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Introduction

Estimating the exposure to chemicals in adult cigarette 
smokers and smokeless tobacco (SLT) consumers is 
a challenge in the health-risk assessment of tobacco 
products. The extent of individual consumer exposure 
to mainstream cigarette smoke (MSS) and SLT constitu-
ents depends primarily on the chemical composition 
of MSS or SLT and consumption behavior (e.g., amount 
consumed, frequency, and duration of consumption). 
Exposure estimates are further complicated by the con-
centration range of individual chemical constituents in 
SLT and MSS, which vary by product type and large inter- 
and intraindividual variability in consumption patterns.

Broadly, human biomonitoring is the measurement 
of specific chemicals in human cells, tissues, and body 
fluids (i.e., biomarkers) to assess chemical exposure 
and potential biological effect (Scherer, 2005). Exposure 
biomarkers are considered the “gold standard” for expo-
sure assessment, as they provide direct evidence that 
both exposure and uptake into the body have occurred 
(Sexton, 2006). In the case of SLT and MSS exposure, 

exposure biomarkers are typically measured in urine, 
although blood, saliva, and breath samples have previ-
ously been used to measure exposure to some chemicals 
(IARC, 2004).

Biomarkers can potentially inform all phases of the 
human health-risk assessment process. In particular, 
exposure biomarkers play an important role in inform-
ing and/or validating the exposure assessment, gen-
erally considered the risk assessment phase with the 
greatest epistemic uncertainty (Santamaria et al., 2006). 
Specifically, using quantified, direct measurements 
of exposure and corporeal uptake has the potential to 
reduce uncertainty associated with the use of some sur-
rogate measures of exposure such as those sometimes 
used in epidemiological or occupational studies, for 
example, geographical location, job titles (Santamaria 
et al., 2006). Data from biological monitoring of human 
populations, such as those provided by the National 
Health and Nutrition Examination Survey (NHANES), 
are useful for estimating the exposure to chemicals of 
interest in risk assessment.
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More than 8000 compounds have been identified in 
tobacco or tobacco smoke, and MSS consists of a com-
plex mixture of more than 5300 chemicals in dynamic 
gaseous and particulate phases (Rodgman and Perfetti, 
2009). In recent years, research activities have focused on 
the exposure of adult tobacco consumers to tobacco and 
MSS constituents that are known or hypothesized to have 
toxicological activity. Many of these chemicals have been 
extensively characterized in environmental matrices 
such as food, drinking water, and air.

The chemicals evaluated in this report consist of 
selected compounds identified in SLT and/or MSS for 
which exposure biomarker data were also available 
in the NHANES database. These chemicals include 
acrylamide (AA), volatile organic compounds (VOCs), 
halogenated aromatic hydrocarbons (HAHs), polycyclic 
aromatic hydrocarbons (PAHs), 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone (NNK), and metals. Among 
the PAHs included in the NHANES analysis are pyrene, 
fluorene, phenanthrene, and naphthalene. Data on 
several other PAHs, including benzo-[a]-pyrene, were 
removed from the NHANES database in July 2009 due to 
methodological problems (Centers for Disease Control 
and Prevention (CDC), 2009a). The VOCs included 
benzene, toluene, ethylbenzene, xylenes, and styrene; 
HAHs consisted of polychlorinated dibenzo-p-dioxins 
(PCDDs) and polychlorinated dibenzofurans (PCDFs); 
and metals comprised arsenic (As), beryllium (Be), cad-
mium (Cd), cobalt (Co), lead (Pb), mercury (Hg), and 
selenium (Se). A list of the chemicals evaluated in this 
study with their corresponding exposure biomarker(s) 
is presented in Table 1. These chemicals were detected 
in cigarette smoke (Diekmann et al., 2008; Wilson et al., 
2008; Rodgman and Perfetti, 2009), and with the excep-
tion of the VOCs, HAHs, and mercury, these chemi-
cals were similarly identified in certain SLT products 
(Hoffmann et  al., 1987; Maier et  al., 1989; Pérez and 
Osterman-Golkar, 2003; IARC, 2007; Stepanov et  al., 
2010).

Whether these exposure biomarkers are associ-
ated with tobacco consumption was investigated using 
serum cotinine as a surrogate for tobacco exposure. 
Cotinine measured in serum is the only metabolite of 
nicotine available in the NHANES database and has been 
reported to be correlated with the number of cigarettes 
smoked per day or the number of cans/pouches used 
per week for moist snuff and chewing tobacco (Ebbert 
et al., 2004).

