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A B S T R A C T

The detection of skeletal remains using human remain detection dogs (HRD) is often reported anecdotally by
handlers to be a challenge. Limited studies have been conducted to determine the volatile organic compounds
(VOCs) emitted from bones, particularly when there is limited organic matter remaining. This study aimed to
determine the VOCs emitted from dry, weathered bones and examine the detection performance of HRD dogs on
these bones when used as training aids. The VOCs of four different bones (clavicle, rib, humerus, and vertebrae)
from three cadavers were collected using sorbent tubes and analyzed using comprehensive two-dimensional gas
chromatography‒time-of-flight mass spectrometry (GC × GC‒TOFMS). Subsequently, the responses of the HRD
dogs to the bone samples were recorded over two separate two-day trials. A total of 296 VOCs were detected and
classified into chemical classes, with aromatics and linear aliphatics being the most abundant classes. Several
differences in the chemical class distribution were observed between the bone types, but the number and in-
tensity of the VOCs were similar between the bone samples. During the HRD dog training, a higher false detection
rate was observed on the first day of each trial; however, the detection rate improved to 100 % on the second day
of each trial. Although the dogs are capable of detecting bones, they require exposure to and training with a
diverse range of skeletal remains to enhance their efficiency. This is necessary due to the variations in the types
and intensity of VOCs compared to earlier decomposition stages involving soft tissue.

1. Introduction

The process of human decomposition has been studied extensively in
the literature [1–12] and has been commonly classified into five
observable phases: fresh, bloat, active decay, advanced decay, and dry
remains/skeletonization [5,13]. The decomposition continuum is
extremely complex and depends on several internal (body composition,
health issues, cause of death, etc.) and external (temperature, weather,
fauna, flora, etc.) factors [4,11,12,14,15]. During these stages, the
degradation of macromolecules such as proteins, lipids, and carbohy-
drates, release a variety of volatile organic compounds (VOCs) which
contribute to the decomposition odour [7,9,16–19]. Human remains
detection (HRD) dogs rely on these VOCs to locate human remains
during search and recovery operations following suspicious disappear-
ances or mass disasters [20–24]. HRD dogs are trained using a variety of
decomposition odour sources known as training aids [23,25]. Regular

training with these aids (human tissues, blood, bones, etc.), which
closely resemble the odour signature of human remains, results in
enhanced recovery rates during search operations [26–29].

The success rate of HRD dogs has been shown to decrease when
searching for older or skeletonized remains [25]. Compared to the other
decomposition stages, the skeletal remains stage is composed mostly of
bone and other hard tissue with very little soft tissue remaining [1,2].
Bones contain less organic matter compared to soft tissue, which often
reduces the level of emitted VOCs that are detectable to HRD dogs
making their detection more challenging. The characterization and
variability of bone VOCs have been minimally examined as the majority
of studies have focused on soft tissue decomposition [17,18,30,31].
Consequently, the lack of sufficient data on VOCs emitted from human
bones represents a critical gap in the literature, which hinders the
development of effective HRD dog training for locating skeletal remains.

The complexity of the decomposition odour matrix requires
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advanced collection, separation, and identification methods for its
analysis [32–34]. Sorbent tubes, which contain materials designed to
capture VOCs within the tubes, are used to collect volatile compounds
that accumulate in the headspace above the samples. The sorbent tubes
are then heated through a process known as thermal desorption (TD) to
release the trapped VOCs for analysis [33,35]. In previous studies, gas
chromatography (GC) has been used to separate odour mixtures into
identifiable VOCs, however, in more recent years, there has been a
transition to comprehensive two-dimensional gas chromatography (GC
× GC) [36–39]. The coupling of two different columns with different
stationary phases in succession enables a higher peak capacity and
selectivity compared to conventional GC-MS [40–46]. These columns
are serially connected via a modulator, which allows efficient trapping
and reinjection of volatile analytes onto the second-dimension column.
The GC × GC is typically coupled with a time-of-flight mass spectrom-
eter (TOFMS) for compound identification. TOFMS is preferably used
because of the fast acquisition rate and minimal signal distortion [32,37,
38,41]. Since fewer VOCs are emitted from bones, using GC ×

GC-TOFMS allows for the determination of a more complete VOC
profile.

