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Abstract

Introduction: The Population Assessment of Tobacco and Health (PATH) Study is a longitudinal
cohort study on tobacco use behavior, attitudes and beliefs, and tobacco-related health outcomes,
including biomarkers of tobacco exposure in the U.S. population. In this report we provide
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a summary of urinary nicotine metabolite measurements among adult users and non-users of
tobacco from Wave 1 (2013-2014) of the PATH Study.

Methods: Total nicotine and its metabolites including cotinine, ans-3’-hydroxycotinine
(HCTT), and other minor metabolites were measured in more than 11 500 adult participants by
liquid chromatography tandem mass spectrometry methods. Weighted geometric means (GM) and
least square means from statistical modeling were calculated for non-users and users of various
tobacco products.

Results: Among daily users, the highest GM concentrations of nicotine, cotinine and HCTT
were found in exclusive smokeless tobacco users, and the lowest in exclusive e-cigarette users.
Exclusive combustible product users had intermediate concentrations, similar to those found in
users of multiple products (polyusers). Concentrations increased with age within the categories of
tobacco users, and differences associated with gender, race/ethnicity and educational attainment
were also noted among user categories. Recent (past 12 months) former users had GM cotinine
concentrations that were more than threefold greater than never users.

Conclusions: These urinary nicotine metabolite data provide quantification of nicotine exposure
representative of the entire US adult population during 2013-2014 and may serve as a reference
for similar analyses in future measurements within this study.

Implications: Nicotine and its metabolites in urine provide perhaps the most fundamental
biomarkers of recent nicotine exposure. This report, based on Wave 1 of the Population
Assessment of Tobacco and Health (PATH) Study, provides the first nationally representative data
describing urinary nicotine biomarker concentrations in both non-users, and users of a variety of
tobacco products including combustible, e-cigarette and smokeless products. These data provide a
urinary biomarker concentration snapshot in time for the entire US population during 2013-2014,
and will provide a basis for comparison with future results from continuing, periodic evaluations
in the PATH Study.

Introduction

Tobacco use remains the leading preventable cause of morbidity and mortality in the United
States,! with active smoking and exposure to secondhand smoke (SHS) responsible for
more than 480 000 US deaths annually.12 Current exposures to nicotine extend beyond
traditional cigarettes and related combustible tobacco sources to include various forms of
smokeless products, e-cigarettes, emerging heated products, and other alternative delivery
products. In 2011, the Population Assessment of Tobacco and Health (PATH) Study was
initiated by the US Food and Drug Administration Center for Tobacco Products (FDA CTP)
and the National Institutes of Health, National Institute on Drug Abuse (NIH NIDA) as

a longitudinal study of tobacco use, its determinants, and its impacts.3# The PATH Study
consists of a nationally representative cohort of tobacco product users, never users, and
former users including youth aged 12-17 and adults aged 18 and older. The weighted
response rate for the household screener was 54%. Among screened households the overall
weighted response rate was 74% for the Adult Interview, and among those completing

the Adult Interview, the weighted response rate for providing a urine sample was 63.6%.3
During the PATH Study, information on tobacco type and use patterns, and urine samples
from selected adults, are collected approximately every 12 months for the first four waves,
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and biannually thereafter. Primary objectives of the PATH Study are to generate longitudinal
epidemiologic data on the status and trends in the types, extent and nature of tobacco
product use and biomarker assessed exposure by the US population, and to inform and
monitor the impact of FDA'’s regulatory actions under the terms of the 2009 Family
Smoking Prevention and Tobacco Control Act (TCA).4

NICT (NICT, COTT, and HCTT are defined as the total urinary content of nicotine, cotinine
and trans-3’-hydroxycotinine, respectively) is perhaps the most fundamental biomarker of
exposure to tobacco products. The presence of NICT and its metabolites in biospecimens
indicates systemic exposure, either through active use of tobacco products, secondhand,
and/or thirdhand tobacco smoke (SHS, THS), or in some cases, the use of NICT replacement
therapy (NRT). Many biological matrices can be used for measurements of NICT and

its metabolites, but urine provides the most complete, concentrated, and comprehensive
assessment of NICT metabolites in a readily accessible, noninvasive matrix.>6 Following
absorption, NICT undergoes extensive metabolism in the body with two major metabolites,
cotinine (COTT) and #rans-3’-hydroxycotinine (HCTT), excreted in urine, with lower
concentrations of NICT itself and several other, minor metabolites.”:8 All three main
analytes (NICT, COTT and HCTT) form A-~glucuronides, and HCTT also forms an O-
glucuronide which is the predominant form for this analyte.

