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Abstract

This article reviews the use of dogs as chemical detectors, and the scientific foundation and available information
on the reliability of explosive detector dogs, including a comparison with analytical instrumental techniques.
Compositions of common military and industrial explosives are described, including relative vapor pressures of
common explosives and constituent odor signature chemicals. Examples of active volatile odor signature chemicals
from parent explosive chemicals are discussed as well as the need for additional studies. The specific example of odor
chemicals from the high explosive composition C-4 studied by solid phase microextraction indicates that the volatile
odor chemicals 2-ethyl-1-hexanol and cyclohexanone are available in the headspace; whereas, the active chemical
cyclo-1,3,5-trimethylene-2,4,6-trinitramine (RDX) is not. A detailed comparison between instrumental detection
methods and detector dogs shows aspects for which instrumental methods have advantages, a comparable number of
aspects for which detector dogs have advantages, as well as additional aspects where there are no clear advantages.
Overall, detector dogs still represent the fastest, most versatile, reliable real-time explosive detection device available.
Instrumental methods, while they continue to improve, generally suffer from a lack of efficient sampling systems,
selectivity problems in the presence of interfering odor chemicals and limited mobility/tracking ability. © 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction

The use of dogs as chemical detectors dates
back to their use as hunting dogs 12 000 years ago
based on tomb evidence. Since World War II,
dog-handler teams have been used extensively by
the military to locate explosives. The civilian use
of dogs began with tracking individuals and locat-
ing drugs and bombs. Civilian use has expanded
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to include the detection of guns, pipeline leaks,
gold ore, contraband food, melanomas, gypsy
moth larvae, brown tree snakes and their use in
the controversial dog-scent lineup for forensic evi-
dence. In the last decade, dogs trained to detect
flammable and ignitable liquid residues, com-
monly called accelerant detector dogs, have be-
come widely utilized and their alert has proven to
be admissible as evidence [1]. The use of detector
dogs has now also become widespread and rou-
tine in search and rescue, including finding the
last missing person after the World Trade Center
bombing, discouraging employee drug use, ter-
mite infestation inspection, and screw worm de-
tection [2–5]. A number of studies have been
performed to study detection dog-handler teams.
Unfortunately, the reports and articles are often
not in refereed journals, but are in trade publica-
tions, books, manuals, and government reports.
In some cases, errors have been perpetuated lead-
ing to additional confusion. This paper reviews
much of the available information presenting a
current evaluation of the state of knowledge of
explosive detection dog-handler teams. Some of
the reasons why relatively inexpensive and ex-
tremely effective bomb dogs have not been more
widely employed has been debated in trade jour-
nals [6,7] and are evaluated scientifically in this
paper. The scientific validity of the use of detector
dogs is sometimes challenged by stating that inad-
equate scientific data are available to substantiate
the reliability of their use. Indeed, only recently
have researchers begun to determine the actual
chemicals which dogs use to find forensic speci-
mens, including explosives, as detailed later in this
paper [8]. This paper demonstrates that there is
sufficient scientifically valid data to demonstrate
that dogs can be, and are, trained to reliably
detect items.

2. Mechanism of detection by dogs

The scientific evidence that the sense of smell is
the major sense used by dogs in detection tasks
consists of studies demonstrating low thresholds
for detection of odors [9–12], studies of the
anatomy of the olfactory system of the dog [13],

and observations that dogs with measured or
perceived problems with the sense of smell do not
perform well in detection tasks [14,15]. Specific
odorant binding proteins (for anisole and ben-
zaldehyde) have been isolated and characterized
in the dog [16]. A number of putative olfactory
receptors from the dog have been cloned with
subsequent characterization of some of the
molecules [17]. Olfactory receptors have been hy-
pothesized to be relatively loose binding to their
respective ligands, and also to be rather nonspe-
cific in that binding. However, there is hypothe-
sized a preferential binding of similar ligands to
the receptors, perhaps resulting in a unique en-
coding of receptor activation for thousands of
odors [18].

In general, the sense of smell, as it relates to
explosive detection, can be simplified as follows:
(1) The odor(s) come into contact with the sen-
sory apparatus most efficiently accomplished by
the act of sniffing; (2) The odor chemicals, origi-
nating in vapor or possibly particulate form, are
dissolved in the mucus layers within the nasal
cavity, particularly overlying the olfactory mu-
cosa, the epithelium within the nasal cavity con-
taining the bulk of the olfactory receptors; (3)
Interaction between the odor(s) and the appropri-
ate receptors results in a second messenger cas-
cade via a G-protein coupled reaction or an
inositol 1,4,5-triphosphate (IP3) reaction; (4) The
second messenger then sets up a receptor potential
via opening sodium channels, eventually to the
point of causing an action potential; (5) The
action potentials travel to the brain via the neu-
rons of the olfactory nerve to a variety of sub-cor-
tical and cortical structures for further encoding
and, eventually, perception; (6) The odors still
present on the olfactory mucosa and elsewhere in
the nasal cavity must then be purged, otherwise
the stimuli would persist and the phenomenon of
physiological adaptation would set in. This phe-
nomenon is the lessening of the sensitivity of the
system with continued stimulation; and (7) In
addition to the olfactory system, the trigeminal
nerve and the vomeronasal systems seem to be
involved in the sense of smell, but their relative
contributions are less well understood.
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3. Standards and reliability of dogs as detectors

A field study demonstrating the efficiency of
explosives detection by dog-handler teams was
performed by Nolan and Gravitte [19] in which
the teams were trained to detect landmines. Dur-
ing the summer sessions conducted in Arizona
and Michigan, the dogs averaged over 80% cor-
rect location with several teams averaging over
90% correct location. Although few additional
studies have critically examined the efficacy of
detection teams, improved training, certification
and maintenance protocols have been developed
by various government agencies and private certi-
fying organizations. To ensure scientific validity,
important evaluation issues include identifying
what items might cause false alerts and exposing
these items in training and testing. Measurements
should be conducted in a double-blind fashion
with impartial evaluators and the results evalu-
ated to determine reliability. Also, tests should
include positive controls (known explosive scents
free from potential contamination) and negative
controls (no sample or potentially interfering or
distracting samples). One specific example of the
reliability of explosive detection canines repeat-
edly being substantiated is at the Department of
Defense program, which has about 500 explosives
detection canines worldwide and has a proficiency
requirement of at least 95% detection rate for the
targets (known explosive odor standards) used
and 5% or less nonproductive rate (alerts to dis-
tracter odors) [20]. Another example of a well
accepted certification program is that adminis-
tered by the North American Police Work Dog
Association which requires a minimum of 91.6%
pass rate on target odors, including 6 different
explosive odor classes and 4 of 5 different search
areas [21]. While not peer-reviewed in the tradi-
tional sense, the guidelines published by such
organizations generally undergo reviews and revi-
sion by panels of recognized experts before
adoption.