The objective of this study was to compare the levels 
of exposure biomarkers of the chemicals of interest, 
between cigarette smokers (“smokers”), snuff or chew-
ing tobacco consumers (“SLT consumers”), and non-
consumers of tobacco or nicotine replacement therapy 
(NRT) products (“nonconsumers”), using 10 years of 
NHANES data. In addition, the correlation between 
these biomarkers of exposure and cotinine concentra-
tions in serum from smokers and SLT consumers was 
investigated.

Methods

Data collected in the NHANES Mobile Examination 
Centers (MEC) from 1999 to 2008 for individuals 20 years 
of age or older were used in this analysis. NHANES is 
conducted by the National Center for Health Statistics 
(NCHS) of the CDC and is designed to annually assess 
the health and nutritional status of adults and children 
in the United States (US). Data are publicly available and 
are representative of the civilian, noninstitutionalized US 
population. Detailed survey methodology has been pub-
lished (CDC, 2010a).

The categories for tobacco consumption (snuff, chew-
ing tobacco, or cigarettes) or nonconsumption were 
determined by an individual indicating on the MEC 
questionnaire that a particular tobacco product (cat-
egory) was consumed (or not consumed) in the last 5 
days. Self-reported snuff (from the questionnaire: “such 
as Skoal, Skoal Bandits, or Copenhagen”) and chewing 
tobacco (from the questionnaire: “such as Redman, Levi 
Garrett, or Beechnut”) consumers were combined into 
one SLT category due to sample size limitations. Only 
exclusive consumers (n = 5408) were included (i.e., indi-
viduals reporting the consumption of multiple tobacco 
products or pipes, cigars, or NRT were excluded [n = 534]). 
Self-reported nonconsumers with a serum cotinine 
value greater than 15 ng/mL (National Cancer Institute 
(NCI), 1999) were excluded (n = 297). Individuals were 
also excluded if data regarding tobacco consumption in 
the last 5 days was missing or if a response was refused 
or reported as “do not know” (n = 2011). The number of 
subjects available for each chemical varied based on 
the number of years for which the data are available and 
the proportion of the total sample for which the chemi-
cal was measured. Details are available in the NHANES 
laboratory documentation (CDC, 2010b).

All statistical methods were performed using the 
appropriate statistical weights and design parameters 
(i.e., Masked Variance Unit Pseudo-PSU variable and 
Masked Variance Unit Pseudo-Stratum variable for vari-
ance estimation) provided by NCHS. The weights were 
adjusted to allow for combining multiple years according 
to the analytical guidelines provided by the NCHS. The 
survey procedures available in SAS version v.9.2 (SAS 
Institute Inc., Cary, NC) and the survey package avail-
able for the R software version 2.10.1 (R Foundation for 
Statistical Computing, Vienna, Austria) were used for the 
analyses (Lumley, 2010).

For chemicals where the limit of detection (LOD) var-
ied across survey years, the data were adjusted to have 
an LOD equal to the largest value. All data points below 
the largest LOD were set equal to the largest LOD divided 
by the square root of two (CDC, 2009b). Percentage of 
samples below detection was also based on the largest 
LOD.

Multiple linear regression models for the natural log 
transformed biomarker data were used to compare the 
chemical concentrations measured in smokers, SLT 
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consumers, and nonconsumers. The data were log-trans-
formed to better meet the assumptions for modeling (i.e., 
normality). The regression analysis included adjustments 
for gender, race/ethnicity, age (five categories), body mass 
index (BMI, four categories), urinary creatinine (for urinary 
biomarkers), poverty income ratio (PIR, a ratio of income 
to the family’s appropriate poverty threshold, as deter-
mined by the US Census Bureau) (three categories) as an 
indicator of socioeconomic status, survey year (five catego-
ries), and tobacco-consumption category. The categories 
are defined in Table 2. Race/ethnicity was categorized as 
non-Hispanic White, non-Hispanic-Black, Hispanic, and 
Other. The Hispanic category included those classified in 
NHANES as Mexican American and Other Hispanic.

All covariates were included in the regression analy-
sis for each of the chemicals considered here, regard-
less of whether they achieved statistical significance. 
Interactions were not assessed due to sample size limita-
tions, especially for interactions involving the tobacco-
consumption category, because of the relatively small 
sample size for the SLT consumption category.

