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Abstract

Cigarette smoking is a leading cause of premature mortality, attributable to
chronic exposure to toxic compounds in cigarette smoke, including tobac-
co-specific nitrosamines, which are known carcinogens. This research aims to
assess the association between NNAL, a metabolite of the tobacco-specific ni-
trosamine NNK, and mortality. Data from 14,766 U.S. adults aged 21 - 79 in
the National Health and Nutrition Examination Survey (2007-2014) included
smoking status and urinary NNAL concentration at the time of examination.
These data were linked to participants’ subsequent mortality status as rec-
orded in the public-use Linked Mortality File (through 2015). Cox propor-
tional hazards regression models assessed the relative risk of all-cause, cancer,
cardiovascular disease (CVD), and other-causes mortality for increasing le-
vels of natural log (creatinine-adjusted NNAL). In the whole sample, a unit
increase in log (NNAL) is associated with a 20% higher risk of all-cause (HR
= 1.20; 95% CI: 1.16 - 1.24), cancer (HR = 1.20; 95% CI: 1.14 - 1.26), CVD
(HR = 1.21; 95% CI: 1.12 - 1.31) and other-causes (HR = 1.20; 95% CI: 1.15 -
1.25) mortality. Among current smokers, a unit increase in log (NNAL) is
associated with 44% higher cancer mortality risk (HR = 1.44; 95% CI: 1.08 -
1.92) and a 96% higher CVD mortality risk (HR = 1.96; 95% CI: 1.20 - 3.20).
Risks of all-cause and other-causes mortality, but neither cancer nor CVD
mortality, were positively associated with NNAL among never and former
smokers. Inferences are limited by the observational nature of the data, and
by the focus on a single biomarker of tobacco-related exposure. The findings
suggest that urinary NNAL concentration is acting as a proxy for exposure to
the toxicants in cigarette smoke rather than as a biomarker of disease-specific
mortality risk.
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1. Introduction

Cigarette smoking is a major cause of preventable disease and mortality. Al-
though smokers are motivated to smoke to obtain nicotine, the adverse effects of
cigarette smoking are caused by exposure to other constituents of tobacco
smoke, most of which are generated by the process of combustion [1]. Research
has demonstrated that cigarette smokers are at an increased risk of cancer, car-
diovascular disease, chronic obstructive pulmonary disease (COPD), and other
diseases through their exposure to these harmful constituents [2]. In addition to
nicotine, which is not a primary driver of smoking-related morbidity or mortal-
ity [2], cigarette smoke contains thousands of other chemicals including more
than sixty carcinogens, including polycyclic aromatic hydrocarbons (PAHs),
which are not specific to tobacco, but are produced in combustion of any plant
matter, as well as tobacco-specific nitrosamines (TSNAs) ([2] and [3]). Besides
helping to explain the process by which smoking causes disease and increased
mortality risk, these substances or their metabolites provide objective biomark-
ers of exposure to cigarette smoke.

TSNAs are a particularly important class of toxicants and biomarkers because,
unlike many other toxicants in cigarette smoke (e.g., PAHs), which would be pro-
duced in the combustion of any plant matter, TSNAs are specific to tobacco [2].
Furthermore, TSNAs such as 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNK) are potent carcinogens ([2], p. 227). In animal models, NNK has been
shown to cause tumors of the lung, pancreas, liver, and nasal cavity [2]. In par-
ticular, NNK has been shown to cause tumors of the lung, nasal cavity and liver
in rats; tumors of the lung, nasal cavity, and trachea of hamsters; and lung tu-
mors in mice [4], demonstrating its causal role in cancer in animal models,
where causality can be unambiguously established. 4-(Methylnitrosamino)-1-
(3-pyridyl)-1-butanol (NNAL), the main metabolite of NNK, is typically used to
measure NNK exposure in humans [2]. Consistent with the carcinogenicity of
NNK, and its metabolic substrate, NNAL, in animal models, observational stu-
dies have shown that NNAL concentrations in humans are associated with lung
cancer risk ([2] [5] [6] [7] [8] and [9]).

In contrast to animal model experiments designed to assess the causal rela-
tionship between NNK exposure and carcinogenesis, however, human studies
are epidemiological and observational in nature [10] and generally assess the as-
sociation between NNK exposure measured by its metabolite, NNAL, and sub-
sequent morbidity and mortality outcomes. Several such epidemiological studies
have reported evidence of a positive association between levels of biomarkers of

tobacco exposure and subsequent morbidity and mortality risk in the popula-
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tions of Norway [5], China and Singapore ([6] and [7]), Scotland [8], and South
Korea [9]. Few large-sample studies report on the association between baseline
measurements of biomarkers of tobacco exposure and subsequent morbidity or
mortality outcomes in the United States of America (U.S.) population. In a
case-control study of 200 subjects, Church et al report a positive association
between baseline levels of NNAL and the odds of subsequent lung cancer mor-
bidity [11]. Another study found an association among nonsmokers between
baseline cotinine measurements—as noted, a biomarker of tobacco exposure
strongly correlated with many harmful constituents of tobacco smoke—and
subsequent mortality outcomes [12]. The present study is a more recent and na-
tionally representative assessment of the association between NNAL and subse-
quent mortality outcomes in the U.S. population that accounts for follow-up
time using Cox proportional hazards regression analysis.

