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Methods—We studied self-reported current smokers from the Multi-Ethnic Study of
Atherosclerosis. Smoking intensity was defined by number of cigarettes/day and urinary cotinine
levels. Subclinical cardiovascular injury was assessed using markers of inflammation [high-
sensitivity C-reactive protein (hsCRP), interleukin 6 & 2 (IL-2 & IL-6), tumor necrosis factor
alpha (TNF-a)], thrombosis (fibrinogen, D-dimer, homocysteine), myocardial injury (troponin T;
TnT), endothelial damage (albumin: creatinine ratio), and vascular function [aortic & carotid
distensibility, flow-mediated dilation (FMD)]. Biomarkers were modeled as absolute and percent
change using multivariable-adjusted linear regression models adjusted for cardiovascular risk
factors and smoking duration.

Results—Among 843 current smokers, mean age was 58 (9) years, 53% were men, 39% were
African American, mean number of cigarettes per day was 13 (10), and median smoking duration
was 39 (15) years. Cigarette count was significantly associated with higher hsCRP, IL-6 and
fibrinogen (B coefficients: 0.013, 0.011, 0.60 respectively), while In-transformed cotinine was
associated with the same biomarkers (B coefficients: 0.12, 0.04, 5.3 respectively) and inversely
associated with aortic distensibility (B coefficient: —0.13). There was a limited association between
smoking intensity and homocysteine, D-dimer, and albumin:creatinine ratio in partially adjusted
models only, while there was no association with IL-2, TNF-a, carotid distensibility, FMD, or
TnT in any model. In percent change analyses, relationships were strongest with hsCRP.

Conclusions—Smoking intensity was associated with early biomarkers of CVD, particularly,
markers of systemic inflammation. Of these, hsCRP may be the most sensitive.

Introduction

Cigarette smoking remains the leading cause of preventable death with an estimated six
million smoking-related deaths per year worldwide.l Smoking is also a major cause of
cardiovascular disease (CVD) and mortality with nearly 10% of worldwide CVD deaths
attributable to smoking.23

There is a direct correlation between long-term exposure to smoking and cumulative
cardiovascular damage, particularly among current smokers.#® The precipitous drop in CVD
events shortly following smoking bans,® and the rapid reduction of CVD risk after quitting
smoking’+® suggests that the shorter-term effects of tobacco smoke also may be important.®
Acute exposure to cigarette smoking may be associated with inflammation, thrombosis,
endothelial dysfunction, arterial stiffness, and coronary microvascular dysfunction.10-17
Cohort studies have traditionally been used to examine the chronic effects of smoking, but
have rarely been used to evaluate immediate inhalational smoking exposure.18 Long-term
exposure is commonly assessed using smoking duration (years), or cumulative exposure
(pack-years). In contrast, short-term exposure or “smoking intensity”, is measured by the
number of cigarettes smoked per day and urinary cotinine, a specific tobacco biomarker with
a half-life of 16 hours.1®

Knowledge of the CVD biomarkers most sensitive to smoking intensity has implications for
tobacco regulatory policy. For example, to formulate timely regulatory policy regarding
novel tobacco products, it is critical to establish how their potential CVD risk can be
measured. However, there is a long latency period between tobacco exposure and the
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development of overt symptomatic CVD, therefore necessitating identification of validated
biomarkers that can provide data over a shorter time frame. Our prior work has distinguished
between biomarkers that allow evaluation of early and late cardiovascular damage in relation
to accumulated long-term exposure to smoking.# The relationship between biomarkers and
passive exposure to smoking has also been described.2% There remains a need to define more
“proximal” biomarkers that may be abnormal long before distal markers reflecting
cumulative damage or dysfunction. Such proximal biomarkers of CVD injury are critical for
the Food and Drug Administration (FDA) to determine the potential cardiovascular harms in
future epidemiologic studies of e-cigs.

We therefore aimed to study the relationship between smoking intensity and proximal
biomarkers of CVD injury in a large, multiethnic and sex-balanced cohort.

