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Detection of volatile organic compounds
indicative of human presence in the air

Volatile organic compounds were collected and analyzed from a variety of indoor and outdoor
air samples to test whether human-derived compounds can be readily detected in the air and
ifthey can be associated with human occupancy or presence. Compounds were captured with
thermal desorption tubes and then analyzed by gas chromatography with mass spectrometry.
Isoprene, a major volatile organic compound in exhaled breath, was shown to be the best
indicator of human presence. Acetone, another major breath-borne compound, was higher
in unoccupied or minimally occupied areas than in human-occupied areas, indicating that
its majority may be derived from exogenous sources. The association of endogenous skin-
derived compounds with human occupancy was not significant. In contrast, numerous
compounds that are found in foods and consumer products were detected at elevated levels
in the occupied areas. Our results revealed that isoprene and many exogenous volatile
organic compounds consumed by humans are emitted at levels sufficient for detection in
the air, which may be indicative of human presence.

Keywords: Gas chromatography with mass spectrometry / Human emission /
Isoprene / Volatile organic compounds
DOI 10.1002/jssc.201500261

E’ Additional supporting information may be found in the online version of this article
at the publisher’s web-site

criminals, missing persons, disaster victims, and/or cadaver
recovery (reviewed in [1]). Although the use of working dogs
for tracking human scent is valuable, it is laborious and
costly. Dogs can easily become stressed under various en-
vironmental conditions and their effective operational time
is physically limited. Additionally, working dogs are often
tasked with operating in high-risk situations in performance
of their duties to help locate persons affected by natural and
man-made disasters. Still, the chemical nature and identities
of the human odor cues perceived by dogs remain unknown.
There may be markers indicative of human presence that
could be detected at lower levels using alternative detection
paradigms. Therefore, gaining a better understanding of
the unique signatures produced by human occupancy

Detection of human scent, while currently performed in most
cases by canines due to their extraordinary sense of smell,
has frequently been used in various security applications,
criminal investigations, and rescue operations to locate
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could potentially lead to versatile technologies which do not
experience the same limitations as animal-based detection.
Previous studies have identified numerous volatile or-
ganic compounds (VOCs) released from different parts of
the human body, many of which are odorous compounds.
De Lacy Costello et al. [2] compiled a list of VOCs detected
in exhaled breath, saliva, blood, milk, skin secretions, urine,
and feces from various studies that have sought to profile the
volatile fraction of human body fluids. For example, a total of
872 and 532 VOCs have been detected from the expired breath
and skin, respectively. Since most of these studies have cap-
tured VOCs from body fluid samples in a closed container
(or bag), from skin surfaces, or employed extractions with
organic solvents before analysis, many of the VOCs reported
are likely not detected in the ambient air due to dilution.
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However, some have been found to be emitted from human
bodies at levels sufficient enough to be detected in the air, and
these may be indicative of human occupancy or presence. The
major VOCs detected in exhaled breath include isoprene, ace-
tone, and ethanol [3] and their presence in occupied buildings
has been previously reported [4]. De Blas et al. [5] reported that
the indoor isoprene concentration was higher compared to
the outdoor concentration. It was determined that the highest
levels were observed on weekdays when the building was oc-
cupied, suggesting that the major source of isoprene detected
was likely from the air exhaled by the occupants. Straight-
chain aldehydes and 6-methyl-5-hepten-2-one (6-MHO), reac-
tion products of skin lipids with ozone [6,7], were detected in a
simulated aircraft environment [8] as well as inside commer-
cial flights during operation at ppb levels [9]. The ozone level
determined in the aircrafts was strongly associated with the
concentrations of 6-MHO, octanal, nonanal, and decanal and
occupancy was significantly correlated with the 6-MHO level.

