 20 of the 27 studies targeting or more cancers. Of the remaining
seven studies, four have targeted TB, two hypoghyaeone bacteriuria, and one
Clostridium difficile. Urine samples have been used in 11 studies,hoseatples in 6,
sputum in 4, tissue in 3, stool in 2, blood in 2d éive patients in 1. The only exceptions to
canine detectors in the reviewed studies were palichts in four studies and nematodes in

another. The obtained sensitivity and specificayied widely, ranging from perfect to
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chance performance, with considerable variatiomeraong studies examining the same
disease, sample, and detector. A fixed number sitige samples were present during test

runs in 19 studies, 14 of which used forced chproeedures.
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Table 1. Study summary
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Year | 1% Author Disease Sample Detector Mean Sensitivity M ean Specificity
2004 | Pickel Cancer: melanoma| Tissue DOanfs familiaris) Samples in run: 100% FC
(2 Samples planted on health
volunteers: 100%
Actual patients: 80%
2004 | Willis Cancer: bladder Urine Dog (6) Wet uribe% FC
Dry urine: 22%
Overall: 41%
2006 | McCulloch | Cancer: lung, breast Breath Dog (5) Lung: 99% FC (lung: 99%; breast:
Breast: 88% 98% reported)
2008 | Gordon Cancer: breast, Urine Dog (10; bc: 6, pc: 4) Breast: 22% FC
prostate Prostate: 18%
2008 | Horvath Cancer: ovarian Tissue Dog (1) 100% % YBxed number of
positives in each run)
2009 | Weetjens Tuberculosis Sputum Pouched ratGricetomys | 73% 93%
ansorgel) (20 trained, 2
tested)
2010 | Horvath Cancer: ovarian Tissue, blood Dog (2) Tissue: 100% FC (tissue: 95%; blood:
plasma Blood: 100% 98% reported)
2010 | Willis Cancer: bladder Urine Dog (4) 64% 3trohgroups - healthy:
89%, disease: 83%,
urological disease: 61%
(fixed number of positives
in each run)
2011 | Cornu Cancer: prostate Urine Dog (1) 91% % (BC% reported)
2011 | Mgode Tuberculosis Sputum Pouched rat (10) Mean: UC Mean: UC
2/10 cutoff: 80% 2/10 cutoff: 72%
2011 | Sonoda Cancer: colorectal Breath, stool Ddg (1 Breath: 91% FC? (breath: 99%; stool:
Stool: 97% 99% reported)
2012 | Bomers Clostridium difficile | Stool, patient Dog (1) Stool: 100% Stool:100%
Patient: 83% Patient: 98% (fixed numbe
of positives in each run)
2012 | Buszewski Cancer: lung Breath Dog (UC) 82% % (B2% reported)
2012 | Ehmann Cancer: lung Breath Dog (4) 71% % (@G% reported)
2012 | Mahoney Tuberculosis Sputum Pouched rat (10) Mean: 68% Mean: 87%
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2/10 cutoff: 81%
3/10 cutoff: 76%