Materials and methods

The Multi-Ethnic Study of Atherosclerosis (MESA) is a prospective cohort study aimed at
studying the significance of subclinical cardiovascular injury.2! Briefly, 6814 participants
aged 45-84 years who identified themselves as White, African-American, Hispanic/Latino,
or Chinese-American were recruited from 6 U.S. field centers (Baltimore City and Baltimore
County, Maryland; Chicago, Illinois; Forsyth County, North Carolina; Los Angeles County,
California; New York, New York and St. Paul, Minnesota) from 2000-2002. Participants
were free of clinical CVD at enrollment. The protocols were approved by the institutional
review boards of all collaborating institutions and by the National Heart, Lung, and Blood
Institute. All participants provided written informed consent.

Inclusion/exclusion criteria

We included self-reported current cigarette smokers at baseline who smoked at least 1
cigarette/day. Participants with missing information on cigarette exposure status (n=22) and
number of cigarettes/day (n=41) were excluded. We also excluded those reporting smoking
>100 cigarettes/day (n=7) in order to minimize the influence of extreme exposure.

Assessment of tobacco exposure

Self-report—Baseline cigarette use was evaluated using questionnaires. Participants were
asked about cigarette status (never, former, current), number of cigarettes/day, and duration
of smoking. These questions were developed from The National Health and Nutrition
Examination Survey (NHANES I111), and the Atherosclerosis Risk in Communities Study.
Participants were first asked whether they smoked at least 100 cigarettes in their lifetime (the
equivalent of 5 packs). Participants who answered “No” were classified as never smokers,
whereas those who answered “Yes” were classified as current or former smokers depending
on whether they had smoked cigarettes in the past 30 days. Duration of smoking (years) was
calculated as present age minus age of smoking onset for current smokers, and age at
quitting cigarettes minus age of smoking onset for former smokers. Participants were also
asked about the average number of cigarettes that they smoked in a day. Less than 1
cigarette/day was recorded as 0. Number of packs/day was calculated as number of
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cigarettes/day divided by 20. We calculated pack-years of smoking as number of pack of
cigarettes per day multiplied by number of years smoking.

Cotinine—In a subset of participants enrolled in the MESA-Lung Sub-study (3965 of 4484
randomly sampled MESA participants), smoking was also evaluated by urinary cotinine
using an immunoassay (Immulite 2000 Nicotine Metabolite Assay; Diagnostic Products
Corp., Los Angeles, CA). The intra-assay coefficient of variation was 2.02% and
undetectable values of cotinine were assigned to 7.07 ng/mL.22 According to MESA
protocol, participants were instructed not to smoke on the morning of the visit and urine was
collected mid-to-late morning.

Smoking intensity—Smoking intensity was defined separately by number of
cigarettes/day and cotinine levels, which have been shown to correlate with self-reported
cigarette count.23:24 For continuous analyses we used number of cigarettes/day and natural
logarithm (In)-transformed cotinine. In categorical analyses, number of cigarettes/day was
categorized as 1-9, 10-20 and >20,2% while urinary cotinine was divided into tertiles.

Measurement of proximal biomarkers of subclinical cardiovascular injury

Inflammation—Serum high-sensitivity C-reactive protein (hsCRP) was measured using
the BNII nephelometer (N High Sensitivity CRP; Dade Behring Inc., Deerfield, IL). The

coefficient of variation (CV) was 3.2-9.3% and the lower limit of detection was 0.17 mg/
L.26

Serum interleukin-2 soluble receptor alpha (IL-2 sRa)) concentration was determined by
ultrasensitive ELISA (Quantikine Human IL-2 sRa Immunoassay; R&D Systems,
Minneapolis, Minnesota, USA; CV 4.6-7.2%),2” and the assay range was 31.20 — 2,000
pg/mL. IL-2 sSRa may regulate IL-2-dependent processes and levels correlate with 1L-2.28

Serum Interleukin-6 (IL-6) was also measured using ultra-sensitive sandwich ELISA
(Quantikine HS Human IL-6 Immunoassay; R&D Systems, Minneapolis, Minnesota, USA;
CV 6.3%). The expected normal range was 0.24-12.5 pg/mL.2’