Multiplicative factors for individual chemicals were 
computed by exponentiating the regression coefficients 
associated with the tobacco categories. Multiplicative 
factors corresponding to a unit increase in cotinine were 
similarly constructed separately for smokers and SLT 
consumers. Geometric means (GMs) were not com-
puted and regression analyses were not performed for 

Table 1.  Chemicals evaluated and corresponding exposure biomarkers.
Chemical Exposure biomarker Biological matrix
Metals
  Arsenic Total arsenic Urine
  Beryllium Beryllium Urine
  Cadmium Cadmium Blood and urine
  Cobalt Cobalt Urine

  Lead Lead Blood and urine
  Mercury Total mercury Blood and urine
  Selenium Selenium Serum
Volatile organic compounds
  Benzene Benzene Blood
  Ethylbenzene Ethylbenzene Blood
  Styrene Styrene Blood
  Toluene Toluene Blood
  Xylenes m/p, o-Xylene Blood
Halogenated aromatic hydrocarbons
  Polychlorinated dibenzo-p-dioxins 1,2,3,4,6,7,8-Heptachlorodibenzo-p-dioxin (HpCDD) Serum

1,2,3,4,7,8-Hexachlorodibenzo-p-dioxin (HxCDD)
1,2,3,6,7,8-Hexachlorodibenzo-p-dioxin (HxCDD)
1,2,3,7,8,9-Hexachlorodibenzo-p-dioxin (HxCDD)

1,2,3,4,6,7,8,9-Octachlorodibenzo-p-dioxin (OCDD)
1,2,3,7,8-Pentachlorodibenzo-p-dioxin (PeCDD)

2,3,7,8,-Tetrachlorodibenzo-p-dioxin (TCDD)
  Polychlorinated dibenzofurans 1,2,3,4,6,7,8-Heptachlorodibenzofuran (HpCDF) Serum

1,2,3,4,7,8,9-Heptachlorodibenzofuran (HpCDF)
1,2,3,4,7,8-Hexachlorodibenzofuran (HxCDF)
1,2,3,6,7,8-Hexachlorodibenzofuran (HxCDF)
1,2,3,7,8,9-Hexachlorodibenzofuran (HxCDF)
2,3,4,6,7,8-Hexachlorodibenzofuran (HxCDF)

1,2,3,4,6,7,8,9-Octachlorodibenzofuran (OCDF)
1,2,3,7,8-Pentachlorodibenzofuran (PeCDF)
2,3,4,7,8-Pentachlorodibenzofuran (PeCDF)

2,3,7,8-Tetrachlorodibenzofuran (TCDF)
Polycyclic aromatic hydrocarbons
  Pyrene 1-Hydroxypyrene Urine
  Naphthalene 1- and 2-Hydroxynaphthalene Urine
  Phenanthrene 1-, 2-, 3-, and 4-Hydroxyphenanthrene Urine
  Fluorene 2-, 3-, and 9-Hydroxyfluorene Urine
Other
  Acrylamide Acrylamide and glycidamide hemoglobin adducts Blood
 � 4-(Methylnitrosamino)-1-(3-pyridyl)-1-

butanone (NNK)
4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) Urine
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chemicals with the proportion of measurements below 
the LOD greater than 40% in all tobacco-consumption 
categories (CDC, 2009b).

Results

Table 2 presents the 1999–2008 NHANES sample popula-
tion demographics by tobacco-consumption category for 
subjects 20 years of age and older. Smokers comprised 
the largest group of tobacco consumers (n = 5040 smok-
ers, n = 368 SLT consumers). For smokers and SLT con-
sumers, the proportion of males exceeded the number of 
females (54% and 93%, respectively), and non-Hispanic 
White subjects comprised the majority of smokers and 
SLT consumers (71% and 88%, respectively). In addition, 
Table 2 presents urinary creatinine and serum cotinine 
levels for smokers, SLT consumers, and nonconsum-
ers. The GMs for urinary creatinine and serum cotinine 

concentrations were significantly higher in SLT consum-
ers than in smokers and nonconsumers. For all three 
categories of tobacco consumption, a roughly equal pro-
portion of subjects were sampled from each of the five, 
2-year survey cycles.

Tables 3 and 4 present the unadjusted GMs for the 
biomonitoring analytes evaluated in blood and urine, 
respectively, by tobacco category. Also included are the 
years of NHANES for which the data on each analyte 
were collected and are currently available, the combined 
number of subjects from all NHANES for whom data are 
currently available for each analyte, and the percent-
age of the sample with analyte concentration below the 
LOD. The number of subjects with self-reported tobacco 
consumption available for analysis varies by analyte, 
likely due to most analytes being collected only on one- 
third, one-quarter, or smaller subsamples of the study 
population.

