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Abstract

This study was to explore the relationships between personal exposure to ten volatile organic
compounds (VOCs) and biochemical liver tests with the application of canonical correlation analysis.
Data from a subsample of the 1999-2000 National Health and Nutrition Examination Survey were
used. Serum albumin, total bilirubin (TB), alanine aminotransferase (ALT), aspartate
aminotransferase (AST), lactate dehydrogenase (LDH), alkaline phosphatase (ALP), and y-glutamy!l
transferase (GGT) served as the outcome variables. Personal exposures to benzene, chloroform,
ethylbenzene, tetrachloroethene, toluene, trichloroethene, o-xylene, m-, p-xylene, 1,4-
dichlorobenzene, and methyl tert-butyl ether (MTBE) were assessed through the use of passive
exposure monitors worn by study participants. The first two canonical correlations were 0.3218 and
0.2575, suggesting a positive correlation mainly between the six VOCs (benzene, ethylbenzene,
toluene, o-xylene, m-, p-xylene, and MTBE) and the three biochemical liver tests (albumin, ALP,
and GGT) and a positive correlation mainly between the two VOCs (1,4-dichlorobenzene and
tetrachloroethene) and the two biochemical liver tests (LDH and TB). Subsequent multiple linear
regressions show that exposure to benzene, toluene, or MTBE was associated with serum albumin,
while exposure to tetrachloroethene was associated with LDH and total bilirubin. In conclusion,
exposure to certain VOCs as a group or individually may influence certain biochemical liver test
results in the general population.
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INTRODUCTION

Volatile organic compounds (VOCs) are contained in a wide variety of commercial, industrial,
and residential products including fuel oils, gasoline, solvents, cleaners and degreasers, paints,
inks, dyes, refrigerants, and pesticides. Because of their ubiquitous presence in the
environment, accurate assessment of the risk to public health posed by VOCs requires both the
quantification of these exposures on a population-wide basis and the evaluation of potential
health effects associated with varying exposure levels.

The liver is the major site for processing chemicals and drugs which enter the blood stream.
The liver helps by removing these chemicals from the blood stream and changing them into
products that can be readily removed through the bile or urine. In this process, unstable toxic
products are sometimes produced, which can attack and injure the liver. Many VOCs could
cause toxic chemical injury to the liver through this type of mechanism, in addition to direct
toxicity (Brautbar & Williams, 2002; Xiao & Levin, 2000).

Biochemical liver tests include tests that are routinely measured in all clinical laboratories
(Cahill, 1999). Several tests including serum aspartate aminotransferase, y-
glutamyltransferase, and alkaline phosphatase can serve as sensitive indicators of liver injury
(Giannini, Testa & Savarino, 2005). A recent cohort study (Kim, Nam, Jee, Han, Oh & Suh,,
2004) found that there was a positive association between aminotransferase concentration, even
within normal range, and mortality from liver disease, suggesting that moderately increased
aminotransferase activity is significant in predicting liver disease.

In exploring the health effects of environmental exposures, observational epidemiologic
studies often deal with data that include both a set of exposure variables and a set of outcome
variables. Routine approaches such as multiple linear regressions to analyze such data are
usually challenged as they are plagued by the potential issues including multicollinearity and
multiple testing. Since canonical correlation analysis (CCA) assesses the correlation of two
canonical variates (latent variables), one representing a set of the exposure variables and the
other a set of outcome variables, it is potentially a useful method to evaluate the health effects
of environmental exposures. Although canonical correlation has often been applied to social
sciences and bioinformatics (Stevens, 1986; Pugh & Hu, 1991; Steinfath, Repsilber, Scholz,
Walther & Selbig,, 2007), the method has been rarely used in environmental health assessment.

The National Health and Nutrition Examination Survey conducted during 1999 and 2000
(NHANES 1999-2000) included a sub-project which collected detailed information on
personal exposures to ten VOCs (CDCa). NHANES 1999-2000 also collected blood samples
and performed a number of biochemical liver tests (CDCa). In this study, we applied CCA to
the NHANES data and explored if there were associations between the environmental VOC
exposures and the biochemical liver tests.