In this study, we examine the relationship between urinary NNAL concentra-
tion and mortality risks in U.S. adults using the National Health and Nutrition
Examination Survey (NHANES; [13]) 2007-2014 linked to the public-use Linked
Mortality File (LMF; [14]) with follow-up through 2015. Mortality risks were
descriptively summarized across ordinal categories of creatinine-adjusted uri-
nary NNAL (nanograms per gram creatinine; ng/g-cr), for the whole sample,
and also stratifying by self-reported smoking status. Cox proportional hazards
regression analyses were used to estimate the relative mortality risk associated
with increasing levels of urinary NNAL after controlling for sex (Unadjusted
Analysis), and additional models were used to control for other sociodemo-
graphic characteristics (Adjusted Analysis). This analytic method takes into ac-
count more information than a logistic regression analysis by accounting for
follow-up time—attained age at death or censoring—in addition to a dichotom-
ous vital status outcome, and has been shown to be more efficient than logistic
regression analysis [15].

While TSNAs have demonstrated specific roles in carcinogenesis, their pres-
ence may also serve more generally as indicators of exposure to tobacco. Because
TSNAs, PAHs and other toxicants are all present in tobacco smoke, the various
specific toxicants are highly correlated, and may serve as indicators of smoke
exposure. In cigarette smokers, NNAL is strongly correlated (r > 0.85) with ni-
cotine biomarkers, which are in turn strongly correlated (r > 0.50) with bio-
markers of other components of tobacco smoke, including NNN, 2-CYMA, and
3-HPMA [16]. Thus, any single biomarker may act as a disease-specific, causal
predictor of the effect of cigarette smoking (e.g., NNAL causing cancer) but also
as a surrogate measure of overall tobacco exposure. Accordingly, even though
NNAL is known to be a carcinogen, and not reported as a contributor to other
diseases [17], we assess the relationship of NNAL to non-cancer risks, such as
cardiovascular risks, to determine whether the association is disease-specific, or
is disease non-specific, and thus likely reflecting overall tobacco smoke exposure

including other toxicants.
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2. Methods

2.1. Overview of Data Sources

The cross-sectional NHANES has been administered by the U.S. Centers for Dis-
ease Control and Prevention (CDC) National Center for Health Statistics (NCHS)
since 1999, and includes interview and examination components [13]. Respondent
interviews provide demographics and tobacco use history. Biological specimens
are collected at Mobile Examination Center (MEC) examinations. NCHS also pro-
vides public-use and restricted-use LMFs that contain all-cause and cause-specific
mortality status as well as follow-up time for respondents to NHANES and other
survey programs [14]. Public-use LMFs are updated periodically. The present
analysis uses the public-use LMF with mortality follow-up through December 31,
2015. This LMF contains interval-censored follow-up time, vital status, and lead-
ing cause of death coarsened into three categories for NHANES 2007-2014 res-
pondents: mortality due to malignant neoplasms, diseases of the heart, and all-
other-causes. Respondents ineligible for public-use mortality follow-up include
those less than 18 years old at interview, those with insufficient identifying infor-

mation, and those for whom mortality linkage could present an identification risk.

2.2. Self-Reported Smoking Status

At interview, respondents reporting having smoked < 100 cigarettes in their life-
time were classified as never smokers. All others were classified as ever-smokers:
those reporting smoking “every day” or “some days” as current cigarette smoke-
rs, those smoking “not at all” as former cigarette smokers. NNAL levels have
been shown to vary by tobacco product and frequency of product use [18]. In
NHANES 2007-2014, other tobacco product use data were only collected at the
MEC examination, which was conducted an average of two weeks after the in-
terview and at which urine samples were collected [19]. To mitigate variation
arising from transitory tobacco use behavior between the interview and urine
collection, respondents reporting tobacco use at MEC examination inconsistent
with their interview responses were excluded, such that never and former
smokers reported no MEC past-5-day use of cigarettes and current smokers re-
ported cigarette smoking on at least one of the five preceding days. Respondents
reporting any past 5-day use at examination of other tobacco or nicotine prod-
ucts (pipe tobacco, cigars, chew, snuff, nicotine replacement therapy [NRT] and
electronic nicotine delivery systems [ENDS]) were excluded to eliminate con-
founding exposures. Analyses were performed stratified by smoking status and
among all adult never, current and former smokers (“full sample”). As NNAL
concentration is expected to more directly measure actual exposures, including
among self-reported nonsmokers, analyses do not control for measures of

smoking intensity (cigarettes per day, pack-years).

