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Forensic cadaveric decomposition profiling by GCxGC-TOFMS analysis of VOCs

Comprehensive two-dimensional gas chromatography time-of-flight mass spectrometry (GCxGC-TOFMS) has been
used to analyze complex mixtures of volatile organic compounds (VOCs) produced during cadaveric decomposition
processes. The use of specific mass spectrometric scripting approaches permitted to easily identify gravesoils from
control soils. The high peak capacity of the system, as well as the development of a specific data processing approach
allowed the isolation and identification of several hundreds of specific analytes. When coupled to thermal desorption
(TD), GCxGC-TOFMS is the tool of choice for cadaveric VOC profiling.
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J1.®. dokanr, [1.X. Credanytro, C. bpacceyp, . dekelipcimutep, E. Xayopyr, E. [llorcmanc,
A. Yuncon, C. Hltamrep, C. dopbe
YOK ansikrayasiy IXxI'X-YYMC kemeriMen oJIiKTiH mipyiHiH KPpEMHHAJUCTHKAJIBIK MimiMaeyi

OUTIKTIH mIipyi Ke3iH/Ie TY3UIETIH YIIKBIII OPraHUKaIBIK KOCBIIBICTAp/IBIH KYp/Iell KoCTIaJlapbIH TalllaybIHa YaKbITIIEH
YIIBIT OTETIH Macc-cneKkTpoMerpi Oap exienmemai razasl xpomarorpadus (IXxI'X-YY¥YMC) KonmaHbuiasl. ONKTiH
IIipyIiHIH op TYPIi CHEHApUIIEPiH 3epTTEyAiH CHeNH(UKAIBIK MACC-CIIEKTPOMETPIII TOCUTIEPIH KOJIaHy JKepIICHIeH
OPBIHHBIH TONBIPAFbl MEH CAJIBICTBIPMAIB TOIBIPAKTApAbl MU depeHImsIpsIayra MYMKIHIIK Oepai. JKyleHiy
JKOFapBI MIBIH/IBIK KyaTTBUIBIFBI )KOHE MAIIMETTEPl OHICYAiH OeNTiIi TaCIAepiH kacay crenu(UKaIbK aHATNTTePAIH
OipHele XKy3Airin Oeiyre jkoHe aHbIKTayFa MYMKIiHIIK Oepai. Tepmonecopbumsmen (T]I) yitnecken, [ XxI'X-Y¥MC
euikTiH mipyinig ¥ OK mimiMaeyiHiH KoIaiisl Kypaibl OOJbI TaObUIaIbL.

Tyiiin ce3nep: kpumuHanuctuka, ¥ OK, eniktin mipyi, reoraodonomus, [ XxI'X-Y¥MC, nimmimMzey.

J.®. dokanr, [1.X. Credanytro, C. bpacceyp, /. dekelipcumtep, E. Xayopyr, E. lllorcmanc, A. YuicoH,
C. trannep, C. ®opbde
Kpumunanucruueckoe npoduaupoBanue TpynHoro pasioxenusi meroaom I'XxI'X-BIIMC onpenenenus JIOC

Bceobbemitionast IByxMepHast ra3oBast Xpomarorpadus ¢ BpeMspoineTHoi Macc-cnekrpomerpuei (I'X*xI'X-BIIMC)
ObLIa WMCIOJIb30BaHA ISl aHANU3a CIOXKHBIX cMecel seTyunx opranmueckux coemunenuit (JIOC), obpasyromuxcs
IIpU TIpoIieccax TPYIHOTO pa3IokKeHMs. lIcrmonp3oBaHHE CHEMU(UIHBIX MACC-CIIEKTPOMETPHUYECKHUX ITOAXOI0B
N3YYeHHs] Pa3iIMIHBIX CIIEHAPHEB PA3JIOKEHHs ITO3BOJIHIO JETKO AU(dEepeHIIpOBaTh MOUBBI C MECT 3aXOPOHEHUS 1
KOHTPOJIBHBIE TIOYBEI. BBICOKast THKOBast MOIIHOCTH CHCTEMBI, a TAKXKe pa3paboTKa KOHKPETHOTO MOXoa 00padboTKi
JAHHBIX TIO3BOJIMIIM PA3leNUTh M WACHTH(UIMPOBATh HECKOIBKUX COTEH CICNM(HUIHBIX aHAIUTOB. B couerannmmn
¢ tepmonecopbrmeit (TH) 'X*xI'X-BIIMC sBiusieTcst MpEANOYTUTEIBHBIM HHCTPYMEHTOM JUTS MPOQHINPOBAHHS
TpynHbix JIOC.

