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A B S T R A C T

The respiratory deposition rates are the important analytical parameters for human health risk assessment re-
lated to the environmental volatile organic compounds (VOCs). In present study, the deposition rates from the
linear regressions of CH2O, CH5N, C2H6O, C2H4O2, C3H8O, C6H6, C7H8, C8H8, and C8H10 of 120 healthy vo-
lunteers were obtained with significantly different from the respective calculated deposition rates. The CH2O
(formaldehyde) has the highest deposition rate, indicating the highest associated exposure risk of CH2O if the
persons are exposed to the same concentrations of these VOCs through inhalation. In order to explore the effects
of the breathing models and sampling time on the deposition rates of VOCs, volunteers were first asked to
breathe successively with nasal-in-nasal-out, oral-in-nasal-out, and oral-in-oral-out breathing models before and
after three meals for three days. Sampling time variation has no effect on the deposition rates of selected VOCs,
while the deposition rates of C2H4O2, C3H8O, C6H6, C7H8 and C8H10 by nasal-in-nasal-out were significantly
different from oral-in-oral-out and nasal-in-oral-out models. Among all the breathing models, nasal-in-oral-out
comprises the entire respiratory system. In order to further validate the results, the deposition rates of the
selected VOCs were calculated in 120 healthy volunteers using nasal-in-oral-out breathing model for unlimited
time after the conventional lung function examination. Difference in gender and body mass index had no effect
on the deposition rates of VOCs, while the age affects the deposition rates of CH2O, CH5N and C2H4O2. Positive
correlation analysis between lung function factors and deposition rates revealed that the individuals with larger
lung function factors are more susceptible to deposit the VOCs. Overall, the main conclusion can be drawn that
the respiratory deposition rates were influenced by the physiological factors. Therefore, the major objective for
future research is to accurately calculate the deposition rates of environmental VOCs for health-risk assessment.

1. Introduction

Volatile organic compounds (VOCs) are commonly present in the
environment (Liang et al., 2020; Yang et al., 2019). Ingestion, inhala-
tion and dermal exposure to VOCs can induce many adverse health
effects (Cao et al., 2018; Weisel and Jo, 1996). Inhalation is the major
route of exposure because of the volatile property of VOCs. Previous
studies have demonstrated that the respiratory exposure of VOCs via
the inhalation route is associated with the risk of specific diseases, in-
cluding asthma (Rumchev et al., 2004; Tagiyeva and Sheikh, 2014),
chronic obstructive pulmonary disease (COPD) (Audi et al., 2017),
cardiovascular diseases and various cancers (Lewtas, 2007; Li et al.,
2019; Omidi et al., 2019; Xu et al., 2009). However, not all the inhaled

VOCs are deposited in the respiratory system. Therefore, the percentage
of the inhaled toxic VOCs deposited and absorbed inside the body play
an important role in health risks (He et al., 2019). The deposition of the
VOCs in the lung is related to the respiratory deposition rates of VOCs
or bioavailability (Wei et al., 2018). The default value of 100% is used
to assess the risk of VOCs, while the retention of VOCs in lungs varies
from less than 20% to more than 90% (Jakubowski and Czerczak,
2009).

Therefore, it is essential to measure the accurate deposition rates of
the VOCs in the respiratory system, since most of the deposition rates of
VOCs are usually calculated for the risk assessment.