2.3. Urinary NNAL and Creatinine

NNAL and creatinine were measured in the urine samples collected at the
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NHANES MEC examination, with urinary NNAL concentration first measured
in NHANES 2007-2008. Urinary creatinine was used to adjust NNAL measure-
ments for urinary dilution, and analyses were performed using creatinine-adjusted
NNAL (NNAL, ng/g-cr). For respondents with NNAL measurements below the
lower limit of detection (LLOD), NNAL was imputed using the LLOD for NNAL
divided by the square root of two [20]. The LLOD varied within and between
NHANES 2007-2012 survey cycles but was a constant 0.0006 ng/mL in NHANES
2013-2014. Henceforth we use BLLOD to denote NNAL measurements below the
LLOD. Descriptive and graphical analysis of creatinine-adjusted NNAL mea-
surements showed the data are skewed right and thus values were natural
log-transformed for analysis [log (NNAL)]. Research has shown that urinary
NNAL concentration is strongly correlated with concentrations of total nicotine
equivalents and other biomarkers of tobacco exposure [16]. To avoid multicolli-
nearity in the Cox proportional hazards regression design matrix, mortality risks
associated with NNAL are estimated without controlling for other biomarkers of

tobacco exposure.

2.4. Vital Status, Follow-Up Time, and Underlying Leading Cause
of Death

The public-use LMF provided vital status, follow-up time, and leading cause of
death, classified as: malignant neoplasms (“cancer”, ICD-10 code range: CO00-
C97); diseases of the heart (“cardiovascular disease” [CVD], ICD-10 code range:
100-109, 111, 113, and 120-I51); or other causes (all other ICD-10 codes, including
pulmonary causes, and non-disease causes such as suicide and car accidents)
[14].

2.5. Analysis Subpopulation

The analysis subpopulation is limited to NHANES 2007-2014 respondents aged
21 to 79 years old at interview, with non-missing sociodemographic characteris-
tics, urinary NNAL and creatinine measurements; eligible for mortality fol-
low-up; and with non-missing follow-up time and known underlying cause of
death. Respondents aged 80 years and older at interview, for whom age is
top-coded at 80, were excluded from the analysis subpopulation because attained
age at last follow-up, a crucial variable in Cox proportional hazards regression
analysis, is censored. Also, after age 80, overall mortality increases, and the dif-
ferential impact of tobacco exposures on premature mortality declines.

Mortality analyses were performed to assess the dose-response relationship
between NNAL and mortality outcomes. Crude mortality rates were estimated
marginally over and stratifying by smoking status, and marginally over and stra-
tified by ordinal NNAL category. To assess the relative mortality risk associated
with increasing levels of log (NNAL), Cox proportional hazards regression ana-
lyses were performed marginally over and stratified by smoking status. Sensitiv-
ity analyses were performed using ordinal NNAL categories. Analyses marginal

over smoking status permit analysis over the gradient of NNAL in the analysis
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subpopulation, while analyses stratified by smoking status permit analysis over
the NNAL gradient among those with generally higher (current smokers) and
lower (former and never smokers) levels of NNAL at examination.

Ordinal NNAL categories were constructed as follows. Respondents with
NNAL BLLOD were coded as the lowest of five ordinal categories. The second
lowest ordinal category includes respondents with NNAL above the LLOD and
less than 2.0 ng/g-cr, the upper cut point approximating the median of the dis-
tribution of NNAL among former smokers and never smokers with NNAL
above the LLOD (unweighted median = 2.1 ng/g-cr; weighted median = 2.0
ng/g-cr). The third, middle category includes respondents with NNAL at least
2.0 ng/g-cr and less than 200 ng/g-cr, the upper cut point approximating the first
tertile of the distribution of adjusted NNAL among self-reported current
smokers (unweighted first tertile = 179.1 ng/g-cr; weighted first tertile = 197.1
ng/g-cr). The fourth ordinal category contains respondents with NNAL from
200 ng/g-cr to less than 400 ng/g-cr, approximating the second tertile of the dis-
tribution of adjusted NNAL among self-reported current smokers (unweighted
second tertile = 398.6 ng/g-cr; weighted second tertile = 435.3 ng/g-cr). The fifth
and highest ordinal NNAL category includes respondents with NNAL mea-
surements of 400 ng/g-cr or more, approximating the third tertile of the distri-
bution of NNAL among current smokers.

Analyses were performed using SAS® software (version 9.4, copyright 2016 by
SAS Institute, Cary, NC, USA) to account for the multistage probability sam-
pling design and post-stratification weights. Summary statistics and crude mor-
tality rates were estimated using the SURVEYFREQ and SURVEYMEANS pro-
cedures. Cox proportional hazards regression analysis was performed using the
SURVEYPHREG procedure.

3. Results

3.1. Respondent Characteristics

The analysis population included 14,766 respondents. See Table 1. Respondent
demographics are summarized in Table 2. This sample was 52.8% female, and a
majority were non-Hispanic white (68.4%), married or living with a partner
(65.5%), and had attained more than a high school education (62.5%). Most
identified as never smokers (56.4%), with 22.9% identifying as former smokers,
and 20.7% as current smokers.