Exogenous VOCs derived from consumers products
which people often apply to their skin, nails, or hair have been
detected in the ambient air. Shields et al. [10] measured VOCs
from the indoors and outdoors of 70 different buildings, and
compared the concentrations in sparsely vs. densely occupied
buildings to determine the influence of human occupancy
on indoor VOCs. Siloxanes (octamethylcyclotetrasiloxane
and decamethylcyclopentasiloxane; derived most likely from
deodorants and antiperspirants), n-alkanes (C;,—Cj¢: petrola-
tum widely used in skin care products), limonene (a common
scent material for soaps, shampoo, etc.), and, to a lesser de-
gree, tetrachloroethylene (derived from dry cleaned clothing)
were present in higher levels in the buildings with more oc-
cupants. Hodgson et al. [4] analyzed VOCs inside and outside
a call center office building over multiple days, and reported
that decamethylcyclopentasiloxane, 2-ethyl-1-hexanol (de-
rived from plastic materials), 2,2,4-trimethyl-1,3-pentanediol
monoisobutyrate (derived from nail care products), and
formaldehyde (derived from nail care products, lotions,
shampoos, etc. [11, 12]) were associated with human
occupancy.

The detection of human-derived VOCs from outdoor en-
vironments has been demonstrated as well. Veres et al. [13]
measured carbon dioxide, ozone, and VOCs in a stadium dur-
ing a football game where more than 30 000 people attended.
Carbon dioxide increased upon arrival of the attendees and
then decreased as they left, indicating that CO, was directly
associated with the respiration of the attendees. Ozone started
to decrease whereas 6-MHO and decanal (reaction products
of skin lipids with ozone mentioned above) increased as the
attendees entered the stadium. Upon their departure, this
pattern was reversed. This result indicated that ozone was
consumed by the attendees and reacted with skin lipids, pro-
ducing the oxidation products. In addition, increased levels
of isoprene, acetone, ethanol, acetonitrile, and diacetyl were
observed during the game. The increase of acetone and iso-
prene was largely due to the respiration of the attendees. Veres
et al. [13] suggested that the ethanol increase was mainly due
to the exhalation of alcoholic beverages consumed by humans
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at the stadium. Acetonitrile and diacetyl were considered as
VOCs derived from cigarette smoke [14, 15].

While the studies mentioned above focused on the im-
pact of VOCs associated with human presence and activity
on indoor or outdoor air qualities, several studies determined
gases and VOCs supposedly released from human(s) con-
fined in a chamber to test whether these compounds could
be used to detect human presence. Statheropoulos et al. [16]
suggested use of VOCs detected from the exhaled breath,
blood, and urine in search of human presence. However,
their later studies focused heavily on the use of urine-derived
VOCs for detecting human presence (reviewed in [17]). The
use of urinary VOCs for this purpose is limited since the
VOCs are not directly emitted from humans unless they uri-
nated. Rather, the use of VOCs emitted from breath, skin,
and hair is a more practical approach for detecting human
presence. Huo et al. [18] analyzed gases and VOCs released
from subjects (total of eight participants) who lay in a cham-
ber for 6 h, and reported that carbon dioxide, ammonia, and
acetone were indicators of human presence. While CO, is
an important indicator of human presence due to respira-
tion [4,19)], its use for searching for human presence may be
limited since it is altered in the presence of plants and other
animals or derived from sources such as combustion, fires,
etc. Vautz et al. [20] later reanalyzed the data generated by Huo
et al. [18], and identified seven VOCs (2-ethyl-1-hexanol, ace-
tophenone, benzaldehyde, decanal, limonene, octanal, and
nonanal) whose concentrations were correlated with the con-
centration of CO, emitted from the subjects, suggesting that
these compounds might be considered as signs of life. How-
ever, these VOCs are typical VOCs detected in the air and may
not be specific to humans. The detection of human-derived
VOCs such as isoprene, 6-MHO, and geranyl acetone [3, 7]
was not demonstrated, which is likely due to the minimal
sample collection volume (33-50 mL) and/or the detection
sensitivity of the analytical instrumentation. This might also
reflect low ozone level and thus lack of a catalyst for the oxida-
tive reactions. Giannoukos et al. [21] monitored compounds
in a room where subjects (two in total) were confined for
6 h, and reported that the levels of water vapor, four inor-
ganic gases (NH3, CO, CO,, and O,), and 17 VOCs increased
compared to levels determined before the subject entered the
room. Notably, acetone, isoprene, propionic acid, and lactic
acid were the major VOCs that were considered to be released
from the human subjects.