According to the deposition process, it is possible that the deposition
rate of a pollutant is affected by both individuals and substances
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(Beauchamp, 2011). Different research studies have reported that the
VOCs’ deposition rates are also affected by the concentrations of VOCs
in the inhaled ambient air. Huang et al. found that the respiratory de-
position rates of benzene, toluene, ethyl benzene and xylene decreased
in a logarithmic way when exposure levels of aromatic hydrocarbons
(AHs) decreased (Huang et al., 2017). Spaněl et al. reported the linear
relationship of seven selected VOCs with exhaled and inhaled VOC
concentrations in the air (Spaněl et al., 2013). Unfortunately, the
changes in deposition rates of VOCs determined by subjects is in-
sufficiently explored. So far, Huang et al. found that physiological
parameters including gender and body mass index or body fat ratio are
not the dominant factors influencing the deposition rates of AHs
(Huang et al., 2017). Many studies have been conducted to emphasize
the effect of subjects on the deposition rates of VOCs. For example, the
change in the breathing models immediately affects the exhaled VOC
concentrations (Sukul et al., 2017a). Although the change in the ex-
haled ethanol level was not statistically significant, the levels after half
an hour of both breakfast and lunch had higher tendency as compared
with the overnight fasting concentrations (Bikov et al., 2013). Simi-
larly, Martinez-Lozano Sinues et al. found that the 36–49% of 111 m/z
channels in the breath of all individuals showed significant circadian
variation in at least one individual (Martinez-Lozano Sinues et al.,
2014). Sukul et al. observed the forced expiratory volume (FEV) man-
euver induced changes in the concentrations of VOCs and alveolar
isoprene increased by 6% and 21% respectively during maximum ex-
halation process (Sukul et al., 2016). Overall, previous studies have
almost exclusively focused on the influencing factors of the human
exhaled VOCs, However, the research in the deposition rates and the
retention of VOCs via inhalation remains limited.

Respiratory deposition rate is an important parameter to evaluate
the harmful effects of VOCs on the human health. The change in the
exhaled gas concentration is regarded as the phenotype, and changing
the deposition rates is one way of describing the risk to human health.
Furthermore, the effects of individual human physiology on deposition
rates predominantly depends on the gas exchange and human meta-
bolic rate. The physiological factors such as gender, age, and the body
mass index (BMI) regarding to human metabolic condition potentially
affect the respiratory deposition factors (Huang et al., 2016, 2017).
Pulmonary ventilation and capacity represented by lung function fac-
tors influence the alveolar gas exchange and thereby, the sink of the
VOCs (Sukul et al., 2016, 2017b). Therefore, the respiratory exposure
methods, circadian variation and individual human physiological con-
ditions should be explored to the effect of the deposition rates of VOCs.

In this study, two healthy female and two male volunteers were
firstly asked to breathe in three different ways including nasal-in-nasal-
out, oral-in-nasal-out, and oral-in-oral-out successively in a normal la-
boratory. They were tested before and after each meal for three days
using a homemade real-time breath sampling device coupled with a
proton transfer reaction-time mass spectrometry (PTR-TOF-MS). Real-
time respiratory deposition rates were measured as the volunteers were
exposed to indoor VOCs at several parts per billion (ppb) under the
normal allowable concentration. Furthermore, 120 volunteers were
asked to be observed in the same laboratory as the former experiment
using buffered exhaled tube coupled with the PTR-TOF-MS. The pur-
poses of this study are to (1) find the relationship between the de-
position dose and the exposure levels of different VOCs, (2) check if
breathing models and circadian variation can influence the respiratory
deposition rates of VOCs, and (3) elucidate the physiological factors,
including gender, age, BMI and conventional lung function parameters
affecting the deposition rates.

2. Materials and methods

2.1. Subjects

Before the experiment, all the volunteers signed the informed

consent, and all the investigations were carried out in a normal la-
boratory. The gas inhaled by the subjects is the normal ambient air in
the laboratory determined according to the described method (Huang
et al., 2017). In order to check whether the breathing models and
sampling time could possibly influence the deposition rates of VOCs,
four healthy volunteers (equal female to male ratio) were firstly invited
to collect the inhaled and exhaled gas using a self-exhaled gas collection
device, and then measured with PTR-TOF-MS (Ionicon Analytik GmbH,
Innsbruck, Austria). Volunteers were asked to breathe through three
different models, including nasal-in-nasal-out, oral-in-nasal-out, and
oral-in-oral-out successively in each test. In addition, sampling time
was determined six times before and after each meal in the morning,
noon and evening for three days.

