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Abstract: This cross-sectional study aimed to determine the concentration of indoor volatile organic
compounds (VOCs) and to investigate the association between indoor VOCs exposure and the
prevalence of hypertension among thin film transistor liquid crystal display (TFT-LCD) workers.
A total of 20 canisters were used to collect VOCs samples in the array, cell and module areas over
12 hours and VOCs concentrations were analyzed by the gas chromatography with mass spectrum.
Individual information of health examination and lifestyles by self-administrated questionnaire
were provided by 155 volunteers. The multivariate regression models were used to evaluate the
associations between VOCs exposure, blood pressure and the prevalence of hypertension. The four
dominant VOCs were ethanol (1870.8 ± 1754.0 ppb), acetone (689.9 ± 587.4 ppb), isopropyl alcohol
(177.1 ± 202.3 ppb) and propylene glycol monomethyl ether acetate (98.2 ± 100.8 ppb), which were
identified with the highest level in the module area for ethanol and acetone and in the array area for
the others. Subjects exposed to a total level of ethanol, cyclohexanone and toluene ≥ 2500 ppb had
an increased systolic blood pressure of 5.95 mmHg (95% confidence interval: 0.20–11.71; p = 0.043)
compared with those exposed to <2500 ppb. Exposure to mixed VOCs in the indoor environment
might be associated with elevated blood pressure among TFT-LCD workers.

Keywords: exposure assessment; hypertension; thin film transistor liquid crystal display;
volatile organic compounds

1. Introduction

The manufacturing of thin film transistor liquid crystal display (TFT-LCD) is one of the important
industries worldwide, and many digital or electrical products use the TFT-LCD as a panel or monitor,
such as personal computers, laptops, televisions, mobile phones, tablets and handheld video game
systems. A research report by IMARC Group estimated that the global TFT-LCD panel market was
valued at more than US$ 149 billion in 2018 and anticipated to reach US$ 208.6 billion by 2024 [1].

The emission of volatile organic compounds (VOCs) occurs in the production of TFT-LCD panels,
which involves three major groups of array, cell and module assembly processes. The array process
fabricates the transistors on a glass substrate, the cell process joins the arrayed substrate to the color-filter
substrate filling with liquid crystal between the two spaces and the module assembly process connects
additional components (i.e., driver-integrated circuits and backlight units) to the fabricated glass
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panel. Some components of VOCs have been determined in the indoor environment during these
manufacturing processes, such as acetone, ethanol, ethyl acetate, isopropyl alcohol, propylene glycol
monomethyl ether (PGME), propylene glycol monomethyl ether acetate (PGMEA) and toluene [2–4].

Many studies have reported the associations between some VOCs exposure and increased blood
pressure. A cohort study demonstrated a relationship between alcohol consumption (>120 g/week,
equal to 4556 ppb under the assumption of 20 m3/day for inhalation rates at 25 ◦C and 760 mmHg)
and elevated ambulatory systolic blood pressure (SBP) among 248 subjects [5]. In an in vivo study,
the enhanced vasoreactivity to vasoactive hormones was found to contribute the development of
hypertension induced by ethanol consumption in Sprague-Dawley rats [6]. An animal study observed
the pulmonary hypertension and elevated vascular resistance after the cyclohexanone instillation [7].
In occupational epidemiological studies, exposure to toluene at a high level of 40–1200 ppm [8] or in
the range of 0.4–216 ppm for more than 20 years [9] was found to be associated with increased SBP in
printing workers. Since single exposure to ethanol, cyclohexanone and toluene was observed to be
associated with elevated blood pressure, it is interesting to test whether the synergistic effect existed in
workers co-exposed to these three VOCs.

Some studies have reported the adverse health effects due to VOCs exposure among TFT-LCD
workers, however the associations between indoor VOCs exposure and blood pressure have not
yet been explored. One field study reported a decreased prevalence of urinary tract infection after
performing an intervention program among clean-room females working in the TFT-LCD industry [10].
Another cross-sectional study found that workers cumulatively exposed to a total level of isopropyl
alcohol, PGMEA and PGME ≥324 ppb-year might have a risk of kidney dysfunction [4]. The purpose
of this study was to determine the concentration of indoor VOCs and to investigate the association
between indoor VOCs exposure and the prevalence of hypertension in TFT-LCD workers.