This study aims to determine the VOCs emitted from different types
of human bones using TD-GC × GC-TOFMS. Additionally, the detection
performance of various HRD dogs in both indoor and outdoor training
scenarios was examined. This allowed for additional insights into the
dogs’ proficiency in locating human bones as well as validating the use
of bones as training aids for the search of skeletal remains. The results
will help direct recommendations to enhance HRD dogs’ success rates in
both training and operational scenarios.

2. Materials and methods

2.1. Bone collection

The human bones utilized for this research were collected from the
Research in Experimental and Social Thanatology (REST) facility affil-
iated with the University of Quebec at Trois-Rivieres (UQTR). The REST
facility consists of a high-security outdoor area that permits donation of
cadavers for the physical, chemical, and biological study of human
decomposition in a Canadian environment [47]. This site was chosen to
replicate the environment in which law enforcement agencies could
search for human remains in real-case scenarios [48].

Bones from three different cadavers (donors) were used for this
research (Table 1). Donor selection was based on the stage of decom-
position and the availability of bones to avoid disturbing any remaining
tissues. For each donor, four types of bones, with little to no remaining
soft tissues, were collected for analysis: the right clavicle, the first right
rib, the right humerus, and three lumbar vertebrae (L2, L3, L4). The
collection and sampling of the bones was authorized by the ethics sub-
committee of the teaching and research laboratory in anatomy at UQTR
(CER-09-148-06.05).

2.2. VOC collection

The bones were collected and transported to the UQTR laboratory to
reduce the background VOCs being collected during the sample

collection process. After each sampling period, the bones were returned
to their respective donors at the REST facility to allow the decomposi-
tion process to continue. Bones were sampled individually five times
between June 2022 and November 2022. VOCs were collected by
placing an aluminum hood (38 cm × 38 cm x 38 cm) over each bone for
15 min to allow headspace accumulation. The headspace was drawn
onto a Tenax TA/Carbograph 5TD stainless steel sorbent tube (Markes
International Ltd, Bridgend, UK) using an ACTI-VOC pump (Markes
International Ltd, Bridgend, UK). The samples were collected in tripli-
cates at a constant flow rate of 100 mL/min for 5 min. Control samples
were also collected to determine the background VOCs in the laboratory
environment where the headspace was collected. Sorbent tubes were
capped with brass long-term storage caps fitted with PTFE ferrules,
placed in a sealed glass mason jar and stored at 4 ◦C in a refrigerator
until analysis.

2.3. VOC analysis

Prior to analysis, 0.2 μL of 10mg/L bromobenzene (GC grade, Sigma-
Aldrich) in methanol (HPLC grade, Sigma-Aldrich) was added as an
internal standard to each sorbent tube using eVOL® XR handheld
automated analytical syringe (SGE Analytical Science, Wetherill Park,
NSW, Australia). Samples were analyzed using a Markes TD 100-xr
multitube autosampler thermal desorption (TD) (Markes International
Ltd., Bridgend, UK) coupled to the LECO Pegasus® BT 4D GC × GC-
TOFMS system (LECO Corporation, St-Joseph, MI, USA). This system is
equipped with a secondary oven, a quad-jet dual-stage modulator, and a
unit mass TOFMS.