Tumor necrosis factor a soluble receptor 1 (STNF-R1) concentration was measured using an
ultra-sensitive sandwich ELISA (Quantikine Human sTNF R1 Immunoassay; R&D
Systems, Minneapolis, Minnesota, USA; CV 5%), and the assay range was 7.80 — 500
pg/mL.2% STNF-R1 modulates TNF-a activity and levels correlate with TNF-a..30

Thrombosis—Serum fibrinogen was measured by immunoprecipitation of fibrinogen
antigen using the BNII nephelometer (N Antiserum to Human Fibrinogen; Dade Behring
Inc., Deerfield, IL). The intra-assay and inter-assay CV were 2.7% and 2.6%, respectively.3!

D-dimer was measured with an immunoturbidimetric assay (Liatest D-DI; Diagnostica
Stago) which was used on a Sta-R analyzer (Diagnostica Stago).32 The lower limit of
detection of the assay was 0.01 mg/mL.

Plasma homocysteine was measured using a fluorescence polarization immunoassay with
the IMx analyzer (Abbott Diagnostics, Abbott Park, IL; CV 4.5%).33
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Endothelial injury—Spot urine samples were collected from participants before
venipuncture and then processed and frozen at —=70° C. Urine albumin was measured at the
Clinical Chemistry Laboratory at Fletcher Allen Health Care (Burlington, VVT) using
nephelometry (Array 360 CE Protein Analyzer (Beckman Instruments Inc. The lowest
detectable level was 0.2 mg/dL.3* Creatinine was measured by the rate Jaffe reaction (Vitros
950IRC instrument (Johnson & Johnson Clinical Diagnostics Inc). The range was 0.05-16.5
mg/dL, with a CV range of 2.5-2.9%.34 Urinary albumin: creatinine ratio was calculated as
urinary albumin (mg/dL) divided by creatinine (mg/dL). Estimated glomerular filtration rate
(eGFR) was calculated using the CKD-EPI equation.

Vascular function—Aortic distensibility was assessed using gradient echo phase-contrast
cine cardiac magnetic resonance imaging (MRI) with electrocardiographic gating. Images of
the aorta were obtained in the transverse plane perpendicular to the aortic lumen at the level
of the right pulmonary artery. Cross-sectional lumen areas of the aorta were determined
using a semi-automated contouring method. Blood pressure was measured immediately
before and after aortic measurements using MRI while the participant was in the supine
position on the MRI scanner. Pulse pressure was calculated as the difference between the
average systolic and diastolic pressure readings. The minimal and maximal aortic areas and
the pulse pressure were then used to calculate aortic distensibility.3>

Carotid arteries were imaged using B-mode ultrasonography with a GE Logig 700 machine.
All images were interpreted at the MESA ultrasound reading center (Tufts Medical Center).
Carotid intima-media thickness (IMT) was measured and reported as the mean of the
maximum IMT of the right and left sides for both the near and far walls. Data necessary for
calculating carotid distensibility were obtained from a separate 20 second-long acquisition
of longitudinal images of the right distal common carotid artery. For each participant, an
edge detector was used to process the images and generate carotid arterial diameter curves.
Diastolic and systolic diameters were determined as the smallest and largest diameter values
during a cardiac cycle. Blood pressure measurements were taken by upper arm
sphygmomanometry (DINAMAP system, GE Medical Systems) simultaneously during the
carotid artery ultrasound.36

The carotid distensibility was calculated following equations described by Gamble et al:37
Distensibility coefficient = 2AD/APDg where AD is the change in systolic/diastolic diameter,
AP is the brachial pulse pressure, Dy is the systolic diameter, D is the average common
carotid artery diameter, and h is the, mean wall thickness (IMT) measured 10 mm proximal
to the carotid bulb. The intraobserver class correlation coefficient (ICC) was 0.71 and the
interobserver ICC was 0.85.