2/10 cutoff: 76%
3/10 cutoff: 82%

h

2012 | Walczak Cancer: breast, lungBreath Dog (6 trained, 3 tested) 37% (all canceesytested| FC*
melanoma together)
2013 | Dehlinger Hypoglycemia Skin swab Dog (3) Mean: 56% Mean 53%
2013 | Horvath Cancer: ovarian Blood plasma Dog (2) erieS 1 (during Series 1: 99%; series 2 (3
chemotherapy): 97% month follow up): 95%;
Series 2 (3 month follow | series 3 (6 month follow
up): 70% up): 92% reported (fixed
Series 2 (6 month follow number of positives in eact
up): 80% run)
2014 | Amundsen | Cancer: lung Breath, urine Dog (4) Breath test 1: 65% Breath test 1: 8%
(training with Breath test 2: 56% Breath test 2: 33%
tissue) Urine test 1: 74% Urine test 1: 25%
Urine test 2: 64% Urine test 2: 29%
2014 | Elliker Cancer: prostate Urine Dog (10 traingtested) | 19% FQ73% reported)
2014 | Rudnicka Cancer: lung Breath Dog (2) 86% ? {#Q% reported)
2015 | Hardin Hypoglycemia Perspiration & Dog (6) 78% FE(96% reported)
breath (combined)
2015 | Hirotsu Cancer: Urine (preliminary | Nematode 96% 95%
oesophageal, gastri{ testing with cell (Caenorhabditis elegans)
colorectal, breast, | cultures, tissue,
pancreatic, bile duct| blood serum, urine)
prostate
2015 | Reither Tuberculosis Sputum Pouched rat (7) Mean: 41% Mean: 87%
1/7 cutoff: 72% 1/7 cutoff: 59%
2/7 cutoff: 57% 2/7 cutoff: 81%
2015 | Taverna, Cancer: prostate Urine Dog (2) 99% 98%
Tidu,
Grizzi,
Torri, et al.
2015 | Taverna, Cancer: prostate Urine Dog (2) Pre-operative: 100% ucC
Tidu,
Grizzi,
Stork, et al.
2015 | Urbanova Cancer: prostate Urine Dog (1) 94% ¢ (82% reported)
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2016 | Maurer Bacteriuria

Urine

Dog (5)

Escherichia coli: 99.6%
Enterococcus: 100%
Klebsidla: 100%
Saphylococcus aureus:
100%

Escherichia coli: 91.5%
Enterococcus: 93.9%
Klebsidlla: 95.1%
Staphylococcus aureus:
96.3% (fixed number of
positives in each run)

Note. FC = forced choice; UC = unclear.

@ With forced choice procedures, specificity caltiolas are invalid.
b Comparison to culture (gold standard) in Experitrieanly.

¢ Group criterion in which samples indicated by 20for 3 of 10 rats are considered as indicatesl Ns&honey et al. (2012) for additional cutoff vaue
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Table 2 summarizes key aspects of the trainingitond in each of the studies.
In six studies and in one condition of a seventidstall training samples were evaluated
with gold standard technology. In 12 studies andnie condition in a thirteenth study, at
least some of the control samples were obtained frealthy but untested individuals. In
three studies, all samples were evaluated withasc@py, which is highly specific but
not sensitive for diagnosis of TB. For four studies information regarding testing of
training samples was provided. Training procedwese not reported by Hirotsu et al.
(2015) because training was not required for thpproach to cancer detection involving
nematodes. Therefore, this study is excluded ftomfdllowing description of training