Furthermore, a total of 120 healthy volunteers (Female: Male = 5:
7) were recruited to find the relationship between human physiological
parameters and the deposition rates of the selected VOCs. All volunteers
were asked to complete a questionnaire regarding gender, age, height,
weight, BMI, smoking, drinking alcohol consumption and present
health. All the obtained information is provided in Table S1. In addi-
tion, pulmonary function test of the volunteers was performed using the
Masterscreen Pneumo (Micro lab, Jaeger, Germany), and the con-
centrations of the breathing VOCs were measured using the Buffered
End-Tidal (BET) in combination with PTR-TOF-MS in the same la-
boratory for the following experiment.

2.2. The breathing sampling device

In the first experiment, a homemade breathing device was used to
determine the difference in the breathing models and the circadian
variation impact on the respiratory deposition rates of VOCs. However,
for the rapid measurement of the large quantity of the exhaled gas,
commercially available BET was used in the following experiments. A
schematic of the real-time exhaled gas collection device is depicted in
Fig. S1. This device mainly consists of a buffer gas bag connected with
three stainless steel tubes. The main body of the device is a Teflon
buffer gas bag placed in a heating box incubator set at 37 °C. There are
three-way check valves connected to the environment air inlet tube,
buffer gas bag and breathing tube. The breathing tube attaches the face
mask to facilitate the nasal-in-nasal-out or oral-in-nasal-out breathing
in the subjects. However, the connection of breathing tubes with a
mouthpiece enabled the oral-in-oral-out breathing. The check valve in
the environment air inlet tube was set to prevent the ambient gas en-
tering the bag. In addition, another valve is provided at the air inlet of
the gas bag in case the gas in the gas bag is sucked up. Another three-
way valve connects the sample tube, the gas pump and the gas bag. The
exhaled gas was drawn into the PTR-TOF-MS to quantitatively analyze
the concentrations of VOCs. The residual gas in the bag was drained out
of the buffer gas bag using pump via the three-way valve. During the
sampling process, the exhaled gas of the human body was buffered in
the buffer gas bag. Then, the resultant buffered gas was drawn into the
PTR-TOF-MS with the sample tube, and the excess gas was squeezed out
by the next exhaled gas. After each examination, the buffer gas bag was
cleaned by filling it with high-purity nitrogen (99.999%). The residual
gas was evacuated with a gas pump, and the cleaning steps were re-
peated for three times. A heating box conserves the 500-mL buffer gas
bag at 37 °C to avoid the condensation of humid exhaled air and the
adsorption of the target compounds.

2.3. Lung function measurements

In the second experiment, each subject was required to pass the
routine lung function measurement using the Masterscreen Pneumo
(Micro lab, Jaeger, Germany). The lung function factors, including
Forced Expiratory Volume in 1 s (FEV1), Forced Vital Capacity (FVC),
Maximum Mid Expiratory Flow rate (MMEF), and Maximal Ventilator
Volume (MVV), were measured according to the recommended
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guidelines (Miller et al., 2005).
A commercial PTR-TOF-MS 1000 was utilized to measure the con-

centrations of the selected VOCs present in the atmospheric air and the
breathing samples. The samples were directly extracted into the reac-
tion drift tube of the PTR-TOF-MS through the heated (at 80%) poly-
etheretherketone tubing. The drift tube was operated at the voltage of
600 V, pressure of approximately 2.30 mbar, and the temperature of
80 °C with an E/N ratio of approximately 134 Townsend (Td) (where E
is the electric field strength and N is the number density of a neutral
gas; 1 Td = 10–17 V cm2). The PTR-TOF-MS was operated using pro-
tonated water (H3O+) as the reagent ion within the mass range of m/z
18–240.