2. Materials and Methods

2.1. Subjects

We performed this study in a TFT-LCD manufacturing plant with 2162 employees during
March–June in 2007. Only 1686 clean-room workers were included to avoid significant differences
in the indoor environment compared with 476 non-clean-room workers at work. One-third of the
proportion of total clean-room workers were invited as potential participants due to three shift works
and only 562 daytime-shift workers were recruited from three major processes, including 170 array
workers, 280 cell workers and 112 module workers. However, only 155 employees were willing
to provide individual health-check results and demographic information for analysis in this study.
No significant differences in age, employment duration, body mass index (BMI), cigarette smoking,
alcohol drinking, tea consumption and regular exercise collected from a self-administered questionnaire
were identified between the 155 participants and 407 non-participants. Before commencement,
the study protocol was reviewed and approved by the Institutional Review Board of the College of
Public Health, China Medical University, and each participant provided written informed consent.

2.2. Blood Pressure Measurements and Hypertension Definition

During this company’s annual health-check examinations in 2007, all participants were informed
to fast overnight before blood sampling and blood pressure measurements were obtained the next
day. Subjects sat for 10 min in a back-supported chair with both feet flat on the floor and their
arms supported at heart level during blood pressure measurements. A trained nurse measured
each subject’s bilateral blood pressure using an automated sphygmomanometer (Ostar Model P2,
Ostar Meditech Corp., Taipei, Taiwan) in the morning before work. The mean of two measurements
was used to represent an individual’s SBP and diastolic blood pressure (DBP), respectively. We defined
a hypertensive case if a participant reported a medical diagnosis of hypertension by a physician or
the use of antihypertensive medication indicated in the questionnaire, if he/she had a mean resting
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SBP ≥140 mmHg or if he/she had a mean resting DBP ≥90 mmHg during the annual examinations
in 2007.

Height, body weight, total cholesterol level, triglyceride level, high-density lipoprotein (HDL)
and low-density lipoprotein (LDL) cholesterol levels were also measured in all participants. The body
weight (kg) was divided by the square of height (m2) to calculate the BMI.

In addition, a self-administered questionnaire was used to collect potential confounders and
effect modifiers during the study period, including age, employment duration, cigarette smoking,
alcohol drinking, tea consumption, coffee consumption, regular exercise and a family history of
hypertension. Cigarette smokers were defined as those who had smoked cigarettes on more than
3 days per week for at least 6 months; alcohol, tea and coffee drinkers were defined by the same
criterion. Regular exercisers were defined as those who had participated in a sporting activity at least 3
times per week for 6 months or more.

2.3. Volatile Organic Compounds Exposure Assessment

We performed a comprehensive walk-through survey to recognize hazardous zones of total
VOC levels in the clean room using a pocket photo-ionization detector (PMG-30, RAE System Inc.,
San Jose, CA, USA). The 20 workstations determined with the highest concentrations of total VOCs
were further subjected to 12-hour time-weighted-average VOCs sampling during working periods,
including 12 locations in the array process, 5 locations in the cell process, and 3 locations in the
module process.

We followed the U.S. Environmental Protection Agency Compendium Method TO-15 [11]
to sample and analyze VOCs levels. A 6-L SUMMA stainless steel canister with a silonite-coated
valve (29-10622G model, Entech Instruments Inc., Simi Valley, CA, USA) was used to obtain air
samples at a flow rate of 8.4 mL min−1. An injection volume of 100 mL for VOCs collected in the
canister was concentrated in a cryogenic concentrator (ENTECH 7100A, Entech Instruments Inc.)
and was injected into a gas-chromatograph (HP6890, Agilent Technologies Inc., Santa Clara, CA, USA)
coupled to a mass-selective detector (HP5973, Agilent Technologies Inc.). A capillary column
(J&W DB-502.2, 60 m × 0.25 mm × 1.4 µm, J&W Scientific, Folsom, CA, USA) was used in this
system for analysis. The laboratory and field blanks, parallel samples and duplicate measurements of
samples were applied to quality assurance (QA) and quality control (QC) procedures. The analyzed
VOCs showed that detection limits ranged from 0.4 µg m−3 (ethanol) to 0.9 µg m−3 (PGMEA).
The recovery rates of all VOCs analyzed were between 96.2% (acetone) and 101.1% (m/p-xylene) with
the relative standard deviations ranging from 1.4% (PGMEA) to 7.0% (acetone). The operational
conditions of the gas-chromatograph/mass spectrometry system, VOC analyses and QA/QC procedures
in detail have been mentioned in previous studies [4,12,13]. All participants were categorized into 1 of
20 workstations based on the indoor concentrations of VOCs measured at work with similar exposure
to VOCs.

