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Abstract

Exposure to VOCs is linked to health effects ranging from asthma to cancer and to negative
impacts on the hematopoietic system. We examined the association between select blood VOC
concentrations and hematological measures in a representative sample of the U.S. population
from NHANES cycles spanning the years 2005 to 2010. We used Cox regression to assess

the association between complete blood count with five-part differential (CBC) parameters and
seven select blood VOCs, while addressing low detection rates among VOCs. Tobacco smoke
exposure was classified using serum cotinine levels. The not-smoke-exposed group had lower
VOC levels for most analytes compared with the smoke-exposed. Correlations between benzene,
toluene, ethylbenzene, and xylenes (BTEX) were moderate to strong. Statistical associations were
found between benzene, toluene, ethylbenzene, xylene, and styrene (BTEXS) and hematocrit,
hemoglobin, and white blood cell count among the smoke-exposed. Among the not-smoke-
exposed, there was an association between BTEX and platelet count. We considered benzene
most likely to be associated with higher levels of CBC concentrations. Our findings suggest VOC
levels currently found in the general U.S. population are associated with changes in hematological
measures, and smoking could be a contributor.
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Introduction

\olatile organic compounds (VOCs) are a ubiquitous group of chemicals present in the
environment. People are exposed to VOCs through manufactured products like paints,
automobile exhaust, and solvents, among others [1]. Other sources of indoor VOCs include
cleaning supplies, personal care products, air fresheners, and furniture and building materials
[2]. The toxicity of individual VOCs varies, and exposure to VOCs has been linked to

health effects ranging from asthma to cancer [2, 3]. Since the late 1980’s, blood levels of
VOCs have been decreasing in the United States population [4, 5]. This decline is likely
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due to decreased exposure, as emissions have declined over time with the substitution

of low-emission products and increased environmental regulations [2]. While ambient air
sources may be a less significant contributor to VOC exposures, indoor air sources and
personal activities have become more important in terms of their contribution to individual
exposure levels [4]. Americans spend most of their time indoors, either at home, work

or school. The National Human Activity Pattern Survey (NHAPS) found that respondents
reported spending ~90% of their time indoors, with 44% of respondents reporting spending
time with a smoker each day [6]. Tobacco smoke, both mainstream and environmental,
contains high concentrations of VOCs and despite decreases in smoking rates, the general
population is still exposed to tobacco smoke [7].

VOCs exposure is thought to negatively impact the hematopoietic system [8]. Most of the
mechanistic research in this area has focused on benzene, which through a complicated
metabolic process has cytotoxic interactions with bone marrow [9]. Benzene exposure

has been linked to adverse developmental and immunological outcomes, and an increase
in respiratory conditions like asthma. Benzene is also a known carcinogen [10, 11].
Benzene, toluene, ethylbenzene, and xylene are often analyzed together and are known
collectively as BTEX. When styrene is added to the analysis, they are known collectively
as benzene, toluene, ethylbenzene, xylene, and styrene (BTEXS). These chemicals are
thought to have some similar, non-cancer health effects [10]. Most studies examining

the relationship between VOC exposure and hematological endpoints have focused on
occupational exposures. These studies typically have small sample sizes and specific
exposure sources, such as refineries or industrial areas. Results from these studies are
varied. Koh et al. [12] and Pelallo-Martinez et al. [13] found that low-level blood benzene
exposure has an inverse effect with hematological measures. However, D’ Andrea et al. [14]
found increased white blood cell counts (WBC) and platelet counts in smokers exposed

to benzene in refinery incidents. A recent study found contrary associations between some
hematological parameters and VOCs depending on tobacco smoke exposure status. For
example, there were no apparent associations between blood BTEXS concentrations and
either WBC or red blood cell (RBC) counts among tobacco smoke-unexposed participants,
but there were associations with tobacco smoke-exposed participants. Specifically, benzene
concentrations in tobacco smoke-exposed participants showed positive associations with
red and white blood cell counts, hemoglobin concentration, hematocrit, mean corpuscular
volume, and mean corpuscular hemoglobin concentration, while blood benzene levels

in tobacco smoke-unexposed participants showed inverse associations with hemoglobin
concentration and mean corpuscular hemoglobin concentration [9].