These requirements generally meet or exceed
the expected 90–95% confidence intervals used in
forensic science for instrumental methods and le-
gal conclusions requiring ‘beyond a reasonable
doubt’ [22]. The criteria for accepting, certifying,

or otherwise approving a dog-handler team for
use in the field are generally more than a simple
percentage correct, however. Among behavioral
factors evaluated are type and duration of search,
alertness of the team, responsiveness of the dog to
the handler, and, the handler’s skill in observing
the behavior of the dog and interpreting those
observations. These subtleties not present with
instrumental methods make certifications more
difficult. The debate over canine standards for
bomb dogs was recently highlighted in the media
when the U.S. Congress asked the Treasury De-
partment to set standards for bomb-sniffing ca-
nines with the Bureau of Alcohol Tobacco and
Firearms (ATF), suggesting the controversial
standard of 100% accuracy on 60 tests [23].

Therefore, although there is limited data avail-
able, the published proficiency and certification
standards of government agencies and national
certification organizations indicates that K-9’s are
tested to a level at least equivalent, if not superior,
to instruments. Ultimately, relevant evidentiary
statements can only be made in court by a
qualified expert critically evaluating the detection
team involved in a particular case. Proficiency or
certification standards and practices for explosives
detection instruments, such as the most common
instruments based on ion mobility spectrometry
(IMS), have also been subjected to limited peer
review. One scientific study on the reliability of
one of the most commonly used portable IMS
instruments, the Ionscan (Barringer Instruments,
Warren, NJ), showed 14 of 139 (10%) innocuous
substances tested caused false positives when used
for detecting controlled substances [24]. In an-
other study evaluating the utility of the Ionscan
for the detection of trace explosive evidence
demonstrated the instrumental registered a posi-
tive response on 12 of 17 (71%) post-blast frag-
ments from improvised explosive devices [25].

4. Representative explosives and constituents

Table 1 is a representative, but not exhaustive,
list of the typical mixtures of organic high explo-
sives that include military explosives and indus-
trial explosives. A variety of analytical techniques
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for the detection of small amount of explosives
(picogram range and below) are available includ-
ing instruments designed for explosive vapor de-
tection (EVD) from objects. Dogs represent one
of the first, and in many respects, still the best
EVD. The example chemicals shown in Table 2
are examples of potential training aids (also
known as positive controls) used to train dogs to
detect odors during operant conditioning. How-
ever, in many cases, the major chemical compo-
nent in explosive mixtures have very low vapor
pressures or limited olfactory receptor response
making them unlikely odor signature chemicals.
For example, single-based smokeless powder con-
tains primarily involatile nitrocellulose but numer-
ous volatile aromatic organic compounds are
possible including plasticizers (phthalates), stabi-
lizers (including diphenyl amine, methylcentralite
and ethylcentralite) and nitro and nitroso deriva-
tives of diphenylamine formed by its reaction with
the degrading nitrocellulose [26]. Some of the
other volatile aromatic organic compounds
identified in smokeless powder are cresol, nitro-
toluene, carbazole, nitrotoluene, dimethylphtha-
late, nitroso diphenylamine, N-nitroso-diphenyl-
amine, dinitro cresol, carbanilide, nitrodipheny-
lamine, diethylphthalate, trinitrotoluene, dini-
trodiphenylamine, dibutylphthalate, diphenyl-

phthalate, and triphenyl-phosphoric acid ester
[26]. Obviously, the volatile aromatic organic con-
stituents can be complex and isolating the specific
chemical(s) used by dogs to detect an explosive is
an equally complex task. Double-based smokeless
powder contains added nitroglycerin and triple-
based smokeless powder also has added ni-
troguanidine which themselves may serve as target
chemicals for detection.

In addition to utilizing as many different poten-
tial explosive chemicals as possible, it is often also
important to vary the amount of these chemicals
used in training as explosive devices can be made
up of explosive weight of less than 100 g to more
than 100 kg. For practical considerations, the
number of explosives is often limited to those
most common (or most expected) and the weight
is generally limited to 200 g or above. In addition
to these positive controls, negative controls are
employed to help minimize false (or unconfirmed)
alerts. Negative controls include blanks (nothing
present) and representative distracters (non-explo-
sive items commonly encountered under search
conditions) which can include acetominophen,
antacids, aspirin, baby powder, bath soap, breath
mints, camera film, candy, cereals, coffee, denture
tablets, duct tape, electric tape, facial tissues,
leather gloves, pet food, plastic bags, polymer
gloves, sanitary napkins, shampoo, shaving
cream, shoe polish, soda can, soda/water bottle,
suntan lotion, tampons, tobacco, toothpaste,
twine, video tape and vitamins. Again, for practi-
cal considerations, the number of negative con-
trols must be limited and most are integrated as
part of the detection team’s regular maintenance
protocols rather than during the annual certifica-
tion testing.