2.4. Statistical Analysis

We used the Kruskal–Wallis test for continuous variables and the Chi-square test (or Fisher’s
exact test) for dichotomous variables to perform multiple comparisons among the three groups [14].
For those variables revealing significant differences between groups, the Mann–Whitney test and the
Chi-square test were applied to compare continuous variables and dichotomous variables for the
two groups [14]. Because participants’ blood pressure measurements and VOCs exposure were not
distributed normally, Spearman correlation coefficients were performed to evaluate the correlations
between SBP, DBP and each component of VOCs levels.

In order to examine the association between VOCs exposure and hypertension, those VOCs
correlated positively with both SBP and DBP were summed to calculate the mixed levels of VOCs
exposure for each subject. The third quartile (75th percentile) in the distribution of the mixed
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levels of VOCs was selected as the cut-off value to classify participants into the high-exposure and
low-exposure groups.

We used logistic regression models to estimate the odds ratios (ORs) and 95% confidence intervals
(CIs) [14] in order to compare between-group differences in the prevalence of hypertension. Model
1 was a simple logistic regression for all candidate variables. Model 2 was adjusted for significant
variables associated with the risk of hypertension in model 1. The final model (model 3) extended model
2 with significantly different variables between three major-process groups (i.e., array, cell and module).
In addition, the generalized linear regressions were applied to investigate the associations of mixed
exposure to VOCs with SBP and DBP adjusting for potential confounders and effect modifiers [14].
All statistical analyses were performed using the SAS standard package for Windows version 9.1
(SAS Institute Incorporation, Cary, NC, USA). We set up the significance level at 0.05 for all tests.

3. Results

Table 1 shows demographic characteristics of 155 participants by study group. Significant
differences were identified in the mean values of age and HDL cholesterol, the percentage of male
subjects and the proportion of regular exercisers between the three groups (all p values > 0.05).
The cell group had a significantly higher mean age than that in the array and module groups (p < 0.05).
In contrast, the module workers had a higher mean HDL cholesterol compared with the cell workers
(p < 0.05). Both array and cell groups had significantly higher proportions of male subjects and regular
exercisers than those in the module group (both p values < 0.05). The three groups did not have
significant differences in terms of employment duration, total cholesterol, triglyceride, LDL cholesterol,
cigarette smoking, alcohol drinking, tea consumption and coffee consumption (all p values > 0.05).

Table 1. Demographic characteristics of participants by group.

Characteristic
Study Group Total Subjects

(n = 155)
p-Value

Array (n = 66) Cell (n = 67) Module (n = 22)

Age (years), Mean±SD 27.2 ± 3.2 b 28.4 ± 2.9 c 26.5 ± 2.7 27.6 ± 3.0 0.008 a

Employment duration (years),
Mean±SD 3.3 ± 2.3 3.0 ± 1.4 4.0 ± 2.1 3.3 ± 2.0 0.524 a

Body Mass Index (kg m−2),
Mean±SD

22.9 ± 3.1 23.4 ± 3.4 21.5 ± 2.3 22.9 ± 3.2 0.063 a

Total cholesterol (mg dL−1),
Mean±SD

192.9 ± 33.5 196.2 ± 31.7 186.4 ± 21.1 193.6 ± 31.4 0.295 a

Triglyceride (mg dL−1),
Mean±SD

102.2 ± 95.3 107.2 ± 65.4 74.6 ± 33.9 101.0 ± 77.5 0.093 a

HDL cholesterol (mg dL−1),
Mean±SD

48.1 ± 13.1 46.1 ± 12.0 c 53.4 ± 10.4 47.9 ± 12.5 0.045 a

LDL cholesterol (mg dL−1),
Mean±SD

127.1 ± 31.2 129.7 ± 31.0 115.2 ± 20.6 126.7 ± 30.1 0.206 a

Gender, male (%) 46 (69.7) f 56 (83.6) f 3 (13.6) 105 (67.7) <0.001 d

Smoker, yes (%) 8 (12.1) 12 (17.9) 1 (4.6) 21 (13.6) 0.256 d

Alcohol drinking, yes (%) 1 (1.5) 4 (6.0) 0 (0.0) 5 (3.2) 0.396 e

Tea consumption, yes (%) 26 (39.4) 28 (41.8) 8 (36.4) 62 (40.0) 0.895 d

Coffee consumption, yes (%) 21 (31.8) 21 (31.3) 6 (27.3) 48 (31.0) 0.920 d

Regular exercise, yes (%) 27 (40.9) f 30 (44.8) f 2 (9.1) 59 (38.1) 0.009 d

Family history of
hypertension, yes (%) 24 (36.4) 14 (20.9) 6 (27.3) 44 (28.4) 0.140 d

HDL: high-density lipoprotein; LDL: low-density lipoprotein; SD: standard deviation. a Kruskal–Wallis test of
differences between groups. b Mann–Whitney test of significant difference (p < 0.05) compared with the cell group.
c Mann–Whitney test of significant difference (p < 0.05) compared with the module group. d Chi-square test of
differences between groups. e Fisher’s exact test of differences between groups. f Chi-square test of significant
difference (p < 0.05) compared with the module group.