Each sorbent tube was heated at 300 ◦C for 5 min to allow thermal
desorption of the compounds before being collected onto a general-
purpose cold trap at − 10 ◦C. This trap was desorbed with a split ratio
of 50.5:1 at 280 ◦C for 5 min at a desorption flow rate of 20 mL/min. The
desorbed analytes were injected onto the first-dimension column
through an uncoated deactivated silica fused transfer line (1.2 m)
maintained at 150 ◦C. The first-dimension column was a mid-polar
Rxi®-624Sil MS (Restek Corporation, Bellefonte, PA, USA) (30 m ×

0.25 mm ID × 1.40 μm df), and the second-dimension column was a
polar Stabilwax (Restek Corporation, Bellafonte, PA, USA) (2 m × 0.250
mm ID× 0.25 μmdf). The first-dimension oven was set to 35 ◦C and held
for 7 min before increasing at 4 ◦C/min to 230 ◦C where it was held for 1
min. The helium (high purity, Linde Inc., Trois-Rivieres, Quebec, Can-
ada) used as the carrier gas was maintained at a constant pressure of
122.7 kpa. The modulation period was 6 s with a 1.20 s hot pulse. The
offset temperature for the second oven was +5 ◦C relative to the first-
dimension GC oven temperature and the offset temperature for the
modulator was +15 ◦C relative to the second-dimension oven. The
transfer line was held at 250 ◦C and the TOFMS was operated in electron
ionization (EI) mode at 70 eV and the ion source was kept at 250 ◦C, with
a mass range of 29–450, an acquisition delay of 430 s, and an acquisition
rate of 250 spectra/s.

2.4. Data analysis

ChromaTOF® (version 5.51.6.0; LECO) was used for initial data
processing, including peak finding (minimum signal-to-noise ratio of

Table 1
Personal and demographic information regarding the REST Donors (n= 3), including the date of arrival and days since deposition at the time of the last VOC collection.

Donor ID Date of death (dd/mm/yyyy) Sex Age Height (cm) Weight (kg) Date of arrival at REST (dd/mm/yyyy) Days since deposition

Donor 1 August 07, 2020 M 71 173 70.0 August 10, 2020 854
Donor 2 September 27, 2020 F 69 165 54.0 September 28, 2020 805
Donor 3 November 01, 2020 M 72 180 85.3 November 02, 2020 769
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100), baseline integration, non-targeted deconvolution (NTD®), and
spectral library matching. The National Institute of Standards and
Technology (NIST 2017) mass spectral library was used to identify
compounds with a spectral match required to combine GC × GC sub-
peaks set to a minimum of 500. The minimum similarity for matches
was set to 600 and the minimum similarity before hit was set to 700.
Data processing tasks such as peak table alignment, peak area normal-
ization to internal standard, sample triplicate and control comparison,
sample triplicate merging, and filtering of miscellaneous peaks such as
acetone, oxygen, solvent and column bleed, were performed using
custom R scripts in R Studio ® (version 2023.03.0 + 386). A list of
compounds with their respective normalized peak areas was generated.
Further details on the custom R scripts can be found in previous studies
[49].

2.5. HRD dog trials

Two separate HRD dog trials, spanning two days each, were con-
ducted in October 2022 and May 2023 at the Ontario Provincial Police
(OPP) Canine Unit involving certified HRD dog/handler teams from
police agencies across Ontario. These trials involved exposing HRD dogs
to the human bones from Donor 1 obtained from REST, with training
authorized by the animal ethics committee at UQTR (N◦2022-S.F.3.).
The bones from Donor 1 were used for the dog trial because they were
the oldest remains sampled in this study. A total of 22 HRD dogs
participated in the study, with the number of dogs varying for each trial
based on their availability.