conditions.
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Table 2. Training conditions
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Year | 1% Author Known sample status Controls comparableto | Number of sample Handler blind | Training Prevalence of positives
(positive and negative positive samples sour ces tosample comparableto | in sample set
tested with gold Pos. Cont. status testing Runsize [ % pos.
standard technology) (no. of
positives)
2004 | Pickel Y N (non-tissue controls) tm: UC| N/A N tm: N (retrieval | tm: UC (1) | UC
tsp: 1 training) tsp: UC (1)
tsp: Y
2004 | Willis N (untested controls) Y 27 54 N Y 7 (1) 14%
2006 | McCulloch N (untested controls) N (only hegltiontrols) | Ic: 27 66 Y Y 5(1) 20%
bc: 25
2008 | Gordon N (untested controls) Y bc: 53| 134 Y Y 7 (1) 14%
pc: 46 120
2008 | Horvath Y N (pos. and cont. in 31 ucC N Y 10 (2) 20%
separate rooms)
2009 | Weetjerfs N (microscopy not gold | Y uc uc Y Y 10 (UC) 5-20%
standard)
2010 | Horvath ts: Y ts: Y uc ucC N Y 6 (1) 17%
bls: N (untested controls) bls: N (younger controls,
some males)
2010 | Willis N (untested controls) Y ucC ucC N Y 719 ucC
2011 | Cornu Y Y 26 16 N N (different run2 (1) 50%
size)
2011 | Mgod& N (microscopy not gold | Y ucC uc Y Y 10 (UC) 5-20%
standard)
2011 | Sonoda ucC ucC ucC ucC N Y 5(1) 20%
2012 | Bomers Y Y ucC uc N N (different | UC ucC
sample types)
2012 | Buszewski N (untested controls) N (only heattbntrols) | UC uC uC Y 5(1) 20%
2012 | Ehmann N (untested controls) Y 35 60 ucC Y ucC CcCu
2012 | Mahoney N (microscopy not gold | Y ucC ucC Y Y 10 (UC) 5-20%
standard)
2012 | Walczak N (untested controls) N (only heattbgtrols) | bc: 57 305 Y Y 5(1) 20%
m: 45
Ic: 118
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2013 | Dehlinger ucC ucC uc uc uc ucC uc ucC
2013 | Horvath uc uc uc uc N N (different run 4-10 (0-3) | UC
size)
2014 | Amundsen N (untested controls) ucC ts:1 | 20 ucC ucC 6 (0-6) 50%
bs: UC
us: UC
2014 | Elliker N (untested controls) Y 50 67 Y Y 41 25%
2014 | Rudnicka N (untested controls) N (only healthy controls) 53¢ 305 Y Y 5() 20%
m: 45
Ic: 118
2015 | Hardin Y Y uc uc Y (no handler | Y 7(1) 14%
present)
2015 | Horitsu N/A N/A N/A N/A N/A N/A N/A N/A
2015 | Reithér Y (196 known samples | Y ucC uc Y Y 10 (UC) 5-20%
prior to test)
2015 | Taverna, N (untested controls) Y (but 23% of control | 200 230 Y Y 6 (0-6) ucC
Tidu, Grizzi, samples from females)
Torri, et al.
2015 | Taverna, N (untested controls) Y (but 23% of control | 200 230 Y Y 6 (0-6) ucC
Tidu, Grizzi, samples from females)
Stork, et al.
2015 | Urbanova Y Y ucC ucC ucC Y 3(1) 33%
2016 | Maurer Y Y ucC ucC N Y 5(1) 20%

Note. bc = breast cancer; bs = breath sample; bls =ddample; Ic = lung cancer; m = melanoma; N/A =amtlicable; pc = prostate cancer; ss = stool sampl
tm = tissue mixture; ts = tissue sample; tsp =ussample planted on person; UC = unclear; usrewample.
& Training information obtained from Poling et &10(1).

® Training information obtained from Weetjens et(aD09).
¢ Training information obtained from Horvath et @008) and Horvath et al. (2010).
4 Training information obtained from Walczak et(@012).

¢ Positive and negative samples obtained from sadieiduals.
" Training information obtained from Poling et &0( 1), Poling et al. (2010b), and Weetjens et24109).
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In 16 studies and in one condition of a seventeghéhset of control samples
appears to have been comparable to the positivpleawith respect to sample quality
and patient characteristics. But, the possibikyains that unreported differences
between positive and control sample sets may heageed in any of these experiments.
For five studies, insufficient detail was providedmake the determination. Pickel et al.
(2004) used medical supplies, such as bandagespadbut no tissue samples as
controls when training dogs to detect tissue sasnplth melanoma. Horvath et al.
(2008) specified that positive and control samplese prepared in separate rooms,
which may have introduced additional cues assatiatth positive and negative samples.
In the remaining 6 studies and in one conditioa seventh study, all of the control
samples came from individuals who were asymptonmatdiffered from the target
population in other ways.

For studies and conditions in which relevant infation was provided, the
number of sample sources ranged from 1 to RO&li@n = 45) for positive sample
sources and from 16 to 308l¢dian = 94) for control sample sources. The authors did
not specify the number of individuals from whichiing samples were collected in at
least one condition in 17 of the reviewed studies.