Table 2.  Demographic frequencies, survey year, serum cotinine, and urinary creatinine of the study population by tobacco-consumption 
category.

 
Cigarette smokers Smokeless tobacco consumers Nonconsumers of tobacco/NRT

n = 5,040 n = 368 n = 16,443
Gender (%)
  Male 54.1 93.3 43.4
  Female 45.9 6.7 56.6
Race/ethnicity (%)

  Hispanic† 11.8 3.0 13.2

  Non-Hispanic Black 12.1 5.9 10.0
  Non-Hispanic White 71.2 88.4 71.8
  Other 4.9 2.7 5.0
Age (years) (%)
  20–29 25.6 15.8 16.0
  30–39 23.3 28.2 18.1
  40–49 23.9 23.8 20.6
  50–59 16.1 15.7 17.5
  60–69 7.6 7.4 12.6
  ≥70 3.5 9.1 15.2
BMI (%)
  ≤22.7 24.8 8.7 17.3
  22.8–26.1 25.3 18.4 22.9
  26.2–30.2 23.5 30.6 27.6
  ≥30.3 26.4 42.3 32.2
PIR (%)
  Low (≤1.7) 42.9 29.3 29.0
  Medium (1.8–3.9) 32.2 31.7 31.9
  High (>3.9) 24.9 39.0 39.1
Survey year (%)
  1999–2000 18.9 17.1 18.3
  2001–2002 20.8 18.8 20.7
  2003–2004 20.1 25.8 19.3
  2005–2006 20.1 18.8 20.6
  2007–2008 20.1 19.5 21.1
Serum cotinine (ng/mL) n = 4,790 n = 359 n = 15,532
  Geometric mean (95% CI) 127.7 (119.1, 135.6) 188.7 (152.9, 235.1) 0.050 (0.047, 0.054)
Urinary creatinine (mg/dL) n = 4,961 n = 357 n = 16,141
  Geometric mean (95% CI) 106.7 (102.5, 109.9) 124.0 (113.3, 137.0) 96.0 (94.2, 97.7)
NRT, nicotine replacement therapy; BMI, body mass index; PIR, poverty income ratio; CI, confidence interval.
†Includes Mexican American and Other Hispanic.
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Table 3.  Unadjusted geometric means, percent nondetect, and sample size for analytes measured in blood or serum by tobacco category 
for available National Health and Nutrition Examination Survey (NHANES) years.

Analyte
NHANES 

years Tobacco category† Sample size Percent nondetect

Unadjusted 
geometric mean 

(95% CI) Units
Cadmium (Cd) 99–08 Smokers 4830 5.8 0.90 (0.87, 0.93) μg/L

SLT Cons. 360 49.1 0.28 (0.25, 0.30)
Non-Cons. 15811 43.4 0.30 (0.29, 0.31)

Lead (Pb) 99–08 Smokers 4830 0.1 1.86 (1.80, 1.92) μg/dL
SLT Cons. 360 0.3 1.92 (1.76, 2.09)

Non-Cons. 15811 0.6 1.39 (1.36, 1.43)
Mercury (Total) (Hg) 03–08 Smokers 2999 15.5 0.81 (0.75, 0.87) μg/L

SLT Cons. 231 18.5 0.78 (0.69, 0.87)
Non-Cons. 9628 10.1 1.06 (0.99, 1.13)

Selenium (Se) 03–04 Smokers 506 0.0‡ 130.3 (129.0, 133.0) μg/L
SLT Cons. 52 0.0 137.0 (130.3, 145.5)

Non-Cons. 2062 0.0 137.0 (134.3, 139.8)
Benzene 99–04 Smokers 646 6.8 0.12 (0.11, 0.14) ng/mL

SLT Cons. 44 47.7 0.031 (0.029, 0.033)
Non-Cons. 1520 51.9 0.031 (0.027, 0.035)

Toluene 99–04 Smokers 683 0.0 0.34 (0.31, 0.39) ng/mL
SLT Cons. 50 2.0 0.12 (0.09, 0.17)

Non-Cons. 1579 5.7 0.10 (0.09, 0.11)
Styrene 99–04 Smokers 659 17.2 0.067 (0.059, 0.076) ng/mL

SLT Cons. 46 52.6 0.033 (0.028, 0.040)
Non-Cons. 1498 58.4 0.031 (0.028, 0.033)

m/p-Xylene 99–04 Smokers 680 0.3 0.22 (0.20, 0.25) ng/mL
SLT Cons. 49 2.6 0.15 (0.13, 0.17)

