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Abstract

Background: Human skin gas is known as traces of gas emanating from the human skin. Exogenous chemicals such as toluene may
be released from the skin surface when absorbed into the body. However, dermal emission of toluene has not been fully determined
in relation to inhalation exposure.
Objectives: This study aimed to characterise the mechanism of toluene emanating from the skin surface of healthy volunteers in
relation to inhalation exposure.
Methods: Dermal emission flux of toluene was determined in healthy volunteers employing a passive flux sampler and gas
chromatography-mass spectrometry.
Results: The dermal emission of toluene occurs when toluene is absorbed by inhalation. The half-life obtained from the decrease
in the dermal emission flux suggested the time-course of the dermal emission corresponds to that of the blood concentration. The
whole-body emission rate of toluene was estimated to be 9.9% of the uptake rate by inhalation exposure. This suggests the toluene
is excreted approximately 80% through urine, 7% - 14% by exhaled air, and 10% from the skin surface.
Conclusions: This demonstrates that dermal emission is a newly discovered route of excretion of toluene from the human body
and that dermal toluene might indicate the individual biological susceptibility to inhalation exposure to toluene.
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1. Background

Human skin gas is known as traces of gas emanating
from the human skin. It has been attracting considerable
attention in relation to various roles such as a mosquito
attractant (1), specific odour of elderly people (2), indica-
tor of smoking (3) and drinking alcohol (4), non-invasive
medical biomarkers for severe burns (5), acute poisoning
(6), liver disease (7), and diabetes (8). Volatile compounds
are formed by the internal metabolism and carried into the
blood, and they can move to the skin surface with sweat-
ing and/or directly travel from the blood through the der-
mal layers as a vascular network lies beneath the skin (4).
Exogenous volatile compounds absorbed into the body are
also released via this route (3, 6). Therefore, the human skin
is a possible excretion route of volatile compounds from
the human body.

Toluene (IUPAC systematic name: methylbenzene) is
commonly used as a solvent and is released from various
products found in homes, including paints, adhesives, au-
tomotive products, and some personal care products (9).
Exposure to toluene is known to cause adverse health ef-

fects such as headaches, dizziness, feelings of intoxication,
eye, nose and throat irritation by laboratory and workplace
studies (9). Hisanaga et al. (10) investigated the amount of
chemicals emanating from the skin surface of 10 subjects
and found an increased dermal emission of toluene from
one male subject due to toluene exposure at his workplace.
Sekine et al. (3) detected the dermal emission of toluene
from both smokers and non-smokers due to unintentional
passive smoking in indoor environments. However, der-
mal emission of toluene has not been quantitatively deter-
mined in relation to exposure in indoor environments.

2. Objectives

This study aimed to characterize the mechanism of
toluene emanating from the skin surface of healthy vol-
unteers and to identify the influence of being exposed to
toluene in an indoor environment on the dermal emission
employing a passive flux sampler (PFS) coupled and gas
chromatography-mass spectrometry (GC-MS) (2, 3, 6). The
PFS is a simple device developed by the authors to deter-
mine the dermal emission flux (emission rate per area) of
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volatile organic compounds (VOCs) (2, 3, 6). The sampler
can be used anywhere non-invasively and be operated by
non-medical professionals. In this study, volunteer tests
were conducted to link the dermal emission and toluene
inhalation in an indoor environment.

3. Methods

3.1. Human Skin Gas Analysis

Figure 1 shows a schematic representation of the PFS
when it is applied to the skin surface. The device is com-
posed of a glass vial with a polypropylene screw cap, disk
type trapping medium (MonoTrap® DCC18, GL Sciences,
Japan), and O-ring as a stopper. The PFS is first put on the
skin surface to create a headspace with a height of 0.80
cm. VOCs emitted from the skin diffuse towards the trap-
ping medium within the headspace and are collected on
the medium. The DCC18 disk is made of silica embedded
with activated carbon powders (11). Prior to its use, the
open end of the sampler was capped with the glass vial and
sealed with a piece of ParafilmTM. The sampler was then
enclosed in an aluminium bag.