The handler was blind to the status of individwahples (at least during the final
stage of training) in 12 of the studies. In 10 ggdthe handler was not blind to sample
status during training. In five studies this infation was unclear or unspecified.

In 21 of the 27 studies, the training conditionsesponded with the testing
conditions, as reported. Pickel et al. (2004) edinsing search and retrieval trials with

tissue samples but conducted testing by presetitentissue samples among control
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samples, planting samples on a healthy volunteeralowing the dogs to search
patients with melanoma. Bomers et al. (2012) tedtetdid not train, with live patients.
In two studies, the number of samples in each iffi@erdd between training and testing
(Cornu et al., 2011; Horvath et al., 2013). Twoontp provided insufficient information
regarding the similarity of training and testinghddgions (Amundsen et al., 2014;
Dehlinger et al., 2013).

Sample runs contained a fixed number of sampl@g iof the studies. The size of
these runs ranged from 2 to Median = 6). Sample runs in 13 of these 22 studies
contained one positive sample, and in another stodtained two positive samples
(Horvath et al., 2008). In 4 of these 22 studiesherun contained a variable number of
positive samples and, in the remaining 4 studiespumber of positive samples in each
run was not specified. The authors did not spebgnumber of samples in training runs
for four of the studies. Pickel et al. (2004) reépdrthat a single positive sample was
present in each run but did not specify the ruae,sihile the other three studies did not
report the run size or the number of positive saspl each run. Horvath et al. (2013)
employed training runs of varying sizes (4-10) vatlaarying number of positive samples
(0-3). Authors reported or we were able to caleuthe prevalence of positive samples in
the training set for 19 of the 27 studies. In th&selies, prevalence ranged from 5% to
50% (Median = 20%).

Table 3 summarizes critical aspects of the testorglitions reported in each of
the studies as described under the required condifor testing provided in the
Introduction. For the 20 studies in which suffidierformation was provided to make the

determination, individuals who provided samplestfaiming differed from those
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individuals who provided samples for testing of @memal detectors, with the exception
of the planted tissue samples used in one studkgPet al., 2004). In the remaining