Brachial flow-mediated dilation (FMD) was assessed in a subset of the baseline MESA
cohort (N=3013).38 Briefly, a standard blood pressure cuff was placed around the right arm,
2 inches below the antecubital fossa, and the artery was imaged 5 to 9 cm above the
antecubital fossa using a linear-array multifrequency transducer operating at 9 MHz (GE
Logiq 700 Device). %FMD was computed, as follows: %FMD=[(maximum diameter-
baseline diameter)/baseline diameter]x100%. Based on intrareader reproducibility studies,
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the intraclass correlation coefficients for baseline diameter, maximum diameter, and %FMD
were 0.99, 0.99, and 0.93, respectively.

Subclinical myocardial injury—Cardiac troponin T (TnT) was measured in serum using
the Elecsys 2010 system (Roche Diagnostics, Indianapolis, IN). All analyses were
performed at a core lab (Veteran’s Affairs San Diego Healthcare System, La Jolla, CA; CV
5.6%). The analytical measurement range for TnT was 0.01-25.0 ng/mL3° and values below
the limit of detection were recorded as 0.009 ng/mL. The 99t percentile for a healthy
population for this assay was <0.01 ng/mL.

Measurement of covariates

Demographic data were self-reported. Body mass index was calculated as measured weight
(kg) divided by measured height (m?). Heart rate was measured by electrocardiogram after 5
minutes of rest. Systolic and diastolic blood pressure was measured 3 times using an
automated sphygmomanometer (Critikon, Tampa, FL), with final recorded blood pressure
considered to be the mean of the last 2 measurements. A central laboratory (University of
Vermont, Burlington, VT) measured plasma levels of glucose from blood samples obtained
after a 12-hour fast. Diabetes mellitus was defined using the 2003 American Diabetes
Association criteria as fasting glucose =126 mg/dL or use of hypoglycemic medications or
insulin. Alcohol consumption and medication use were self-reported. Intentional exercise
was evaluated by the MESA Typical Week Physical Activity Survey (TWPAS), which
assesses the amount of time spent in and the frequency of various physical activities during a
typical week in the month prior to the baseline study visit. Minutes of activity were summed
for each discrete activity type and multiplied by metabolic equivalent (MET) level 40

Statistical analysis

Baseline characteristics of the study population were summarized by category of number of
cigarettes smoked per day (1-9, 10-20 and >20) and cotinine tertiles. Continuous variables
were reported using means (standard deviation) or medians (interquartile range) and
categorical variables using percentages. Differences were tested using a nonparametric test
for trend*! for continuous variables and the Chi-square test for categorical variables.

We summarized unadjusted levels of the proximal biomarkers of CVD injury by categories
of cigarettes/day and by tertiles of urinary cotinine. Means and medians were reported
except for Troponin-T, which was expressed as percentage above the lower limit of
detection. p-value for trend was calculated using the equation developed by Cuzick.41

To establish the relation between self-reported smoking and urinary cotinine within MESA,
we quantified the association between number of cigarettes/day and In-transformed urinary
cotinine levels using spearman’s correlation coefficient and linear regression models
adjusting for factors that influence cotinine metabolism (age, sex, race, medication use,
kidney function, and duration of smoking).42

Since the relationship between cigarette count and CVD events is proportional but plateaus
at higher doses, 344 we first tested for a non-linear association between smoking intensity
and proximal biomarkers of CVD injury in order to inform our choice of modeling strategies
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for the primary analysis. After excluding non-linearity, we proceeded with linear regression
analysis. Sequential models were adjusted for age, sex, race/ethnicity and education (Model
1) and further adjusted for body mass index, systolic blood pressure, anti-hypertensive
medication use, statin use, diabetes mellitus, heart rate, exercise, alcohol use and duration of
smoking (Model 2). Additional adjustment for glomerular filtration rate (eGFR) was done
for TnT and all analyses using cotinine. Biomarkers not normally distributed were In-
transformed. Beta coefficients were interpreted as the absolute change in the marker per
change in smoking intensity.