Non-Cons. 1583 3.9 0.13 (0.11, 0.14)
Ethylbenzene  
(Ethylbenz)

99–04 Smokers 637 10.3 0.063 (0.056, 0.069) ng/mL
SLT Cons. 44 34.6 0.029 (0.025, 0.035)

Non-Cons. 1485 40.0 0.028 (0.026, 0.031)
Acrylamide (AA) (Hb 
adducts)

03–04 Smokers 833 0.0 122.7 (112.2, 134.3) pmoL/g Hb
SLT Cons. 70 0.0 53.5 (40.4, 70.8)

Non-Cons. 2728 0.06 47.9 (46.1, 49.9)
Glycidamide (GA) (Hb 
adducts)

03–04 Smokers 854 0.4 101.5 (92.8, 111.1) pmoL/g Hb
SLT Cons. 72 1.4 50.4 (38.9, 65.4)

Non-Cons. 2755 2.3 47.5 (45.2, 49.4)
1,2,3,4,5,6,7,8-Octa-
chlorodibenzo-p-dioxin 
(OCDD)

99–04 Smokers 751 27.3 200.3 (186.8, 214.9) pg/g lipid
SLT Cons. 62 15.7 308.0 (254.7, 372.4)

Non-Cons. 2519 15.0 298.9 (278.7, 320.5)
1,2,3,4,6,7,8-Hepta-
chlorodibenzo-p-dioxin 
(HpCDD)

99–04 Smokers 760 25.3 18.5 (17.3, 20.1) pg/g lipid
SLT Cons. 63 7.7 45.6 (36.2, 56.8)

Non-Cons. 2547 7.1 42.1 (39.3, 56.8)
1,2,3,6,7,8-Hexa-
chlorodibenzo-p-dioxin 
(HxCDD)

99–04 Smokers 764 27.0 17.5 (15.6, 19.3) pg/g lipid
SLT Cons. 64 18.1 24.0 (16.4, 35.5)

Non-Cons. 2559 21.9 22.4 (20.5, 24.8)
1,2,3,4,6,7,8-Hepta-
chlorodibenzofuran 
(HpCDF)

99–04 Smokers 731 24.6 7.17 (6.69, 7.77) pg/g lipid
SLT Cons. 59 15.4 10.6 (8.25, 13.5)

Non-Cons. 2456 23.2 7.39 (6.96, 7.85)
1,2,3,4,7,8-Hexa-
chlorodibenzofuran  
(HxCDF)

99–04 Smokers 764 36.8 4.18 (3.94, 4.44) pg/g lipid
SLT Cons. 64 32.2 5.00 (4.31, 5.75)

Non-Cons. 2542 32.3 4.71 (4.44, 5.00)
2,3,4,7,8-Penta-
chlorodibenzofuran  
(PeCDF)

99–04 Smokers 760 40.9 4.18 (3.93, 4.43) pg/g lipid
SLT Cons. 65 29.6 5.47 (4.57, 6.49)

Non-Cons. 2556 32.6 5.21 (4.90, 5.53)
Hb, hemoglobin.
†Smokers, cigarette smokers; SLT Cons., smokeless tobacco consumers; Non-Cons., nonconsumer of tobacco or NRT products.
‡Based on a method detection limit of 5.7 μg/L (personal communication).
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Out of a total of 46 exposure biomarkers evaluated, 13 
(1,2,3,4,6,7,8,9-octachlorodibenzofuran, 1,2,3,4,7,8,9-hep-
tachlorodibenzofuran, 1,2,3,4,7,8-hexachlorodibenzo-p-dioxin, 
1,2,3,6,7,8-hexachlorodibenzofuran, 1,2,3,7,8,9-hexachlo-
rodibenzofuran, 1,2,3,7,8,9-hexachlorodibenzo-p-dioxin, 
1,2,3,7,8-pentachlorodibenzofuran, 1,2,3,7,8-pentachlo-
rodibenzo-p-dioxin, 2,3,4,6,7,8-hexachlorodibenzofuran, 