seven studies (excluding Hirotsu et al., 2015}% ihiormation was unspecified or unclear.
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Table 3. Testing conditions
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Year |1¥ Author |Sample Known Controls Number of sample sources | Prevalence of positives | Handler Testing conditions
sour ces sample status | comparable in sample set blind to feasiblefor
(individuals) |(positiveand | to positive Pos. Cont. Run size % pos. sample status | operations
different negative samples (no. of and presence
from tested with positives) of positive
training gold samplein
standard sample set
technology)
2004 | Pickel ts: Y N/A (non- ts, tsp: N ts: 1 N/A (non- ts: 10 (1) | ts: 10% status: Y ts: N (FC)
tsp: N tissue (non-tissue | tsp: 1 tissue tsp: UC tsp: UC presence: tsp: N (planting tissue
pa: Y controls) controls) pa: 7 controls) pa: 8-30 pa: 3-13% | ts: N on volunteers)
pa: Y (1) tsp: Y pa: UC (bandages
pa: Y over suspected and
non-suspected areas
2004 | Willis Y N (untested | Y 9 54 7(1) 14% status: Y N: FC
controls) presence: N
2006 | McCulloch| Y N (untested | N (only Ic: 28 17 5(1) 20% status: Y N: FC
controls) healthy bc: 6 presence: N
controls)
2008 | Gordon Y N (untested| Y bc: 9 bc: 54 7 (1) 14% status: Y N: FC
controls) pc: 11 pc: 66 presence: N
2008 | Horvath UCiffrom| Y N (pos. and | 20 ucC 10 (2) 20% status: Y N: fixed number of
other cont. in presence: N | positives in each run,
individuals separate ts
rooms)
2009 | Weetjens Y Y Y uc ucC 10 (UC) 8% status: Y Y (if variable number
presence: Y | of positives in runs)
2010 | Horvath UCiffrom| ts: Y ts: Y uc uc 6 (1) 17% status: Y N: FC
other bls: N bls: N presence: N
individuals | (untested (younger
controls) controls,
some males)
2010 | Willis Y N (untested | Y 30 180 7 (1) 14% status: Y N: fixed number of
controls) presence: N | positives in testing
each run
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2011 | Cornu Y Y Y 33 33 6 (1) 17% status: Y N: FC°
presence: N
2011 | Mgode Y Y Y 56 228 10 (UE) | UC status: Y Y (if variable number
presence: Y | of positives in runs)
2011 | Sonoda Y Y Y bs: 33 bs: 132 5(12) 20% status: Y N: FC, ss collected
ss: 37 ss: 148 presence: N | during colonoscopy
2012 | Bomers ucC if from| ss: Y Y ss: 50 ss: 50 ss: 1 (0-1) | ss: 50% status: Y ss: Y
other pa: N pa: 30 pa: 270 pa: 10 (1) | pa: 10% presence: pa: N (fixed number
individuals | (untested ss: Y of positives in each
controls) pa: N run)
2012 | Buszewski| UC N (untested| N (only ucC ucC 5() 20% status: Y N: FC
controls) healthy presence: N
controls)
2012 | Ehmann Y N (untested| Y 25 100 5(1) 20% status: Y N: FC°
controls) presence: N
2012 | Mahoney Y Y Y 81 409 10 (UC) 18% status: Y Y (if variable number
presence: Y | of positives in runs)
2012 | Walczak UC if from| N (untested | N (only 29 uc 512) 20% status: Y N: FC
other controls) healthy presence: N
individuals controls)
2013 | Dehlinger | Y Y Y 3 3 1 (0-1) 50% status: Y Y (but high
presence: Y | prevalence)
2013 | Horvath Y N (untested | N (only Series 1: 42 | Series 1: 210 7 (1 29% status: Y N: fixed number of
controls) healthy Series 2 (3 | Series 2 (3 | positive; 1 presence: N | positives in each run
controls) month month reference)
follow up): follow up):
10 50
Series 2 (6 | Series 2 (6
month month
follow up): follow up):
10 50
2014 | Amundsen| Y Y Y uc ucC 6 (0-6) 50% status: Y Y (but high
presence: Y | prevalence)
2014 | Elliker Y N (untested | Y Test 1: 15 Test 1: 45 4 (1) 25% status: Y N: FC
controls) Test2&3: | Test2&3: presence: N
16 48
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2014 | Rudnicka Y N (untested| Y 108 145 5() 20% status: Y N: FC
controls) presence: N
2015 | Hardin uc Y Y ué uc? 7 (1) 14% N/A (handler | N: FC
not present)
2015 | Hirotsu N/A N (untested | Y 24 218 1(0-1) N/A status: Y Y
controls) presence: Y
2015 | Reither Y Y Y 109 360 10 (UC) ucC status: Y Y (if variable number
presence: Y | of positives in runs)
2015 | Taverna, |Y N (untested | Y (but23% | 362 540 6 (0-6) 40% status: Y Y
Tidu, controls) of control presence: Y
Grizzi, samples
Torri, et al. from
females)
2015 | Taverna, |Y UC (no ucC 114 0 ucC ucC ucC ucC
Tidu, control
Grizzi, information)
Stork, et al.
2015 | Urbanova uc Y Y 45 25 3@ 33% status: Y N: FC°
presence: N
2016 | Maurer Y Y Y 231 (19E 456 5(0-1Y 20% status: Y N: fixed number of
coli; 11S. presence: UE | positives in each ridn
aureus, 10
Enterococcu
s, 19
Klebsiella)

Note. bc = breast cancer; bs = breath sample; FC =dazheice; Ic = lung cancer; pa = patients, pc sfate cancer; ss = stool sample; ts = tissue sanipfe
= tissue sample planted on person; UC = unclear.
#10-11 stimuli reported on target-present teststtiat number of stimuli present on target-absealstunclear (only results from target-presersisrivere
reported).
® With FC procedures, the detection task involvesiimg a fixed number of positive samples in aafifixed size. Such conditions cannot be arrangeahi
operational scenatrio.