5. Scent production and movement

The chemicals composing the scent of an explo-
sive arise from the source by evaporation, subli-
mation, and mechanical disturbances causing
particles of the source to be released into the
atmosphere, often in an unpredictable fashion.
Reliable models are still lacking to accurately
predict odor/chemical movement under the vari-

Table 1
Typical mixtures of some common military(1) and industrial(2)

organic high explosives

Commonly used Main compositionsa

explosives

C-2 (1) RDX+TNT+DNT+NC+MNT
C-3 (1) RDX+TNT+DNT+Tetryl+NC

RDX+Polyisobutylene+Fuel oilC-4 (1)

Cyclotol (1) RDX+TNT
TNT+RDX+AN+AlDBX (1)

HMX+TNT+AlHTA-3 (1)

PETN+TNTPentolite (1)

RDX+TNT+TetrylPTX-1 (1)

PTX-2 (1) RDX+TNT+PETN
Tetryol (1) TNT+Tetryl
Dynamite 3 (2) NG+NC+SN
Red Diamond (2) NG+EGDN+SN+AN+Chalk

+NaCl

a Symbols are identified in Table 2.
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Table 2
Common major chemicals found in explosives and explosive mixtures

Symbol Commonly found in the followingExampleCompound class

Aliphatic nitro Nitromethane
Rocket fuel and liquid component of two-part explosiveHydrazine

NBNitrobenzeneAromatic nitro
Nitrotoluene(C–NO2) NT

DNBDinitrobenzene
DNTDinitrotoluene

amino-dinitrotoluene A-DNT
Trinitrobenzene TNB

TNT2,4,6-trinitrotoluene Composition B with equal part RDX, Pentolite with equal part
PETN

2,4-dinitrotoluene DNT
picric acid
Methyl nitrateNitrate ester

NG Certain dynamites, pharmaceutical(C–O–NO2) Nitroglycerin
EGDNEthylene glycol dinitrate Some dynamites

Diethylene glycol dinitrate DEGDN

MTN
PETNPentaerythitol tetranitrate Detonating cord, Detasheet (Flex-X military name), Semtex with

RDX
Nitrocellulose ‘guncotton’, main component of single-based smokeless powder
Nitrocellulose and NG double-based smokeless powder
Nitrocellulose, NG and triple-based smokeless powder
nitroguanidine

Nitramines Methylamine nitrate
TetrylTetranitro-N-methyaniline(C–N–NO2)

Trinitro-triazacylohexane RDX C-4,tetrytol-military dynamite w/ TNT
(cyclonite)
Tetranitro-tetrazacylooctane HMX Her Majesty’s Explosive
(octogen)

Acid salts(NH4
+) Ammonium nitrate ANFO with fuel oil, nitro-carbo-nitrates (NCN) w oil−1

Ammonium perchlorate
Potassium nitrate Black powder with charcoal and sulfur
Lead azidePrimary

explosives
Blasting capsLead styphnate

Mercury fulminate
Tetramino nitrate

HMTDHexamethylene triperoxide
diamine

TATPTriacetone triperoxide

able conditions in which the dog-handler team
works. In the case of concealed explosives, barri-
ers to the free movement of scent further compli-
cate the predictability of generation and
movement. Plastic food wraps and metal foil are
common wrappings found on explosive devices to
conceal the scent. Considering that scent moves as
a plume with rarefied and dense regions, predic-

tion of the sensitivity of the dog by taking a gross
average concentration of the scent in surrounding
air and comparing that with measured thresholds
is problematical.

Even if one restricts the analysis of odorant
signatures to just the potential vapor phase con-
centrations of chemicals emanating from explo-
sives, the situation remains quite complex. In
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theory, all explosives emit molecules in the form
of a vapor at any temperature above absolute
zero (−273.15°C). These molecules move in all
directions and eventually equilibrate throughout
the enclosure to a vapor pressure which is charac-
teristic of the substance. The value of this vapor
pressure depends on the type of explosives and on
the temperature. Therefore, in principle, detector
dogs (and EVD’s) should be able to alert directly
to the explosives if sensitive enough. In fact, there
are generally other constituent chemicals present
in explosive mixtures with substantially higher
vapor pressures which dogs (and instruments) can
use as odorant signatures. The equilibrium vapor
pressures of common explosives, particularly at
low temperatures, can be extremely low. Table 3
shows the equilibrium vapor pressures of some
common explosives at 1 atm and various tempera-
tures [27]. It is notable that there are seven orders
of magnitude difference in the vapor pressure of
EGDN and RDX. The very low vapor pressures
of many explosives, including PETN, RDX and
HMX, make the detection of the parent molecule
unlikely, particularly at room temperature. Logi-
cally, one would expect an explosives vapor detec-
tor (EVD), including dogs, to utilize the more
abundant chemicals in the headspace of target
explosives and, therefore, the isolation, identifica-
tion and quantitation of these chemicals are very
important. Unfortunately, few studies of this na-
ture have, to date, been reported. Also, while less
abundant chemicals in the headspace may be im-
portant for reliable detection, their analysis by
traditional headspace techniques is difficult.

6. Active volatile odor signature chemicals from
explosives

Determining exactly which odor chemicals are
available and which are use for detection is im-
portant for understanding the basic science of
canine olfaction and is also useful in improving
training aids, and improved targets for developing
more reliable EVDs. Recently, the authors have
utilized solid phase microextraction (SPME) to
concentrate headspace odor chemicals with im-
proving sensitivity [28–30]. Relative vapor pres-
sures are generally inversely related to the
retention times for gas chromatographic separa-
tions of explosives with nonpolar stationary
phases. The chemical structures of common ni-
trate ester and nitramine explosives are shown in
Fig. 1. A separation of common explosives, in-
cluding the nitrate ester and nitramine explosives,
is shown in Fig. 2. The elution order on this
relatively nonpolar GC column (DB-5MS, J&W
Scientific) was EGDN, NG, PETN, and RDX
which also gives the explosives in order of de-
creasing volatility. HMX was not seen due to its
complete decomposition under the gas chromato-
graphic conditions. SPME/High Performance
Liquid Chromatography (HPLC) has been shown
to be required for quantitation of the involatile
and thermally unstable HMX molecule [27]. The
headspace SPME/GC/Mass Spectrometry (MS)
analysis of C-4 is shown in Fig. 3 with the domi-
nant chemical identified as 2-ethyl-1-hexanol, a
small amount of cyclohexanone and no detectable
RDX. Comparing Fig. 2 and Fig. 3 highlights the