NNAL data are summarized in Table 3. Among self-reported current smokers
NNAL measurements were largely consistent with current tobacco use, but
measurements for about one in four self-reported never and former smokers
were inconsistent with no recent tobacco exposure. Less than 1% of self-reported
current smokers had NNAL < 2 ng/g-cr. However, nearly 20% of self-reported
never smokers and nearly 30% of self-reported former smokers had NNAL levels
ranging from 2 to 200 ng/g-cr, with about 1% of self-reported former smokers

and about 0.5% of self-reported never smokers having NNAL levels in the highest
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Table 1. Analysis subpopulation flow chart.

Unweighted N Unweighted N

Ste Description
P P Excluded by Step Remaining after Step

1 NHANES 2007-2014 respondents 40617

2 & Participated in interview and MEC examination 1451 39166
& Eligible for mortality follow-up, with non-missing vital status and follow-up

3 . 15315 23851
time

4 & Aged?2l -79 at interview 3070 20781
& Non-missing sex, race/ethnicity, educational attainment, BMI, marital

5 2026 18755
status, and IPR

6 & Non-missing urinary NNAL and urinary creatinine > 0 1227 17528
& Never, current or former cigarette smoker reporting no other past 5-day

7 2762 14766

tobacco or nicotine use at MEC examination

NHANES: National Health and Nutrition Examination Survey; MEC: Mobile Examination Center; BMI: Body Mass Index; IPR:
Family Income to Poverty Ratio.

Table 2. Weighted distribution of sociodemographic characteristics by NNAL concentration.

Full Sample  BLLOD [LLOD,2.0) [2.0,200) [200,400) 400+
N=14766 N=6124 N=2622 N=3925 N=978 N=1117

Characteristic

Smoking Status (%)

Current Smoker

20.7 0.1 0.3 28.6 97.7 96.4
N =3232
Former Smoker

22.9 26.2 26.0 26.9 14 1.7
N = 3337
Never Smoker

56.4 73.6 73.7 44.5 1.0 1.9
N = 8197
NNAL, ng/g-cr 3.26 0.53 0.93 12.39 283.53 699.85
Geometric Mean (SE) (0.181) (0.009) (0.011) (0.435) (2.237) (15.948)
Age at Interview, Years 46.93 49.52 45.37 43.56 44.96 47.87
Mean (SE) (0.262) (0.390) (0.476) (0.435) (0.550) (0.508)
Follow-up Time, Years 4.85 4.96 4.28 4.84 5.04 5.37
Mean (SE) (0.096) (0.141) (0.089) (0.093) (0.140) (0.508)
Attained Age at Last Follow-up, Years 51.78 54.49 49.65 48.39 50.00 53.24
Mean (SE) (0.277) (0.436) (0.470) (0.439) (0.505) (0.500)
Sex (%)
Male 47.2 42.9 53.0 50.2 53.5 44.9
Female 52.8 57.1 47.0 49.8 46.5 55.1
Race/ethnicity (%)
Non-Hispanic White 68.4 70.8 63.0 62.8 68.9 84.2
Non-Hispanic Black 10.7 7.4 12.0 15.8 16.1 6.4
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Continued
Hispanic 13.8 13.8 18.0 15.2 8.3 4.7
Other 7.0 8.0 6.9 6.2 6.7 4.7

Educational Attainment (%)

Less than High School 16.1 9.9 15.1 20.4 27.6 32.6
High School Diploma or GED 21.5 16.4 19.9 26.2 324 30.1
Some College or Above 62.5 73.7 66.1 53.4 40.0 37.3

Marital Status (%)

Never Married 17.1 12.0 19.0 25.2 21.0 13.5
Married or Living with Partner 65.5 74.1 66.4 55.0 56.4 54.7
Separated, Divorced, or Widowed 17.4 13.9 14.6 19.8 22.6 31.9
BMI (%)

<25 29.6 30.9 22.8 27.3 33.1 41.5
[25,30) 33.1 34.8 333 31.5 29.4 30.5
30+ 37.3 34.3 43.9 41.1 37.5 28.0
IPR (%)

<1 14.2 7.0 12.8 20.9 23.6 29.4
[1,1.5) 11.1 7.3 12.4 14.0 16.6 16.3
[1.5,2) 8.7 7.3 8.8 11.0 9.0 8.5
2+ 66.1 78.5 66.0 54.1 50.7 45.8

Due to rounding, weighted percentages may not sum to 100%. N is the unweighted frequency; SE: Standard Error; BMI: Body
Mass Index; IPR: Family Income to Poverty Ratio.

Table 3. Weighted distribution of NNAL concentration by smoking status.