To enhance our ability to compare biomarkers on a common unit scale, we In-transformed
all biomarkers and using exponentiated beta coefficients from linear regression models
expressed the percent change in each marker per change in smoking intensity. Our a priori
goal was to identify the most “sensitive” biomarker of subclinical CVD injury to inform
future regulatory studies. Therefore, we defined “sensitivity” of a biomarker to the toxic
effects of smoking as a function of the beta coefficients from the regression models,
considering biomarkers that exhibited largest percent change per unit of smoking intensity as
the most sensitive. These relationships were described graphically for the most promising
markers using restricted cubic splines with 3 knots placed at the 10t 50t and 90"
percentiles for cigarette count (2, 10, and 25 cigarettes per day) and urinary cotinine levels
(5.60, 8.37, and 9.44 ng/mL).

In subsequent analyses, we tested for effect measure modification using multiplicative
interaction terms between smoking intensity and sex or race/ethnicity, and stratified analyses
if the interaction term was significant.

All reported p-values were two-sided and £<0.05 was considered statistically significant.
Analyses were performed using Stata version 13.1 (StataCorp, College Station, Texas), and
graphs were generated using R (http://r-project.org), version 2.14.1.

Baseline characteristics

Our final sample size consisted of 843 current smokers who smoked between 1 and 72
cigarettes/day, 450 of whom had measurements of baseline urinary cotinine. The mean age
was 58 (9) years, 54% were male, 34% were White, 5% Chinese-American, 39% African
American and 22% Hispanic. The mean number of cigarettes/day was 13 (10) and the
median duration of smoking was 39 (15) years.

Those who smoked >20 cigarettes/day were more likely to be male, White, physically
inactive, have a higher resting heart rate, smoke for a longer duration, and have higher urine
cotinine concentrations (0<0.05) (Table 1). There were significantly more African
Americans in the highest cotinine tertile, however all other baseline characteristics were not
significantly different. (Table 1)
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Correlation between self-reported cigarette exposure and urinary cotinine

The Spearman’s correlation coefficient between urinary cotinine and cigarette count was
0.47 and the proportion of variance in urinary cotinine explained by cigarettes was 17%. In
multivariable analyses there was a 0.04 (95% CI: 0.03, 0.06) average increase in In-
transformed cotinine for every 1 cigarette per day.

Smoking intensity and proximal biomarkers of subclinical cardiovascular injury

Each unit increase in smoking intensity (1 cigarette/day and 1 unit increase in In-
transformed cotinine) was positively associated with hsCRP, IL-6, and fibrinogen in
unadjusted and multivariable adjusted analyses. In unadjusted models, cotinine was
positively associated with D-dimer, but this was not retained after adjustment. Similarly,
cigarette count was positively associated with homocysteine in unadjusted models only.
There was no association between cigarette count and cotinine with D-dimer and
homocysteine respectively (Table 2 and Supplementary Table).

There was a positive association between cigarette count and urinary albumin: creatinine in
partially adjusted models but this did not persist after multivariable adjustment. No
association was observed between cotinine and albumin: creatinine. Each 1-unit increase in
cotinine was inversely associated with aortic distensibility in both unadjusted and
multivariable adjusted analyses, but there was no association with cigarette count.

No association was observed between either measure of smoking intensity with IL-2, TNF-
a, carotid distensibility, FMD, or TnT in the unadjusted, partially and multivariable adjusted
models. (Table 2 and Supplementary Table)

Biomarker sensitivity to smoking exposure—Defining sensitivity as the slope of
percent change in biomarkers, hsCRP was most sensitive by virtue of having the steepest
slope and changing the most with the smallest increments of smoking intensity. (Table 3,
Fig. 1A and B, 2A and B)

Effect modification—Interaction terms between smoking intensity and sex were non-
significant. There was an interaction between cigarette count and race/ethnicity and TNF-a,
which was significant (p= 0.03). In race-stratified analyses, Hispanics had the smallest
increase in TNF-a. compared to Whites.