Table 2 summarizes the indoor concentrations of VOCs measured in the clean room for the three
groups. Ethanol (1870.8± 1754.0 ppb), acetone (689.9± 587.4 ppb), isopropyl alcohol (177.1 ± 202.3 ppb)
and PGMEA (98.2 ± 100.8 ppb) were the four VOCs present at the highest levels out of a total of
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12 components identified in the workplace with at least 85% environmental samples (i.e., n = 17)
measured above detection limits. There were significant differences in the mean levels of ethanol, acetone,
isopropyl alcohol, PGMEA, cyclohexanone, toluene, m/p-xylene, o-xylene, 1,2,4-trimethylbenzene,
benzaldehyde and 1-ethyl-3-methylbenzene between the three groups. Both array and cell groups had
significantly higher mean levels of isopropyl alcohol, PGMEA and benzaldehyde but lower mean levels
of ethanol, acetone, cyclohexanone and toluene than those in the module group (all p values < 0.05).
Subjects in the array workstations exposed to significantly higher mean levels of m/p-xylene, o-xylene,
1,2,4-trimethylbenzene and 1-ethyl-3-methylbenzene compared with those in the cell and module
workstations (all p values < 0.05). In contrast, the cell group had significantly lower levels of
m/p-xylene, o-xylene, 1,2,4-trimethylbenzene and 1-ethyl-3-methylbenzene than the module group
(all p values <0.05). Only the mean level of hexane was not significantly different between the three
groups (p value > 0.05).

Table 2. Mean values ± stand deviation of exposure levels of volatile organic compounds (VOCs)
by study group.

Chemical CASRN
Array Cell Module

Total Subjects
Mean ± SD (ppb)

p-ValueMean ± SD
(ppb)

Mean ± SD
(ppb)

Mean ± SD
(ppb)

Ethanol 64-17-5 667.1 ± 370.0 b,c 2624.1 ± 2065.5 b 3188.1 ± 739.1 1870.8 ± 1754.0 <0.001 a

Acetone 67-63-0 587.6 ± 42.9 b,c 339.3 ± 175.7 b 2064.4 ± 152.5 689.9 ± 587.4 <0.001 a

Isopropyl
alcohol 67-64-1 382.5 ± 123.7 b,c 32.5 ± 82.4 b 1.7 ± 0.6 177.1 ± 202.3 <0.001 a

PGMEA 108-65-6 204.2 ± 53.9 b,c 25.7 ± 33.3 b 0.9 ± 0.1 98.2 ± 100.8 <0.001 a

Cyclohexanone 108-94-1 7.5 ± 1.0 b 7.5 ± 4.8 b 16.8 ± 8.0 8.8 ± 5.4 <0.001 a

Toluene 108-88-3 4.7 ± 1.1 b,c 5.9 ± 3.3 b 18.6 ± 4.8 7.2 ± 5.5 <0.001 a

m/p-Xylene 108-38-3/
106-42-3 6.6 ± 3.3 b,c 3.7 ± 1.5 b 6.5 ± 0.9 5.3 ± 2.7 <0.001 a

o-Xylene 95-47-6 4.3 ± 0.5 b,c 1.6 ± 0.9 b 3.1 ± 0.5 3.0 ± 1.4 <0.001 a

1,2,4-
Trimethylbenzene 95-63-6 5.0 ± 0.6 b,c 0.6 ± 0.9 b 1.8 ± 0.1 2.6 ± 2.2 <0.001 a

Hexane 110-54-3 2.2 ± 1.6 1.8 ± 1.4 2.4 ± 1.9 2.1 ± 1.5 0.803 c

Benzaldehyde 100-52-7 2.0 ± 0.4 b,c 0.8 ± 0.2 b 0.1 ± 0.2 1.2 ± 0.8 <0.001 a

1-Ethyl-3-
methylbenzene 620-14-4 1.4 ± 0.2 b,c 0.1 ± 0.3 b 0.7 ± 0.1 0.7 ± 0.6 <0.001 a

CASRN: chemical abstracts service registry number; PGMEA: propylene glycol monomethyl ether acetate; SD:
standard deviation. a Kruskal–Wallis test of differences between groups. b Mann–Whitney test of significant
difference (p < 0.05) compared with the module group. c Mann–Whitney test of significant difference (p < 0.05)
between the array and cell groups.