During the trials, human bones were concealed in various indoor and
outdoor locations. All the scenarios were single-blind trials where the
HRD dogs’ handler was unaware of the location of the target odour.
Indoor trials took place in furnished rooms resembling an apartment and
an office (Trial 1: Day 1, and Trial 2: Day 2). The search areas for the
outdoor training were conducted in an acre of woodland and grassland
(Trial 1: Day 2, and Trial 2: Day 1). As all trials were designed to
simulate real-case scenarios, the research environment served as the
control (i.e. background VOC profile) for the HRD dog trials. A detailed
description of the trials and location of the location of the concealed
bones is provided in Table 2. Handlers had the option to allow their dogs
to search either off-leash or on-leash, with the dogs working only a few
minutes at a time to prevent fatigue. When a dog indicated a final
response, the handler would request the location confirmation before
rewarding the dog. The HRD dogs’ responses were recorded as shown in
Table 3. No true negative (TN) responses were recorded, as no dis-
tractors or blank odours were used in these trials due to the type of
search scenario being used for training.

These results were used to calculate each scenario’s detection and
false response rates using the following statistical measures:

Detection rate (%)=
total number of TP

total number of possible true outcomes
× 100 (1)

Partial Positive response rate (%) =
total number of PP

total number of possible outcomes
× 100 (2)

False response rate (%)=
total number of FN + FP

total number of possible false outcomes
× 100

(3)

3. Results and discussion

3.1. VOC profiles of human bone samples

From the sampling of the bones, 296 VOCs were identified. All VOCs
were either only found in the human bones or found with a higher
normalized peak area when compared to the controls. The detected
VOCs included all classes of compounds previously identified in
decomposition odour studies: acids, alcohols, aldehydes, aromatics,
cyclic aliphatics, ester and analogues, ethers, halogen-containing, ke-
tones, linear aliphatics, nitrogen-containing and sulphur-containing.
The list of all the classified VOCs detected in the human bones can be
found in the Supplementary Material section as an excel file sheet
labelled “Supplementary Material – VOCs list”.

Fig. 1 represents the abundance of chemical classes in each donor’s
bone (clavicle, rib, humerus and vertebrae). The overall trend of each
chemical class is very similar between the clavicle, the rib, the humerus
and the vertebrae of each donor however, there are some differences in
the abundance of VOCs between class types. The most abundant classes
for all four of the bones are the aromatics (18.97–36.59 %; n = 55),
linear aliphatics (9.75–31.81 %; n = 65), and nitrogen-containing
compounds (2.27–39.04 %; n = 43), followed by esters and analogues
(4.88–17.91 %; n = 33), alcohols (4.47–9.20 %; n = 30), cyclic ali-
phatics (2.58–10.81 %; n = 22), and ketones (2.43–11.36 %; n = 22).
The halogen-containing compounds (0–7.69 %; n = 7), acids (0 %–2.70
%; n = 7), aldehydes (0–4.05 %; n = 6), ethers (0–7.31 %; n = 4) and
sulphur-containing compounds (0–2.43 %; n = 2) were the classes with
the least number of compounds where n represents the total number of
different VOCs.

Some compound classes were not detected in some bone samples.
Sulphur-containing compounds were detected only in three bone sam-
ples (D2 rib; D3 humerus; D3 vertebrae) and acids were only identified
in 50 % of the bone samples (D2 clavicle; D2-D3 rib; D2 humerus; D1-D3
vertebrae). Ethers were not detected in two bone samples (D2 clavicle&
D2 vertebrae), while halogen-containing compounds were not detected
in three bone samples (D2 rib, D2 humerus and D2 vertebrae).

Of the 296 VOCs detected, the most abundant chemical classes were
the aromatics, followed by the linear aliphatics and the nitrogen-
containing compounds. These classes have been reported as the most
abundant in other decomposition VOC studies as well [17,31,32,50].
Both aromatic compounds and nitrogen-containing compounds may
result from the degradation of amino acids from proteins. During the
process of bone decomposition, bacterial collagenase will degrade the
protein from collagenases present in the bones into amino acids, then

Table 2
Description of the HRD dog trials conducted in October 2022 and May 2023 and
the location of all concealed bones.