Discussion

In our cross-sectional study, biomarkers of inflammation were most sensitive to smoking
intensity even at the lowest dose of exposure, and this relationship persisted regardless of sex
and race/ethnicity. In particular, hsCRP was the marker of subclinical CVD injury most
sensitive to smoking intensity. hsCRP has previously been shown to correlate with
cumulative exposure to smoking* and CVD risk,*> which suggests that hsCRP may have
great utility for the study of the potential CVD toxicity of new and emerging tobacco
products before long-term studies powered for CVD events become available. For example,
hsCRP might be a candidate biomarker for the epidemiologic study of novel tobacco
products to help inform policy on potential cardiovascular harm long before cardiovascular
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event data can be generated. Such data is needed to inform regulatory policy regarding the
manufacture, marketing and use of novel tobacco products such as waterpipe (hookah)
tobacco, electronic cigarettes, nicotine gels and dissolvables not currently under FDA
authority.

Our results are best interpreted in light of prior knowledge from mechanistic, acute
exposure, and epidemiologic data linking smoking to multiple pathophysiologic steps in
atherothrombosis including inflammation, thrombotic risk, and endothelial dysfunction.

Inflammation

Thrombosis

The mechanisms by which smoking produces an inflammatory response are well
established. Smoking activates the NF-xB pathway, which induces transcription of genes
involved in immune regulation.*6 As a result, acute smoking exposure results in a systemic
inflammatory response indicated by higher levels of leukocytes (neutrophils and
macrophages) which release proinflammatory mediators such as TNF-a, IL-6 and
hsCRP.18:47-50 The association of smoking and inflammation is also supported by
epidemiologic studies which demonstrated a positive association of cigarettes per day with
hsCRP, white blood cell count, and fibrinogen in univariate analyses.2> Data from this study
indicates that smoking intensity is independently associated with inflammation in a dose
dependent manner and that hsCRP is the most sensitive biomarker of this association as
compared to IL-2, IL-6, and TNF-alpha.

Cigarette smoking promotes thrombotic changes by platelet activation and enhancing the
effects of clotting factors both playing a prominent role in formation of thrombi. Acute
exposure to cigarette smoking increases levels of platelet activating factor and inhibits nitric
oxide formation (due to oxidative stress), which normally acts to inhibit platelet activation.>!
Smoking also increases formation of thromboxane A2 which promotes platelet aggregation
and inhibits release of prostacyclin which reduces platelet aggregation.52 Moreover, smoking
increases production of von Willebrand factor, thrombin and fibrinogen, decreases levels of
activated protein C, and impairs fibrinolysis, all of which promote thrombosis.>3 Smoking
also stimulates thrombopoiesis and alters platelet structure, which further contribute to
thrombosis.>*

Prior observational studies have found a positive association between cigarette smoking,
fibrinogen,2> and homocysteine.>® In our study, fibrinogen was mildly associated with both
measures of smoking intensity (cigarettes/day or urinary cotinine), however it was not as
sensitive as the inflammatory biomarkers. Furthermore, we did not observe a significant
increase in homocysteine with either measure of smoking intensity after adjustment for
multiple confounding factors.

Vascular function

Cigarette smoking leads to endothelial dysfunction secondary to oxidants and free radicals
in cigarette smoke which are generated by activation of the enzyme nicotinamide adenine
dinucleotide phosphate oxidase and the NF-xB pathway.>8 FMD is a well-established test of
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endothelial function. In acute inhalational exposure studies, smoking was demonstrated to
cause endothelial dysfunction as assessed by FMD and maximum vasodilatation.16 In
observational studies, intensity of cigarette smoking was associated with a dose-dependent
impairment of FMD related to both duration and number of cigarettes smoked per day.>” In
contrast we found no association between smoking intensity and FMD. Compared to the
study to Poredo et al, MESA participants were older, which might explain the lack of
association in our study given the age-related decline in FMD.%8

Prior studies have demonstrated an association between acute smoking and increased arterial
stiffness (or decreased aortic distensibility).3 Urinary cotinine is a metabolite of cigarette
smoking and may better approximate immediate inhalational exposure to smoking compared
to intensity, which is more reflective of shorter-term smoking exposure. Our findings of an
association between urinary cotinine, but not cigarette count, and aortic distensibility further
support this concept. Similar to our study, there was no association between self-reported
smoking intensity and aortic distensibility among a group chronic smokers, while acute
exposure to smoking resulted in decreased aortic distensibility.