Weighted Row Creatinine-adjusted Urinary NNAL Concentration (ng/g-cr)
Row Total
Percentage (N) BLLOD [LLOD, 2.0) [2.0, 200) [200, 400) 400+
c ¢ Smok 0.3 0.2 33.7 29.1 36.7 100%
urrent smoker
) 9) (1191) (952) (1071) (3232)
F Smok 50.5 19.9 28.7 0.4 0.6 100%
ormer smoker
(1628) (685) (990) (16) (18) (3337)
N Smok 57.5 22.9 19.2 0.1 0.3 100%
ever Smoker (4487) (1928) (1744) (10) (28) (8197)
Total N 6124 2622 3925 978 1117 14766

N is the unweighted frequency.

two ordinal categories.

3.2. Crude Mortality Rates

In Table 4, crude mortality rates provide evidence of a dose-response relation-

ship between baseline NNAL and all-cause, cancer, and CVD mortality. For all
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Table 4. Weighted mortality rates per 100,000 person-years by NNAL concentration.

Weighted Mortality Rate
(95% CI) [Deaths/N]

Creatinine-adjusted Urinary NNAL Concentration (ng/g-cr)

C f
;‘:i; Group Overall BLLOD [LLOD,2.0)  [2.0,200) [200, 400) 400+
rul 609.7 527.6 417.2 626.9 962.8 1068.3
u
Gumpj | (533:3:686.0)  (4210,6342)  (2722,5623)  (494.5,759.4)  (684.4,12413) (8249, 13117)
AP 1629/14766] [242/6124] [63/2622] [175/3925] [60/978] [89/1117]
Current 830.8 . . 500.8 964.6 1018.8
urren
(682.6, 979.0) (305.0,696.7)  (673.2,1256.0) (772.9, 1264.8)
Smokers [0/9] [0/9]
(187/3232] [46/1191] [58/952] [83/1071]
All-cause
. 921.0 830.8 665.9 1182.8 . .
ormer
(748.2,1093.9) (590.5,1071.1)  (359.0,972.7)  (907.5, 1458.0)
Smokers [1/16] [4/18]
[220/3337] [104/1628] [29/685] [82/990]
Never 396.8 419.9 3323 379.4 . .
(3133,4803)  (316.3,5235) (168.5,496.2) (221.5,537.3)
Smokers [1/10] [2/28]
[222/8197] [138/4487] [34/1928] [47/1744]
rul 190.3 179.6 126.9 147.4 266.9 420.9
S " o (597,2208)  (1312,2280)  (683,1856)  (91.9,2029) (1212,4125) (270.,57L0)
ample
P [194/14766] [75/6124] [22/2622] [48/3925] [17/978] [32/1117]
Current 278.4 . . 123.8 263.1 422.1
S urfn (226.0, 330.8) 0/9] 0/9] (47.2,2003)  (114.0,4122)  (271.0,573.3)
mokers
[61/3232] [14/1191] [16/952] [31/1071]
Cancer
v 261.2 238.9 210.5 333.9 . .
ormer
(187.4,335.0)  (148.5,329.2)  (63.5,357.5)  (145.2,522.6)
Smokers [1/16] [0/18]
(68/3337] [31/1628] [10/685] [26/990]
N 127.0 158.8 98.3 52.6 . .
ever
Sook (85.9,168.2)  (96.4,2212)  (40.4,156.3) (9.5, 95.6) 0/10] .
MORELS — 165/8197] [44/4487] [12/1928] (8/1744]
el 88.8 60.7 101.1 85.3 176.1 158.6
S " o (682,1094) (308,906  (349,1673)  (497,121.0)  (447,307.6)  (533,264.0)
ampile
p [98/14766] [31/6124] [14/2622] [30/3925] (8/978] [15/1117]
Current 130.7 . . 475 181.1 164.3
urren
(78.6, 182.8) (8.6, 86.5) (459,3164)  (56.3,272.3)
Smokers [0/9] [0/9]
[30/3232] (7/1191] (8/952] [15/1071]
CVD
Former 150.2 142.4 196 142.5 ) .
ool (899,2105)  (544,2305)  (24.1,367.8)  (57.1,227.9) o6 .
Jent er'
[39/3337] [18/1628] [8/685] [13/990]
Never 47.6 31.4 68.4 75.6 . .
S ‘1'( (28.1,67.1) (8.8, 54.1) (0.0,139.0)  (13.7,137.5) 07101 (0728
MoKers
[29/8197] [13/4487] [6/1928] [10/1744]
rul 330.6 287.3 189.2 394.2 519.9 488.7
Other-causes ul (274.1,387.0)  (200.3,374.3)  (71.4,306.9)  (282.7,505.6)  (345.4,6943)  (302.5,675.0)
ampile
P (337/14766] [136/6124] [27/2622] [97/3925] [35/978] [42/1117]
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Continued
421.7 329.5 520.4 432.4
Current # #
(317.1, 526.3) (168.7,490.4)  (341.6,699.1)  (257.3, 607.4)
Smokers [0/9] [0/9]
[96/3232] [25/1191] [34/952] [37/1071]
509.6 449.5 259.4 706.4
Former # #
(374.0,645.2)  (267.1,631.9)  (29.5,489.2)  (430.5,982.3)
Smokers [0/16] [4/18]
[113/3337] [55/1628] [11/685] [43/990]
222.2 229.7 165.6 251.2
Never # #
(161.4,283.1)  (145.8,313.6)  (29.1,302.1)  (135.5, 366.9)
Smokers [1/10] [1/28]
[128/8197] [81/4487] [16/1928] [29/1744]