Table 3
Vapor Pressures (at 1 atm) of common explosives

Explosives Vapor pressure (Torr)a at 25°C Vapor pressure (Torr)b at 100°C Vapor pressure(Torr)b at 200°C

22.22.8×10−2 2582EGDN
78.63.9×10−14.4×10−4NG

TNT 6.9×10−27.1×10−6 360
8.0×10−4 26.9PETN 1.4×10−8

4.6×10−9 1.6×10−4 3.1×10−1RDX

a Vapor pressures calculated from [55].
b Vapor pressures calculated from [56].
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Fig. 1. Chemical structures of common nitrate ester explosives (left) and nitramine explosives (right).

volatility contrasts between explosives and their
volatile constituents with the parent compounds
requiring direct immersion SPME (salted out from
aqueous solutions) and retention times from 6 to
23 min (Fig. 2) while the volatile constituents from
C-4 (containing RDX) can be sampled by
headspace SPME and elute in less than 5 min (Fig.
3). A recent study on the stability of explosive traces
on the surface of containers indicates that TNT,
PETN and RDX can reside on surfaces for days,
with 32% of 2,4,6-TNT remaining on surfaces after
24 h; whereas, the more volatile EGDN, NG and
DNT dissipated quicker with 18% of 2,4-DNT
remaining after 60 min [31]. UV-light and chemical
reactivity had a minor influence on the stability of
explosive traces.

A critical issue in the detector dog programs and
research into odor signatures used by detector dogs
is minimizing the possibility of cross contamina-
tion. Items used to train canines can easily become
contaminated by human scent resulting from the
handler touching the training aid, or cross contam-
ination from other chemicals in the storage envi-
ronment of the aid. The canine may start to cue on
the contaminants rather that the parent ‘odor’ that
the handler believes that the canine is detecting as
discussed earlier. This kind of cross contamination
readily happens without careful control and must

be addressed continuously in the training, certifica-
tion and maintenance protocols of the detector dog
team. A recent studies has indicated the potential
serious problem of cross-contamination of training
explosives with volatile artifacts (including EGDN
and DNT) from other explosives stored nearby,
thus resulting in the possibility of dogs trained to
alert to two or three of the most volatile explosive
odorants rather than the nine parent explosives
used in training [32].

The sense of smell of the dog has been studied
in order to establish thresholds of detection for

Fig. 2. SPME/GC/ECD of 14 Explosive Standards. (500 pg
ml−1 each in 25% NaCl aqueous solution and at the
CH3CN:H2O ratio of 1:199).
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Fig. 3. Headspace SPME/GC/ECD of C-4 plastic explosive
with a 20 min adsorption at 20°C using a 65 mm CW/DVB
fiber and 30 s desorption.

in the form of vapor or particles), physiological
sensitivity of the dog for the chemicals, and pre-
cisely how the dog is trained. It has been shown
that dogs trained to detect accelerants demon-
strate different odorant signatures even when
trained in nominally the same fashion and that
these signatures change over time [34]. Thus, stud-
ies of sensitivity of the dog’s sense of smell for a
mixture must take into account the signature cur-
rently valid for the individual dog. Studies with
narcotics detector dogs have shown that dogs
likely use volatile odor chemicals associated with
drugs rather that the parent drug itself. For exam-
ple, in the case of cocaine, field tests simulating
actual search scenarios have demonstrated that
law enforcement trained narcotics detector dogs
actually use methyl benzoate, a cocaine decompo-
sition product, as the dominant cocaine odor
chemical at detection levels similar to that which
humans are capable of detecting [35–37]. These
studies involved more than 20 different certified
detector dog teams from different agencies includ-
ing local South Florida police departments and
the U.S. Coast Guard, but expanded studies na-
tionwide and worldwide with dogs trained under
many different regimes and environments are
needed to further characterize cocaine odorant
signatures.

Recently, experiments have been performed
with dogs trained and tested under behavioral
laboratory conditions with an air dilution olfac-
tometer, versus actual law enforcement field
trained dogs. This study selected the most chemi-
cally abundant compounds found in their analysis
of C-4 and nitroglycerine-based smokeless powder
and showed that signature odor chemicals in
Composition C-4 could include cyclohexanone
and 2-ethyl-1-hexanol; whereas, signature chemi-
cals in nitroglycerine-based smokeless powder
might include acetone, toluene and limonene al-
though they were not the same across all the dogs
tested. [38]. It should be noted that the study used
dogs trained under a particular controlled labora-
tory setting, so that the signature could be differ-
ent for dogs trained under actual field conditions.
One major advantage of dogs over current instru-
mental methods is their ability to detect contra-
band odors under challenging conditions,

single chemicals as seen in Table 4 [33]. It is
apparent that there is a wide variance in the
measurements even when the same investigators
did the measuring. Since explosive odors (as well
as drugs, accelerants, and other items of interest)
are generally not single chemicals, it is first neces-
sary to determine what chemicals constitute the
odorant signature. In addition, an odorant signa-
ture is also not just a straightforward matter of
chemical abundance found in the explosive. The
odorant signature will be determined by an inter-
action between chemical abundance (originating

Table 4
Thresholds of the dog for three selected odors obtained by
several psychophysical techniques

Threshold M InvestigatorsOdor

Acetic acid 10−13.06 Neuhaus
10−2.54 Ashton, Eayrs andAcetic acid

Moulton
10−5.82Acetic acid Moulton, Ashton and

Eayrs
10−13.36Propionic acid Neuhaus
10−3.62Proprionic acid Ashton, Eayrs and

Moulton
10−9.75 Moulton, Ashton andProprionic acid

Eayrs
Caproic acid 10−16.18 Neuhaus

10−3.6Caproic acid Ashton, Eayrs and
Moulton

10−16.57 Moulton, Ashton andCaproic acid
Eayrs
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including in the presence of significant extraneous
odors. One of the first attempts to study the
quantitative effects of extraneous odors on canine
detection in a laboratory setting using unidentified
target odors delivered at ca. 1 ppb required extra-
neous odors in excess of 20 ppm (more than four
orders of magnitude) to affect detection perfor-
mance [39]. The study used selected data, how-
ever, discarding data for dogs responding to less
than 50% of trials in the test. Overall, consider-
able additional scientific research is needed in
order to fully characterize the dominant volatile
odor signature chemicals in explosive formula-
tions and those chemicals most important for
detection by dogs and, potentially, for instrumen-
tal methods. Additionally, careful experimenta-
tion into the preferential diffusion (based on
volatility, density, surface adsorptivity, etc.) of
signature chemicals under different environmental
conditions (temperature, humidity, wind currents,
etc.) are essential to interpreting dog alerts as well
as improving the reliability of EVD alerts.