As discussed above, only a handful of studies have
determined human-derived VOCs in the air. Moreover,
each of the previous studies monitored a small set of
human-derived VOCs (either endogenous or exogenous,
or an indistinguishable mixture of both) and consequently
only a few compounds (e.g. isoprene and acetone derived
most likely from the exhaled breath) have consistently been
demonstrated throughout the studies. To the best of our
knowledge, no comprehensive investigation for human-
derived VOCs in the air is available. In this study, examining
a variety of indoor and outdoor air samples, we determined
a subset of human-derived VOCs previously reported as well
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as a set of newly discovered VOCs which were demonstrated
to be associated with human presence or occupancy.

2 Materials and methods
2.1 Air sampling sites

Air sampling was performed at Wright-Patterson AFB, OH,
USA. Seven locations were chosen for the sampling. Three
sampling sites were office areas with human occupancy,
whereas other sampling areas had no or minimum occu-
pancy. A summary of the information for the sampling sites
is located in Table 1. The outside temperatures on April 24
and May 13 in 2014 were 14 and 28°C, respectively. The rel-
ative humidity was 60% on both sampling dates. The indoor
temperature at the sampling sites was maintained at 21°C
with approximately 40% relative humidity. The air change
rate in each sampling area was approximately two per hour.

2.2 Thermal desorption sorbent tubes

Tenax" TA stainless-steel thermal desorption (TD) tubes were
purchased from Markes International (Llantrisant, UK) for
this study. All tubes were conditioned before use based on
the manufacturer’s instruction.

2.3 Air sampling

Three GilAir Plus pumps purchased from Sensidyne
(St. Petersburg, FL, USA) were used for sampling air from
each location. A Tenax sorbent tube was connected to
each pump and an air sample was collected for 5 min at
200 mL/min. The volume of air per tube collected was 1 L.
A total of three tubes were collected from each sampling
site. The pumps were calibrated with a Bios Defender 510
primary flow calibrator (Brandt Instruments, Prairieville,
LA, USA) before use.

2.4 Analysis of volatile organic compounds from
sorbent tubes

Each sorbent tube was analyzed by a TD-100 thermal
desorber (Markes International, South Wales, UK) coupled
to a Trace GC Ultra-ISQ single quadrupole GC-MS (Thermo
Scientific, Waltham, MA, USA). The TD-100 parameters are
as follows: tube desorption temp: 310°C; tube desorption
time: 10 min; flow path temp: 160°C; trap flow: 50 mL/min;
pre-trap fire purge time: 1 min; trap low temp: 25°C; trap high
temp: 315°C for 5 min; trap heating rate: 40°C/s (MAX). The
entire VOCs in the sorbent tube was transferred to the cold
trap, and then split and delivered to GC (outlet split; at 3.5:1).
A 0.8 L cylinder containing gaseous internal standards (bro-
mochloromethane, 1,4-difluorobenzene, chlorobenzene-ds,

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Gas Chromatography 2465

and 4-bromofluorobenzene; 1 ppm each; Linde Gas North
America, Stewartsville, NJ, USA) was connected to the TD-
100 and 1 pL of the standards were applied to the sampling
end of a sorbent tube before the desorption of the tube. An
Rxi"-624Sil MS column (60 m x 0.32 mm Id x 1.80 pm df;
Restek, Bellefonte, PA, USA) was used for GC separations.
The GC temperature program started at 40°C for 1 min, and
increased at 10°C/min to 240°C where the final temperature
was held for 20 min. The total GC analysis time was 41 min.
Helium carrier gas was used at a constant flow of 2 mL/min.
The mass spectrometer was operated in the electron impact
ionization mode at 70 eV. The transfer line temperature was
230°C and the ion source temperature was 275°C. The mass
scan range was 35-300 m/z with a scan time of 0.154 s.