COTT and HCTT are generally preferred over NICT as the primary biomarkers of exposure
because of their higher concentrations and longer elimination half-lives.5-8 In all cases, the
extent of NICT exposure based on the analysis of biomarkers can be variably affected by

the user’s choice and pattern of tobacco use, and by timing, demographic characteristics, and
potential differences in metabolic activity.®

Here, we report the measurement of total NICT, its various metabolites, and three derived
Total Nicotine Equivalents (TNE) values in urine samples from Wave 1 of the PATH Study,
representative of never, current, and recent (past 12 months) former tobacco users in the
civilian, non-institutionalized US population. Results from the analyses of serum COTT and
HCTT have been described elsewhere.®

Interview Data

The PATH Study is a nationally representative, longitudinal cohort study of 45 971 adults
and youth, ages 12 years and older. The urinary biomarker results described here are
from adults aged 18 and older selected to have their Wave 1 biospecimens analyzed

as described in the Wave 1 Biomarker Restricted Use File User Guide.10 A stratified
probability sample of 11 522 adults who completed the Wave 1 (W1) adult interview and
who provided a urine specimen were selected for laboratory analyses. Several tobacco
use groups were defined, and the weighting procedures used to assure that the biomarker
results are nationally representative of members of their respective tobacco use category
are described in detail in Section 3 of reference 10 (pp. 7-18). Thus, all weighted
biomarker estimates are representative of never, current, and former (past 12 months) users
of tobacco products in the US adult population at the time of W 1 (September 12, 2013
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to December 14, 2014). Further details of the PATH Study design and methods have been
provided previously.3# Survey interview procedures, questionnaires, sampling, weighting
and information on accessing the data are available at https://doi.org/10.3886/Series606. The
Westat (Rockville MD) Institutional Review Board (IRB) approved the study design and
protocol for the PATH Study.

Population Classification

Wave 1 adult participants with urinary biospecimen data were classified into three distinct
sets of tobacco user groups for analysis based mainly on the tobacco use constructs outlined
by Kasza et al.,}1 and an additional “combined polyuser category” that represents the
combination of the three primary sets. These groups were chosen to examine the impact of
differential patterns and timeframes of product use on the resulting estimates of exposure.
The classification scheme, additional selection steps and definitions used for tobacco users
and non-users are outlined in Table 1. Non-users are subdivided between those who reported
working or living with smokers, and those who reported no known exposure sources to SHS
(non-SHS).

Detection Rates

Summaries of the detection rates are given in Supplementary Table S1. Nearly all
biomarkers had detection rates of >92% among tobacco users. The lowest detection rates
were for nornicotine which was 92% among all users, and 87% for exclusive e-cigarette
users. The COTT and HCTT detection rates were 98% or higher among all participants
including all non-users.

Analytical and Statistical Procedures

Results

Nicotine metabolites and analogs were analyzed by LC/MS/MS.12-14 COTT and HCTT

in low concentration samples were measured by a separate method, also by using LC/MS/
MS.15 The two methods were cross validated periodically to assure comparable results.
Urinary creatinine was measured by using a Roche Cobas analyzer. These methods are
described in detail in the Supplementary Material. All assays adhered to the rigorous
requirements of the QC/QA program in place at the CDC NCEH Division of Laboratory
Sciences.18 Samples with creatinine concentrations less than 10 or greater than 370 mg/dL
(hydration/dilution outliers) were excluded from any further evaluations to avoid including
data from either overly dilute or hyper concentrated urine samples.17:18

Statistical analyses were sample weighted using Wave 1 urine weights as described in the
Biomarker Restricted Use Files User Guide,10 and performed using version 9.4 of SAS
(SAS Institute Inc, Cary, NC) and SUDAAN version 11.0.0 (Research Triangle Institute,
Research Triangle Park, Cary NC). Additional details of these analyses are provided in the
Supplementary Material.