Before sampling, the PTR-TOF-MS was calibrated by the standard
sample TO-15 (Linde Spectra Environment Gases, USA). The C6H6,
C7H8, C8H8, C6H5Cl, C6H4Cl2 and C6H3Cl3 were selected to calculate the
transmission values. The transmission values improved the mass-de-
pendence of the actual mass separation and the detector in the transfer
system according to the manufacturer's instructions. The transmission
function was entered into TOF-DAQ (Tofwerk AG, Switzerland). The
ppb concentrations of each VOC were calculated using the correlation
described previously from the signal intensities (cps) of raw data in
TOF-DAQ (Tofwerk AG, Switzerland) (Li et al., 2013; Lindinger et al.,
1998). The instrument preparation methodology is mentioned in a
previous study (Han et al., 2019). The R2 of the calibration curve was
0.9951 (Fig. S2). The detection limits were determined by a previously
descripted method (Huang et al., 2016), with values ranged from 0.015
to 0.021 ppbv for typical nine kinds of VOCs, including CH2O, CH5N,
C2H6O, C2H4O2, C3H8O, C6H6, C7H8, C8H8 and C8H10. In addition, the
background values of the instrument were measured by introducing
high-purity nitrogen (99.999%) before each experiment. The internal
calibration of PTR-TOF-MS spectra adjusted the dead time, based on m/
z = 21.022 (H3

18O+), m/z = 37.027 (cluster H3O+) and m/
z = 59.049 (C3H7O+) (Yuan et al., 2017).

Ambient air, which was the air inhaled by subjects, was also ex-
perimented using the breathing sampling device in the first experiment
and the buffered exhaled tube in the second experiment. It was then
measured with PTR-TOF-MS. According to the operating steps as de-
scribed above, the inhaled and exhaled air for each subject was con-
tinuously measured at least for 10 s to determine the respiratory de-
position rates of the selected VOCs contained in these gases. All the
experiments were conducted in the laboratory with numerous instru-
ments without any chemical storage. Before the breathing test, each
subject breathed at least seven times in the laboratory to make sure the
exhaled gases were produced by inhaling the ambient air. In each ex-
amination, the ambient air was measured until the VOCs’ response
signals remained stable for at least 200 cycles. The concentrations of
VOCs in ambient air at the stable stage were regarded as the levels of
the inhaled air. During the subsequent measurement of exhaled gas,
each subject was asked to breathe at normal frequency and depth to
ensure the VOC response signals remained stable for at least 200 cycles.
In the first experiment, the subjects were requested to breathe by three
ways of breathing, including nasal-in-nasal-out, oral-in-nasal-out and
oral-in-oral-out successively. According to the results of the first ex-
periment, the method of oral-in-nasal-out was preferred to applying in
the second experiment. The deposition rate is defined as Eq. (1).

=

−K C C
C

i e

i (1)

where, Ci (ppb) is the concentration of the target compound in the in-
haled air by the test subject, and Ce (ppb) is the concentration of the
target compound in the exhaled air. −(C Ci e) is the mean of the amount
of the target compound absorbed by the subject (Huang et al., 2016).

2.4. Statistical analysis

The Student's t-test in the statistical software package SPSS (version

19) was used to examine the statistical differences in the deposition
rates of VOCs according to the different breathing models and sampling
time classifications. In addition, the Mann-Whitney U test was used to
find the statistical differences in the deposition rates of VOCs in dif-
ferent individuals of gender, age and BMI. Two-tailed tests of sig-
nificance were also used, where p < 0.05 indicates statistical sig-
nificance. It was also used as a critical value for significant correlation.

3. Results and discussion

3.1. Deposition rates of the selected VOCs

In order to find the relationship between the deposition doses of
VOCs and the environmental concentrations, nine kinds of VOCs in-
cluding CH2O, CH5N, C2H6O, C2H4O2, C3H8O, C6H6, C7H8, C8H8 and
C8H10, were selected (Table S2). These compounds can better illustrate
the different features critical for the clinical breath-gas analysis, such as
physiological production, environmental exposure, reliance on smoking
habits and health (An et al., 2014; Wilson, 2015).

The concentrations of acetone and isoprene in the exhalations of the
selected volunteers were clearly increased in the expiratory phase (Fig.
S3). This is because acetone and isoprene are the endogenous com-
pounds mainly exhaled during the blood–air exchange in the alveoli
(Miekisch et al., 2004). In contrast, the concentrations of benzene de-
creased from the inhaled concentration of 1.50 ppb to the exhaled
concentration of 0.50 ppb, indicating that the benzene is an exogenous
substance. Furthermore, the concentration gap between the inhaled and
exhaled inspiratory phase was clearly higher than those of the exo-
genous substances. Therefore, in the present study, acetone and iso-
prene were selected as the breath tracers to identify the expiratory and
inspiratory phases similar to the conclusions presented in the previous
studies (Herbig et al., 2009; Huang et al., 2016).