2.5 Data analysis

A total of 20 total ion chromatograms (TICs) were obtained: 3
Main Fl (Bldg A), 3 Basement (Bldg A), 3 Second FI (Bldg A),
3 Outside (Bldg A), 3 Office A (Bldg B), 3 Office B (Bldg B),
and 2 Hallway (Bldg B). The resulting chromatograms and
mass spectra were then analyzed by using the Metabolite
Differentiation and Discovery Lab (MeDDL [22]; http://
meddl.cs.wright.edu/doku.php), a novel metabolite profiling
software solution adapted for GC-MS data. Peaks (each peak
is defined here as a single ion or measured mass/charge
(m/z) at a given retention time) were registered and aligned
in both time and mass. The registered and aligned peaks
were then time-binned to select a representative peak (ion)
for each compound since a single compound is generally
composed of multiple peaks in GC-MS data (see Ref. [23] for
details). It should be noted that following the time-binning,
some compounds were filtered out.

The total intensity distribution was observed to vary
across samples. Consequently, the data were normalized to
a common intensity scale since this variance was likely re-
lated to sampling methodology or other unknown collec-
tion factors. In this application, the matched peak set in-
tensity was normalized to a common scale using average
sample quantiles, which is commonly referred to as quan-
tile normalization in gene-expression microarray studies [24].
An unpaired t-test assuming unequal population variance
was applied to all peaks. Rather than comparing our ob-
served statistic to a theoretical null distribution, we performed
10 000 permutations of sample randomization to measure
type-I error. The Benjamini-Hochberg linear step up proce-
dure was then applied to permutation derived p-value to esti-
mate a false discovery rate (FDR) for each time-binned peak.

Additionally, isoprene was used as a target variable to
identify other VOCs indicative of human presence. Isoprene
has previously been observed to be correlated with human
presence as described above, and was the most differentiated
peak in our study. Since human presence abundance is
likely correlated with VOC concentrations, isoprene was
used as an auxiliary human presence indicator so that more
subtle VOC patterns could be elucidated. The least absolute
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Table 1. Air sampling sites and descriptions

J. Sep. Sci. 2015, 38, 2463-2469

Sampling site Site description Sampling date # of air samples collected
Outside (Bldg A) Outside April 24,2014 3
Basement (Bldg A) No human occupancy April 24,2014 3
Main FI (Bldg A) Hallway and conference rooms April 24,2014 3
Second Fl (Bldg A) Office April 24,2014 3
Office A (Bldg B) Office May 13,2014 3
Office B (Bldg B) Office May 13, 2014 3
Hallway (Bldg B) Hallway May 13,2014 2

shrinkage and selection operator (LASSO) regression, a
technique commonly applied in machine learning domain to
down-select features [25], was applied to screen for isoprene
predictors that we argue are candidate human presence
markers. The LASSO parameterization (i.e. regularization
penalty) with lowest error, as estimated by tenfold cross
validation, was taken to be the most appropriate model given
available data, and hence, identified a parsimonious isoprene
correlate set with highest predictive strength.

Matlab® Bioinformatics toolbox was used to normalize
data, perform permutation based t-test, and calculate FDR,
while Matlab Statistics Toolbox provided LASSO software
implementation.

2.6 Compound identification

The endogenous compounds detected in the air samples
(listed in Table 2) and phenylethyl alcohol, menthol, methyl
salicylate, isopropanol, propylene glycol, ethanol, and linalool
were identified by comparison with standard samples pur-
chased from Sigma-Aldrich (St. Louis, MO, USA) for the
retention times and mass spectra. Texanol was identified
with the standard sample supplied by the Eastman Chem-
ical Company (Kingsport, TN, USA). Hydroxycitronellol,
1-methoxy-2-propanol, 1-methylbutyl acetate, isocetane, butyl
acetate, 1-(1-methoxypropan-2-yloxy)propan-2-yl acetate, and
1-(2-butoxylethoxy)ethanol were tentatively identified using
the NIST11 mass spectral library.