Trial 1 Trial 2

Day 1 Day 2 Day 1 Day 2

Apartment Forest Building
backyard

Office

Clavicle (C) in a drawer in a trunk – –
Rib (R) in a drawer at the foot

of a tree
– –

Humerus
(H)

in a
cabinet

under a
fallen tree

on the grass,
close to a fence

within a brick
wall structure

Vertebrae
(V)

in a locker in a trunk – –

Table 3
Responses recorded for the HRD dog in the two-days trials conducted in October
2022 and May 2023.

Response Description

True positive
(TP)

The dog correctly alerted to the target odour (human bones)

Partial positive
(PP)

The dog showed a behaviour change, and narrowed down the
target odour, but did not alert

False positive
(FP)

The dog incorrectly gave a positive alert to a location without
the target odour

False Negative
(FN)

The dog did not give an alert at a location where there was a
target odour
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Fig. 1. VOC class abundance (%) for the clavicle, rib, humerus and vertebrae (obtained from three different donors) analyzed five times between June 2022 to
November 2022.

Fig. 2. Variation of the number of VOCs (A) and the normalized peak area (B) for the clavicle, rib, humerus, and vertebrae analyzed between June 2022 and
November 2022.
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further degradation can result in the emission of aromatics and
nitrogen-containing VOCs [32,33]. The nitrogen-containing compounds
can also result from the degradation of the nitrogen-containing nucleic
acids from residual DNA. Linear aliphatic compounds may be the result
of lipid degradation [32,33]. Some residual lipid tissues, such as bone
marrow, can still be present in dry bone, resulting in the emission of
these compounds [51].

Ethers were among the least abundant VOCs, which is consistent
with previous studies [31,52]. However, sulphur-containing compounds
were one of the least abundant classes of VOCs identified in this study,
despite their prevalence in soft tissue decomposition VOC studies [17,
53]. This may be due to the lack of soft tissues on the bone samples
analyzed in this study. The sulphur-containing compounds result from
the breakdown of sulphur-containing amino acids such as cysteine and
methionine [32,37,53]. Sulphur-containing compounds are known to be
particularly scent heavy and their reduced presence in dry bone may
influence the detection efficiency of HRD dogs.

Halogen-containing compounds were detected in 83 % of bones in
this study. Halogen-containing compounds usually are not present in
high abundance in decomposition VOCs studies [31,54], and thus there
is minimal information about their origin. Hypothetically,
halogen-containing compounds could result from residual soil on the
bones or an accumulation of halogen-containing compounds in the
bones through nutrition. Some halogens can be found in food and water
[55,56] and accumulate in bones throughout a donor’s life [57–59],
subsequently being released during the degradation process.

3.2. Comparison of VOC profiles across bone types

Fig. 2 highlights the variation in the number of VOCs (A) and the
normalized peak areas (B) emitted from each bone. Fig. 2A shows the
median and the variability of the total number of VOCs detected for each
sampling of the bones (total of 15 sampling points per bone). Fig. 2B
represents the distribution’s central tendency and variability of the sum
of the VOCs normalized peak area for each sampling of the bones (total
of 15 sampling points per bone). The peaks have been normalized to the
internal standard and the peak area is proportional to the concentration
of the VOCs.

In Fig. 2A, the humerus has the highest median (n = 18) of the
overall number of VOCs, followed by the clavicle (n= 15), the vertebrae
(n = 14) and the rib (n = 12). However, no significant difference is
observed between the number of VOCs produced by each bone. There is
minor variation observed between the variability of the four bones. The
rib bone has the most variation of the number of VOCS between sam-
ples/sampling periods (n = 16), followed by the vertebrae (n = 14), the
humerus (n = 11) and the clavicle (n = 11).

In Fig. 2B, the humerus has the highest median of the normalized
peak area (n = 4.46), followed by clavicle (n = 3.08), rib (n = 2.97) and
vertebrae (n = 2.25). The median line is overlapping for every bone,
except the humerus median line which lies outside the vertebrae box
plots. However, the difference between the humerus and the vertebrae is
not statistically different.