Cell format: Line 1: Weighted mortality rate per 100,000 person-years; Line 2: (95% confidence interval); Line 3: [unweighted
number of deaths/unweighted frequency]; Mortality rates per 100,000 person-years are computed as the 100,000 times the
weighted total deaths divided by the weighted total person-years of follow-up; #: Mortality rates based upon < 50 respondents are
suppressed; BLLOD: Below the lower limit of detection; LLOD: Lower limit of detection.

mortality outcomes, rates among those with NNAL > 400 ng/g-cr are at least
double the rate of those in the BLLOD category. In current smokers, all-cause,
cancer and CVD mortality rates among those with NNAL > 400 ng/g-cr are at
least twice as large as those with NNAL in [2, 200). There is no consistent mor-
tality risk gradient in never smokers, nor is there an apparent gradient in oth-
er-causes mortality risk among current smokers. In former smokers the cancer
and other-causes risk is 50% - 100% higher for those with NNAL in [2, 200) in
comparison to those with NNAL BLLOD.

3.3. Cox Proportional Hazards Regression Analysis in the Full
Sample

In analyses of the full sample, Cox proportional hazards regression analyses
provide evidence of a positive association between NNAL and all mortality
outcomes (Table 5). In an unadjusted model the all-cause mortality risk is
estimated to increase by 20% for a unit increase in log (NNAL) (HR = 1.20; p
< 0.0001), with the effect slightly attenuated in a fully-adjusted model (HR =
1.16; p < 0.0001). The cancer mortality risk is estimated to increase by 20%
for a unit increase in log (NNAL) (HR = 1.199; p < 0.0001), with the effect
slightly attenuated in a fully-adjusted model (HR = 1.166; p < 0.0001). There
is also a very similar positive association between NNAL and the risks of
CVD and other-causes mortality; a unit increase in log (NNAL) is associated
with a 21% increase in CVD risk in unadjusted models (HR = 1.214; p <
0.0001) and a 16% increase in CVD risk in fully adjusted models (HR =
1.161; p < 0.0001). Sensitivity analyses using ordinal NNAL categories were
consistent with this; for those with NNAL in the highest two ordinal catego-
ries (200+ ng/g-cr) the respective mortality risks are estimated to be 2.5 - 5
times larger than the referent BLLOD NNAL category. See Table 6. Esti-
mated risks were similar, albeit with a more gradually-increasing gradient, in

fully-adjusted models.
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Table 5. Weighted Cox proportional hazards regression analysis estimated hazard ratios
and 95% confidence intervals using log (NNAL).

Cause of
Death

All-cause

Cancer

Group

Full Sample

Current Smokers

Former Smokers

Never Smokers

Full Sample

Current Smokers

Former Smokers

Never Smokers

log (NNAL) Unit Change Estimated Hazard Ratio

Unadjusted Analysis

(95% HR CI)

1.202%%*
(1.162, 1.244)

1.193
(0.987, 1.442)

1.197**
(1.084, 1.322)

1.141*
(1.017, 1.280)

1.199%**
(1.140, 1.260)

1.442*
(1.083, 1.921)

1.797
(0.868, 3.720)

1.004
(0.747, 1.350)

Adjusted Analysis

(95% HR CI)

1.160%**
(1.120, 1.201)

1.166***
(1.106, 1.229)

CVD

Full Sample

Current Smokers

Former Smokers

Never Smokers

1.214%%*
(1.124, 1.311)

1.956**
(1.198, 3.193)

1.024
(0.874, 1.199)

1.201
(0.999, 1.443)

1.161%%*
(1.061, 1.270)

Other-causes

Full Sample

Current Smokers

Former Smokers

Never Smokers

1.201%%*
(1.152, 1.253)

0.991
(0.805, 1.219)

1.282%*
(1.135, 1.448)

1.196**
(1.057, 1.354)