Herein, all the subjects were exposed to different concentrations of
VOCs in the same normal laboratory due to diurnal variations. The
exhaled concentrations shown in Fig. S3 were the mean concentrations
calculated in the exhaled plateau stage. The regression analysis be-
tween the deposition concentrations (Ci-Ce) and environmental con-
centrations (Ci) of 120 healthy volunteers, calculated by Eq. (2), are
shown in Fig. 1.

Ci-Ce = C0+aCi (2)

In the regression correlation, the intercept C0 indicates the en-
dogenous concentration of the particular compound when the inhala-
tion concentration is 0. The slope of the linear regression line, a = (Ci-
Ce-C0)/Ci, can be regarded as the respiratory deposition rate of the test
group (Spaněl et al., 2013).

In present study, the exposure concentrations of the VOCs were
measured within the range of 1.81–18.42 ppb for CH2O, 3.20–6.68 ppb
for CH5N, 7.72–88.99 ppb for C2H4O2, 5.05–57.86 ppb for C3H8O,
0.38–4.13 ppb for C6H6, 0.68–12.50 ppb for C7H8, 0.14–1.59 ppb for
C8H8, and 0.45–10.39 ppb for C8H10. According to the National
Institute of Occupational Safety and Health, the concentrations of all
the selected VOCs were clearly below the 8-h permissible exposure
limits (Spaněl et al., 2013). Therefore, the analyzed VOCs are not det-
rimental to the human health at present levels. Furthermore, the en-
vironmental concentrations of the mentioned VOCs persisted relatively
stable. Therefore, the experiments to find the deposition rates of VOCs
could be conducted under current the same laboratory conditions. The
excessive changes of environmental concentrations are liable to affect
the deposition rates of VOCs (Huang et al., 2017). Therefore, the ex-
periments were carried out in the same laboratory conditions to ensure
the accuracy of the test. Seven parallel sets of the inhaled and exhaled
VOC concentrations of each subject were consecutively measured. The
average value of all the seven measured concentrations of each com-
pound was used to plot the regression analysis between the deposition
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and exposure concentrations of the selected VOCs. A previously re-
ported method in Eq. (1) (Miekisch et al., 2004) was used to measure
the respiratory deposition rates of VOCs.

As shown in Fig. 1, the correlation coefficient (R2) and significance
level (P < 0.05) of the linear regression lines suggested that the
exogenous VOCs are proportionally deposited in the human respiratory
system. These results are consistent with the findings of previous study
(Huang et al., 2017). The deposition rates obtained from the regression
correlations of CH2O, CH5N, C2H6O, C2H4O2, C3H8O, C6H6, C7H8, C8H8

and C8H10 of 120 subjects were 96.6%, 34.9%, 17.9%, 52.2%, 50.8%,
54.3%, 65.4%, 60.9% and 55.5%, respectively, and are shown in Fig. 2
of the red line. The results of deposition rates are more or less similar to
the mean respiratory deposition rates of 55.0%, 55.9%, and 66.9% for
C6H6, C7H8, and C8H10, respectively, as reported in the study conducted
by Perbellini et al. who monitored the respiratory deposition rates of
some VOCs in the ambient air using PTR-TOF-MS in the surroundings of
chemical workers (Perbellini et al., 1988). Therefore, it would appear
from our results that, in all the analyzed VOCs, CH2O has the highest
exposure risk, followed by C7H8 and C8H8, while the C2H6O has the
lowest exposure risk if the people are exposed to the same concentra-
tion of these VOCs via inhalation.