Between the number of VOCs and the normalized peak area of the
four types of bones, no significant difference was observed. However,
some inter-donor variability was observed and may be attributed to the
bone composition of each individual [60]. Some bones contain more
bone marrow and are more vascularized than others. Bone marrow is
composed mostly of fat (lipid), water, and protein and can be found in
different proportions in the bones. Thus, during bone degradation, a
bone with more bone marrow will produce more decomposition prod-
ucts of lipids and protein, which include oxygenated,
nitrogen-containing, and aromatic volatile organic compounds [32].
The humerus has more bone marrow compared to the rib or the clavicle,
which explains why there are more VOCs detected in it [61,62].
Furthermore, vascularized bones, such as the humerus or vertebrae,
have more pores, and a high porosity in bones allows for a greater

circulation of water, and microorganisms leading to their degradation.
The microorganism activities will be more important, leading to the
degradation of collagen and bone marrow [62–67]. Collagen is a
widespread protein in the human body and its degradation during the
decomposition process could lead to nitrogen-containing and aromatic
VOCs [32]. Given that the clavicle, rib, humerus and vertebrae have
different porosity, they can be impacted differently during the decom-
position process, resulting in a variation of the number and intensity of
the VOCs detected.

In a study conducted using the same sample collection and analysis
as the current study, Dargan et al. (2022) [25] identified between 23 and
430 significant VOCs per sample from decomposed lower limbs, with a
total of 1495 different compounds detected across their study. In com-
parison, the present study identified 296 unique VOCs, approximately
five times fewer than those reported by Dargan et al. (2022), with a
range of 0–46 VOCs per sample. This disparity can be attributed to
differences in the decomposition state of the samples between the
studies. The lower limbs analyzed by Dargan et al. (2022) retained
decomposed soft tissue, whereas the samples in the present study were
completely skeletonized. Decomposing soft tissues emit a broader vari-
ety of VOCs compared to skeletonized remains, leading to significant
differences in the VOC profiles [25].

3.3. HRD dog detection rates

The responses of HRD dogs exposed to the different human bones
during trials conducted in October 2022 (Trial 1) andMay 2023 (Trial 2)
are presented in Table 4. The first day of Trial 1 and the second day of
Trial 2 were indoor trials, and the second day of Trial 1 and the first day
of Trial 2 were outdoor trials. On day 1 of Trial 1, false responses from
the HRD dogs were recorded for the clavicle (detection rate= 91 %), the
rib (detection rate= 55 %), and the vertebrae (detection rate= 72 %) of
the same donor (Donor 1). The humerus had a detection rate of 100 %.
During day 2 of Trial 1, a 100 % detection rate for all bone samples was
recorded. On day 1 of trial 2 which occurred 7 months later, a detection
rate of less than 10 % was recorded, while on day 2 of trial 2, the
detection rate was 100 %. These responses indicate that the HRD dogs
had a lower detection rate on the first day of each trial, and on the
second day, the detection rate increased to 100 %. This could be
attributed to the fact that by the second day of each trial, the dogs had
already been exposed to the bone samples and were more familiar with
the scent.

Additionally, the handlers confirmed that the dogs exhibited a
quicker and more confident response on the second day of training
compared to the first day of each trial. For a dog to be able to detect their
target efficiently, they must be frequently exposed to the target odour.
When training HRD dogs, the handlers do not regularly use skeletonized
remains due to the challenges of ethically acquiring material as training
aids. As noted previously, the VOC profile of hard tissue like bone differs
from the VOC profile of soft tissues which could influence the detection
efficacy of the dogs. Dargan et al. (2022) [25] reported a high HRD dog
detection rate of 98.4 % for decomposed lower limbs containing soft and
hard tissue, while the present study observed an overall detection rate of
84 %. This comparatively lower detection rate can be attributed to the
absence of soft tissue in the current study, which reduces VOC diversity
and intensity, as well as the limited training of HRD dogs on skeletonized
tissue. These findings underscore the need for future studies to focus on
training HRD dogs with skeletonized remains to enhance detection
performance and ensure comprehensive capabilities across various
decomposition states.