° From Weetjens et al. (2009).
4 positive and negative samples collected from émeessources.
¢ Individual worms did not evaluate all samples.

" Automated chemotaxis assay (Bargmann et al., 196hida et al., 2012).
9 Testing included some runs (unspecified numbewhith only negative samples were available, so oamsained either zero or one positive samples.
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Researchers used positive and negative samples tegh gold standard
diagnostic technology in 12 studies, and in onalit@m in two other studies. In 12
studies and one condition in two more studies,tpessamples were tested with gold
standard technology but some proportion of corganhples were not tested. These
control samples were typically obtained from healtblunteers. Pickel et al. (2004) used
non-biological controls such as gauze and latexegioTaverna et al. (2015b) provided
no information indicating that control samples wesed.

Based on the information provided, positive andti@dsamples used for testing
appear to have been comparable, with the followxaeptions. Pickel et al. (2004) used
non-tissue controls in two conditions. In four sasj only healthy controls were used,
and in another study the controls were signifigamlunger than individuals providing
positive samples. Taverna et al. (2015b) providethformation about control samples.

The number of positive sample sources used fantgestnged from 1 to 362
(Median = 29) in the 22 studies reporting this informati®he number of negative
sample sources ranged from O to 5Migdian = 116) in the 18 studies with relevant
information. Studies involving detection of sampidésained during hypoglycemic
episodes were not included in this summary becanisgol and positive sample sources
are the same and a large number of sources inesgary for an adequate test of a
detector’s performance with this application. Authdid not specify the number of
sample sources or this information was uncleaiv &nd seven studies for positive and
negative samples, respectively.

Runs consisted of a fixed number of samples int@diss and in one condition of

another study. In at least one condition in thriethese studies, a single sample at a time
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was presented to the animal for evaluation (Boraedd., 2012; Dehlinger et al., 2013;
Hirotsu et al., 2015). In the remaining studies eodditions, run size ranged from 3 to
10 (Median = 6). In at least one condition of 16 studiesheam included one positive
sample. Maurer et al. (Maurer et al., 2016) inctudee positive sample in each run but
also arranged an unspecified number of runs withaositive samples. Horvath et al.
(2008) and Horvath et al. (2013) included two pesisamples in each run. In at least
one condition in nine studies, runs included aalde number of positive samples.
Taverna et al. (2015b) included no information lo& ¢composition or size of runs. In the
24 studies with sufficient information to calculgtesitive sample prevalence, prevalence
ranged from 8% to 50%Median = 20%). These prevalence values differ from preved
as calculated from the number of positive and adsmple sources, 10% to 64%
(Median = 20%). In 10 of the 21 study conditionshwaufficient information for
comparison, sample prevalence and source prevatithemt match, indicating that
control or positive samples from the same sourae \weesented to the detector a
disproportionate number of times.

Individuals working with the detector did not knole status of individual
samples in all 26 of the studies in which the ratevnformation was reported. In 15
studies and at least one condition in two additishadies, handlers were aware of the
number of positive samples in each run. Mauret.€2816) did not specify if handlers
knew which runs contained no positive samples.