1.156%%*
(1.108, 1.205)

log (NNAL): natural logarithm of creatinine-adjusted NNAL, ng/g-cr. 95% HR CI: 95%
confidence interval for the hazard ratio associated with a unit increase in log (NNAL).
Unadjusted Analysis controls for sex and log (NNAL). *p-value < 0.05; **p-value <
0.01; ***p-value < 0.0001. Hazard ratios that differ significantly from 1.00 at a
0.05-level are identified in boldface font. Adjusted Analysis controls for log (NNAL), sex,
race/ethnicity, educational attainment, body mass index, marital status, and income to

poverty ratio.
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Table 6. Weighted Cox proportional hazards regression analysis estimated hazard ratios and 95% confidence intervals using or-

dinal NNAL categories.
Urinary creatinine-adjusted NNAL, ng/g-cr
Cause of Analysis Group Estimated Hazard Ratio (95% Confidence Interval)
Death
BLLOD [LLOD, 2.0) [2.0, 200) [200, 400) 400+
1.000 0.867 1.320 2.426%** 2.799%*%*
Adjusted Full Sample
(ref) (0.580,1.297)  (0.969,1.798)  (1.711,3.440)  (2.045, 3.830)
1.000 0.959 1.692** 3.190%** 3.604%**
Full Sample
(ref) (0.640,1.437)  (1.251,2.289)  (2.251,4.519)  (2.683, 4.841)
1.000 1.210 1.336
All-cause Current Smokers
(ref) (0.743,1.971)  (0.832,2.147)
Unadjusted
1.000 0.909 1.898**
Former Smokers
(ref) (0.534, 1.547) (1.323, 2.723)
1.000 1.036 1.220
Never Smokers
(ref) (0.602, 1.783) (0.760, 1.958)
1.000 0.795 0.994 2.046* 3.387%%*
Adjusted Full Sample
(ref) (0.468,1.349)  (0.615,1.605)  (1.147,3.648)  (2.018,5.683)
1.000 0.847 1.182 2.585%* 4.083%%*
Full Sample
(ref) (0.498, 1.441)  (0.744, 1.879)  (1.427,4.685)  (2.591, 6.437)
Cancer Current Smokers 1.000 1.212 2.002
(ref) (0.487,3.019)  (0.929,4.317)
Unadjusted
1.000 0.971 1.781
Former Smokers
(ref) (0.439, 2.149) (0.857, 3.700)
1.000 0.769 0.513
Never Smokers
(ref) (0.363, 1.629) (0.236, 1.116)
1.000 1.639 1.425 3.381** 3.438**
Adjusted Full Sample
(ref) (0.624,4.304)  (0.656,3.098)  (1.361,8.398)  (1.466, 8.062)
1.000 1.936 2.081* 4.954** 4.768***
Full Sample
(ref) (0.760,4.932)  (1.042,4.156)  (1.968,12.470)  (2.351,9.671)
1.000 2.210 2.163
CVD Current Smokers
(ref) (0.822,5.945)  (0.780, 5.998)
Unadjusted
1.000 1.491 1.291
Former Smokers
(ref) (0.471,4.722) (0.558, 2.985)
1.000 2.816 3.519
Never Smokers
(ref) (0.727, 10.907) (0.966, 12.817)
. 1.000 0.732 1.479 2.405** 2.331*+*
Adjusted Full Sample
(ref) (0.371,1.445)  (0.928,2.357)  (1.488,3.888)  (1.493,3.641)
Other- 1.000 0.814 1.925%* 3.186*** 3.043%**
Full Sample
causes (ref) (0.412,1.609)  (1.226,3.021)  (1.959,5.181)  (1.993, 4.646)
Unadjusted

Current Smokers

1.000
(ref)

1.069
(0.617, 1.851)

0.930
(0.461, 1.873)
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Continued

Former Smokers

Never Smokers

1.000 0.675 2.145%*
(ref) (0.253, 1.805) (1.281, 3.590)
1.000 0.976 1.422
(ref) (0.406, 2.345) (0.799, 2.531)

Unadjusted Analysis controls for NNAL category and sex. Adjusted Analysis controls for NNAL category, sex, race/ethnicity,

educational attainment, body mass index, marital status, and income to poverty ratio. BLLOD: Below the lower limit of detection;
LLOD: Lower limit of detection; 95% HR CI: 95% hazard ratio confidence interval; *p-value < 0.05; **p-value < 0.01; ***p-value <
0.0001. Hazard ratios that differ significantly from 1.00 at a 0.05-level are identified in boldface font.

3.4. Cox Proportional Hazards Regression Analysis Stratified by
Smoking Status

Among current smokers, Cox proportional hazards regression analyses provide
evidence of a positive association between NNAL and subsequent cancer and
CVD mortality risk; a one-unit increase in log (NNAL) is associated with a 44%
(HR = 1.442; p = 0.0131) increase in cancer mortality risk and a 96% increase in
heart disease mortality risk (HR = 1.956; p = 0.008). See Table 5. Among never
and former smokers, NNAL is positively associated with an increased risk of
all-cause mortality; in former smokers the all-cause risk increased by 20% (HR =
1.197; p = 0.0006) and in never smokers the all-cause risk increased by 14% (HR
= 1.141; p = 0.0256) for a unit increase in log (NNAL). There is no evidence of a
cancer mortality risk gradient with respect to log (NNAL) in former and never
smokers. There is also no evidence of an association between log (NNAL) and
other-causes mortality risk among current smokers (HR = 0.991; p = 0.9272),
even in the presence of evidence suggesting a positive association between oth-
er-causes mortality risk and log (NNAL) among never smokers (HR = 1.196; p =
0.0052) and former smokers (HR = 1.282; p = 0.0001). Sensitivity analyses using
ordinal NNAL categories provide limited evidence of an association between
NNAL and mortality risk.