There is a lack of information in the general population on the impact of VOC exposure on
the hematopoietic system. This study examines the association between blood VOC levels
and hematological measures in a representative sample of the U.S. population from three
combined NHANES cycles spanning the years from 2005 to 2010.
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We used data from the National Health and Nutrition Examination Survey (NHANES),

a nationally representative survey conducted by the Centers for Disease Control and
Prevention’s (CDC) National Center for Health Statistics (NCHS) [15]. The NHANES
combines interviews and physical examinations to assess the health and nutritional status of
the non-institutionalized, civilian population in the United States. NHANES uses a complex,
stratified, multistage sample design to collect information, and is conducted as a continuous
annual survey released in 2-year cycles. In order to improve statistical power and produce
more reliable estimates for subdomains, we combined data from the 2005 to 2006, 2007

to 2008, and 2009 to 2010 cycles. The choice of NHANES cycles was driven by the
availability of hematological and VOC variables in each cycle and their detection rates.
Male and female NHANES participants 12 years and older in these cycles who had a lab
result in the VOC subsamples (7= 10,626) were considered for inclusion in the study. Study
participants who were pregnant (/7= 260) or who reported being treated for anemia in the
past 3 months (1= 362) were excluded from the analysis, as differences in hematological
variables due to either condition could confound results. Current users of smokeless tobacco
(n =111 for chewed tobacco and 7= 47 for snuff) and nicotine replacement therapy
products (/7= 24) were also excluded from the analysis due to the likelihood of higher
serum cotinine levels without the corresponding VOC exposure from combustible tobacco
products. Finally, participants with missing serum cotinine (7= 642) were excluded from
analyses. The remaining 9203 participants formed our study sample. A subset of this study
sample was used for generating analyte-specific results, as each analyte has a different
pattern of missing values.

Survey components used in this analysis include demographics (age, sex, race, and income),
health questionnaire (anemia, weight, height, body mass index (BMI), pregnancy), smoking
questionnaire data, and laboratory analyses (CBC and VOCs). Six-year sample weights were
calculated according to NCHS guidelines [16], using VOC subsample weight, wtsvoc2y.
Each respondent was assigned a sample weight that accounted for the probability of
selection into the subsample as well as for nonresponse [15]. Weights and survey design
variables were used in analyses except where noted.

Laboratory analyses

Both blood VVOCs and complete blood count with five-part differential (CBC) analyses
are conducted in every NHANES cycle. Blood specimens were collected at NHANES
Mobile Examination Centers (MECs) during the participants’ scheduled appointments.
Detailed information on sample collection and analysis protocols can be found elsewhere
[17]. Briefly, CBC analysis was performed on the Coulter® HMX Hematology Analyzer.
Twenty CBC variables are measured in NHANES; however, for this analysis we included
the following hematological parameters: white blood cell count (103 cells/pL), eosinophils
number (103 cells/uL), red blood cell count (108 cells/uL), hemoglobin (g/dL), hematocrit
(%), and platelet count (102 cells/uL).
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Blood VOCs were collected by NHANES on participants 12 years and older from a %2
subsample of the NHANES sample. Laboratory analysis protocols are published elsewhere
[18]. Briefly, 32 VOCs were analyzed in whole blood using headspace solid-phase micro
extraction (SPME)/gas chromatography/isotope dilution mass spectrometry [19]. Many of
the 32 blood VOCs in NHANES had extremely low detection rates. Toluene (ng/mL),
m-/p-xylene (ng/mL), styrene (ng/mL), benzene (ng/mL), 1, 4-dichlorobenzene (ng/mL),
ethylbenzene (ng/mL), and o-xylene (ng/mL) were selected for inclusion in this analysis
based on detection rates above 35% and/or evidence from comparable studies that the
analyte could impact the hematopoietic system. Since smoking is a major contributor to
VOC exposure, we used serum cotinine (ng/mL) as a measure of tobacco smoke exposure. A
cut-point of 14.88 (ng/mL) was used to classify study participants as smoke-exposed or not
[20]. We chose this cut-point based on values used in recent literature and the distribution of
serum cotinine in the bimodal distribution of serum cotinine by self-reported smoking status
(Fig. 1) [20].