After sampling, the trapping medium was transferred
into a glass vial and capped. Using a headspace sampler
(STRAP, JEOL, Japan), the trapped VOCs were thermally des-
orbed at 120°C and were injected into the GC-MS system
(JMS-Q1000GC MkII, JEOL, Japan) using a split ratio of 10 to
1. The VOCs were separated using the InertCap® Pure-Wax
column (30 m × 0.25 mm I.D. × 0.25-µm film thickness;
GL Sciences, Japan) by employing the following tempera-
ture program: 50°C hold for 2 min, increase at 15°C min-1 to
150°C hold for 5 min, increase at 25°C min-1 to 210°C hold for
5 min, and increase at 35°C min-1 to 250°C hold for 10 min.
Helium (G1 grade, Taiyo Nippon Sanso, Japan) was used as
the carrier gas at a flow rate of 1.0 mL.min-1. Peak responses
on the samples were acquired using real time SIM: m/z 91
for toluene. The detector interface temperature was main-
tained at 250°C.

Following previous studies (2, 4, 6), the emission flux
of toluene at a sampling position, E (ng cm-2 h-1), was calcu-
lated using the following formula:

(1)E =
W

S.t

where W is the amount (ng) of toluene collected, S is
the effective cross-section of the trapping medium (0.594
cm2), and t is the sampling time (1.0 h). Procedure blanks
were subtracted from the sample.

Excellent linearity was found between the concentra-
tion of toluene in methanol (0.10, 1.0, 2.0, 5.0, and 10
µg.mL-1), which corresponds to 2.6, 26, 1.7 × 102, 4.2 ×
102, 8.4 × 102 ng cm-2 h-1 of the emission flux, and its
corresponding peak area with r = 1.0. The recovery rate

of the trapped toluene was investigated by administrat-
ing 0.5 µg of toluene vapour to the DCC18 disk and re-
sulted in 100 % (n = 3). As significant contamination of
toluene was detected in the trapping medium obtained
from the commercial source, the medium was thermally
pre-treated to reduce the blank level. The limit of quantifi-
cation (LOQ) was defined as 10-fold standard deviation of
multiple blanks (n = 5) and obtained from Equation 1. The
LOQ of dermal emission flux of toluene resulted in 2.0 ng
cm-2 h-1.

3.2. Volunteer Tests

Test 1: To investigate the effect of inhalation exposure
of toluene in an indoor environment on the dermal emis-
sion, 10 healthy volunteers, 8 men (age: 21 - 24 years) and
2 women (age: 23 - 24 years), were recruited and divided
into two groups A and B (n = 5 for each group). Before
sampling, volunteers washed their left forearm using soap
and tap water. After applying PFS to the skin surface of the
left forearm, the forearm was covered with a sleeve to pre-
vent surface contamination by toluene deposition in the
air. During the first session, group A wore a single particu-
late respirator type N95 embedded with charcoal for trap-
ping VOCs (SH9550C, NIOSH approved, San-Huei United),
entered into a chemical laboratory where the toluene con-
centration was approximately 1.5 mg.m-3 (cf. threshold
limit value for toluene is 20 ppm (12), 76.5 mg.m-3 at 293
K), and stayed at rest in the laboratory. Group B also stayed
in the same room without wearing the N95 mask. At the
second session, Group B wore the N95 mask and stayed at
rest in the laboratory for 1 h and group A stayed without the
mask in the same laboratory. All volunteers conducted hu-
man skin gas samplings for 1.0 h at each session. The room
temperature was 293 K, and relative humidity was around
50%.

Test 2: To investigate variations in the dermal emission
flux of toluene after exposure, four healthy volunteers, 3
men (age: 21 - 24 years) and 1 woman (age: 23 years), were
recruited. The PFS was applied to the left forearm of partic-
ipants. The participants stayed at rest in a general school
class room for 1 h, before being moved into the chemical
laboratory without a N95 mask and stayed at rest for 1 h,
and then returned to the class room for 2 h. Human skin
gas sampling was conducted before, during, and after ex-
posure to toluene at every 1 h.