2,3,7,8-tetrachlorodibenzofuran, 2,3,7,8-tetrachlorodiben-
zo-p-dioxin, Be, o-xylene) were excluded, as more than 40% 
of the samples were below the LOD for all three categories 
(data not shown). Three analytes (benzene, blood Cd, and 
styrene) for which the percentage of samples with values 
below detection was more than 40% for one or two of the 
three categories (Table 3) were included in the analysis. 
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Figure 1.  Multiplicative factor to the geometric mean and 95% confidence interval for each chemical from regression models adjusted 
for gender, race/ethnicity, age, body mass index, poverty income ratio, survey year, urinary creatinine (for urinary analytes) and tobacco-
consumption category (A). NNAL is on the logarithmic scale (B). Dotted line (1.0) corresponds to no difference. B, blood; U, urine; see 
Tables 3 and 4 for other abbreviations.
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Figure 1 (A and B) presents the results of the regression 
models examined for each of the 33 analytes evaluated. 
Performing the analyses with age, BMI, and PIR as con-
tinuous variables did not change the final results (data not 
shown).

Smokers versus nonconsumers
The data presented in Figure 1 suggest that 22 of the 
33 analytes examined were significantly higher in 
smokers compared with nonconsumers. Six ana-
lytes were significantly lower in smokers than in 
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Figure 2.  Multiplicative factor to the geometric mean and 95% confidence interval for each chemical per unit serum cotinine (ng/mL) 
based on regression models adjusted for gender, race/ethnicity, age, body mass index, poverty income ratio, survey year, urinary creatinine 
(for urinary analytes) and tobacco-consumption category for cigarette smokers (A) and smokeless tobacco consumers (B). Dotted line (1.0) 
corresponds to no difference. B, blood; U, urine; see Tables 3 and 4 for other abbreviations.
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nonconsumers (1,2,3,4,5,6,7,8-octachlorodibenzo-p-
dioxin (OCDD), 1,2,3,4,6,7,8-heptachlorodibenzo-p-
dioxin (HpCDD), 2,3,4,7,8-pentachlorodibenzofuran 
(PeCDF), blood and urine Hg, and Se). The levels of 
1,2,3,6,7,8-hexachlorodibenzo-p-dioxin (HxCDD), 
1,2,3,4,7,8-hexachlorodibenzofuran (HxCDF), 
1,2,3,4,6,7,8-heptachlorodibenzofuran (HpCDF), Co, 
and As were not significantly different between smok-
ers and nonconsumers.

SLT consumers versus nonconsumers
For most analytes evaluated, levels in SLT consumers 
were not significantly different than in nonconsum-
ers. The analytes with levels significantly higher in 
SLT consumers compared with nonconsumers were 
1-hydroxypyrene, 2-hydroxyfluorene, 3-hydroxyfluo-
rene, 9-hydroxyfluoranthene, 2-hydroxyphenanthrene, 
3-hydroxyphenanthrene, blood Pb, OCDD, HpCDF, 
and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol 
(NNAL, exposure biomarker of NNK) (Figure 1A and 
1B). In contrast, blood Hg and urinary As were sig-
nificantly lower in SLT consumers compared with 
nonconsumers.

Smokers versus SLT consumers
A comparison of analyte levels in smokers with levels 
in SLT consumers (Figure 1A and 1B) suggests that 
18 (2-hydroxynaphthalene, 1-hydroxynaphthalene, 
4-hydroxyphenanthrene, 3-hydroxyphenanthrene, 
2-hydroxyphenanthrene, 3-hydroxyfluorene, 2-hy-
droxyfluorene, 1-hydroxypyrene, urine Cd, AA, gly-
cidamide (GA), styrene, m/p-xylene, ethylbenzene, 
toluene, benzene, blood Pb, blood Cd) of the 33 ana-
lytes examined were significantly lower in SLT consum-
ers compared with smokers. Ten of 33 analytes (urine 
Pb, Co, As, urine and blood Hg, 9-hydroxyfluorene, 
1-hydroxyphenanthrene, PeCDF, HxCDF, and Se) were 
not different. Analytes such as OCDD, HpCDD, HxCDD, 
HpCDF, and NNAL were all lower in smokers compared 
with SLT consumers.

Overall, these results suggest that for most analytes 
examined in this study, SLT consumers have exposure 
biomarker levels lower than smokers and not different 
than nonconsumers.