Statistical analysis

All statistical analyses were conducted using SAS Version 9.4 survey procedures (SAS
Institute Inc., Cary, NC, 2012). SAS’s SURVEYFREQ, SURVEYMEANS, SURVEYREG,
and SURVEYPHREG procedures were used for all weighted and design-adjusted analyses.
Sample weights and design variables were used to account for NHANES’s complex sample
design. SAS default Taylor series linearization was used for variance estimation [16]. SAS’s
ICLIFETEST procedure was used to produce values for all reverse Kaplan—Meier plots.

Limits of detection (LODs) for each analyte are reported in NHANES documentation. For
each analyte, we calculated the percent of respondents with concentrations at or above the
LOD. When the concentration of an analyte was below the LOD, NHANES imputes the
value of the LOD divided by the square root of 2 for that concentration [21]. This method
of handling values below the LOD is referred to as substitution and is widely used, despite
known limitations. To facilitate comparison to other studies, we ran all analysis using this
method, as well as using methods which treat non-detects as left-censored data.

We conducted regression analyses in order to assess the association between CBC
parameters and VOC variables while controlling for confounders. To address the potential
bias caused when exposure biomarkers have low detection rates, we used a reverse-scale
Cox regression approach proposed by Dinse et al. [22, 23]. This approach treats VOC
variables as the modeled outcomes in a Cox regression, CBC parameters as independent
variables, and non-detects as right-censored events after applying a scale reversal to

the VOC values [22, 23]. The analyses were conducted for six CBC parameters and

seven VOC variables, resulting in 42 combinations. Age, sex, race, BMI, and income
were forced into each model as potential confounders. Age and BMI were modeled as
continuous variables. Owing to the complex relationships between smoking, VOCs and
CBC parameters, regression analyses were stratified by tobacco smoke exposure. The
key parameter of interest in Cox regression is the hazard ratio. Under the proportional
hazards assumption of Cox regression, the hazard ratio can be interpreted as an odds ratio
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representing the odds of a given VOC concentration versus all lower concentrations, for a
unit change in CBC concentration.

In order to compare to other studies that use a linear regression approach with

substituted values for non-detects, as well as to conduct a sensitivity analysis, we
conducted corresponding linear regression analyses, where CBC values were treated as
regression outcomes and where In-VOC values were treated as independent variables. For
these regression analyses, non-detect values were replaced by the LOD/,/2. Standardized
regression coefficients were calculated to account for variability in both the dependent and
independent variables. The coefficients measure the change in hematological parameter
(expressed in standard deviations) for a corresponding increase of 1 standard deviation in
blood In-VVOC level. Though the parameters of Cox and linear regressions have different
interpretations, both can be used to identify the direction, magnitude, and statistical
significance of associations.

There were 781 people excluded from the study due to pregnancy (77 = 260), taking
medication for anemia (/7= 362), using smokeless tobacco (n7= 111), using snuff (n=47), or
using nicotine therapy products (7= 24). Some participants fell into more than 1 exclusion
category. An additional 642 were excluded due to missing serum cotinine values, resulting in
a final analysis sample size of 9203. The weighted mean age of study participants was 43.
NHANES self-reported race and ethnicity categories were used to classify our population by
race. Because of the low counts for “Other Hispanic” responses in our sample, participants
with this self-reported ethnicity were grouped with “Other Race—including Multi-Racial” to
create the “Other” race variable in our study. For income, we used the ratio of family income
to poverty, a calculated NHANES variable using family income and Department of Health
and Human Services’ poverty guidelines [15].

The weighted race breakdown of our study population was 68.43% non-Hispanic white,
11.17% non-Hispanic black, 9.02 % Mexican American, and 11.38% other (Table 1). Nearly
63% were overweight or obese with BMI greater than or equal to 25. The percentage of
tobacco smoke-exposed as determined by serum cotinine levels was 22.61%.