6.1. Comparison of instrumental methods to
detector dogs and required components

General comparisons between instrumental ex-
plosive detection devices and trained detector
dogs are summarized in Table 5 for more than
two dozen different aspects. The first eight aspects
are those for which instruments have an arguable
advantage, the next eight aspects are those which
dog teams have advantages, and the remainder
are those with no clear advantage or are depen-
dent on the specifics of the detection system/team.
Theoretically, instruments have a 24 h day−1 duty
cycle as opposed to ca. 8 h day−1 effective duty
cycle for detector dog teams, although instrumen-
tal methods realistically have limited continuous
operation times and downtimes for analytical in-
struments can be significantly longer depending
on the instrument design, manufacturer and geo-
graphic location of the instrument (relative to the
manufacturer). Some instrumental explosive de-
tection systems have the advantage of being able
to run calibration standards simultaneously and
being able to identify the specific explosive
whereas detector dog teams use sequential calibra-

tion and alerts are not specific to the identity of
the explosive. Instruments are generally less af-
fected by adverse environmental conditions (i.e.
high temperatures, long search times) and less
prone to operator influence. Although the lifetime
of both techniques are highly variable, instrumen-
tal methods generally have a small advantage over
detector dog teams. Finally, the state of scientific
knowledge for the instrumental devices is gener-
ally more mature and thus less often challenged in
the courtroom.

The selectivity of detector dogs is generally
superior to instrumental methods with dogs able
to generalize odorant signatures enabling the de-
tection target odors in the presence of significant
distracting odors without the false alerts com-
monly encountered with many instruments. Dogs
use highly sophisticated neural networks (their
brain) to confirm explosives from the pattern of
odor chemicals emenating from their representa-
tive parent molecule(s) rather than relying on the
parent molecule required by current instrumental
methods. One of the major advantages of detector
dogs is the overall speed of detection which is
generally significantly faster than instrumental
methods. The detection of low vapor pressure
(below 10−6 torr) explosives (i.e. RDX and
PETN) using current IMS instruments requiring
the trapping of microparticles containing the ad-
sorbed explosive vapors followed by transfer into
the detector for heating and analysis [40]. This
additional required step slows down detection
times for instrument from seconds to minutes or
longer depending on the screening and swab time
as well as the number of subjects/items to be
tested in a given period of time. Another key
advantage of using canines is that they utilize an
unsurpassed efficient sampling system and they
can go to source, and discover the explosive,
unlike machines.

Detector dog teams also often have the advan-
tage of relatively unobtrusive investigation poten-
tial with suspects often less apprehensive than
when asked to have their baggage swiped or asked
to stand in a portal, etc. prior to instrumental
detection. This is, of course, breed dependent and
some cultures may find being sniffed by a dog
offensive. Overall, detector dogs are highly cost
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Table 5
General comparisons between instrumental explosive detection devices and trained detector dogs

CanineInstrumentAspect

24 h day−1 (theoretical) Ca. 8 h day−1 (20 min on/40 min break dependentDuty cycle
on conditions)

Can be run simultaneously (i.e. chromatographyCalibration Run individually
based)standards
Presumptive I.D. possible (limited by selectivityI.D. of explosive Not trained to I.D. with different alerts
factors)
Less of a factorOperator/handler A potential factor

influence
Less affectedEnvironmental May adversely affect (i.e. high temperatures)

conditions
Generally ca. 10 yearsInstrument Generally 6–8 years

lifetime
Relatively matureState of scientific Late emerging

knowledge
Generally unchallengedCourtroom Sometimes challenged

acceptance
Sometimes problematic Very goodSelectivity (vs.

interferents)
Generally slowerOverall speed of Generally faster

detection
Mobility Limited at present Very versatile
Integrated Problematic/inefficient Highly efficient

sampling system
Scent to source Natural and quickDifficult with present technology

Variable (apprehensiveness not uncommon)Intrusiveness Often innocuous (breed dependent)
ca. $6000ca. $45 000Initial cost
ca. 2000 (vet and food bill)Annual cost ca. $4000 (service contract)

(excluding
personnel)

Sensitivity Very good/well known Very good/few studies
Odorant signatures/mostly unknownParent explosive(s)/well studiedTarget chemical(s)

Toxicological Minimal (operator may be affected at excessive Minimal (team may be affected at excessive levels)
levels)considerations

Downtime Varies with breed, handler and medical conditionVaries with instrument, operator and manufacturer
Instrument Varies with manufacturer (variable sampling, Varies with agency (variable breed, training, alert

components and reward systems)separation, detection, I.D. technology)
Generally performed by supplier (specifications varyGenerally performed by manufacturer (specificationsInitial calibration

vary by manufacturers) by supplier with minimum 6 weeks training)
Operator training Typically 40 h course minimumTypically a 40 h course
Certifications Varies, annually to biannually Annually to biannually

Daily to weeklyRe-calibrations Daily to weekly
Electronics, computer science, analytical chemistry Neurophysiology, behavioral psychology, analyticalScientific

foundations chemistry
Potential affects Electronics/mechanical Disease conditions

on performance

effective but actual costs depend on the specific
program employing the dogs. The cost of a
trained dog versus a calibrated instrument is sig-
nificantly less in terms of initial acquisition pur-

chase as well as annual maintenance costs as
detailed in Table 5. Whereas instruments such as
the Ionscan 400B initially cost ca. $45 000 (exclud-
ing supplies, operator training, etc.), an initially
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screened and trained detector dog typically costs
ca. $6000 (excluding supplies, handler training,
etc.). In addition, annual service contracts for
instruments can run ca. $4000 versus ca. $2000 for
annual food and vet bills for detector dogs. How-
ever, the overall cost in time and dollars to re-
place an effective well-trained detector dog team
can be substantial. Initially, animals are selected
from their littermates and raised under a con-
trolled environment until ready for their working
assignments, usually at 2–3 years of age. Training
procedures usually require 6–8 weeks or more
and additional time is required to develop a work-
ing relationship between handler and canine.
Overall, it is not difficult to imagine that a sea-
soned interdiction dog team has a replacement
value in the neighborhood of $50 000. Even so,
this amount is comparable to the initial cost of a
single explosives detection instrument (excluding
operator salary, training and overhead costs).