3 Results and discussion

The air samples collected on Tenax TD tubes were ana-
lyzed by a TD-100 thermal desorber coupled to a Trace GC
Ultra-1SQ single quadrupole GC-MS, and a total of 20 data
files were obtained. Representative overlaid chromatograms
obtained from an occupied sampling site and an unoccu-
pied area are shown in Supporting Information Fig. S1, and
the compounds identified are listed in Supporting Informa-
tion Table S1. The GC-MS files were subsequently analyzed
with MeDDL. A total of 10 454 peaks were registered and
aligned. Following the application of the time-binning fil-
ter (see Section 2 for details), a minimum of 602 discrete

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

chromatographic peaks were obtained. Their intensity val-
ues were then quantile normalized and log2 transformed.
Normalization was performed to remove any experimentally
induced variation and the log2 transformation was applied
to induce Gaussian distribution behavior in the data (see
Ref. [26] for details). Then, a permutation based unpaired
t-test was performed with the intensities of the 602 peaks
between sampling sites with occupancy (Second Fl [Bldg A],
Office A [Bldg B], Office B [Bldg B]) and those with no or
minimum occupancy (Outside [Bldg A], Main Fl [Bldg A],
Basement [Bldg A], and Hallway [Bldg B).

Eleven endogenous VOCs that have been reported to be
derived from exhaled breath and/or skin [3,7,27] were de-
tected in the air samples collected. Isoprene, a major VOC
found in exhaled breath, differed quantitatively the most be-
tween the occupied areas and the unoccupied or minimally
occupied areas among the endogenous VOCs with the highest
statistical significance (Table 2). Isoprene in exhaled breath
has been reported to increase with physical exercise, sug-
gesting that it is upregulated with muscle use ([28] and ref-
erences therein). Our finding that higher level of isoprene
was detected in the occupied areas is consistent with the
previous studies mentioned above [5, 28]. Acetone, another
major breath-borne VOC, was detected higher in unoccupied
or minimally occupied areas than in human-occupied areas,
indicating that its majority may be derived from exogenous
sources. Acetone is a common solvent and used in the chem-
ical industry. Sources of acetone in indoor air include con-
sumer products, adhesives, building materials, etc. [29-31].
The association of endogenous skin-derived VOCs (e.g. propi-
onic acid, dimethyl sulfone, benzothiazole, nonanal, decanal,
6-MHO, and geranylacetone) with human occupancy was not
significant (Table 2). Acetol ( = hydroxyacetone or 1-hydroxy-
2-propanone), a skin lipid oxidation product [7], exhibited a
quantitative difference between locations with different occu-
pancies (FDR = 0.0006; Table 2 and Fig. 1). However, it is also
aknown flavor component in coffee [32]. Based on the fact that
acetol is not a major volatile constituent in human skin [27],
its elevated level observed in the occupied areas was likely due
to the consumption of coffee, although it is not clear whether
the increase was due to the direct evaporation of acetol from
coffee or the exhalation of the consumed acetol by humans.

Veres et al. [13] observed that carbon dioxide, a ma-
jor breath component, was directly associated with the
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Table 2. Endogenous volatile organic compounds derived from exhaled breath and/or skin that were detected in the air samples collected,

and their association with human occupancy

Compound ID RT9 (min) Quant ionh p-value FDR log2_foldChange
Isoprene?) 5.23 67 0.000003 0.0003 —1.69
Acetone®! 5.46 43 0.000004 0.0003 112
Acetic acid®! 1.77 43 0.049413 0.1438 —0.94
Propionic acid? 9.75 74 0.015095 0.0663 —-0.41
Acetol ( = 1-hydroxy-2-propanone)e’ 13.51 43 0.000017 0.0006 —0.52
6-Methyl-5-hepten-2-one’) 15.07 43 0.156630 0.2956 —0.72
Dimethyl sulfone? 15.43 79 0.108130 0.2420 —0.59
Nonanalf) 17.12 57 0.433370 0.5956 —0.31
Decanal” 18.77 43 0.167240 0.3060 —0.55
Benzothiazole?! 19.86 135 0.113880 0.2474 —0.43
Geranylacetone’ 22.51 43 0.089048 0.2127 -0.71
a) Derived from exhaled breath.

b) Derived from exhaled breath; skin lipid oxidation product; also a common solvent.

c) Derived from exhaled breath and skin as well as from diets.

d) Derived from skin.

e) Skin lipid oxidation product; flavor component in coffee.

f) Skin lipid oxidation products.

g) Retention time.

h) m/z used for relative quantification.