The blood pressure measurements, prevalence of hypertension and the crude risk by study
group are presented in Table 3. Only the cell workers had a significantly higher mean of SBP
than that in the array workers (p < 0.05). The prevalence of hypertension was greater in the
cell group (19.4%) than in the array (12.1%) and module (9.1%) groups, however the result
did not reach a significance level of 0.05. Compared with the module group, the crude OR
for hypertension was 1.38 (95% CI: 0.27–7.05) in the array group and 2.41 (95% CI: 0.50–11.63)
in the module group. Similarly, the risk of hypertension was not significant statistically.

Table 4 reveals the Spearman correlation coefficients between the indoor concentrations of VOCs
and blood pressure measurements. Only three components of ethanol, cyclohexanone and toluene
were positively correlated with both SBP and DBP, although the results did not reach significance
(all p values > 0.05). The concentrations of these three components were summed to a mixed level for
determining the association between the prevalence of hypertension and blood pressure measurements.
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Table 3. Prevalence of hypertension and crude odds ratios (ORs) (95% CIs) by study group.

Group Number

Systolic Blood
Pressure

Diastolic Blood
Pressure Prevalence of

Hypertension Crude OR (95% CI)
Mean ± SD (mmHg) Mean ± SD (mmHg)

Array 66 118.3 ± 14.5 b 74.1 ± 10.3 8 (12.1) 1.38 (0.27–7.05)
Cell 67 124.3 ± 15.4 76.0 ± 11.2 13 (19.4) 2.41 (0.50–11.63)

Module 22 122.2 ± 14.6 75.9 ± 11.6 2 (9.1) 1.0

p-value 0.093 a 0.579 a 0.356 c

95% CI: 95% confidence interval; OR: odds ratio; SD: standard deviation. a Kruskal–Wallis test of differences between
groups. b Mann–Whitney test of significant difference (p < 0.05) compared with the cell group. c Chi-square test of
differences between groups.

Table 4. Correlation coefficients between specific VOCs levels and blood pressure.

Concentration (ppb)
SBP (mmHg) DBP (mmHg)

Coefficients p-Value a Coefficients p-Value a

Ethanol 0.031 0.703 0.070 0.388
Acetone −0.115 0.153 −0.050 0.540

Isopropyl alcohol −0.110 0.171 −0.089 0.272
PGMEA −0.061 0.453 −0.050 0.535

Cyclohexanone 0.095 0.238 0.093 0.250
Toluene 0.063 0.439 0.090 0.265

m/p-Xylene 0.041 0.613 −0.002 0.977
o-Xylene −0.146 0.070 −0.050 0.536

1,2,4-Trimethylbenzene −0.140 0.083 −0.054 0.508
Hexane −0.084 0.296 −0.080 0.320

Benzaldehyde −0.142 0.077 −0.080 0.324
1-Ethyl-3-methylbenzene 0.131 0.105 −0.059 0.463

SBP: systolic blood pressure; DBP: diastolic blood pressure; PGMEA: propylene glycol monomethyl ether acetate.
a Spearman correlation test.

The associations between workstation groups and the risk of hypertension are shown in Table 5.
Only the gender and total cholesterol levels were significantly associated with the risk of hypertension
in the simple logistic regressions (model 1). These two variables were combined with two exposure
variables (i.e., array vs. module and cell vs. module) to establish a multivariate logistic regression
(model 2). None of these four variables were significantly associated with the risk of hypertension
(all p values > 0.05). Other three variables of age, HDL cholesterol and regular exercise that were
significantly different between the three groups were added to model 2 for establishing an extended
model (model 3) as the final model. The results did not reveal significant associations between
workstation groups and the risk of hypertension after adjusting for potential confounders and effect
modifiers (both p values > 0.05).

Table 6 presents the associations between VOCs exposure, blood pressure and the risk of
hypertension. Subjects co-exposed to a total level of ethanol, cyclohexanone and toluene ≥ 2500 ppb
(the third quartile) were found to have an increased SBP of 5.95 mmHg (95% CI: 0.20–11.71; p = 0.043)
compared with those co-exposed to a total level < 2500 ppb after controlling for potential confounders
and effect modifiers. Such a total level of VOCs among TLT-LCD workers also had a higher mean of
DBP (2.74 mmHg; 95% CI: −1.45–6.92; p = 0.198) and a greater risk of hypertension (OR = 1.25; 95% CI:
0.39–3.98; p = 0.710) than the low-exposure workers; however, the results were not found significantly
in statistics (both p values > 0.05).
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Table 5. Associations between groups and the risk of hypertension using logistic regression models.