Demographics for tobacco users and non-users in this study are summarized in
Supplementary Table S2. In addition to user and non-user groups, the participants were
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further classified by race/ethnicity, age, sex, and educational attainment. Tobacco users were
divided into established daily users vs. intermittent users (defined in Table 1), and further
included in major sub-categories based on self-report as shown in Table 2 including users of:
(a) exclusively combustible products (62.7%), (b) exclusively smokeless tobacco (5.4%), (c)
exclusively e-cigarettes (2.9%), and (d) mixed use or “polyusers” (29%) who regularly used
more than one type of product.

Non-users of tobacco were further subdivided in some cases into never users of tobacco
(73.5%), and recent (past 12 months) former tobacco users. No biomarker samples were
analyzed from former users whose last use of tobacco was more than 12 months prior

to evaluation. Biomarker concentrations among non-users are subdivided between those
who reported working or living with smokers, and those who reported no known exposure
sources to SHS.

Table 2 provides the GM and 95% ClI, adjusted for creatinine, for NICT, COTT, and HCTT
among (a) all tobacco users, (b) those who used combustible, smokeless or e-cigarettes
exclusively, and (c) polyusers. Separate results for exclusive cigarette smokers are also
provided in Table 2. GM of all analytes among tobacco users overall, and among each

of the sub-categories, were substantially higher for daily compared to intermittent users.
Among daily users, NICT, COTT and HCTT concentrations all varied by tobacco source.
For example, the GM for urinary COTT among daily exclusive users of combustible tobacco
was 2776 pg/g creatinine (95% CI 2629, 2932), whereas it was 4323 pg/g (95% CI 3781,
4943) in smokeless tobacco users, and 1691 ug/g (95% CI 1217, 2351) in e-cigarette

users. In statistical models of daily users, exclusive users of smokeless tobacco products

had significantly higher least-square mean (LSM) COTT concentrations in comparison to
exclusive users of combustible tobacco (p value < .0001, Supplementary Table S7). Similar
differences in LSM were found for NICT and HCTT (Supplementary Tables S5 and S9).
Daily polyusers had adjusted LSM NICT concentrations that were significantly higher than
those of exclusive users of combustible tobacco (p value = .0032, Supplementary Table S5).
COTT and HCTT LSM concentrations were also significantly higher in polyusers (o value <
.0001 in both cases, Supplementary Tables S7 and S9).

Among non-users of tobacco, mean COTT and HCTT concentrations were less than 1
ug/g creatinine (Table 2). It is interesting that former users had GM concentrations of both
metabolites that were more than 3 times greater than the concentrations measured in never
USers.

TNEZ2 values for both users and non-users of tobacco, and TNE3 values for tobacco users,
are summarized in Table 2. The results for these derived values were in all cases similar to
those observed for the individual analytes.

Log distributions and a contour plot matrix for all daily tobacco users are shown in
Supplementary Figure S1. COTT and HCTT were strongly correlated (r=0.81), and NICT
was also correlated with both COTT and HCTT (r=0.78 and r= 0.59, respectively). As
would be expected, TNE2 and TNE3 were strongly correlated with each other, as was the
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correlation between TNE2 and HCTT (r= 0.97). The plot of NICT versus HCTT had the
greatest degree of scatter.

Comparison of the TNE2 distribution plots among various categories of daily tobacco users
indicates that exclusive combustible product users, exclusive cigarette users, and polyusers,
all had similar profiles (Supplementary Figure S2). Conversely, the distribution among
exclusive smokeless users was skewed towards higher concentrations. Daily exclusive e-
cigarette users had a distribution maximum similar to that of established cigarette smokers,
but the e-cigarette users’ distribution was notably broader, and displayed more tailing into
the lower concentration range than other users.