KuroueBsie ciioBa: kpumuHanuctuka, JIOC, TpymHoe pasnoxenue, reotaoponomus, [ XxI'X-BIIMC,
npodrpoBanue.
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Introduction

Amongst the various fields of application of
comprehensive two-dimensional gas chromatog-
raphy time-of-flight mass spectrometry (GCxGC-
TOFMS), the analysis of biological samples for
target or screening purposes represents quite a
growing area of interest. Both signal and peak ca-
pacity enhancement properties of the technique are
challenged through strategies ranging from, for ex-
ample, low pg target analyses of selected persistent
organic pollutants (POPs) in human matrices [1] to
characterization of variations in complex metabolite
fingerprint as a result of the progression of a dis-
ease [2].The analysis of volatile organic compounds
(VOCs) released from various biological sources is
also a challenging area of research, especially in the
field of cadaveric decomposition...

Soon after death, the decay process of mam-
malian soft tissues begins and leads to the release
of hundreds of cadaveric VOCs in the surrounding
environment. The study of postmortem decomposi-
tion products is an emerging field of study in forensic
science. However, a better knowledge of the smell
of death and its volatile constituents is required for
further applications in forensic sciences.The com-
plex processes of decomposition produce a variety of
chemicals as soft tissues and their component parts
are broken down. These decomposition by-products
include the VOCs responsible for the odor of decom-
position. Human remains detection (HRD) canines
utilize this odor signature to locate human remains
during police investigations and recovery missions in
the event of a mass disaster. Currently, it is unknown
what compounds or combinations of compounds are
recognized by the HRD canines. Furthermore a com-
prehensive decomposition VOC profile remains elu-
sive. This is likely due to the difficulties associated
with the non-target analysis of complex samples.

GCxGC has been developed to meet an in-
creasing need for complex sample analysis and to
address limitations such as peak capacity, dynamic
range and restricted specificity of one-dimensional
(conventional) GC systems (1D-GC). GCxGC can
be defined as a chromatographic technique during
which a sample is subjected to two different sepa-
ration processes coupled on-line [3]. The GCxGC
principle is illustrated in Figure 1. In practice, the
first dimension (‘D) column is serially connected to
a second dimension (D) column of which the few
first centimeters are placed in a temperature con-
trolled interface named ‘the modulator’. The cryo-

genic modulator ensures high sampling rates and
transfer of the sample to 2D column [4]. Modulation
also acts as a signal enhancer by zone compression
[5]- The entire 'D chromatogram is thus ‘sliced’ fol-
lowing a modulation period (P,,) of a few seconds
and sent into 2D for a fast GC-type separation [6].
By fine tuning of the GC phase combination, com-
pounds potentially still co-eluting at the end of the
'D separation can be separated on the basis of their
different behavior as regards of the 2D phase. Glob-
ally, the separation power is increased and the sen-
sitivity is enhanced [7]. For the detector responsible
for recording the signal, everything happens as in
classical GC and a trace is monitored continuously.
In practice, series of high speed secondary chro-
matograms of a length equal to P, (3-10 seconds)
are recorded one after another. They consist of
slices that can be combined to describe the elution
pattern by means of contour plots in the chromato-
graphic separation space [8]. A software is respon-
sible for processing the collected raw data and ex-
tract the multi-dimensional information. A complete
description of GCxGC instrumental setup is avail-
able in a previous report [9]. Because of the very
narrow peaks (<200ms), GCxGC is often coupled
to fast acquisition TOFMS to ensure proper charac-
terization of the 2D peaks. GCxGC-TOFMS is thus
a powerful tool to analyze complex samples in vari-
ous fields, including VOC analyses [10,11,12].

For the last couple of years, we investigated the
use of GCxGC-TOFMS for cadaveric decomposition
studies. The approach has been based on sampling
of the cadaveric headspace by means of trapping of
VOCs on thermal desorption (TD) tubes packed with
sorbents such as Tenax® and Carbopack™. The addi-
tional peak capacity of GCxGC, the spectral decon-
volution algorithms applied to unskewed TOFMS
signals, and the use of a robust data mining strategy
allowed for the generation of a specific profile of de-
composition VOCs across the various stages of soft-
tissue decomposition. Several hundreds of postmor-
tem compounds have thus been identified.