Correlation of analytes with serum cotinine
To evaluate the association between each analyte and 
serum cotinine, a multiplicative factor was calculated 
for each analyte and by category. The multiplicative 
factor for a particular analyte is a measure of the rela-
tive association of the analyte for each unit increase in 
serum cotinine. The estimated multiplicative association 
of each analyte with serum cotinine ranges from 0.70 to 
1.59 for SLT consumers and 0.92 to 2.20 for smokers. A 
value below 1.0, as with As in smokers, represents a nega-
tive association and indicates that higher levels of serum 
cotinine are associated with lower average values of the 
analyte. Of the 33 analytes evaluated, only seven (Co, 

urine Cd, 2-hydroxyfluorene, 3-hydroxyfluorene, 2-hy-
droxyphenanthrene, 3-hydroxyphenanthrene, NNAL) 
were significantly positively associated with serum coti-
nine in SLT consumers (Figure 2A) compared with 23 
(blood and urine Pb, blood and urine Cd, Co, GA, AA, all 
VOCs, all PAHs, NNAL) in smokers (Figure 2B). Data for 
seven (Co, urine Cd, 2-hydroxyfluorene, 3-hydroxyfluo-
rene, 2-hydroxyphenanthrene, 3-hydroxyphenanthrene, 
NNAL) analytes showed a statistically significant, posi-
tive association with serum cotinine in both smokers and 
SLT consumers.

Of the analytes with a significant, positive associa-
tion with serum cotinine among both SLT consumers 
and smokers, only NNAL was higher in SLT consumers 
(Figure 1B).

Discussion

To better understand the differences in exposure asso-
ciated with the use of various tobacco products, differ-
ences in the exposure biomarkers of certain chemical 
constituents in tobacco and MSS may be of interest. This 
study compared levels of exposure biomarkers for certain 
chemical constituents of SLT and MSS in a large sample 
representative of the US population.

Overall, the results observed in this study are consis-
tent with available and previously published findings 
from the US. Although publications of exposure bio-
markers data in SLT consumers are largely missing from 
the peer-reviewed literature, relevant data comparing 
smokers with nonsmokers are more widely available. 
Previous publications regarding exposure biomarkers 
of certain PAHs and VOCs, Cd, Pb, and AA/GA have 
reported increased concentrations in smokers com-
pared with nonsmokers, consistent with this analysis 
(Hajimiragha et  al., 1989; Willers et  al., 1992; Heudorf 
and Angerer, 2001; Nan et al., 2001; Hecht, 2002; Scherer, 
2005; McKelvey et al., 2007; Lin et al., 2008; Richter et al., 
2009; Roethig et al., 2009; Vesper et al., 2010). Although 
of note, three previous publications reported no signifi-
cant difference in certain PAH biomarkers levels between 
smokers and nonsmokers (Jacob et al., 1999; Alexandrie 
et  al., 2000; Apostoli et  al., 2003). Also consistent with 
the current findings, evidence from previous publica-
tions support urinary As and Co may not be different in 
cigarette smokers and nonconsumers of tobacco (Gebel 
et al., 1998; Heck et al., 2009; Richter et al., 2009), and 
serum Se (Wei et  al., 2001; Kafai and Ganji, 2003) and 
Hg concentrations may not be different or may be lower 
in smokers compared with nonconsumers (McKelvey 
et al., 2007; Richter et al., 2009). There is evidence that 
the findings for Se and Hg may be a result of dietary dif-
ferences among tobacco-consumption groups (Kafai 
and Ganji, 2003; Smith et  al., 2009). For Se, Kafai and 
Ganji (2003) provided evidence to support lower dietary 
intakes of Se in smokers. For Hg, results from a study 
of women NHANES participants 1999–2002 (Smith 
et al., 2009) indicated that increased fish consumption 
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was associated with increases in blood Hg concentra-
tions, yet decreased levels of serum cotinine. Previous 
studies found similar levels of total NNAL in urine of 
SLT consumers and smokers (Kresty et al., 1996; Hecht 
et al., 2002). However, results from a larger study (Hecht 
et al., 2007) indicated that SLT consumers showed sig-
nificantly higher levels of NNAL in their urine when 
compared with smokers, consistent with findings from 
this analysis.