Detection rates (Table 2) ranged from a low of 37.7% for benzene to a high of

93.6% for Toluene. Figure 2 shows unweighted reverse Kaplan—Meier plots for the

study participants by VOC and smoke exposure status. These plots graphically depict
left-censoring among study participants due to values below the LOD by smoke exposure
status. VOC concentrations are lower among our study participants for non-smoke-exposed
than for smoke-exposed for all analytes other than 1, 4-Dichlorobenzene, for which the
concentrations are nearly equal.

For the seven VOC analytes included in this analysis, weighted and design-adjusted
geometric means by sex and by smoke exposure status and associated 95% confidence
intervals were calculated (Table 2). Men had higher geometric means for blood VOC
levels for every analyte (Table 2). Non-Hispanic whites had higher geometric means for
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ethylbenzene, m-/p-xylene, o-xylene, styrene, and toluene than all other races. African-
Americans had the highest levels of benzene and 1, 4-dichlorobenzene. Pairwise correlations
between log-transformed concentrations of benzene, toluene, ethylbenzene, and xylenes
(BTEX) were moderate to strong with weighted Pearson Correlation Coefficients ranging
from 0.44 to 0.91. 1, 4-Dichlorobenzene had weak correlations to all other analytes.
Adjusted geometric means of each of our analytes are also presented by smoke exposure
category in Table 2.

Regression results for linear and reverse-scale Cox regression are shown in Tables 3 and 4,
respectively. All regression analyses were stratified by smoke exposure status as determined
by serum cotinine levels, and all regression models adjust for age, sex, race, household
income, and BMI. Standardized beta coefficients are shown in Table 3 and can be interpreted
as the change in CBC concentration (expressed in standard deviations) for a corresponding
increase of 1 standard deviation in natural log blood VOC level. For Cox regression results,
there is a role reversal between VOCs and CBCs, with CBCs acting as independent variables
in the models. Hazard ratios reported in Table 4 are calculated for a 1 standard deviation
increase in CBC concentration. Therefore they can be interpreted as the confounder-adjusted
odds of a given VOC concentration versus all lower concentrations for a one standard
deviation increase in CBC concentration.

Among the smoke-exposed group, a pattern of statistically significant associations was
found between BTEXS VOCs and hematocrit, hemoglobin, and white blood cell count.
Pvalues ranged from <0.0001 to 0.016, and hazard ratios ranged from 1.12 to 1.21

for a 1 standard deviation increase in CBC concentration, indicating positive association
between BTEXS and CBC concentrations. For each of these blood parameters, the strongest
associations (as measured by the hazard ratio) were with benzene. Among the not-smoke-
exposed group, there was strong statistical evidence of an association between BTEX
(without styrene) and platelet count. Pvalues ranged from <0.0001 to 0.02, and hazard
ratios ranged from 1.09 to 1.16 for a 1 standard deviation increase in CBC concentration.
As with smoke-exposed, the strongest association (as measured by the hazard ratio) was

for benzene. In addition, there was some evidence of an association between benzene and
eosinophils, hematocrit, and hemoglobin among not-smoke-exposed. Pvalues ranged from
0.02 to 0.04, and hazard ratios ranged from 1.08 to 1.16 for a 1 standard deviation increase
in CBC concentration. Of note, the finding for eosinophils and hematocrit did not meet with
p=0.05 threshold when using the linear regression with substitution method.

Generally the linear regression with substitution results mirrored those of the Cox
regression. Though interpretation of regression parameters differ, the identical pattern of key
associations between VOC and CBC levels was observed regardless of regression method.
As Cox Regression has been suggested for analyzing data with lower detection rates, we feel
it’s helpful to demonstrate that either method yields similar if not identical results to ease
comparisons between studies.
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Discussion