Variable
Model 1 a Model 2 b Model 3 c

OR (95% CI) p-Value OR (95% CI) p-Value OR (95% CI) p-Value

Group: Array vs. module 1.38 (0.27–7.05) 0.699 0.63 (0.10–4.14) 0.623 0.65 (0.10–4.31) 0.655
Cell vs. module 2.41 (0.50–11.63) 0.274 0.96 (0.15–6.32) 0.967 0.99 (0.15–6.52) 0.987

Gender, male vs. female 3.69 (1.04–13.06) 0.043 3.57 (0.80–15.86) 0.095 3.45 (0.70–16.94) 0.127
Age (years), ≥30 vs. <30 2.07 (0.77–5.61) 0.151 1.19 (0.40–3.50) 0.755

BMI (kg m−2), ≥27 vs. <27 1.16 (0.24–5.68) 0.853
Total cholesterol (mg dL−1),

≥200 vs. <200
2.60 (1.06–6.40) 0.038 2.43 (0.97–6.07) 0.058 2.38 (0.93–6.10) 0.070

Triglyceride (mg dL−1),
≥150 vs. <150

2.60 (0.95–7.16) 0.064

HDL cholesterol (mg dL−1),
<40 vs. ≥150

1.39 (0.57–3.42) 0.471 1.08 (0.42–2.82) 0.869

LDL cholesterol (mg dL−1),
≥130 vs. <130

2.04 (0.84–4.98) 0.118

Smoker, yes vs. no 2.75 (0.94–8.06) 0.065
Alcohol drinking, yes vs. no 1.46 (0.16–13.63) 0.742
Tea consumption, yes vs. no 1.18 (0.48–2.90) 0.712

Coffee consumption,
yes vs. no 1.90 (0.77–4.71) 0.164

Regular exercise, yes vs. no 1.30 (0.53–3.20) 0.563 0.89 (0.33–2.38) 0.811
Family history of

hypertension, yes vs. no 1.12 (0.43–2.95) 0.814

95% CI: 95% confidence interval; BMI: body mass index; HDL: high-density lipoprotein; LDL: low-density lipoprotein;
OR: odds ratio. a Simple logistic regression. b The logistic regression model adjusted for gender and total cholesterol
level. c The logistic regression model adjusted for gender, age, total cholesterol level, HDL cholesterol level and
regular exercise.

Table 6. Associations between VOCs exposure, blood pressure and the risk of hypertension.

Variable
Model 1 a Model 2 a Model 3 b

Increase in SBP
(mmHg) (95% CI) p-Value Increase in DBP

(mmHg) (95% CI) p-Value OR (95% CI) p-Value

Total level of ECT (ppb),
≥2500 vs. <2500 5.95 (0.20–11.71) 0.043 2.74 (−1.45–6.92) 0.198 1.25 (0.39–3.98) 0.710

Gender, male vs. female 10.65 (4.70–16.60) <0.001 4.78 (0.45–9.10) 0.031 3.54 (0.82–15.27) 0.090
Age (years), ≥30 vs. <30 −2.00 (−8.19–4.19) 0.525 1.94 (−2.57–6.44) 0.397 1.20 (0.40–3.57) 0.741

Total cholesterol (mg dL−1),
≥200 vs. <200

4.40 (−0.48–9.28) 0.077 3.91 (0.36–7.46) 0.031 2.38 (0.93–6.13) 0.071

HDL cholesterol (mg dL−1),
<40 vs. ≥150

−1.81 (−6.95–3.33) 0.488 0.71 (−3.03–4.45) 0.709 1.06 (0.40–2.79) 0.909

Regular exercise, yes vs. no −0.50 (−5.60–4.61) 0.848 −1.38 (−5.09–2.33) 0.464 0.89 (0.34–2.35) 0.811

95% CI: 95% confidence interval; DBP: diastolic blood pressure; ECT: ethanol, cyclohexanone and toluene; HDL:
high-density lipoprotein; OR: odds ratio; SBP: systolic blood pressure. a The generalized linear regression model
adjusted for gender, age, total cholesterol level, HDL cholesterol level and regular exercise. b The logistic regression
model adjusted for gender, age, total cholesterol level, HDL cholesterol level and regular exercise.