In the present study, the deposition rate of an individual VOC was
also calculated from the inhalation and exhalation concentrations of
each group according to the method used in Eq. (1). The results ob-
tained were represented by box diagrams as shown in Fig. 2. According
to Fig. 2, the analyzed VOCs’ deposition rates of regression analysis
were higher than the median of the calculated deposition rates except
for C8H10. The slopes of the regression analysis, a= (Ci-Ce-C0)/Ci for
endogenous VOCs, were higher than the calculated deposition rate-
s = −, K (C C )/i e Ci. These results indicated that, in the real health risk
assessment, the real deposition rates, which were the calculation data of
the deposition rates, were different from the uniform single standard

deposition rates. Therefore, it is of great significance to calculate the
deposition rates of VOCs. In addition, it was evident that the medians of
calculated deposition rates of CH2O and C2H6O were less than 0, but the
slope deposition rates were greater than 0. This difference may be due
to the deposition rate of a single experiment, which was affected by the
factors of substance and subjects. The factors influencing the deposition
rates of VOCs would be discussed in the following sections.

Fig. 1. Plot of regression analysis between deposition and exposure concentrations of selected VOCs (a) CH2O, (b) CH5N, (c) C2H6O, (d) C2H4O2, (e) C3H8O, (f) C6H6,
(g) C7H8, (h) C8H8 and (i) C8H10 collected from 120 subjects. The inhaled/exhaled concentrations are calculated from PTR-TOF-MS data exemplified in Fig. S2.
Curve-fitting equations, correlation coefficients (R2) and significance levels (P) are presented. p < 0.05 were used as critical values for significant correlations.

Fig. 2. Box diagram of the deposition rates calculated from the inhaled and
exhaled concentration of each set. Line chart of the deposition rates of re-
gression analysis.
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3.2. Subject factor of influencing the deposition rates of VOCs

When a person inhaled the VOCs present in the environment, the
deposition of these compounds in the respiratory system may be dif-
ferent under various conditions. An example is the breathing process
determined by the physicochemical properties and the concentrations
of VOCs. The physiological parameters as well as the exposure methods
of the human body might affect the deposition rates of VOCs. The
present study emphasized the effects of deposition rates on the selected
VOCs by the factors related to the subjects including the breathing
models, circadian variation, age, gender and BMI.

In this experiment, all the subjects were asked to breathe the air
present in the laboratory at least 15 times before the experiment to get
rid of the pre-exposed inhaled gas. This is because, generally, only one
seventh of the exhaled gas in the lungs can be replaced by fresh air,
specifically 15 times of breathing can exchange 90.1% of gas in human
lungs (Yu et al., 2018). In addition, the inhaled VOCs are predominantly
deposited in the fluid of the respiratory tract (Medinsky and Bond,
2001). According to the Fick's law, when the ambient VOC concentra-
tions in the laboratory are high and sufficient, the VOC molecules dif-
fuse from alveolus into the capillary of respiratory system dictated by
the partial pressure gradient. A portion of the inhaled VOCs deposits in
the humans, while the remaining is exhaled. Therefore, the exhaled
concentrations of VOCs are less than the environmental concentrations.
As shown in Fig. 1, the inhaled VOCs from the environment were de-
posited in the human respiratory system, and the deposition rates of
VOCs were positive. For example, the deposition rate of C6H6 was
54.3%, indicating that approximately 54.3% of C6H6 from the en-
vironment was deposited in the human respiratory system. Conversely
speaking, the VOCs produced in the human body are also excreted
through the breathing when the external concentration of VOC is re-
latively low, demonstrated as a negative value of the deposition rate
according to the reference (He et al., 2019). In addition, molecular
weight, solubility and lipid-water partition coefficient of the VOCs
could also affect their deposition rates. In the present study, the highest
deposition rate was found for formaldehyde (Fig. 2), which may pos-
sibly be due to its high water solubility, making its deposition in the
upper respiratory tract (Spaněl et al., 2013).