Test 3: To investigate the relationship between personal
exposure concentration and dermal emission flux, 12 vol-
unteers, 7 men (age: 21 - 24 years) and 5 women (age: 21 -
23 years), were recruited. The PFS was put on the left fore-
arm of participants. Simultaneously, a passive air sampler
(Passive Gas Tube, Sibata, Japan) was applied on the shirt
collar to measure the personal exposure concentration of
toluene. All participants stayed at rest in the chemical lab-
oratory for 8 h. Following the sampling instruction of the
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Figure 1. Schematic view of the passive flux sampler for the collection of toluene emanating from the skin surface

passive air sampler, sampling duration was set at 8 h. Col-
lection amount of toluene (µg) by the passive air sampler
was determined using GC-MS and converted to air concen-
tration using a sampling rate of 10.8 µg ppm-1.h-1 and sam-
pling duration of 8 h. The room temperature was 293 K, and
relative humidity was around 50%.

This study was performed in accordance with the prin-
ciples of the Declaration of Helsinki and was approved by
the Institutional Review Board, Shonan Campus, Tokai Uni-
versity, Japan (no.: 16181). Written informed consent was
obtained from all study participants.

4. Results and Discussion

The dose-dependent relationship between the concen-
tration of inhaled toluene and that found in the blood is
well documented in humans (13, 14). The major metabolic
pathway of toluene in the blood is the formation of ben-
zyl alcohol and further oxidation to benzaldehyde and
benzoic acid. Thereafter, benzoic acid is conjugated with
glycine to form hippuric acid, and most of the toluene ab-
sorbed are excreted in the urine in the form of hippuric
acid (15). Exhalation is also known as another excretion
route of toluene in the blood (16). As it is a volatile and hy-
drophilic compound, toluene in the blood moves directly
to the lung and is excreted with exhaled air. Meanwhile,

our findings suggest that dermal emission is also a possi-
ble route of excretion of toluene from the blood.

Figure 2 shows the dermal emission flux of toluene of
healthy volunteers with and without N95 mask. The der-
mal emission flux without wearing N95 mask ranged from
< LOD to 1.1 × 102 ng cm-2 h-1 with an average of 47 ± 43 ng
cm-2 h-1 (n = 9, one outlier was excluded). Meanwhile, those
with N95 mask decreased to < LOD to 7.2 ng cm-2 h-1 with an
average of 1.3±2.6 ng cm-2 h-1 (n = 9). This indicates that the
dermal emission flux of toluene depends on the amount of
toluene inhaled.

Figure 3 shows the time-course of the dermal emission
flux of toluene before and after inhalation. The dermal
emission flux of toluene increased during exposure in the
chemical laboratory and then decreased to the initial levels
after moving to the school class room. The elimination ki-
netic of VOCs in a body is often described using the sum of
two or three exponential expressions (17-19). According to
Lof et al. (14), the elimination of toluene from the blood in
humans is considered triphasic; the half-lives (t1/2) were 3
min for the initial very rapid elimination phase, 40 min for
the rapid phase, and 738 min for the slow phase. Though
the time-resolution was only for 1 h due to a limitation of
analytical sensitivity in this study, the t1/2 obtained from
the decrease in the dermal emission flux of four volunteers
resulted in 46 minutes, which is in accordance with that of
the rapid elimination phase in the blood reported by Lof et
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Figure 2. Comparison of the emission flux of toluene emanating from healthy vol-
unteers at rest with and without wearing the N95 mask during exposure in the
chemical laboratory for 1 hour. Bars show standard deviation of dermal emission
fluxes (sampling site: forearm, indoor toluene concentration: 1.5 mg.m-3 , n = 9, one
outlier was excluded, Wilcoxon signed-rank test: P = 0.005).

al. (13). This suggests the time-course of the dermal emis-
sion of toluene corresponds to that of the blood concentra-
tion.
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Figure 3. Time-course of the dermal emission flux of toluene before and after the in-
halation of 1.5 mg.m-3 of toluene. Bars show standard deviation of dermal emission
fluxes (n = 4, sampling site: forearm).

Monitoring of the personal exposure concentration of
VOCs using a passive air sampler has been accepted as an
alternative to that of the indoor concentration of VOCs in
bulk air for occupational safety. Therefore, personal ex-
posure was measured for 12 volunteers in the chemical
laboratory and compared with the dermal emission flux
of toluene. The personal exposure concentration ranged
from 0.28 to 0.37 mg.m-3 (n = 12), whilst the dermal emis-
sion flux showed a greater variation from below LOQ to 82
ng cm-2 h-1 (n = 12) during the stay in the chemical labora-
tory for 8 h. There was no significant correlation (r = 0.14)
between exposure concentration and the dermal emission
flux of toluene due to greater variation in the individual
dermal emission.