Experimental

Samples and field experiments. Because of
their similarities to humans, domestic pigs have
been used in most studies to surrogate human mod-
els [13]. Details on the field trail settings are avail-
able elsewhere [14,15]. The accumulated degree
days (ADD) for each sampling day was calculated
by summing the average daily temperature (°C). For
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grave soil experiments, a forest biotope was select-
ed [16]. Soils were sampled at various depths.
VOC collection. A dynamic sampling tech-
nique was used to collect volatile organic com-
pounds released by the decaying pig carcass. The
VOCs were collected in the headspace of the de-
caying pig or soil with a pump device for 0.5 to 1
hour at 0.2 to 1 L/min every day during the field
experiment. Simultaneously to the cadaveric VOC
collection, air samples were collected as blank ref-
erences. Two approaches were used. First, VOCs
were trapped on cartridges, constituted of glass
and Teflon®, containing a 40 ug SuperQ® adsor-
bent filter (80-100 mesh, Alltech Associates, Inc.
Deerfield, IL, USA). In the laboratory, VOCs were
solvent eluted from the SuperQ® adsorbent with
150 pl of diethyl ether (HPLC grade, Sigma-Al-
drich SA, Bornem, Belgium) and capped in GC-
type vials. Before chromatographic analyses, lig-
uid volatile samples were conserved at -80°C. A
second approach consisted in covering the remains
with a stainless steel hood measuring. The hood
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was fixed with a stainless steel bulk head connec-
tor which fastened the sampling tube to the hood
creating a continuous path from the inside of the
hood to sample the VOCs. During sampling, one
end of the sampling tube was fixed to the bulk-head
union and the other was connected to a LaMotte
(Chestertown, Maryland, United States) model BD
constant flow air sampling pump. Approximately
1 L of headspace was collected onto a multi-sor-
bent thermal desorption tube containing Tenax®
GR (2,6-diphenylene-oxide and 30% graphite)
and Carbopack™ B (poly-ethylene glycol and
non-silicone phase coating) (Markes International
Ltd, Llantrisant, UK) at a rate of 0.2 L/min. Fol-
lowing sample collection, tubes were capped with
brass long-term storage caps fitted with PTFE fer-
rules and placed in a sealed mason jar for storage.
Prior to desorption and analysis, 1 uL. of a 60 ng/
pLbromobenzene/methanol internal standard (IS)
was added to the sampling tube using a standard
GC injection syringe. Chemicals were purchased
from Sigma-Aldrich® (Schnelldorf, Germany).
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Figure 1 — Scheme of the column coupling in the GCxGC-TOFMS setup and how data are handled (not to scale). A: The modulator
allows rapid sampling of the analytes eluting out of 'D and reinjection in 2D. The modulation process is illustrated for two overlap-
ping compounds (X and Y) coming out of 'D at a defined first-dimension retention time ('t,). As the modulation process occurs
during a defined modulation period (P,,), narrow bands of sampled analytes are entering D and appear to have different second-
dimension retention times (°t, X and ’t,Y). B: Raw data signal as recorded by the detector through the entire separation process. C:
Construction of the two-dimensional contour plot from the collected high-speed secondary chromatograms of B), in which similar
signal intensities are connected by contour lines. D: Expanded view of region 3 and 4 of C. The m/z axis lines illustrate the fast
TOFMS acquisition process [20]
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Measurements. The GCxGC-TOFMS instru-
ment was the unit-mass resolution Pegasus 4D
(LECO Corp., St Joseph, MI, USA). All details
regarding GC and MS parameters are available in
previous reports [14,15]. Briefly, thermal desorp-
tion and injection of samples was carried out using
a Markes International Ltd. Unity 2 series thermal
desorber. The sample tube was desorbed at a tem-
perature of 300°C for 5Smin. The modulator was
mounted in an Agilent 7890 GC gas chromatograph
equipped with a secondary oven and a quad-jet dual
stage modulator. Liquid nitrogen was used to cre-
ate the cold jets. The P, was 4 s with a hot pulse
duration set at 700 ms and a cooling time between
stages of 1300 ms. Carrier gas was helium and a
constant flow of 0.8 mL/min was used. The GC col-
umn set used was made from the combination of a
30 m x 0.25 mm [.D. Rxi-5Sil, 5% phenyl 100% di-
methylpolysiloxane (Restek Corp., Bellefonte, PA,
USA) with a film thickness of 0.25 um as 'D and a
more polar 1.2 m x 0.10 mm [.D. mid polar BPX-
50, 50% Phenyl polysilphenylene-siloxane (SGE,
Austin, TX) with a film thickness of 0.10 um as *D.
The transfer line connecting the secondary column
and the MS source was operated at a temperature
of 250°C. The source temperature was 250°C, op-
erated in electron ionization mode with a filament
bias voltage of -70 eV. The data acquisition rate was
set at 100 spectra/s for a mass range from 29 to 450
m/z. The detector voltage was 1500 V. Daily mass
calibration and tuning were performed using per-
fluorotributylamine (PFTBA).