The additional aspects highlighted in Table 5
do not clearly favor either instrumental or detec-
tor dog teams. Sensitivities are excellent for both
with target chemicals being less well studied for
dogs, but both require additional studies. Toxico-
logical considerations are limited, but potentially
important, at extended high exposure levels for
both. The downtime for either instrument can be
significant depending on the problem and compo-
nents are based on the manufacturer for instru-
ments (sampling, separation, detection,
identification technology) or agency for detector
dog teams (breed, training, alert and reward sys-
tem). Initial calibration for instruments is gener-
ally performed by the manufacturer for
instruments and performed by the supplier of
detector dogs. Upon delivery of the detection
technology, the operator of the instrument or the
handler of the dog must be trained to properly
utilize the detection tool and prove reliability via
annual peer reviewed certification programs and
daily to weekly re-calibration protocols. Mainte-
nance and calibration is as necessary to the dog-
handler team as with analytical instrumentation.
The fact that the team is biological in nature
simply makes the maintenance and calibration a
bit more complex. On the other hand, a biological
organism is largely capable of self-regulation lead-

ing to perhaps some advantages. Both detection
technologies are well established in scientific prin-
ciples with instrumental methods susceptible to
electronic and/or mechanical anomalies and dogs
susceptible to medical conditions highlighted in
Table 6 [41].

6.2. Additional components for the optimization
of a detector dog team

The type of alert employed by the trainer varies
depending on the agency. Drug dogs are often
trained to utilize active (aggressive) alerts with
many handlers preferring the perceived greater
‘pin point’ accuracy of such alerts with the dog
scratching at the source of odor. Bomb dogs are
most often trained to utilize passive alerts, where
the dog sits near the source of odor, for the
obvious reason that one would not want the dog
to scratch at a potential explosive device. In the

Table 6
Partial List of Conditions known to diminish olfactory func-
tion in the dog [41]

Clinical or subCondition Reversibility
clinical

Canine Both Not known — 10
distempera,c months or more.

6–10 weeksCanine Both
parainfluenzaa,c (experimental infection)

Cushing’s Reversible (1 caseBoth
diseasea studied for reversibility)

Not knownClinicalAllergic rhinitisb

ClinicalHypothyroidismb Not known
Seizure Not knownClinical

disordersb

ClinicalNasal tumorsb Dependent on tumor
type

Head traumab Clinical Not known
Diabetes Not knownClinical

mellitusb

ClinicalChronic renal Not known
failureb

a Shown in both case studies and experimental induction of
condition.

b Case study only. No experimental induction of condition.
c Olfactory problems seen in dogs with current vaccinations.
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U.K., bomb dogs trained to search urban areas
off leash are trained to bark alert providing a non
physically invasive alert while allowing rapid loca-
tion of the detector dog in a large search area [42].
The choice of breed for detector dogs is generally
based primarily on physical attributes, tempera-
ment and availability rather than olfactory ability
as there is often more variation in the detection
capability across a breed than between breeds
[43]. The breed of choice for bomb dogs at the
ATF is the Labrador; whereas, London Police
prefer to use Springer Spaniels [42]. Reward sys-
tems may involve praise, toy/play or food reward.
Food reward arguably provides one of the
strongest motivation factors and, based on avail-
able information, is currently the most widely
employed reward system for bomb dogs although
play and praise are also used frequently. The ideal
system for optimal detection of explosives appears
to be the use of a single dog-single handler team
as it has been shown that changing handlers in-
variably resulted in lower percentage of correct
detection among dog-handler teams [19]. Some
agencies, including the ATF, Connecticut State
Police and Maine State Police have attempted to
ameliorate the use of multiple handlers by utiliz-
ing the training system first described by Phillips
[44] in which the dog ‘earns’ its daily food ration
by rewards for detection throughout the day.
These systems have proven surprisingly effective
in allowing multiple handlers, although most
agencies still prefer to use single handlers with
their dogs, with a ‘secondary’ handler at times
when the primary handler is indisposed.

The general health of the dog is also quite
important to the dog-handler team, and is deter-
mined by several methods, varying upon the pro-
gram and access to good veterinary care.
Thorough physical exams are required in all cases.
A thorough physical normally includes blood
chemistries, complete blood count (CBC), and
urinalysis as well as palpation of the entire body
and auscultation of the lungs, heart and abdomen
[45]. Included in any evaluation of the health of
the dog is a history of the animal, including
breeding, source, and type of rearing, among
other items. Further examinations are normally
required, as well. Radiographs of the hip and

elbow joints are important to ascertain dysplasia
of these joints and subsequent arthritic changes
which are among the most common reasons for
early retirement of dogs from detection work
[43,46]. A new specialty of veterinary sports
medicine has begun to examine the needs of these
explosive-detector dogs. The principal difference
between the normal veterinary medicine and vet-
erinary sports medicine is that the former concen-
trates on levels of health, but the latter goes
beyond acceptable levels of health into the con-
centration on performance of the animal. Thus,
aspects of the health of the dog not usually exam-
ined are seen as necessary for the performance
dog. For instance, new tests for the dog’s ability
to smell various odors at various concentrations
becomes important [9]. In these cases, it has been
discovered that many conditions, including sub-
clinical disease, are the cause of serious reductions
of the sense of smell of the dog [41,47–49].