Based on the criteria outlined under the requikattidions for testing provided in
the Introduction, we consider the methods usetienl6 studies and two conditions in

two other studies that employed forced choice mtoees or used a fixed number of
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positive samples in each run unsuitable for evalgahe operational viability of disease
detection animals. Maurer et al. (2016) includagsrwith no positive samples during
testing, but this arrangement does not allow foltiple positive samples in a single run
and is not operationally feasible. Pickel et ab02) planted tissue samples on volunteers
in one condition, which does not appear to be araipnally feasible method. In

another condition, they put bandages on suspeatd@n-suspected areas, but it is not
clear if this is an operationally feasible approaximelanoma detection. Horvath (2008)
used tissue samples for detection of ovarian caargiSonoda (2011) used stool samples
that were obtained during colonoscopy for colofezdacer detection; these samples are
collected through invasive procedures, the sameggires that are required for
application of gold standard diagnostic analysis, @imerefore, it is unlikely that any
advantage would be gained by using an animal detatsuch applications. In eight
studies and one condition of a ninth, the testmgdations appear to be feasible for
relevant operational disease detection and, thexgbioovide convincing evidence

regarding the suitability of animals for the deimctof human diseases.

Discussion

In this review of 28 studies evaluating the usammal olfaction for detection of
human diseases, 9 studies used training and tgstitgcols that appear to be
operationally viable (see shaded rows in Tabl& g primary reason for a lack of
operational viability in the remaining studies was presentation of a fixed number of
positive samples in runs, which was the case iof1Be reviewed studies, 14 of which

employed forced choice procedures. In these stutfiesanimal detectors were not
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evaluated under conditions that can be arrangegenational settings, and standard
accuracy measures such as specificity are notnrétve.

Although the majority of studies reviewed hereimleated dogs as cancer
detectors, only two such studies employed procedina might work in an operational
scenario. Amundsen et al. (2014) evaluated dogingscancer detectors using breath
and urine samples, and Taverna et al. (2015a) exahtogs’ ability to detect prostate
cancer in urine samples. Although operationallgilde methods appear to have been
employed in both studies, several key aspectsofitrg and testing conditions were
unspecified or unclear. Bomers et al. (2012) evallia method of. difficile detection
in stool samples that appears to be operationadlgible, but did not specify some key
details of training and testing, such as whetheratitesting sample sources differed
from training sample sources. Hirotsu et al. (201$9d a chemotaxis assay to evaluate
nematodes’ natural propensity to move toward usaraples from individuals with a
variety of cancers, finding high sensitivity anceksificity. This appears to be an
operationally viable approach to cancer detection.

In the four studies evaluating pouched rats asctiateof TB, the research was
carried out using methods that appear to be opedty viable, although the distribution
of positive samples throughout runs was not spetifi any of the studies (Mahoney et
al., 2012; Mgode et al., 2012; Reither et al., 20//8etjens et al., 2009). The same
research group has reported results from operatitmpoyment of pouched rats in
diagnostic algorithms for TB detection in Tanzaama Mozambique, suggesting that
pouched rats serve a valuable function in this (Bbwards et al., 2016; Mahoney et al.,

2011; Poling et al., 2010b).
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The accuracy of animal detectors of human diseasagported in this body of
literature, varies widely. In Tables 2 and 3, wemarized factors that we consider
particularly important to successful training amdleation of disease detection animals.
Although a quantitative analysis examining theuafice of each of these factors on
accuracy measures would be valuable, current stindiee too little in common for such
an analysis to produce meaningful results. Moreaedevant information was often
unreported or undecipherable.

Many researchers used samples from some untestéolsaduring training and
testing. Although we described “accurate knowledfggample status” as a required
condition for testing, in most cases these untespadrols were healthy individuals in
which the probability of the relevant targeted dses would be extremely minimal.
Moreover, testing these individuals with the rel@vgold standard diagnostic technology,
for example by biopsy, would not be possible in yneases. This sample source
arrangement is only a problem when the set of obeample sources consists
exclusively, or almost exclusively, of healthy aah, in which case the detector may
simply learn to indicate samples from individuaihvhealth abnormalities. Such
conditions were arranged in four of the reviewedlss (Buszewski et al., 2012; Horvath
et al., 2013; McCulloch et al., 2006; Walczak et2012).