MATERIALS AND METHODS

Data source and study sample

Data from NHANES 1999-2000 were used for this study. Briefly, NHANES 1999-2000 used
a stratified multistage probability design to obtain a representative sample of the civilian non-
institutionalized US general population. A total of 12,160 persons were asked to take part in
NHANES 1999-2000. Interview and physical examination data were collected on 9,282 of the
eligible participants, and the overall response rate was 76.3% (CDCb). Since the NHANES
data sets are accessible to the public, the Institutional Review Board of East Tennessee State
University granted the exemption of review and approved the study.
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The VOC Project of personal exposures to air toxics was conducted among a representative
subsample of the NHANES participants between the ages of 20 and 59 years (CDCc). The
project was designed to characterize exposures to these air toxics and to determine predictors
of exposure. Among 851 subjects eligible for the VOC Project during 1999 and 2000, about
75% had measurements of personal VOC exposure.

To limit potential confounding, we excluded the subjects who had liver conditions, heart
disease, stroke, cancer, or diabetes. These conditions were confirmed if a subject reported in
NHANES that a physician had ever told him/her having these conditions. Those tested serum
positive to hepatitis C virus (HCV) in NHANES were also excluded from the study. Of the
851 subjects who participated in the VOC project, 115 who had one or more of the above
conditions were excluded from the study. We then excluded 170 subjects, who did not have
VOC assessments and the two subjects with very extreme values in ALT (1163 U/L) or AST
(827 U/L), resulting in a sample size of 564. However, depending on the variables analyzed,
the sample size varied slightly because some of the variables of interest had missing values. A
comparison of the study sample with the NHANES 1999-2000 participants in several
characteristics are shown in Table 1.

Study variables

Demographic and behavioral characteristics—Demographic information such as
gender, age, ethnicity, family income, education attainment, and health risk behaviors such as
cigarette smoking and alcohol consumption were collected in NHANES 1999-2000 through
interviews or questionnaires.

Biochemical liver tests—In NHANES 1999-2000, venous blood specimens were
collected, centrifuged, refrigerated at 4-8°C, and then shipped weekly to a central laboratory
where they were tested upon arrival (CDCd). Serum markers of liver function assessed in
NHANES 1999-2000 include: albumin, total bilirubin (TB), alanine aminotransferase (ALT),
aspartate aminotransferase (AST), lactate dehydrogenase (LDH), alkaline phosphatase (ALP),
and y-glutamyl transferase (GGT).

Laboratory procedures and quality control of the measurements are detailed by the NHANES
Laboratory Procedure Manual (CDCd). In this study, the biochemical liver tests served as
continuous outcome variables in the analyses.

Personal exposure to VOCs—Personal exposure to ten VOCs including benzene,
chloroform, ethylbenzene, tetrachloroethene, toluene, trichloroethene, o-xylene, m-, p-xylene,
1,4-dichlorobenzene, and methyl tert-butyl ether (MTBE) were assessed through the use of
passive exposure monitors (or badges) worn by participants for a period of 48—72 hours. The
actual duration of exposure ranged from 43.3 to 76.0 hours with a mean of 56.4 hours. The
number of cubic meters for each subject was derived from the duration the exposure monitor
was used. The value for each analyte was expressed as the weight of the analyte per cubic
meter. If a VOC test result was below the limit of detection, a value was imputed in NHANES
1999-2000 using the detection limit adjusted for the actual duration the badge was exposed
divided by the square root of two. The procedures of sample collection and lab tests were
detailed in the NHANES documentation (CDCc).

Statistical analysis

Descriptive analysis—Descriptive statistics including mean, standard deviation, and
proportion were used to describe the characteristics of both the study sample and the NHANES
participants. Descriptive statistics including mean, median, percentiles, minimum and
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maximum values were used to show the distributions and numerical characteristics of the seven
liver function test results and the exposure levels of the ten VOCs.

Canonical correlation analysis (CCA)—CCA is an exploratory statistical method to
assess correlations between two sets of variables (Stevens, 1986). One of the assumptions of
CCA for the significance testing of canonical correlations is that the variables in both sets
follow a multivariate normal distribution. Therefore, in this study, we transformed the VOC
and liver function test variables to Blom normal scores from their ranks to assure that the
multivariate normality is not violated. The transformation formula was Z;=& ((r;—3/8)/(n
+1/4)), where @1 is the inverse cumulative normal (PROBIT) function, r; is the rank of the
ith observation, and n is the number of observations for the ranking variable (Blom, 1958;
Tukey, 1962).