The majority of studies investigating the relationship between VOC exposure and
hematological measures are analyses of occupational cohorts, with most focusing on the
gasoline refining and manufacturing industries. In addition, most of these studies have small
sample sizes and are not reflective of the general population. Due to the lack of studies of
VOC exposure in the general population, we analyzed three combined cycles of NHANES
data to study potential relationships between blood VOCs and hematological measures. A
major source of VOC exposure in the general population is cigarette smoking [24]. To

ease comparisons to other studies, we stratified our analysis using serum cotinine levels.
We chose to use a cut-point of 14.88 (ng/mL) to classify study participants as tobacco
smoke-exposed or not rather than self-reported smoking exposure to minimize survey bias.
Certain groups, like Mexican-Americans, may underreport smoking status due to fear of
stigma [25]. Using serum cotinine concentrations eliminates this bias. Further, there were
6714 participants with missing self-reported smoking status in the NHANES dataset prior to
eligibility exclusions. By using cotinine, we were able to reduce the number of participants
without a smoking status to 691. Any cut-point will result in some misclassification of
smoking status, regardless of chosen cut-point (Fig. 1). Other studies have used different
cut-points based on their data sets [20]. Using our chosen cut-point, we estimate that 127
self-reported smokers are classified as not-smoke-exposed (3.7%), and 113 self-reported
non-smokers are classified as smoke-exposed (3.3%) among study participants with non-
missing values on each variable.

Average NHANES blood VOC levels were comparable to other exposure studies as well

as Canada’s National Biomoriting Program [9, 26]. However, some occupational studies
reported much higher values for benzene and styrene [27, 28]. The evidence for associations
between VOC exposure and hematological measures was stronger in the smoke-exposed
group than in not-smoke-exposed group. This finding is also consistent with other studies [9,
29].

The smoke-exposed group was found to have higher hematocrit and hemoglobin levels with
increasing blood concentrations of benzene, ethylbenzene, m-/p-xylene, o-xylene, styrene,
and toluene. Doherty et al. had similar findings in smokers [9]. Higher hematocrit and
hemoglobin counts in the smoke-exposed group could be evidence of early lung disease

as the lungs of smokers cannot efficiently absorb oxygen and the hematopoietic system
may produce more red blood cells to compensate [30]. Malenica et al. [30] also observed
increased hemoglobin and hematocrit in smokers but did not specifically examine the role
of VOCs present in smoke [30]. Our findings could provide evidence that increased VOC
exposure in smokers plays a role in the known effect of hematological stimulation by
cigarette smoking. However, our analysis did not control for potential confounders found

in cigarette smoke like carbon monoxide, which can also affect oxygen absorption through
the formation of carboxyhemoglobin [30]. The smoke-exposed group also had significantly
increased white blood cell counts with increased exposure to benzene, ethylbenzene, m-/
p-xylene, o-xylene, styrene, and toluene. One might expect lowered white blood cell counts
with chronic exposure to VOCs due to suppression of the immune system through the
well-known negative interaction of benzene with bone marrow [31]. However, smokers
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likely suffer from chronic inflammatory responses due to the thousands of other toxins
present in tobacco smoke, so the impact of other smoke constituents cannot be ruled out.

The not-smoke-exposed group had increased platelet counts with increasing exposure to half
of the VOCs included in this analysis. This result is counterintuitive as VOCs, especially
benzene, are thought to negatively interact with the hematopoietic system, resulting in

a decreased platelet count. However, Krishnan et al. found increased platelet counts in
healthy subjects after inhaling diesel exhaust [32]. BTEX are an important component

of traffic-related air pollution and the personal vehicle commute is likely one of the few
opportunities for environmental VOC exposure for most participants in the hours leading up
to the blood draw at the MEC. This increase in platelets was not seen in the smoke-exposed-
group (with the exception of benzene). While tobacco smoke exposure is known to increase
platelet activation, nicotine has been shown to moderate this effect [33]. Nicotine could have
confounded platelet counts for smokers included in this study. Further, increased platelet
count can be a sign of anemia, or a number of health conditions like cancer, infectious
disease, recent surgery, and other conditions that were not controlled for in this analysis. The
majority of the outliers for high platelet count were in the not-smoker-exposed group, so we
cannot rule out other potential explanations of this finding in this group.