Table 3. Volatile organic compounds correlated highly with isoprene

Compound ID RT2) (min) Quantion®) Pearson r LASSO Weights log2_fold Change
Isoprene 5.23 67 NaN®) NaN —1.69
Hydroxycitronellol 16.52 59 0.8982 0.0000 —2.94
1-Methoxy-2-propanol 8.82 45 0.8885 0.0235 —-2.10
Phenylethyl alcohol 17.96 91 0.8757 0.1897 —1.07
1-Methylbutyl acetate 12.01 43 0.8539 0.0535 1.1
Menthol 18.61 n 0.8448 0.1174 -2.10
Isocetane 20.21 57 0.8227 0.0000 —1.64
1-(1-Methoxypropan-2-yloxy)propan-2-yl acetate 18.05 59 0.7958 0.0000 —2.33
Texanol 25.20 n 0.7953 0.0000 —1.37
Methyl salicylate 19.05 120 0.7844 0.0000 —3.04
Isopropanol 5.53 45 0.7833 0.0000 —3.08
1-(2-Butoxylethoxy)ethanol 18.66 57 0.7766 0.0000 —1.15
Propylene glycol 1nn 45 0.7550 0.0000 -3.29
Aterpene 15.96 93 0.7447 0.0000 —1.46
A siloxane 16.71 73 0.7371 0.0000 —-0.91
Butyl acetate 11.35 43 0.7255 0.0000 —1.65
Acetol ( = 1-hydroxy-2-propanone) 13.51 43 0.7203 0.0000 —0.52
Ethanol 4.96 45 0.7027 0.0000 —2.33
Linalool 16.99 43 0.7013 0.0000 —0.58

All compounds listed in the table have p < 0.005, FDR < 0.05 and Pearson FDR < 0.05.

a) Retention time.
b) m/z used for relative quantification.
c) Not a number; isoprene is used as a reference in this case.

respiration of the attendees in a football stadium, and as-
sessed the relationship between CO, and VOCs detected in
the stadium. The levels of ethanol, acetone, and isoprene de-
tected in the stadium were well correlated with that of carbon
dioxide, suggesting that the source of these VOCs was exhaled
breath [13]. In this study, however, we did not monitor CO,

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

mainly because some sampling areas were close to biochem-
ical laboratories where dry ice has often been used. Instead,
we determined the correlation between the breath-borne iso-
prene and the remaining compounds to identify additional
VOCs for human presence. First, Pearson correlation coef-
ficients (r) were calculated. 182 out of the 601 time-binned
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Figure 1. Selected volatile organic compounds that were detected at elevated levels in the air samples collected from human-occupied

areas.

peaks were positively correlated with isoprene and 21 peaks
had r = 0.7 or higher. The identified VOCs with r > 0.7
are listed in Table 3 (three peaks were filtered out: two were
unidentified and one (p-cymene) had p-values > 0.05 in the
permutation test and FDR). In addition, LASSO linear regres-
sion analysis was performed. Four compounds (1-methoxy-
2-propanol, phenylethyl alcohol, 1-methylbutyl acetate, and
menthol) were best fit for isoprene, and hence, had the most
robust and parsimonious linear relationship with isoprene
(Fig. 1 and Table 3). As listed in Table S2, the compounds
correlated with isoprene are common ingredients used or
found in foods, fragrances, and consumer products. These
compounds are likely released during respiration or evapo-
rate from skin or clothes. Additional exogenous VOCs that
were correlated with isoprene but filtered out after the time-
binning process were identified and listed in Table S3. The
distributions in the levels of some representative VOCs over
different sampling areas with different occupancies are illus-
trated in Fig. 1. Their concentrations are estimated to be in
the low ppbv or high pptv range. This result is consistent with
the previous study [27] that revealed a large contribution of
exogenous VOCs to human skin volatile profiles.