The fundamental principle behind CCA is the creation of a number of canonical variates, each
consisting of a linear combination of one set of variables (X;), which has the form:

U,»:ailX1+a,~2X2+ ae +a,~pX1,

and a linear combination of the other set of variables (Y;), which has the form:

V,‘Zb,'l Y1+b,~2 Y2+ "o +b,-q Yq

The goal is to determine the coefficients, or canonical weights (ajj and bjj), that maximize the
correlation between canonical variates U; and V;. The first canonical correlation, Corr(Uq,
V1), is the highest possible correlation between any linear combination of the variables in the
exposure set and any linear combination of the variables in the outcome set. Further pairs of
maximally correlated linear combinations are chosen in turn, and they are orthogonal to those
already identified. The maximum number of canonical correlation is equal to the number of
variables in the smaller set, which is seven in this study (the number of biochemical liver tests
of interest). Significance test of a canonical correlation coefficient was performed using
likelihood ratio test. Since this was an exploratory study of the health effects of VOC exposures,
the significance level of the test was set at 0.10, instead of 0.05, to limit the chance of failing
to detect an effect.

Structure correlation coefficients, also called canonical loadings, are used to interpret the
importance of each original variable in the canonical variates. A structure correlation is the
correlation of a canonical variate with the variable in its set. Variables that are highly correlated
with a canonical variate should be considered more important when deriving a meaningful
interpretation of the related canonical variate. This way of interpreting canonical variates is
the same as the interpretation of factors in factor analysis (Shafto, Degani & Kirlik, 1997). As
arule of thumb, an absolute value of 0.3 or greater in canonical loading was used to select the
variables that are thought to have a meaningful interpretation of the related canonical variate
(Lambert & Durand, 1975; Thompson, 1984). We chose a cutoff value of 0.35 to select
important loadings in this study.

Linear regression analysis—Restricted to the important VOC and liver function test
variables derived from CCA, multiple linear regressions were used to examine the relationship
between an individual VOC variable and an individual biochemical liver test, without and with
adjustment for sex, age, BMI, ethnicity, educational level, family income, alcohol drinking,
and cigarette smoking. These covariates are described in Table 1. Logarithm-transformations
of ALP, GGT, LDH, and total bilirubin were performed to reduce the skewness of the variables.
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The level of significance was set at 0.10. All the analyses described above were performed
using SAS statistical software (SAS Institute, 1989;Afifi, Clark & May, 2004).

RESULTS

Characteristics of the study participants

The proportion of men in the sample was 44.33% and women 55.67%. Non-Hispanic whites
accounted for 40.78%, Mexican American for 28.55%, and non-Hispanic blacks for 19.86%.
About 68.23% of study participants reported drinking 12 or more times every year, and 21.31%
were current smokers. Most characteristics of the study sample are comparable to the NHANES
1999-2000 participants (Table 1).

Biochemical liver test results

The median, 95™ percentile, and percentage of abnormal values diagnosed according to the
lab test standard for each of the seven lab tests are shown in Table 2. For example, the median
and the 95™ percentile were 45 and 50 (g/L) for albumin, 20 and 57 (U/L) for ALT, and 20
and 74 (U/L) for GGT. The percents of abnormal values for albumin, total bilirubin, ALT,
AST, ALP, GGT, and LDH were 0.54%, 4.33%, 14.98%, 7.40%, 7.40%, 15.16% and 0.90%
respectively.

Personal exposure to VOCs

Descriptive statistics of the personal exposure to each of the 10 VOCs are shown in Table 3.
For example, the median and the 95th percentile were 2.8775 and 17.64 (ug per cubic meter)
for benzene, 1.1450 and 10.66 (ug per cubic meter) for chloroform, and 0.6074 and 23.80
(ng per cubic meter) for MTBE.

Canonical correlation between biochemical liver tests and individual exposures to VOCs

The first two canonical correlations were statistically significant (F=1.78, P<0.0001 and
F=1.25, P=0.10 respectively), indicating that the two sets of variables were correlated. The
first canonical correlation coefficient was 0.3248 and the second was 0.2587. The pooled sum
of the squares of all the canonical correlation coefficients was 0.2370, which was contributed
46.00% and 27.97% respectively by the first and the second canonical correlations.