To investigate a mass balance between uptake and der-

mal elimination, the uptake rate by inhalation exposure
and whole-body emission rate of toluene were roughly es-
timated. The uptake rate of toluene by inhalation expo-
sure, U (mg.h-1), was calculated using Euation 2 as follows:

(2)U = 0.5 CQ

Where C is the individual personal exposure concentra-
tion of toluene (mg.m-3) and Q is the daily inhalation rate
(17.3 m3.d-1) for Japanese people (20). Carlsson (16) reported
that approximately 55% of inspired air was absorbed in the
body of men exposed to 300 mg m-3 for 2 h at rest; this
value dropped to 50% during the next 2 h of exposure at
rest. Lof et al. (21) reported a similar absorption percent-
age (approximately 50% absorbed) in groups of 10 men ex-
posed to approximately 300 mg m-3 at rest for 4 h. Then,
the coefficient of 0.5 was used in this estimation.

In contrast, the whole-body dermal emission rate of
toluene, D (mg.h-1), was calculated using Equation 3 as fol-
lows:

(3)D = ES/0.2

Where E is the individual dermal emission flux of
toluene (ng cm-2 h-1) and S is the surface area of the forearm
region of young Japanese (men: 895 cm2, women: 768 cm2).
As the partial emission rate from the forearm region con-
tributed to 20% of the whole-body emission rate of toluene
(22), the ES was divided by 0.2 to obtain the whole-body der-
mal emission rate.

Figure 4 shows the comparison of inhalation rate and
whole-body dermal emission rate of toluene for all volun-
teers (a) and selected non-smokers (b). The average whole-
body dermal emission rate resulted in approximately 77%
of the inhalation rate (D/U = 0.77) for all volunteers. Ac-
cording to previous studies, around 80% of the absorbed
toluene is excreted in the urine (14) and between 7% and
14% is eliminated by exhalation (15). Considering these per-
centages, the 77% elimination via the skin surface is not
in accordance with findings of those studies. Profiles of
the participating volunteers revealed that four volunteers
had a smoking habit. As cigarettes contain many VOCs, in-
cluding toluene, cigarette smoking can be a source of der-
mal emission of toluene (3). Although smoking was pro-
hibited during the experiment, the daily smoking habit
probably increased the baseline toluene concentration in
the blood and ultimately increased the dermal emission.
After excluding the four smokers, the whole-body dermal
emission reduced to 9.9% of the inhalation rate (D/U =
0.099). This emission would be in accordance with the pre-
vious studies, making the total excretion amount of the ab-
sorbed toluene roughly 80% in the urine, 7% - 14% in ex-
haled air, and 10% from the skin surface. However, there
were some limitations in the estimation, especially due to
uncertainty in the use of the respiration rate, skin surface
area, and small number of participants.
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Figure 4. Comparison between the estimated uptake and whole-body dermal emission rates of toluene in (A) all healthy volunteers and (B) non-smokers. Bars show standard
deviation of rates.

The uptake of chemicals in environment occurs via
three main routes, ingestion, inhalation, and dermal ab-
sorption, that lead to an internal concentration or body
burden of the chemicals (23). Therefore, risk assessment
of hazardous chemicals on human health is usually con-
ducted based on the integrated uptake amount by the
three routes. However, this study showed that toluene,
whose uptake route is dominantly by inhalation, is re-
leased from the skin surface. This may also be the case
when the dominant uptake route is by ingestion. The body
internal concentration of the chemical is determined by
the way of exposure, and physiological characteristics of
individual. Therefore, the dermal emission of toluene may
indicate the individual biological susceptibility to inhala-
tion exposure to toluene.

In this study, the dermal emission flux of toluene was
determined for healthy volunteers using the PFS coupled
with GC/MS in relation to inhalation exposure in the chem-
ical laboratory. The results showed that the dermal emis-
sion of toluene occurs when toluene is absorbed by inhala-
tion. Therefore, dermal emission can be the “third” elimi-
nation route of absorbed toluene in addition to urinary ex-
cretion and exhalation. There was a great variation in the
dermal emission flux of toluene among individuals, even
when the study volunteers stayed in the same exposure en-
vironment. This suggests the dermal emission of toluene
reflects physiological characteristics of individuals.
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