Additional factors affecting the detection rate of the dogs can include
the dog’s energy level or year of training, the air movement/wind and
the environment [24,26,68–71]. A dog with a lower energy level or less
experience may find it more challenging to recognize a target odour like
bone that produces fewer VOCs than soft tissue training aids. The tem-
perature, wind, humidity, and searching environment are also factors
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that affect the detection of HRD dogs. Further, these factors also influ-
ence the concentration and spread of odour. Thus, the false responses
and challenges faced by certain HRD dogs during the first day of the
Trial 2 can be attributed to these environmental factors. Additionally,
obstacles in the search environment, such as buildings, trees, furniture,
etc., can block or deviate the odour’s path which can explain the diffi-
culties faced by the HRD dogs in locating ribs, clavicle, and vertebrae
during the first day of Trial 1, and the humerus of the first day of Trial 2.

During the first day of Trial 2 (outdoor search), more than 50 % of
the dogs mistakenly reacted to the building instead of the bone. This
observation can be attributed to the placement of the humerus. The bone
was placed on the grass beside a building, with the wind blowing toward
the building. The building could have potentially blocked the trajectory
of the odour leading to the accumulation of the VOCs in this area [28]
which could have caused some HRD dogs to alert and give positive re-
sponses to the building rather than the bone. These environmental fac-
tors could have a more significant impact when searching for bones and
skeletal remains, as the already limited VOCs emitted from the bones
may be further dispersed, reducing the concentration of VOCs at the
odour source. Therefore, it is essential to consider such factors when
conducting skeletal remains operational search.

Although no statistically significant differences were observed in the
VOC profiles of the bones in this study, it is still recommended to train
HRD dogs with a robust set of training aids. Variations in the VOC
profiles may occur with other bone compositions, particularly from
different donors. Furthermore, since bones have limited organic matter
resulting in the reduction of the odour intensity compared to soft tissues
[51], HRD dogs may not be familiar with less odorous remains. Thus,
frequent exposure and training with bones and/or skeletal remains is
necessary to increase their effectiveness in operational searches.

This study has several limitations related to the number of samples
and the number of dogs participating in the trial. Given that the VOC
profile can vary due to the intrinsic factors of the donors, using a sample
size of only three donors may not be representative of a comprehensive
VOC profile. Equally, while not significant, there was visible variation
noted between the VOC profile of each bone type. Thus, further studies

should focus on analyzing different bones and/or a complete skeleton, as
well as using a larger number of donors. For the HRD dogs in this study,
the participating dogs varied between each trial, with some dogs
participating in one day of one trial or both days of only one trial and not
the other. Consistently using the same dogs across all trials and
extending dog trials for a longer period would provide a more reliable
conclusion on their detection capabilities.

4. Conclusion

This study aimed to establish the VOCs emitted from human bones
and examine the detection performance of HRD dogs to these samples.
Aromatics and linear aliphatic compounds were the most abundant
classes detected, likely originating from collagen protein degradation. In
contrast, sulphur-containing compounds were the least abundant,
differing from the VOC decomposition studies of soft tissues, which may
affect HRD dogs’ detection capabilities since sulphur-containing com-
pounds are highly odorous. While variations were observed in the
general VOC profile of the different bone types, there was no significant
difference in the quantity or intensity of the compounds.

For the detection capabilities of the HRD dogs in this study, it was
established that they were able to locate human bones with little to no
soft tissue. However, they required frequent exposure to the bone
samples. Thus, it is recommended that HRD dogs receive regular expo-
sure to skeletal remains during training to maintain and improve their
detection accuracy.
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