Gait analysis, the systematic examination of the
locomotion patterns of the dog, is important and
promises to be predictive of future abilities of the
dog [50]. Newer temperament tests (tests of the
behavior of the dog resulting from a variety of
stimuli) allow better prediction of the suitability
of the behavior of the dogs to be selected for use
as detector dogs [51]. Nutrition is yet another
aspect important to the health of the dog. Recent
findings have shown that different diets have sig-
nificant effects upon the exercise tolerance, the
body mass distribution, and the sense of smell of
dogs [52]. Considerable additional work is needed
in this area to ensure the effectiveness of the
working detector dog. Other issues potentially
affecting the dog-handler team are ‘problem be-
haviors’ which can potentially interfere with the
functioning of the dog-handler team. Due to
many factors, dogs can become too aggressive,
too excitable, or too fearful to be effective and
regular observation and treatment as required is
necessary. At times this may require redesign of
facilities, as in the case of kennels which have
inadequate exercise space or which allow inade-
quate opportunities to socialize between dogs and
handlers [52].

Extended exposure of dogs and their handler to
large amounts of explosives should be limited, as
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it is well known that many organic explosives are
toxic. Explosives are easily absorbed by human
skin, and can lead to liver damage,
methemoglobinemia (in which respiratory pig-
ments are bonded by nitro aromatics and ren-
dered incapable of oxygen transport), or even the
uncoupling of the oxidative phosphorylation pro-
cess. In a specific example, absorption of TNT
can cause a variety of clinical manifestations,
including aplastic anemia, toxic jaundice,
cyanosis, gastritis and dermatitis [53]. Clinical
symptoms in humans poisoned by RDX include
convulsions followed by loss of consciousness,
muscular cramps, dizziness, headache, nausea and
vomiting [53]. The most common symptom of NG
poisoning is the reduction of blood pressure,
which further causes headache, throbbing in the
head, palpitation of the heart, nausea, vomiting
and flushing [53,54]. In most EVD situations,
however, the level of explosives is very low such
that these risks are minimal.

Overall, a review of the literature and a detailed
comparison between instrumental detection meth-
ods and detector dogs shows aspects for which
instrumental methods have advantages and as-
pects for which detector dogs have advantages.
Instrumental methods, while they continue to im-
prove, generally still suffer from a lack of efficient
sampling systems, selectivity problems in the pres-
ence of interfering odor chemicals and limited
mobility/tracking ability. The available data
demonstrates that detector dogs still represent the
fastest, most versatile, reliable and cost effective
real-time explosive detection devices available.
However, the unique operational complexities of
the dog handler team and the limited amount of
reliable scientific information in many cases
makes the implementation of highly reliable and
efficient detection teams less straightforward than
with analytical instruments. Ultimately, the final
performance of the detection team is more impor-
tant than the specifics of the breed, training, alert
and rewards systems, etc. Therefore, the training,
certification and maintenance protocols used are
essential in ensuring the scientific validity of de-
tector dog alerts. Additional scientific research on
how these biological detectors function and on
handler and dog training and operational deploy-
ment protocols is needed.

Acknowledgements

Partial financial support from Supelco Inc. and
technical assistance by Jing Wang at Florida In-
ternational University is gratefully acknowledged.

References

[1] Law Enforc. Legal Rev., 23 (1994) 6.
[2] Dog World, 79 (1994) 42.
[3] D. Ritz, Security Manag. 38 (1994) 34.
[4] Pest Control, 66 (1998) 74.
[5] J.B. Welch, J. Econom. Entomol. 83 (1990) 1932.
[6] Dog World, 74 (1989) 28,
[7] Dog World, 77 (1992) 56.
[8] J.S. Sachs, Discover 17 (1996) 86.
[9] D.G. Moulton, E.H. Ashton, J.T. Eayrs, Animal Behav-

ior 8 (1960) 117.
[10] D.G. Moulton, D.A. Marshall, J. Comp. Physiol. 110

(1976) 287.
[11] E.H. Ashton, J.T. Eayrs, D.G. Moulton, Nature 179

(1957) 1069.
[12] L.J. Myers, R. Pugh, Am. J. Vet. Res. 46 (1985) 2409.
[13] W. Neuhaus, Uber die Riechscharfe des Hundes fur

Fettsauren, Z. Vergl Physiol 35 (1953) 527.
[14] C.L. Holloway, Auburn Veterinarian 18 (1961) 25.
[15] L.J. Myers, Unpublished results.
[16] S. Price, Chemical Sense and Flavor 3 (1978) 51.
[17] L. Buck, R. Axel, Cell 65 (1991) 175.
[18] W.S. Cain, J.R. Mason, and T.H. Morton, Use of ani-

mals for detection of land mines and other explosives: A
review and critique of prospects. Final report, U.S. Army
Animal Behavior R&D Center. 1985.

[19] R.V. Nolan and D.L. Gravitte, Mine Detecting K-9’s:
Summary Report 1975–1976, U.S. Army Technical Re-
port, 1977.

[20] D.W. Hannum and J.E. Parmeter, Survey of Commer-
cially Available Explosives Detection Technologies and
Equipment, Sandia National Laboratories, September
1998, National Institute of Justice, NCJ 171133.

[21] North American Police Work Dog Association Certifica-
tion Rules (N.A.P.W.D.A.), N.A.P.W.D.A., Perry, OH,
1998, pp. 1-23.

[22] C.G.G. Aitken, ‘Statistics and the Evaluation of Evidence
for Forensic Scientists’, John Wiley & Sons, New York,
1995.

[23] D.E. Kaplan, Bomb-sniffing tests provoke a dogfight,
U.S. News & World Report, November 24, 1997, 42.

[24] L.M. Fytche, M. Hupe, J. Kovar, P. Pilon, J. Forensic
Sci. 37 (1992) 1550.

[25] D.D. Fetterolf, T.D. Clark, J. Forensic Sci. 38 (1993) 28.
[26] D.D. Fetterolf, Detection and Identification of Explosives

by Mass Spectrometry, in: J. Yinon (Ed.), Forensic Appli-
cations of Mass Spectrometry, CRC Press, Boca Raton,
1995, pp. 215–257.