4. Discussion

This study showed that ethanol, acetone, isopropyl alcohol and PGMEA were four domain VOCs
measured in the indoor environment of a TFT-LCD factory. Both ethanol and acetone were identified
at the highest levels in the module workstation and isopropyl alcohol and PGMEA were found at the
highest levels in the array process. These findings revealed the exposure variance of VOCs levels in
the clean room and different exposure pattern as the expectation, which would have the highest level
of VOCs in the array or cell process where a lot of organic solvents are used. All of these four VOCs
were determined to be far lower than the threshold limit values (TLV) established by the American
Conference of Governmental Industrial Hygienists (ACGIH) [15], which is 1000 ppm for short-term
exposure level of ethanol, 500 ppm for TLV-time-weighted-average (TWA) of acetone, 200 ppm for
TLV-TWA of isopropyl alcohol and 100 ppm for TLV-TWA of PGMEA. However, both the World
Health Organization guidelines for indoor air quality [16] and the current indoor quality standards in
Taiwan [17] do not take these four components into account.
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In addition, the four dominant VOCs identified in this study were not consistent with those reported
in an early study. Wu and his colleagues [2] found that PGMEA (average = 252.7 ppb), butyl acetate
(average = 237.0 ppb), acetone (average = 75.9 ppb) and isopropyl alcohol (average = 6.7 ppb) were the
four major components of VOCs determined by the Compendium Method TO-17 [18] in a TFT-LCD
company in March 2002. This inconsistency might be due to the different sampling approaches and
analysis methods employed (i.e., multisorbent tubes and the TO-17 method in the previous study
vs. silonite canisters and the TO-15 method in the present study).

The results of this study revealed that exposure to mixed VOCs was associated with elevated
blood pressure among TFT-LCD workers. Exposure to ethanol, cyclohexanone and toluene was
positively correlated to both resting SBP and DBP. Employees exposed to a total level of ethanol,
cyclohexanone and toluene ≥ 2500 ppb were found to have an increased SBP than those exposed to
< 2500 ppb. Previous epidemiological studies reported that alcohol consumption > 10 drinks per week
(one drink = 12 g of alcohol) was associated with an elevated SBP of 4.4 mmHg [5], and long-term
exposure to toluene with a range of 40–1200 ppm [8] or a median of 25 ppm [9] increased SBP
in printing workers. Animal studies in rats showed that ethanol exposure caused an increase in
vasopressin-induced constriction [6], and a 6.5-mmHg increase in pulmonary artery pressure was
observed after exposure to 210 mg/m3 cyclohexanone after 1 h [7]. Even though the level of VOCs
exposure measured in the present study was obviously lower than that used in the past (human or
animal) studies, the findings provided empirical evidence that simultaneous exposure to ethanol,
cyclohexanone and toluene might be associated with an increased risk of hypertension. Similar results
were reported in an occupational epidemiological study that synthetic leather workers exposed to N,
N-dimethylformamide (DMF) and toluene with a mean of 5.8 ppm had a significantly higher mean
SBP compared with those exposed to less than 0.5 ppm [19].

In contrast, exposure to acetone, isopropyl alcohol and PGMEA was not positively correlated to
the resting SBP and DBP in the present study. The combined effect of these three major compounds
(≥ 1250 ppb, the third quartile) was not observed to cause the significantly increased risk of prevalent
hypertension (OR = 1.27; 95% CI: 0.21–7.82; p = 0.799) after controlling for gender, age, total cholesterol
level, HDL cholesterol level and regular exercise. Exposure to acetone > 2000 ppb in the module group
was found to have a lower risk of prevalent hypertension (OR = 0.63; 95% CI: 0.07–5.86; p = 0.688)
after controlling for confounders and modifiers. This finding was consistent with the results in a
previous study that acetone injections lowered the blood pressure in cats and rabbits [20]. The reduced
blood pressure by acetone exposure may be from the nephritic system effect [21].

This study observed that exposure to the mixed VOCs greater than a low level of 2500 ppb was
associated with the increased SBP. Although each VOC concentration was far lower than the odor
detection threshold and no significant associations were found between SBP and DBP, the significant
result between exposure to ≥ 2500 ppb of ethanol, cyclohexanone and toluene might reveal the
synergistic effect of co-exposed VOCs. Future studies are recommended to confirm this hypothesis.

However, this association was not observed significantly with the risk of hypertension. One of the
possible reasons may be that the mixed level of VOCs exposure is too low to pose the greater increase
in SBP. The other may be that study subjects are too young to observe the defined case of hypertension.
For instance, the average SBP for the array, cell and module groups was 118.3 mmHg, 124.3 mmHg
and 122.2 mmHg, respectively. Even exposure to ethanol, cyclohexanone and toluene elevated an SBP
of 5.95 mmHg, the total SBP after VOCs exposure was rare to reach the criteria of 140 mmHg as a
definition of a hypertensive case. This can explain the finding that workers aged 41.6 ± 9.1 years with
a mean SBP of 132 ± 16 mmHg exposed to DMF and toluene had a 7.9-fold increased (95% CI: 0.9–66.3;
p = 0.057) risk of hypertension compared with the reference group [19].