Urinary total NICT, COTT, and HCTT concentrations among daily tobacco users in
groups subdivided by gender, age, race/ethnicity, and educational attainment are given in
Table 3. GM concentrations were similar for men and women among smokeless tobacco
users, although the number of female smokeless tobacco users was relatively small. The
creatinine-adjusted GM concentrations of all three analytes were higher (30%—-40%) in
women compared to men for both combustible tobacco and among polyusers, although
male e-cigarette users had slightly higher COTT and HCTT means. Each age group had
progressively higher GM NICT metabolite concentrations, and analyte concentrations were
generally higher among those with lower educational attainment in both the smokeless
and e-cigarette categories. This difference was attenuated in the exclusive combustible and
polyuser categories.

When statistical models were evaluated on the basis of race/ethnicity after adjusting

for covariates, total NICT, COTT, and HCTT concentrations in Hispanic people were

all significantly lower than in Non-Hispanic White people (NHW) (p value < .0001 in
each case, Supplementary Tables S5, S7, and S9). However, comparison of NHW and
Non-Hispanic Black people (NHB) was more complex. NHB had significantly lower LSM
NICT concentrations (p value < .0001, Supplementary Table S5), slightly higher but not
significantly different COTT concentrations (p value = .7731, Supplementary Table S7),
and significantly higher HCTT concentrations (o value = .0333, Supplementary Table S9)
compared to NHW. By contrast, in a comparison of the Other Race/Multiracial category
with NHW, the LSM of NICT was insignificantly higher (p value = .8353, Supplementary
Table S5) whereas both COTT and HCTT were significantly lower than in NHW (p value
=.0442 and pvalue < .0001, respectively, Supplementary Tables S7 and S9). However, the
Other Race/Multiracial category is both relatively small and heterogeneous relative to the
other two groups.

Summary results among daily tobacco users for the minor urinary metabolites nornicotine,
nicotine 1’-oxide and cotinine N-oxide in both creatinine-adjusted and unadjusted form are
provided in Table 4. Although the GM concentrations were much lower overall, the results
were similar to those observed with the major metabolites. Thus, nornicotine, nicotine
1’-oxide, and cotinine N-oxide had similar GM values among daily combustible tobacco and
polyusers, whereas the GM were lower in daily exclusive e-cigarette users and about 30%
higher in exclusive smokeless tobacco users. Exclusive cigarette smokers had slightly higher
concentrations than all combustible product users for all three analytes. Similar results were
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seen in both the creatinine-adjusted and unadjusted groups (Table 4). Values for urinary
TNESG, the NICT equivalents estimate that is based on NICT and five other major and

minor metabolites, should provide the best available estimate of recent NICT intake. As
shown in Table 4, TNEG6 averaged 42.2 umol/g creatinine for all users and was 140% higher
(101 umol/g creatinine) in smokeless users. TNE6 was similar for exclusive combustible
tobacco product users and polyusers and averaged about 50%—-60% higher than for exclusive
e-cigarette users in both cases.

Discussion

This study summarizes urinary NICT metabolite measurements in Wave 1 (2013-2014) of
the PATH Study. All urinary NICT metabolites reported here are the total concentrations,
i.e., they are measured following a prior hydrolysis of the glucuronides, rather than
measuring only the free forms. Since the relative amounts of the free and glucuronide forms
can vary among individuals, measuring total concentrations should be more reflective of
recent prior exposure to NICT, subject to the inherent limitations of spot urine sampling.

It is reasonable to assume that daily tobacco users on average would have higher NICT
biomarker concentrations than intermittent users, and that is consistent with our results.
Among all users, and among exclusive users of each tobacco type, daily users had
substantially higher GM of urinary NICT metabolites than did intermittent users (Table

2) and the adjusted LSM differences were statistically significant in all cases (o value < .001,
Supplementary Tables S6, S8, and S10). Similarly, TNE2 GM among intermittent users was
on average less than 10% of the value for daily tobacco users in all categories (Table 2).