K.G. Furton, L.J. Myers / Talanta 54 (2001) 487–500500

[27] L. Wu, J.R. Almirall, K.G. Furton, J. High Resolut.
Chromatogr. 22 (1999) 279.

[28] J.R. Almirall, L. Wu, G. Bi, M.W. Shannon and K.G.
Furton, The Field Recovery of Explosive Residues Using
Solid-Phase Microextraction Followed by Chromato-
graphic Analysis, in: Kathleen Higgins, (Ed.), Investiga-
tion and Forensic Science Technologies, Proc. SPIE Vol.
3576, 1999, pp. 18–23.

[29] Almirall JR. and Furton KG, Chapter 7: Forensic and
Toxicology Applications, in: Sue Ann Scheppers Wercin-
ski (Ed.), Solid Phase Microextraction: A Practical Guide,
Marcel Dekker, New York, 1999, pp. 203–216.

[30] K.G. Furton, J. Wang, Y.-L. Hsu, J. Walton and J.R.
Almirall, J. Chromatogr. Sci., (in press.

[31] P. Kolla, Stability of explosive traces on different sup-
ports respecting the delectability by EVD, in: P. Pilon, S.
Burmeister (Eds.), Chemistry and Biology-Based Tech-
nologies for Contraband Detection, Proc. SPIE, vol.
2937, 1997, pp. 236–244.

[32] S.F. Hallowell, D.S. Fisher, J.D. Brasher, R.L. Malone,
G. Gresham, C. Rae, in: P. Pilon, S. Burmeister (Eds.),
Chemistry and Biology-Based Technologies for Contra-
band Detection, Proc. SPIE, vol. 2937, 1997, pp. 227–
234.

[33] D.H. Passe, J.C. Walker, Neurosci. Biobehav. Rev. 9
(1985) 431.

[34] L.J. Myers, K. Lothridge and J. Hubball, in preparation.
[35] K.G. Furton, Y.-L. Hsu, T. Luo, N. Alvarez, P. Lagos,

Novel Sample Preparation Methods and Field Testing
Procedures Used to Determine the Chemical Basis of
Cocaine Detection by Canines, in: J. Hicks, P. De Forest,
V.M. Baylor (Eds.), Forensic Evidence Analysis and
Crime Scene Investigation, Proc. SPIE, vol. 2941, 1997,
pp. 56–62.

[36] K.G. Furton, Y.-L. Hsu, T. Luo, J. Wang, S. Rose, Odor
Signature of Cocaine Analyzed by GC/MS and Threshold
Levels of Detection for Drug Detection Canines, Curr.
Top. Forensic Sci., Proc. Meet. Int. Assoc. Forensic Sci.
14 (2) (1997) 329.

[37] K.G. Furton, Y.-L. Hsu, T. Luo and S. Rose, Field and
Laboratory Comparison of the Sensitivity and Reliability
of Cocaine Detection on Currency Using Chemical Sen-
sors, Humans, K-9s and SPME/GC/MS/MS Analysis, in:
Kathleen Higgins, (Ed.), Investigation and Forensic Sci-

ence Technologies, Proc. SPIE Vol. 3576, 1999, pp. 136–
141.

[38] M. Williams, J.M. Johnston, M. Cicoria, E. Paletz, L.P.
Waggoner, C.C. Edge, S.F. Hallowell, in: A.T. DePersia,
J.J. Pennella (Eds.), Enforcement and Securities Tech-
nologies, Proc. SPIE, vol. 3575, 1998, pp. 291–301.

[39] L.P. Waggoner, M. Jones, M. Williams, J.M. Johnston,
C. Edge, J.A. Petrousky, Effects of extraneous odors on
canine detection, in: A.T. DePersia, J.J. Pennella (Eds.),
Enforcement and Securities Technologies, Proc. SPIE,
vol. 3575, 1998, pp. 355–362.

[40] G.A. Eiceman, Z. Karpas, Ion Mobility Spectrometry,
CRC Press, Boca Raton, 1994, pp. 153–157.

[41] L.J. Myers, Progr. Veterinary Neur. 1 (1991) 171.
[42] Det, Phil Rey, London Metro Police K-9, personal com-

munication.
[43] L.J. Myers, Unpublished data.
[44] R.C. Phillips, Training Dogs for Explosives Detection

(interim report), U.S. Army Technical Report, LWL-CR-
01B70, 1977.

[45] R.V. Morgan, Handbook of small animal medicine.
Philadelphia, Pa.: Saunders, c1997., 1436 pp., 3rd edn.

[46] G. Moore, Commander, U.S. Army Veterinary Corps,
7th district, personal communication.

[47] P.I. Ezeh, L.J. Myers, L.A. Hanrahan, R.J. Kemppainen,
K.A. Cummins, Physiolo. Behav. 51 (1992) 1183.

[48] L.J. Myers, K.E. Nusbaum, L.J. Swango, L.A. Hanra-
han, E. Sartin, Am. J. Vet. Res. 49 (1988) 188.

[49] L.J. Myers, L.J. Swango, Am. J. Vet. Res. 49 (1988) 1295.
[50] R. Gillette, President of American Canine Sports

Medicine Association, personal communication.
[51] W. Burghardt, Chief, Animal Behavior Section, Lackland

Air Force Base, personal communication.
[52] E. Altom, K. Cummins, G. Davenport, and L. Myers,

Physiol. Behav., submitted.
[53] J. Yinon, S. Zitrin, Modern Methods and Applications in

Analysis of Explosives, John Wiley & Sons, Chichester,
1993.

[54] J. Yinon, D.-G. Hwang, J. Chromatogr. 339 (1985) 127.
[55] B.C. Dionne, D.P. Rounbehler, E.K. Achter, J.R. Hobbs,

D.H. Fine, J. Energ. Mater. 4 (1986) 447.
[56] T. Urbanski, Chemie and technologie der Explosivstoffe,

Deutscher Verlagfur Grundstoffindustrie, Leipzig, 1964.

.