Data Processing. GCxGC-TOFMS data were
first acquired and processed with the ChromaTOF™
(4.42) software (LECO Corp.). This software was
used for peak apex finding, mass spectral decon-
volution, library searching, and integration. The
combination of slices corresponding to a compound
was performed by comparing the mass spectra un-
der pre-established match criteria. Wiley (2008)
and National Institute of Standards and Technology
(NIST, 2008) databases were utilized for spectral
identifications with a match factors threshold >700.
A detailed description of the raw data processing
procedure can be found in previous reports [14,17].
Following alignment of data processing tables, sta-
tistical information from various peak calculations
was compared from each class and between classes.
Fisher ratios were calculated from the compound ta-
ble for each analyte in order to identify compounds

showing the highest variance. The IS was used to
calculate peak area ratio in order to normalize peak
areas prior to statistical analysis [18]. Results were
finally exported as .csv files and applied to exter-
nal principal components analysis (PCA) software.
PCAs were conducted using PAST 2.14 statistical
software.

Results and discussion

Geoforensic

In case of suspicion of the presence of clandes-
tine graves, upper layer soils can be used to high-
light the presence of cadaveric VOCs. For this fo-
rensic geotaphonomy application (Figure 2), a data
processing procedure was developed to highlight
potential candidate marker molecules related to the
decomposition process that could be isolated from
the soil matrix. The major challenge was to extract
these marker molecules from the large amount of
matrix related molecules. As illustrated in Figure
3, direct visual comparison of GCxGC-TOFMS
chromatograms of a gravesoil to a control soil does
not allow to spot significant differences. More than
150 peaks were present in each samples. Neverthe-
less, after data processing, some 20 specific com-
pounds were specifically found in the soil sample
taken under the carcass and 34 other compounds
were found at various depths of the gravesoil sam-
ples. The group of the 20 compounds was made of
ketones, nitriles, sulfurs, heterocyclic compounds,
and benzene derivatives like aldehydes, alcohols,
ketones, ethers and nitriles. The group of the 34
compounds was made of methyl-branched alkane
isomers including methyl-, dimethyl-, trimethyl-,
tetramethyl-, and heptamethyl- isomers ranging
from C12 to C16. A trend in the relative presence
of these alkanes over the various layers of soils was
observed, with an increase in the amount of the
specific alkanes when coming from the carcass to
the surface. Based on the specific presence of these
methyl-branched alkanes in gravesoils, we created
a processing method that applies a specific script
to search raw data for characteristic mass spectral
features related to recognizable mass fragmentation
pattern. Such screening of soil samples for cadav-
eric decomposition signature was successfully ap-
plied on two gravesoil sites and clearly differentiate
soils at proximity of buried decaying pig carcasses
from control soils (Figure 4) [16].
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Figure 2 - Pig carcass after six months of burial at 80 cm depth [16]
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Figure 3 - GCxGC-TOFMS shape surface plot for a gravesoil sample (top) and a control soil sample (bottom)
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Figure 4 — Apex plot for both gravesoil and control results after scripting of soils at 10 cm depth (S/N of 200). Diamonds are for

control soil (n = 16 hits), and triangles are for gravesoils (n = 47 hits). Gravesoil 2tR have been shifted of 2 sec for clarity [16]