While a small number of samples were analyzed in this
study, we were able to identify statistically significant VOCs
between occupied and non-occupied areas after correcting
for multiple hypothesis testing. It is worth noting that the
various occupied or unoccupied areas were pooled for com-
parison. Furthermore, the isoprene correlates were searched

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

irrespective of condition tested. The association of isoprene
with human occupancy or presence is not likely to be changed
with additional sampling since it is an endogenous VOC
derived from exhaled breath. On the other hand, the list of
exogenous human-derived VOCs will be changed depending
on human consumption of foods and consumer products.
Therefore, monitoring both human-derived endogenous and
exogenous VOCs as well as determination of their associa-
tion is recommended for further studies with large sample
size. Further studies would also be needed to determine
exogenous VOCs commonly shared in human populations
and those specific to certain populations with different diets,
personal habits, cultures, religions, etc. We suggest that
these exogenous VOCs may be used for detecting and tracing
certain individuals or human populations.

In summary, our result showed that the breath-borne
isoprene was the best indicator for human presence among
other endogenous VOCs. Notably, none of the endogenous
skin-derived VOCs detected were significantly correlated with
human occupancy, which is likely due to their lower emission
compared to that of isoprene. Instead, a number of exogenous
VOCs found in foods or cosmetic and other consumer prod-
ucts were well correlated with human occupancy, indicating
that the concentrations or emission rates of exogenous VOCs
releases from skin may be higher than those of endogenous
VOCs. We suggest that monitoring these exogenous VOCs
in conjunction with isoprene would be useful for detecting
human presence.

www.jss-journal.com
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4 Conclusion

To test whether human-derived VOCs can be readily detected
in the air and they can be associated with human occupancy
or presence, VOCs were collected and analyzed from a variety
of indoor and outdoor air samples. Isoprene, a major VOC
found in the exhaled breath, was the best indicator of human
presence among other endogenous VOCs. The association of
endogenous skin-derived VOCs with human occupancy was
not significant. In contrast, numerous compounds that are
found in foods and consumer products were detected at ele-
vated levels in the occupied areas. Our results revealed that
isoprene and many exogenous VOCs consumed by humans
are emitted at levels sufficient for detection in the air, which
may be indicative of human occupancy or presence. Our study
may lead to development of technologies for sensing the pres-
ence of humans by analyzing human-derived VOCs in the air.

The authors are grateful to Drs. Sean W Harshman and
Jennifer A Martin for their useful suggestions on this manuscript.

The authors have declared no conflict of interest.

5 References

[1] Leitch, O., Anderson, A., Kirkbride, K. P, Lennard, C.,
Forensic Sci. Int. 2013, 232, 92-103.

[2] de Lacy Costello, B., Amann, A., Al-Kateb, H., Flynn, C.,
Filipiak, W., Khalid, T., Osborne, D., Ratcliffe, N. M., J.
Breath Res. 2014, 8, 014001.

[3] Fenske, J. D., Paulson, S.E., J. Air Waste Manage. Assoc.
1999, 49, 594-598.

[4] Hodgson, A. T, Faulkner, D., Sullivan, D. P, DiBar-
tolomeo, D.L., Russel, M. L., Fisk, W.J., Atmos. Environ.
2003, 37, 5517-5527.

[5] deBlas, M., Navazo, M., Alonso, L., Durana, N., Gomez,
M. C., lza, J., Sci. Total Environ. 2012, 426, 327-335.

[6] Fruekilde, P, Hjorth, J., Jensen, N. R., Kotzias, D., Larsen,
B., Atmos. Environ. 1998, 32, 1893—-1902.

[7] Wisthaler, A., Weschler, C. J., Proc. Natl. Acad. Sci. 2010,
107, 6568-6575.

[8] Wisthaler, A., Tamas, G., Wyon, D. P, Strgm-Tejsen,
P, Space, D., Beauchamp, J., Hansel, A., Mark, T
D., Weschler, C. J., Environ. Sci. Technol. 2005, 39,
4823—-4832.

[9] Weisel, C., Weschler, C. J., Mohan, K., Vallarino, J., Spen-
gler, J. D., Environ. Sci. Technol. 2013, 47, 4711-4717.

[10] Shields, H. C., Fleischer, D. M., Weschler, C. J., Indoor
Air 1996, 6, 2-17.

[11] Rastogi, S. C., Contact Dermatitis 1992, 27, 235-240.