3.2.1. The breathing models and circadian variation
The first designed experiment conducted on two males and two

females elucidates whether the breathing model difference and the
circadian variation, which could affect the respiratory deposition rates
of VOCs. As shown in Fig. 3a, the deposition rates of C2H4O2, C3H8O,
C6H6, C7H8 and C8H10 by two breathing models of nasal-in-oral-out and
oral-in-oral-out were more significantly higher than the nasal-in-nasal-
out. However, there was no significant difference between the nasal-in-
oral-out and oral-in-oral-out models. The possible reason for the dif-
ference of the two results is that the oral cavity exposure is mainly
affected by the exhaled VOC concentrations (Sukul et al., 2017a).
Therefore, the human beings should retain the natural breathing model
of nasal-in-nasal-out in case that the VOCs are susceptible to settle in
the body. In addition, the water vapor of oral cavity is higher than that
of the nasal cavity. As such, the VOCs could be more easily remained in
oral cavity, which increases the respiratory health effects. Furthermore,
in the present study, from the obtained deposition rates of CH2O, CH5N,
C2H4O2, C3H8O and C6H6, it can be concluded that the breathing model
of oral-in-oral-out is the most effective way to deposit the VOCs in the
human respiratory system among all the three breathing models. The
deposition rates of C2H6O, C8H8 and C8H10, through the nasal-in-oral-
out model were higher than those of the other two breathing models.
Although there was no significant difference between the breathing
models, nasal-in-oral-out and oral-in-oral-out, the nasal-in-oral-out is
certainly a breathing model able to expose the whole respiratory system
to the VOCs, which was more suitable to evaluate the health risk as-
sessment of respiratory exposure. Therefore, the breathing model of

nasal-in-oral-out was selected for the following experiments in the
present study.

Moreover, the respiratory deposition rates of VOCs at different
circadian variations, including before and after the breakfast, lunch and
dinner were also evaluated. As shown in Fig. 3b, no significant differ-
ence in the deposition rates of VOCs was obtained at different sampling
times related to circadian variation. These results indicate that the
circadian variation related to the efficiency of metabolism is not the
main factor affecting the deposition rates (Martinez-Lozano Sinues
et al., 2014). Therefore, there is no need to limit the sampling time in
the later experiments.

3.2.2. Gender, age and BMI
Generally, gender, age and BMI determine the physiological struc-

ture and metabolism efficiency. Therefore, it is possible that they may
affect the respiratory deposition rates of VOCs via inhalation. In this
study, in order to explore whether or not gender, age and BMI of the
individuals affect the respiratory deposition rates, the deposition rates
of VOCs were measured for 120 subjects. Fig. 3 indicates that the
gender and BMI significantly influenced the deposition rates of VOCs,
while the age did not. Our statistical analysis also confirmed that there
is no significant difference between the mean VOC profiles of male and
female (n = 50 and 70 respectively, p > 0.05). As mentioned earlier,
gender usually is not a fundamental factor affecting the deposition rates
of VOCs. Our results appear to be consistent with the results reported by
Huang et al. (2017).

In the present study, the deposition rates of the selected VOCs from
120 healthy subjects were analyzed. For this purpose, all the individuals
were divided into two groups according to the subjects’ age of more
than 18 years. As shown in Fig. 4, CH2O had a significantly higher
value, while CH5N and C2H6O had significantly lower deposition rates
in the young individuals as compared to the individuals of age above 18
years. For remaining 7 types of VOCs, there was no significant differ-
ence between the deposition rates of the two groups. These results in-
dicate that the exposure risks of the same VOCs varied significantly in
different age groups. Further research is needed to find the reason be-
hind the diverse deposition rates of CH2O, CH5N, and C2H6O in dif-
ferent age groups.

The World Health Organization (WHO) introduced the BMI as a
universal standard to assess the body fat levels (https://www.who.int/
). In the present study, in order to find the effect of body fat levels on
the deposition rates of VOCs, the measurements available were divided
into three groups as follows: low (BMI below 18.5, n = 20), normal
(BMI 18.5–25, n = 63) and obese (BMI over 25, n = 12). As shown in
Fig. 4, significantly higher deposition rates of CH2O and CH5N were
detected in the normal groups (p < 0.05) as compared with the other
two groups. However, there was no significant correlation between the
BMI and the deposition rates of C6H6, C7H8 and C8H10, which are
consistent with the research conducted by Huang et al. (2017). In their
study, they showed that the adipose tissue existing within the airway
wall is related to BMI. Therefore, the accumulation of airway adipose
tissue in obese individuals may occupy the airway space and affect the
air exchange functions of the lungs. The deposition of VOCs was sus-
ceptible to be hindered in people with high BMI (Elliot et al., 2019).
The reason is why low BMI individuals have lower deposition rates than
the normal BMI individuals is still unknown. It may be concluded that
the reason of BMI influencing the deposition rates of specific VOCs is
related to the physical and chemical properties of the specific VOCs.