The cumulative exposure (exposure concentration × employment duration) was also considered
to determine the associations between different exposure groups on resting SBP, resting DBP and
the prevalent hypertension. Subjects co-exposed to a cumulative level of ethanol, cyclohexanone
and toluene ≥ 8500 ppb-year (the third quartile in the distribution of cumulative exposure for
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mixed VOCs) were found to have higher means of SBP (2.95 mmHg, 95% CI: −2.77–8.68; p = 0.309)
and DBP (2.19 mmHg, 95% CI: −1.94–6.31; p = 0.296) and an increased risk of prevalent hypertension
(OR = 1.19; 95% CI: 0.39–3.60; p = 0.761) compared with those co-exposed to a cumulative level
< 8500 ppb-year after adjusting for gender, age, total cholesterol level, HDL cholesterol level and
regular exercise. However, all results were not observed significantly in statistics (all p values > 0.05).
The possible reasons for the non-significant associations might be related to the choice of this threshold
or the high variability of cumulative exposure among this study.

This study was strengthened by the performance of comprehensive exposure assessment and
environmental sampling to reduce the variability of subjects’ exposure to indoor VOCs at work. Such a
method reduced information bias from the misclassification of exposure groups based on the use of job
titles or working departments [22]. In addition, the recruitment of clean-room workers only might
avoid any selection bias arising from behavioral differences in terms of tasks and job stress that could
cause variation in the blood pressure measurements. Non-clean-room workers were not invited to
be participants in the study protocol because of significant differences in the indoor environment
compared with clean-room workers and no VOCs measurements in the non-clean room. The exclusion
of non-clean-room workers as a control group in the present study can avoid the bias of healthy worker
effect (i.e., healthy subjects stayed in the clean room and unhealthy ones were resigned to the office
for health management) and the blue-collar effect (with different working activity and workplace
environment).

However, a cross-sectional study design might restrict the causal inference of a relationship
between exposure to VOCs and elevated blood pressure. Although all participants had worked
in the same environment for about 3 years, their baseline measurements of blood pressure prior
to employment were unknown that limited the ability to elaborate upon the increased SBP due to
indoor VOCs exposure. A cohort study involving the comparison of potential risk factors and blood
pressure with a time interval of two dates (one or even several years) or an experimental design is
encouraged to elucidate the causality and to test the findings reported in this study. In addition,
environmental VOCs measurements instead of personal VOCs monitoring may generate potential
error in exposure estimations for individual subjects. The VOCs data collected in 2007 were not used
to address the current field condition in the rapid development of TFT-LCD manufacturing processes.
Some important environment factors (e.g., temperature, humidity, blue light and CO2 levels) were not
taken into account. Because all subjects worked in the fab of a TFT-LCD manufacturing factory,
the temperature and humidity was rigorously controlled at a constant range to avoid the generation of
particles that would not produce the difference between groups or subjects. Short-term exposure to
blue light has been reported to decrease SBP in healthy subjects [23]. In contrast, exposure to high
CO2 levels was reported to be associated with elevated DBP [24]. Furthermore, the small sample
sizes in the module, array and cell groups do not have sufficient power to detect the difference in
prevalence of hypertension between groups after adjusting for five potential confounders and modifiers.
Finally, some occupational hazards related to hypertension, such as workplace noise [25–27] and job
stress [28,29], were not evaluated and controlled for in the analyses. The environmental noise levels of
array, cell and module were 74.3 ± 3.7 dBA, 71.8 ± 2.0 dBA and 75.5 ± 3.4 dBA, which was less than the
occupational exposure of 80 dBA known to be associated with hypertension [25–27], however such
noise exposure at work might cause an acute elevation of blood pressure [30]. These unmeasured
hazards might contribute to the elevated blood pressure between different VOCs exposure groups.

5. Conclusions

Regardless of these limitations in this cross-sectional study, TFT-LCD workers were identified
to have the domain VOCs exposure of ethanol, acetone, isopropyl alcohol and PGMEA.
Simultaneous exposure to a total level of ethanol, cyclohexanone and toluene above 2500 ppb
was associated with an increased SBP among participants. Future epidemiological studies with a
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follow-up and hypothesis-driven design as well as large sample sizes are still necessary to explore the
associations between mixed VOCs exposure and hypertension.
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