[12] Kelly, T. J., Smith, D. L., Satola, J., Environ. Sci. Technol.
1999, 33, 81-88.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Gas Chromatography 2469

[13] Veres, P.R., Faber, P, Drewnick, F, Lelieveld, J., Williams,
J., Atmos. Environ. 2013, 77, 1052-1059.

[14] Houeto, P, Hoffman, J. R., Got, P, Vu, B. D., Baud, F J.,
Hum. Exp. Toxicol. 1997, 16, 658-661.

[15] Fujioka, K., Shibamoto, T., Environ. Toxicol. 2006, 21,
47-54.

[16] Statheropoulos, M., Sianos, E., Agapiou, A., Georgiadou,
A., Pappa, A., Tzamtzis, N., Giotaki, H., Papageorgiou, C.,
Kolostoumbis, D., J. Chromatogr. B 2005, 822, 112—-117.

Agapiou, A., Mochalski, P, Schmid, A., Amann, A., in:
Amann, A., Smith, D. (Eds.), Volatile Biomarkers: Non-
invasive Diagnosis in Physiology and Medicine, Elsevier,
Oxford 2013, pp. 515-558.

[18] Huo, R., Agapiou, A., Bocos-Bintintan, V., Brown, L. J.,
Burns, C., Creaser, C. S., Devenport, N. A., Gao-Lau, B.,
Guallar-Hoyas, C., Hildebrand, L., Malkar, A., Martin, H.
J., Moll, V. H., Patel, P, Ratiu, A., Reynolds, J. C., Siele-
mann, S., Slodzynski, R., Statheropoulos, M., Turner, M.
A., Vautz, W., Wright, V. E., Thomas, C. L. P, J. Breath
Res. 2011, 5, 1-12.

[19] Al-Rashidi, K., Loveday, D., Al-Mutawa, N., Energy Build.
2012, 47, 540-549.

[20] Vautz, W., Slodzynski, R., Hariharan, C., Seifert, L., Nolte,
J., Fobbe, R., Sielemann, S., Lao, B. C., Huo, R., Thomas,
C.L.P, Hildebrand, L., Anal. Chem. 2013, 85, 2135—-2142.

[21] Giannoukos, S., Brkic, B., Taylor, S., France, N., Anal.
Chem. 2014, 86, 1106—1114.

[22] Grigsby, C. C., Rizki, M. M., Tamburino, L. A., Pitsch, R.
L., Shiyanov, P. A., Cool, D. R., Anal. Chem. 2010, 82,
4386-4395.

[23] Kwak, J., Grigsby, C. C., Rizki, M. M., Preti, G., Koksal,
M., Josue, J., Yamazaki, K., Beauchamp, G.K., Physiol.
Behav. 2012, 107, 112-120.

[24] Bolstad, B. M., Irizarry, R. A., Astrand, M., Speed, TP,
Bioinformatics 2003, 19, 185-193.

[25] Tibshirani, R., J. Roy. Stat. Soc. Ser. B1996, 58, 267 —288.

[26] van den Berg, R. A., Hoefsloot, H. C., Westerhuis, J. A.,
Smilde, A. K., van derWerf, M. J., BMC Genomics 2006,
7,142.

[27] Gallagher, M., Wysocki, C. J., Leyden, J. J., Spielman, A.
I., Sun, X., Preti, G., Br. J. Dermatol. 2008, 159, 780—791.

[28] King, J., Mochalski, P, Unterkofler, K., Teschl, G., Klieber,
M., Stein, M., Amann, A., Baumann, M., Biochem. Bio-
phys. Res. Commun. 2012, 423, 526—530.

[29] Wigaeus, E., Holm, S., Astrand, |., Scand. J. Work Envi-

ron. Health 1981, 7, 84—94.

Hodgson, A.T.,, Girman, J. R., in: Nagda, N. L., Harper,

J. P (Eds.), Design and Protocol for Monitoring Indoor

Air Quality, ASTM International, West Conshohocken, PA

1989, pp. 244-256.

[31] Jones, A. P, Atmos. Environ. 1999, 33, 4535-4564.

[32] Spiller, G. A., Caffeine, CRC Press LLC, Boca Raton,
1998.

[17

[30

www.jss-journal.com