One of the biggest shortcomings of the present loddiyerature is that much of
the information related to sample characteristiesning methods, and evaluation
procedures was not specified clearly or at alhalgh some reports were very thorough
(e.g., Hirotsu et al., 2015; McCulloch et al., 2p0&e recommend that authors of future

studies in this area of research refer to Table8Bs a guideline regarding the
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fundamental information that should be included mheporting results. Additionally,
when space limitations prevent authors from pragdiufficient detail to allow others to
replicate their training and evaluation procedutiesy should consider making standard
operating procedures for training and evaluaticalable as supplemental information.
As others have pointed out, there are no standardsaining disease detection animals
(e.g., Jezierski et al., 2015; Oh et al., 2015;dx@l et al., 2012), and the practice of
sharing procedures may be instrumental in the dewednt of such standards.

One of the largest threats to the validity of tegults from each of these studies is
the possibility that systematic differences, otifian disease status, between positive and
control samples in both training and testing phags® responsible for the obtained
results. An animal trained under such conditiony apear to be a competent detector
of the targeted disease but is in fact a compeketaictor of an irrelevant sample
characteristic. Although the information that wasvided suggests that positive and
control samples were comparable in at least onditon of 22 of the studies, unreported
differences could have been present in any oftilndiess in this review. Replications of
these studies, particularly by different reseandugs, would add significantly to the
validity of the findings.

The small number of positive and control samplecssiused in the evaluation
phases of most studies resulted in imprecise etsmd detection accuracy. Using the
median positive and control sample source numbens festing phases and assuming
that the detector responded correctly to 23 oRtheositives and 90 of the 116 controls,

we have calculated 95% confidence intervals fosiieity (60%, 92%) and specificity
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(69%, 85%), using MedCalc Software (Ostend, Belgiumthis representative example,
sensitivity has not been established with greatipian.

Some research involving olfactory detection of d&ss is not aimed at evaluating
an operationally viable product. For example, Hunet al. (2008) were primarily
interested in determining whether dogs in previcarscer-detection studies were
responding to VOCs associated directly with cancdo other associated odors, such as
metabolic products. This research question shapgdrhethodology such that it was not
suitable for evaluation of an operationally viabiktection technology. Research with
animal detectors might also play a key role indbeelopment of electronic, volatile-
detection technology; the operational viabilitypebcedures in this area of research may
be unimportant. In the present review, however,ammrwas to evaluate the potential of
animal detectors for operational diagnosis of huchiaaases.

Olfactory detection of diseases holds the promisemd, non-invasive, and cost-
effective diagnosis. At first glance, there appé¢anse substantial evidence supporting
the utility of animal detectors in this role. Untianately, we have found significant
limitations associated with this body of reseanat,avith the exception of one
operationally active research group, animals hatéaen employed for diagnostic
purposes in large-scale operational settings. @engig the results obtained using
methods that we have classified as operationadlglgiin the present review, we can only
make tentative conclusions about the potentiahohals in this role. Under the right
circumstances, animals appear to be capable aosphgdiscriminating between samples
obtained from disease-positive and disease-negativaduals. Programs of research

designed to elucidate the specific conditions #mgfender consistently high accuracy in
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animal detectors are needed. A major barrier priavg deployment of animal detection
technology in the medical field is that many of grecedures used to evaluate animal
detectors do not translate directly to operatidimerefore, additional research evaluating
the effectiveness of operationally viable proceddoe olfactory detection of diseases is

also required.
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Figure Caption
Figure 1. Cumulative number of studies examiningnaholfactory detection of human

diseases between 2004 and 2016.
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Highlights

» Guiddinesfor training and testing disease-detection animals are provided

» Using these guidelines as points for comparison the relevant literature is reviewed
» Inconsistent findings have been reported, likely because of procedural differences
» Some commonly used training and testing procedures are problematic

* We make recommendations for research and reporting practicesin this area