Smokeless tobacco users were consistently highest in the concentration of all urinary NICT
biomarkers in comparison to exclusive users of other tobacco products. In the adjusted

LSM models, the mean NICT, COTT, and HCTT concentrations were consistently and
significantly higher among exclusive smokeless daily users than nearly all other categories
(o value <.0001 in all but two comparisons, Supplementary Tables S6, S8, and S10). Similar
significant differences were seen for TNE2 and TNE3 with exclusive smokeless daily users
compared to all other categories including polyusers (p values < .0079, Supplementary
Tables S12 and S14).

Several previous studies have also found that smokeless users have relatively higher urinary
NICT biomarker concentrations than do cigarette smokers.19-22 The US smokeless user
category is a broad one that essentially encompasses all noncombustible tobacco sources
(excluding Electronic Nicotine Delivery Systems). Thus “smokeless” includes traditional
chewing tobacco such as plug, twist and loose leaf “spit” tobacco, dry and moist snuff,
Snus, and dissolvables, all with differing contents and delivery of NICT,23:24 and with
significant variations in pH. With respect to pH, it should be noted that some forms of
smokeless tobacco such as Snus and dissolvables also have the highest percentage of
unprotonated nicotine (the most absorbable form) of all smokeless products,23 increasing
nicotine bioavailability.
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Currently, information on potential differences between urinary NICT metabolite levels
between adult daily exclusive combustible product users and exclusive e-cigarette users
remains limited. Many previous studies of e-cigarettes have focused on youth and occasional
users, and dual use of both cigarettes and e-cigarettes is common. Furthermore, this is an
actively evolving area which complicates evaluations. For example, the data reported here
were collected about 6 years ago in 2013-2014, prior to subsequent changes such as the
2015 introduction of the currently popular nicotine salts devices and other variants with
higher NICT content. However, the longitudinal aspect of the PATH Study is well suited to
monitoring the changing landscape of the tobacco market.

Daily exclusive e-cigarette users in this evaluation had lower urinary NICT metabolite levels
than exclusive daily users of combustible tobacco products. Some prior studies have reported
similar concentrations of urinary NICT metabolites in smokers and e-cigarette users.2>
Conversely, Lorkiewicz et al.26 reported lower urinary NICT metabolite concentrations in
first generation e-cigarette users compared to conventional smokers. Hecht et al.2” studied
28 mostly daily exclusive e-cigarette users in a study contemporaneous with Wave 1 of the
PATH Study. They found urinary COTT GM in the e-cigarette users that were comparable
to those reported in one prior study of cigarette smokers, but significantly lower than those
reported in a separate, larger study of smokers.2” The e-cigarette users’ urinary COTT GM
found by Hecht et al.2” of 1880 ng/mL was similar to but somewhat higher than the COTT
GM found in this study of 1472 ng/mL. It is possible that future Waves of the PATH Study
may find increases in NICT metabolite concentrations among exclusive users of newer
tobacco products that more efficiently deliver nicotine.28

GM of urinary NICT, COTT, and HCTT varied by gender, age, and race-ethnicity among
PATH Study Wave 1 tobacco users in a manner that is generally consistent with prior
reports.6:29-31 GM total NICT, COTT and HCTT concentrations were similar between

men and women among all tobacco use categories. Gender is known to influence nicotine
metabolism.8 Men typically have higher urinary creatinine concentrations than women
which could have biased the ratio, but similar results were found in both the creatinine-
adjusted and unadjusted data (Table 3; Supplementary Table S4). Furthermore, in the
covariant model adjusting for age, race-ethnicity, creatinine and all forms of tobacco usage,
LSM concentrations of all three urinary NICT metabolites were significantly higher among
women than men: NICT (p value = .0110, Supplementary Table S5), COTT (p value =
.0006, Supplementary Table S7) and HCTT (p value < .0001, Supplementary Table S9).

Age was also associated with higher GM of NICT metabolite concentrations. Among all
tobacco use categories, the GM for COTT and HCTT were approximately twice as high in
those aged >55 compared to the 18—-24 age group, and mean NICT was approximately 4-fold
higher in the older group. Overall, a consistent trend of increasing concentrations by age
category was seen for all three analytes (Supplementary Tables S5, S7, and S9). When age
was included as a continuous variable, the adjusted natural log models for NICT, COTT, and
HCTT all had positive slopes ranging from 0.0268 to 0.0305 and were significant in all three
cases (p value <.0001). The basis for this trend might include more intensive NICT intake
among older users through changes in the number of cigarettes or other tobacco source used
per day, more intensive smoking behavior, metabolic changes with age, or self-selection
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over time through attrition of lighter smokers who have quit. Evaluation of data from future
waves of the PATH Study comparing data from the same participants may help to clarify this
matter.