Benzene blood level was found to have the greatest number of associations with CBCs

in this study (Tables 3 and 4). Benzene exposure was associated with increases in
eosinophils, hematocrit, hemoglobin, and platelet counts in the not-smoker-group. In the
smoke-exposed group, benzene exposure was associated with increases in hematocrit,
hemoglobin, platelet count, and WBCs. The statistical associations between benzene and
hematocrit and hemoglobin were stronger among the smoke-exposed group compared

with the not-smoke-exposed group. The detrimental effects of benzene exposure on the
hematopoietic system are well documented in occupational studies [8, 12, 14, 31, 34].
However, there is currently limited evidence in the literature for benzene and other VOCs
increasing hematopoietic activity. Most occupational studies have found low-level benzene
exposure decreases some hematological measures [12, 14, 27, 34]. Our study population
differs from occupational studies in a number of ways. First, our study has a comparable
number of males and females, whereas occupational studies tend to have majority male
participants. Further, our population is younger, and most are non-occupationally exposed.
Some studies have found that low-level benzene-induced hematoxicity is dependent on the
number of years exposed [35]. We chose to include adolescents in the analysis as median
cotinine levels in this group were higher than the 60+ group. E-cigarette use in this age
group has rapidly increased since the time of the NHAHES cycles included here and has
been identified as a source of VOC exposure [36]. Reporting on the associations with this
age group included could inform future studies. However, because of this inclusion we were
unable to add the education variable to the analysis and this is a limitation of the study.
Finally, our population is more diverse than nearly all relevant studies as we sought to
analyze the general population. Some associations found in this analysis were greater for
certain racial groups such as African-Americans. In our analysis, being male was also a risk
factor for increased VOC exposure; men had higher geometric means for blood VOC levels
for every analyte, as has been reported previously [37]. Future research could more narrowly
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focus on the hematological impact of VOC exposure by race, gender and occupations other
than those typically associated with VOC exposure.

In the current study, we analyzed data from a large, representative sample of the U.S.
population. As such, we were able to examine VOC exposures typically experienced in

the general population, not just occupational. The inclusion of extensive survey data from
NHANES allowed for the control of potential confounders from the population. Participants
with conditions or diseases that could affect hematological measures like pregnant women
or those taking medication for anemia were excluded from the analysis. Other factors, like
self-reported exposure to VOCs through commercial items (e.g., nail polish or paint) were
considered as well but did not have a significant impact on blood VOC levels. However,
this study still has several limitations. VOCs, especially those included in this data set, have
very short half-lives [38]. Because of the short half-life, the VOC levels measured at the
time of the exam are not necessarily indicative of lifetime exposure and represent only a
snapshot in time. For example, benzene’s half-life has been observed to be as short as 42
min [39]. The limitation of the short half-life of VOCs is present in comparable studies and
the cross-sectional design is a well-known limitation of NHANES. Blood VOC levels in the
general population have been decreasing over the past 30 years [4]. Very low-level blood
VOCs combined with low detection rates for some analytes made finding more meaningful
associations challenging. Therefore, other confounding exposures not examined here should
not be ruled out. The findings from this study suggests that VOC exposure at the levels
currently found in the U.S. are statistically associated with differences in hematological
measures, and smoking could be a contributor to this relationship.
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Cotinine Values (ng/mL) and Self-Reported Smoking Status (Weighted)

Smoking Status
B Non-smoker
0O Current smoker

Cotinine Cutpoint= 2.7 (14.9 ng/mL)

Current smoker Non-smoker
Self-Reported Smoking Status

Fig. 1.
Cotinine values (ng/ml) and self-reported smoking status (weighted).
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Fig. 2.
Differences in VOC concentration percentiles by smoke exposure status for non-survey

adjusted NHANES data.
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Table 1

Selected characteristics of all study participants.
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n % (weighted)

Race/ethnicity

Non-Hispanic white 4006  68.43

Non-Hispanic Black 1976  11.17

Mexican American 1964 9.02

Other 1257 11.38
Sex

Male 4906  49.09

Female 4596 50.91
BMI

Underweight 366 3.22

Normal 3010 33.53

Overweight 2852 31.99

Obese 2861 31.26
Age (years)

12-17 1513 10.18

18-29 1651 18.74

30-59 3571 50.20

60-80 2468  20.89
Smoke exposed

Cotinine <14.88 7256  77.39

Cotinine >14.88 1947 22.61
Poverty income ratio

1st Tertile 4008 32.45

2nd Tertile 2549 32.72

3rd Tertile 1969 34.82
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