In short, statistical analysis showed that gender, age and BMI did
not significantly affect the deposition rates of nine kinds of investigated
VOCs. However, age does affect the deposition rates of CH2O, CH5N and
C2H6O.

3.2.3. Lung function parameters
Pulmonary function parameters are also important indicators for

evaluating the lung health of humans. The respiratory function factors
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mainly include FEV1, FVC, MMEF, MVV, and VT (tidal volume).
Common spirometric indicators of respiratory obstruction disease are
FVC, FEV1 and MMEF, while MVV and VT represent lung ventilation.
The MMEF is in the non-force part of FVC, whereas the flow is affected
by the small airway diameter and the decline in the flow rate reflects
the small airway obstruction. Therefore, the lung function parameters
can reflect the amount of lung ventilation and reserve of the subjects
(Miller et al., 2005).

As shown by the results presented in Table 1, the lung function
factors are correlated with each other. The Spearman's correlation
coefficients between the lung function factors and the deposition rates
of CH2O, CH5N, C6H6 and C8H10 were within the range of 0.2–0.4,
indicating that the correlation between the lung function factors and
the deposition rates of the above mentioned four types of VOCs were
not very high. Therefore, the lung function factors are not the major
aspects influencing the deposition rates of the VOCs in healthy in-
dividuals. It is because the area of the respiratory membrane is sig-
nificantly higher than the actual gas exchange needed (Qureshi and
Mustafa, 2018). Due to the least significant difference of the deposition
rates, it would appear that there were no pathological changes of lung
function in healthy individuals to disturb the deposition rates of the
VOCs. On the other hand, there was no relationship between the lung
function factors and the deposition rates of C2H4O, C3H8O, C6H6 C7H8

and C8H8. These results suggested that the deposition rates of these
VOCs are not affected by the lung function factors of the individuals.
The two opposite results revealed that the deposition rates of not all the
VOCs were affected by the lung function factors, but depended on the
physicochemical properties of the VOCs (Medinsky and Bond, 2001;
Nielsen et al., 2008). The positive relationship between the lung func-
tion factors and the deposition rates of VOCs reflected that the larger
the lung function parameters, the higher were the deposition rates of

the selected VOCs. These results indicated that VOCs were more prone
to deposits in the proper ventilated lungs. Overall, we could conclude
that the respiratory function are fundamental to influence the deposi-
tion rates of CH2O, CH5N, C2H6O and C8H10.

4. Conclusions

In order to understand whether or not the physiological factors of
humans determine the variability of the respiration deposition rates as
well as the potential exposure risk of the nine selected VOCs to the
individuals via inhalation, many healthy volunteers were invited to
participate in two sets of experiments. A significant difference was
observed in individual variability in three breathing models, including
nasal-in-nasal-out, nasal-in-oral-out and oral-in-oral-out. The subjects
with oral respiration could achieve higher deposition rates of C2H4O2,
C3H8O, C6H6, C7H8 and C8H10, which was due to higher oral tem-
perature and humidity. The deposition rate changes of circadian var-
iation were not statistically significant. In addition, no significant dif-
ference of the deposition rates of the analyzed VOCs was found in
gender, which was different from the BMI and age on the CH2O, CH5N
and C2H6O. The lung function factors impacting the deposition rates of
VOCs elucidated that well-ventilated and higher capacity lung were
more vulnerable to absorb higher levels of VOCs. The present study
statistically proves that the respiratory deposition rates of the VOCs are
greatly influenced by the physiological factors. Therefore, the accurate
deposition rates are important for properly assessing the inhalation
exposure risk.
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