The higher urinary metabolite GM concentrations among NHW vs. NHB users of
combustible products and in polyusers (Table 3) differs from the results in prior reports
from NHANES in which serum COTT was highest in NHB, albeit by relatively small
differences.32 This appears to reflect a difference between studies rather than biospecimen
matrix since serum COTT concentrations in NHW were also higher in the PATH Study than
in prior NHANES.® Differences in study design or in the relative timing of the studies may
account for this. It might be noted that in the serum COTT analyses, the mean differences
between the two studies were found to apply only to cigarette smokers and not to all
combustible users in general.®

Although NHB typically smoke fewer cigarettes per day (CPD), they often have higher
serum COTT concentrations per cigarette smoked, probably reflecting differences in
smoking topography and NICT metabolic activity.5:32-34 In Wave 1 of the PATH Study,

the average number of cigarettes up to 100 CPD (a small number of reports >100 CPD were
excluded as presumed erroneous entries) self-reported by NHB daily exclusive cigarette
users was 9.4 (95% ClI: 7.9, 10.9, n= 273), whereas among NHW daily exclusive cigarette
users it was 15.2 (95% CI 14.4, 16.0; n= 1414) CPD. However, comparison of NHANES
and the PATH Study is complicated by the more detailed product classification scheme used
in the PATH Study. Again, the longitudinal nature of the PATH Study may help to confirm
and/or clarify these differences.

The correlation of NICT with COTT is strong among daily tobacco users (Supplementary
Figure S1; r=0.78), and stronger than the relationship between NICT and HCTT (r=0.59),
which had the most scatter overall. Conversely, the correlation between COTT and HCTT (r
= 0.81) was the strongest among the three major analytes. This is reasonable considering the
pathway of metabolism of NICT — COTT — HCTT. The strong correlation between TNE2
and HCTT (r=0.97) was the highest observed overall other than the relation between TNE2
and TNE3. TNE3 in urine would be expected to provide the best overall estimate of recent
nicotine exposures based on the three major analytes, and TNE3 was strongly correlated
with each, ranging from r=0.80 for NICT to = 0.93 for COTT. TNE6 which is based on
the three major NICT analytes, plus additional minor metabolites should provide the best
available estimate of recent NICT intake, accounting for 80%—-90% of the daily NICT dose
when measured in 24-h urine at steady-state.6:35

As expected, the lowest NICT metabolite concentrations observed in this study were from
non-users of tobacco products. The low concentrations measured in this group represent
exposure to environmental sources of NICT including SHS and THS, and those who lived

or worked with smokers consistently had higher mean concentrations than those who did
not. The highest concentrations overall among non-users were found in SHS-exposed former
users, and the lowest among non-exposed never users. Former users had urine levels that
were higher relative to never users such that the mean concentration of COTT among
non-exposed former users was similar to the mean concentration observed among the SHS-
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exposed group in the never users’ category. However, since the time from the most recent
use of tobacco is not specified for the group, former users who only quit relatively recently
may have influenced this result. Furthermore, since both smoking status and exposure to
SHS were based solely on self-report, the possibility of incorrect assignment from false
reporting cannot be excluded. Although a firm basis for this difference is not yet clear,
these results do suggest that evaluations of non-users should distinguish between never
users and currently abstinent but former users when assessing current exposure to SHS, and
also suggest that recording the time since cessation for former users would be helpful to
distinguish those who have only recently quit from other non-users.

Urinary NICT metabolites are fundamental biomarkers of nicotine exposure in people and
this article presents the mean concentrations among both non-users and users of various
types of tobacco products in Wave 1 of the PATH Study. These results document important
differences in biomarker levels according to both frequency of use and type of products
used.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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