The canonical structures of the first two pairs of canonical variates were shown in Table 4. The
first canonical variate of VOCs mainly represented the five aromatic hydrocarbons (benzene,
ethylbenzene, toluene, o-xylene, and m, p-xylene) and MTBE and the first canonical variate
of biochemical liver tests mainly represented aloumin, ALP, and GGT. The second canonical
variate of VOCs mainly represented 1,4-dichlorobenzene and tetrachloroethene, and the
second canonical variate of biochemical liver tests mainly represented LDH and total bilirubin.
These results helped to narrow down the relationship between the VOC exposure and liver
function to fewer numbers of VOCs and liver function tests. This implies that exposure to a
cluster of certain VOCs might be associated with certain biochemical liver tests as a group.
That is, personal exposure to the aromatic hydrocarbons and MTBE as a group might affect
the serum levels of albumin, ALP, and GGT, while personal exposure to 1,4-dichlorobenzene
and tetrachloroethene might affect serum concentrations of LDH and total bilirubin.

Relationship between individual VOCs and biochemical liver tests

The results of individual relationships from the linear regressions for the important exposure
and outcome variables selected from the above canonical analysis are shown in Table 5 and
Table 6. After adjustment for several covariates, personal exposure to benzene, toluene, and
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MTBE were significantly associated with serum albumin under the significance level of 0.10,
while tetrachloroethene was significantly associated with LDH and total bilirubin.

DISCUSSION

In this study, we found that there was a significant correlation between the set of VOCs and
the set of biochemical liver tests. That is, individual exposure to the five aromatic hydrocarbons
and MTBE tended to be associated with serum levels of albumin, ALP, and GGT, while
individual exposure to 1,4-dichlorobenzene and tetrachloroethene tended to be associated with
serum concentrations of LDH and total bilirubin. The ability of CCA to analyze the relationship
between the two sets of variables has several advantages. First, as it used the information from
all the variables in both the exposure and outcome variable sets and maximized the estimation
of the relationship between the two sets, CCA could be more efficient in assessing the effect
of the VOCs on biochemical liver tests than the methods used previously such as multiple
linear regressions. As a result, CCA could be more suitable for detecting a subtle effect of
VOC:s at relatively low exposure levels. Second, CCA started with simultaneously including
both the exposure and outcome variables in the analysis; therefore, the issue of multiple testing
was largely limited. Third, the latent variable approach employed in CCA also helped to avoid
multicollinearity, an issue which might be troublesome in some analyses such as multiple linear
regressions.

The relationships between the clusters of VOCs and the biochemical liver tests have important
implications. Although the biochemical tests may indicate different biological responses to
liver injury, the combination of different tests would capture more information in certain liver
damage/response than one individual biochemical liver test. Furthermore, the cause of liver
damage may lie in a number of factors rather than in isolated exposure (Dossing & Skinjob,
1985; Chen, Wang, Tsai & Chao, 1997). In most settings, exposures occur to mixtures of
solvents. In addition, because many VOCs might have a common mechanism of action, there
can be additive effects. For instance, the VOCs we studied may share a common toxicity
pathway that includes metabolism by cytochrome P450 2E1 (Brautbar & Williams, 2002;
Dennison, Bigelow, & Andersen, 2004). Therefore, even when exposure to each agent
individually is at a level that would not be expected to cause adverse effects, the combination
of several VOCs may lead to inhibition of detoxifying enzymes or induction and increased
activity of enzyme systems (Alessio, 1996). As a result, the combination effect could be
significant particularly when exposure levels of individual VOCs are low, as shown in our
study. Therefore, further investigation of possible joint effects of these select VOCs on liver
function is warranted.

In addition to providing an assessment of the association between two sets of variables, the
application of CCA helped narrowing down fewer exposure and outcome variables that might
contribute to the relationship between the VOC exposure and liver function, based on the
variable loadings to the canonical variates. CCA could thus serve as a “data mining tool” to
identify the key exposure and outcome variables, so that the assessment of the relationships
between an individual exposure and an outcome can be further preceded. In this study,
following the canonical analysis, the linear regressions indicated that the level of exposure to
benzene, toluene, or MTBE was associated with serum albumin, and the level of exposure to
tetrachloroethene was associated with serum LDH, suggesting that more specific effects on
the biochemical liver tests due to the exposure to the individual VOCs (benzene, toluene,
MTBE, or tetrachloroethene) might exist.