4. Discussion

In this analysis we estimated the association between NNAL, a tobacco-specific,
carcinogenic biomarker of tobacco smoke, measured at one point in time, and
subsequent mortality outcomes an average of 4.9 years later. We find evidence of
a dose-response relationship in U.S. adults between urinary NNAL concentra-
tion and all mortality outcomes. This finding suggests that NNAL concentration
is acting as a biomarker of tobacco exposure in general, rather than as a bio-
marker of disease-specific mortality risk. In that respect, it confirms the impor-
tant role of cigarette smoke exposure in premature mortality, across a range of
diseases, and also reinforces the value of biomarkers as quantitative indicators of
exposure and therefore of risk.

Among current cigarette smokers we saw a dose-response relationship be-
tween urinary NNAL concentration and cancer mortality risk, which was ex-

pected based on NNK’s status as a known carcinogen. However, we also saw an
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equally strong association with CVD mortality, in which NNK is not considered
to have a causal role. Among never and former smokers there is evidence of a
dose-response relationship between NNAL measurements and all-cause and
other-causes mortality risk. In both never smokers and former smokers the es-
timated other-causes mortality risks associated with NNAL concentration were
greater than the respective all-cause mortality risks. This suggests that the ob-
served dose-response relationship in never and former smokers between urinary
NNAL concentration and all-cause mortality is driven in part by the observed
dose-response relationship with other-causes mortality, one of three outcomes
that comprise all-cause mortality in the public-use LMF. We are not aware of a
plausible biological basis for this result, particularly as other-causes mortality in-
cludes accidents, suicide, cirrhosis, nephritis, and other causes not plausibly re-
lated to smoke exposure. It is also possible that the association is confounded by
other behavioral or psychosocial factors that, for example, affect both environ-
mental exposures and other mortality risks such as diabetes or drug dependence.

Furthermore, the source of tobacco exposure in these nonsmokers is un-
known; never and former smokers twice reported no recent tobacco or nico-
tine use and yet about one in four had a urinary NNAL concentration of at
least 2 ng/g-cr. This finding is consistent with [21], who reported that 25% of
non-tobacco users are expected to have NNAL > 2.2 ng/g-cr, and could be the
result of less recent (e.g. >5 days at urine collection) use of other tobacco prod-
ucts, misreporting tobacco use or environmental exposure to tobacco or tobacco
smoke.

Overall, the data show that the amount of exposure to tobacco, and particu-
larly tobacco smoke, is strongly related to the risk of premature death from can-
cer, cardiovascular disease, and other causes. The data also emphasize the im-
portance of taking into account that tobacco smoke contains many toxicants, so
that the relationship between a particular compound or biomarker and a partic-
ular disease may not be specific, but rather could reflect the aggregate exposure
to the many toxicants in tobacco smoke. For this reason, it will be useful to con-

sider multiple biomarkers in relation to multiple disease outcomes.

5. Limitations

This is an observational study and, as such, does not provide a basis for making
causal inferences. The analyses described herein are based upon limited fol-
low-up time, maximally nine years for a respondent interviewed in January 2007
and surviving through last follow-up on December 31, 2015. Individuals could
have changed smoking status during the follow-up interval. Respondents pro-
vided data about past 5-day, but neither lifetime nor less recent, use of other to-
bacco and nicotine products. Respondents were generally young (mean age at
interview = 47 years) and the oldest NHANES respondents aged 80+ at interview
were excluded because age at interview is top-coded in public-use data files. Al-

most all (95.7%) respondents survived to last follow-up. Analyses were thus sub-
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ject to a high rate of censoring, which provides limited means to control for po-
tential confounders and may affect model performance, in particular in analyses
stratified by smoking status. In many cause-specific analyses stratified by smok-
ing status the estimated parameters and standard errors are large, possibly a re-

sult of high rates of censoring and interval-censored follow-up time.

6. Conclusion

We report evidence of a dose-response association between NNAL, a metabo-
lite of the tobacco-specific, carcinogenic nitrosamine NNK, and subsequent
mortality risk. There is a large variation in NNAL measurements among current
smokers—that could reflect variation in smoking topography, metabolism, or
other factors—and levels of NNAL at one point in time are positively associated
with mortality risk. The observed association between NNAL and mortality risk
is not specific to cancer, suggesting that NNAL concentration may be acting as a
biomarker of tobacco exposure in general and not as a disease- and tox-
icant-specific biomarker of mortality risk. The data again demonstrate the asso-
ciation between tobacco smoke exposure and premature death from a variety of
causes, and reinforce the utility of biomarkers as indicators of the degree of to-

bacco exposure.
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