Human analogs, Animal model

Complex processes of decomposition produce
a variety of volatile chemicals as soft tissues and
their component parts are broken down. Cadaveric
VOCs produced by pig carcasses in decomposition
were collected and thermally desorbed on GCxGC-
TOFMS. The various stages of decomposition were
followed and analyzed separately (Figure 5). TD-
GCxGC-TOFMS complex data were specifically
treated to extract the most appropriate information.
Data reduction allowed to reduce the number of
possible hits found from several thousands to less
than 900 identified analytes. Figure 6 illustrates the
procedure. During alignment, the data processing
software utilizes algorithmic comparisons of peak
features ('t,, *t,, and mass spectra) to correct for
variations during cross-sample comparison [19].
In order to identify meaningful compounds during
non-target investigations, both chromatographic
and spectral information within the data sets are re-
quired for subsequent statistical analysis.Following
initial processing using ChromaTOF™ software,
including spectral deconvolution and MS library
searching, the statistical comparison feature of the
software was used to compare the VOC profile of
pig and control samples for each sampling day. It
relies on a mass spectral match criterion of 60% to
align multiple chromatograms and integrate peak
area.Fisher ratios were calculated to highlight un-
known chemical differences among known classes
of samples. The aligned data sets were exported to

Microsoft Excel spreadsheets for further data han-
dling. Within Excel, relative peak area ratios were
calculated against the IS and compounds were
grouped into one of the 11 following chemical
classes: alcohols, aldehydes, aromatics, carboxylic
acids, esters, halogens, hydrocarbons, ketones, ni-
trogens, sulphides and others. In practice, the initial
data processing identified approximately 10,000 hits
over the entire set of experimental chromatograms.
These hit tables included VOCs issued from both
the environment and the pig decomposition, as well
as instrument related signals such as column bleeds
and multiple artifact hits resulting from various lev-
els of peak tailing. Following data reduction and
pre-statistical treatment, the data matrix contained
above 300 peaks that were found to be specific to
decomposition as present at least in one experimen-
tal day. This matrix was used to perform PCA. The
number, types, and the distribution of compounds
over post-mortem interval (PMI) are similar to
those found by previous researchers [14].However,
the use of the statistical comparison tool allows in-
creased automation and is less time consuming. In
particular, this tool utilizes raw peak tables gener-
ated by the initial ChromaTOF™processing, there-
fore eliminating manual screening and handling of
the data.Figure 7 represents the relative abundance
of the major chemical classes found during the de-
composition process. A complete list of all analytes
is available elsewhere [15].
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Figure 5 — Typical decay stages followed by the pig carcass in a forest biotope [14]
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Figure 6 — Data treatment procedure using statistical alignment of all the chromatograms based the two retention times align-
ment and on mass spectra comparison, followed by PCA based on Fisher ratio selected above a certain threshold value [15]
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Figure 7 - Relative abundances of VOC compounds within the dominant chemical classes

Human model

The VOC profile of early stage decomposition
of human bodies was also investigated in order to
estimate the degree of similarity between the animal
model and the human model. We analyzed samples
collected during different trials organized during
different seasons in a body farm located in Texas.
Samples included environmental controls, pig car-
casses, and human bodies (protected or not from
scavenger insects). The data processing was per-
formed in the light of identifying possible species

FPCA(2)

variations. PCA treatment of the data highlighted
some differences between species. Figure 8 shows
that once the decomposition process started (Day 4
and Day 5), pig samples separate from human sam-
ples, both species being different from the control
samples. In terms of analytes, current investigation
of the sets of data shows that similar compounds are
found for both species at various levels, but also that
some compounds appear to be specific to either one
or the other species. Further investigations on larger
sets of samples are needed to further characterize
these species.

PCA(1)

Figure 8 — Principal component analysis scatter plot of the PCA scores calculated for controls, pigs, and humans
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Conclusion

TD-GCxGC-TOFMS is a powerful tool for
the separation and identification of VOCs pro-
duced during cadaveric decomposition processes.
The complexity of the VOC mixtures requires the
implementation of state-of-the-art data processing
strategies in order to extract practical information
from the thousands of peaks. Several hundreds of

molecules have been identified as specific from the
cadaveric decomposition process. Specific script-
ing approaches appear to be useful for rapid sam-
ple screening. Further investigations are needed
to gain more information in terms of comparison
between the animal model and the human model.
TD-GCxGC-TOFMS will surely significantly con-
tribute to improve comparisons of complex VOC
profiles in this specific area.
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