All VOCs we studied are listed by the U.S. Environmental Protection Agency as hazardous air
pollutants (US Environmental Protection Agency, 2008b). The liver is regarded to be one of
the target organs for the critical effects of many VOCs (Caldwell, Woodruff, Morello-Frosch
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& Axelrad, 1998; US Environmental Protection Agency, 2008a; California Environmental
Protection Agency, 2002). For example, VOCs including benzene, ethylbenzene, MTBE, and
tetrachloroethene have been found to cause hepatotoxicity in animal studies (Kim, Odend’hal
& Bruckner, 1990; Elliott & Strunin, 1993).

Biochemical liver tests have been used in human studies to assess the effects of occupational
exposure to VOCs (Kaukiainen, Vehmas, Rantala, Nurminen, Martikainen & Taskinen,
2004; Rees, Soderlund, Cronje, Song, Kielkowski & Myers, 1993; Michailova, Kuneva &
Popov, 1998; Chen JD, Wang, Jang & Chen YY, 1991). For example, a study of 29 solvent-
exposed workers and 19 controls found that serum alanine aminotransferase and aspartate
aminotransferase correlated positively with cumulative solvent exposure in the past 5 years,
while total bilirubin correlated with current exposure (Kaukiainen, Vehmas, Rantala,
Nurminen, Martikainen & Taskinen, 2004). Increased y-glutamyl transferase activity was
found to be associated with severity of exposure to the mixture of solvents (Chen JD, Wang,
Jang & Chen Y'Y, 1991). However, to date there was no observational study that examined the
effects of background VVOC exposure on the liver in non-occupational settings according to
our literature review.

Personal exposures to VOCs were assessed in NHANES 1999-2000 and employed in this
analysis. It has been demonstrated repeatedly that personal exposures typically exceed outdoor
air concentrations and that levels of human exposure to VOCs depend on people’s locations,
especially indoors (Payne-Sturges, Burke, Breysse, Diener-West & Buckley, 2004). Therefore,
personal monitoring to assess VOC exposure has advantages to fixed-site ambient monitoring.
However, personal exposure to VOCs often involves a mix of exposure to relatively constant
levels and exposure to highly intermittent sources. Therefore, if the actual exposure duration
was not able to characterize the exposure, uncertainty could be introduced into risk estimates.
The reliability of time-averaging measures of exposure is an issue of concern (Lorenzana,
Troast, Klotzbach, Follansbee, & Diamond, 2005). In this study, the actual duration of exposure
ranged from 43.3 to 76.0 hours, which might capture an individual’s routine activities and well
represent the exposure to relatively constant sources. A recent study of the NHANES data
shows significant associations between the levels of the VOCs in blood and air except for
ethylbenzene and toluene in smoking subjects (Lin, Egeghy & Rappaport, 2008). Accurate
exposure assessment is critical to a credible and scientifically sound assessment of risk
(National Research Council, 1983; Sexton, Callahan, Bryan, Saint & Wood, 1995).

This study is the first to report a relationship between exposure to certain VOCs and the level
of serum albumin in the general population. It suggests liver synthesis of albumin is increased
in response to the VOC exposure. Albumin plays a role in VOC toxicokinetics by forming
protein adducts to VOCs (Heinrich-Ramm, Jakubowski, Heinzow, Christensen, Olsen &
Hertel, 2000; Yeowell-O’Connell, et al., 1998). However, certain biochemical tests are not
highly specific for liver function which could limit the implications of our findings. Therefore,
the relationships between exposure to VOCs and biochemical liver tests found in this study
need be interpreted with caution. For example, albumin is produced only by liver cells, its
concentration in the serum, however, is influenced by other factors such as dehydration, burns
or renal disease (Cahill, 1999). The liver is usually responsible for the detoxification of bilirubin
and its excretion into bile. However, bilirubin is not only increased in liver disease but other
conditions that cause an increased breakdown of red blood cells (Cahill, 1999).

In summary, the study supports that personal exposures to certain VOCs as a group or
individually may have an effect on liver function in the general population. The finding adds
new insights on the potential health effects of VOC exposure in the general population and
may thus have important implications for future research. The study also indicates that
canonical correlation could be a useful method for environmental health risk assessment.
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