Regarding the relationship between serum cotinine 
and tobacco-relevant chemical exposures, the overall 
results of this analysis are similar to previously reported 
results. Biomarkers of nicotine in NHANES are limited to 
cotinine measured in serum. In the literature, chemical 
associations with cotinine measured in urine are more 
widely available; however, any trend observed may 
still be relevant to these results. Consistent with these 
results, certain PAHs, benzene, AA, Cd, Pb, and NNAL 
have been previously reported to be positively associ-
ated with cotinine in populations of US and non-US 
smokers (Willers et al., 1992; Shaham et al., 1996; Yang 
et  al., 1999; Buratti et  al., 2000; Scherer et  al., 2000; 
Hecht et  al., 2002, 2007; Mannino et  al., 2005; Manini 
et  al., 2006, 2008; Vesper et  al., 2007). Different from 
the results presented here, others have reported no sig-
nificant association for 1-OHP, toluene, ethylbenzene, 
and xylenes with cotinine (Murphy et al., 2004; Manini 
et  al., 2008). In addition, Se has been reported to be 
negatively associated with cotinine (Kafai and Ganji, 
2003; Ellingsen et  al., 2009), whereas in this analysis, 
no significant association was observed. The significant 
inverse association of HpCDD in smokers reported here 
has been observed for PCDDs previously (Lee et  al., 
2008). As these compounds tend to accumulate in adi-
pose tissue, such a finding could possibly be due to a 
generally lower BMI observed in smokers compared 
with nonconsumers. The significant positive associa-
tion between NNAL and SLT consumers observed here 
has also been reported previously (Hecht et  al., 2002, 
2007).

The strengths of the evaluation presented here 
include the use of data from NHANES, a well-established 
biomonitoring program in the US. NHANES data provide 
a large sample, representative of the US population, and 
individual level data are available to account for poten-
tial confounders including, age, gender, race/ethnicity, 
BMI, PIR, and urinary creatinine. In addition, survey 
participants reported consumption of tobacco prod-
ucts under actual and typical conditions, as opposed to 
an experimental study, in which participation may be 
altered by self-selection or inclusion/exclusion criteria, 
and tobacco product type or frequency of consumption 
may be restricted. That individual level data are available 
by tobacco use category (i.e., smokers, SLT consumers, 
and nonconsumers) is useful for comparison of exposure 
biomarkers across these groups.

Using NHANES data also presents limitations. 
Tobacco consumers are a minority of the NHANES 

participants, and of tobacco consumers, the majority 
are cigarette smokers. Accordingly, for most analytes, 
the sample sizes for SLT consumers were relatively 
small (<100). Thus, some of the results from this analy-
sis should be interpreted with caution. An additional 
limitation of this data set is that tobacco-consumption 
groups were based on self-reporting of tobacco con-
sumption (or nonconsumption) in the previous 5 days 
before the survey, which may not be representative 
of chronic tobacco consumption or nonconsumption 
(e.g., the nonconsumption group may include recent 
quitters and consumer groups may include occasional 
tobacco consumers). However, nonconsumers were 
confirmed using a serum cotinine cut off of ≤15 ng/mL 
(NCI, 1999), which likely reduces some potential mis-
classification. The misclassification rate in this analysis 
was 1.9% (i.e., 297/15829), lower than some previously 
reported (NCI, 1999). Certain potential confounders 
such as dietary or occupational exposures for indi-
vidual chemicals were not included in analyte-specific 
analyses.

The data in the analyses presented here represent 
information relevant to exposure and absorbed dose 
of certain chemicals of potential toxicological concern 
in smokers and SLT consumers. These biomarker data 
represent total exposure, whereby the contribution of 
individual and likely multiple sources of exposure cannot 
be determined. In addition, the effects of varying routes 
of exposure and accompanying potential differences in 
metabolism among participants cannot be evaluated 
using these data (Albertini et al., 2006). For example, the 
increased levels of NNAL in the urine of SLT consum-
ers compared with smokers could, at least partially, be 
explained by those effects (Benowitz et al., 1989; Ebbert 
et al., 2004; Hecht et al., 2007). Previous studies indicated 
that NNK was metabolized to NNAL to a greater extent 
(approximately three- to four-fold) in SLT consum-
ers when compared with smokers (Hecht et  al., 2008; 
Stepanov et al., 2008).

Finally, differences in exposure levels for several 
chemicals between smokers and SLT consumers were 
presented. As a whole, the results suggest a lower level 
of exposure among SLT consumers when compared with 
smokers. These results are potentially useful in inform-
ing the health-risk assessment and regulatory processes 
related to tobacco products.
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Erratum

Since the first online publication of this article on 25 February 2011, the following has been corrected:

1) Page 5, line 5 under the heading “SLT consumers versus nonconsumers”:
2-hydroxyfluoranthene has been replaced with 2-hydroxyfluorene
3-hydroxyfluoranthene has been replaced with 3-hydroxyfluorene

2) Page 5, line 11 under the heading “Smokers versus SLT consumers”:
9-hydroxyfluoranthene has been replaced with 9-hydroxyfluorene

There has also been a sentence added to the Declaration of interest to read:
All four authors are R.J. Reynolds Tobacco Company employees.
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