Subclinical myocardial injury

We were unable to find any study that examined acute exposure to smoking and troponin
levels. Smoking is known to cause temporary coronary vasospasm,2 and microvascular
ischemia,®® which may result in troponin elevation. The lack of association between
smoking intensity and subclinical myocardial injury in our study could be explained by the
fact that high-sensitivity troponin assays were not performed in MESA, 1 and participants
were instructed to abstain from smoking on the morning of the MESA visit. Therefore it is
possible that micro elevations in troponin related to acute smoking exposure may have
dissipated by the time of the assessment in this study.

Strengths and limitations

We used self-reported exposure to smoking, which may be prone to underreporting.
However, these self-reported values are consistently correlated with urinary cotinine levels.
Certain prior studies reported better correlation between self-reported exposure to smoking
and cotinine,23 which may explain why our cotinine concentrations appeared to plateau at
the highest selfreported cigarette count. The moderate correlation in our study may also be
explained by sex and race differences between categories of reported cigarette count which
are known to influence cotinine metabolism.#2 Furthermore, MESA participants were
instructed to abstain from smoking on the day of the visit, which may impact cotinine levels
(including regression of the highest values) and levels of some biomarkers, which have a
shorter half-life (IL-6 (<6 hours),52 homocysteine (3—-4 hours),53 troponin (2 hours)54 once
generated in the body). MESA did not include information on nitric oxide, which is a more
specific marker of vascular damage compared to other biomarkers.

There is the possibility for selection bias as participants were required to be free of CVD at
baseline and thus our reported associations are most applicable to individuals without prior
CVD. Information on type of cigarettes and precise time since last cigarette was not
collected in MESA, thus exposure on an hourly scale could not be evaluated. This was a
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cross-sectional study and therefore data are reported as associations without certain
causality. While our sample size consisted of 843 current smokers, our power still remained
highly limited to study effect modification by sex and race/ethnicity. Analyses of cotinine
were further underpowered as measurements were available in half of self-reported current
smokers (n=450). Despite adjustment for multiple confounders in the association of smoking
and biomarkers, there remains the possibility of residual confounding that is inherent to
observational studies.

Strengths of our study included the large sample size, multiethnic makeup, and the breadth
of CVD biomarkers available for analysis.

In this multi-ethnic study smoking intensity, modeled as cigarettes/day and urinary cotinine
independent of smoking duration, was associated with early biomarkers of CVD,
particularly markers of systemic inflammation. Of these, hsCRP may be the most sensitive.
Knowledge of the sensitivity of biomarkers to smoking intensity may guide future
epidemiologic studies of the potential harm of existing and novel tobacco products (e.g.
electronic cigarettes) prior to longterm outcome studies.

This study sought to inform the Food and Drug Administration about biomarkers of
cardiovascular disease risk that can be used to regulate novel tobacco products (e.g.
electronic cigarettes). We demonstrated that biomarkers of inflammation (particularly high-
sensitivity C-reactive protein; hsCRP) were most sensitive to smoking intensity. Based on
our findings and those of other studies showing a positive association between e-cigarettes
and markers of oxidative stress, it may be reasonable to measure hsCRP in future
epidemiologic studies of e-cigarette users, and compare these levels to a matched control
group consisting of users of combustible cigarette products and never users of tobacco
products. Such data can help evaluate the potential cardiovascular toxicity of electronic
cigarettes prior to the availability of data on long-term outcomes such as CVD events.
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Refer to Web version on PubMed Central for supplementary material.
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. Smoking intensity was associated with hsCRP, IL-6, fibrinogen, and aortic
distensibility.
. hsCRP was the most sensitive biomarker of tobacco-related cardiovascular

injury of 12 biomarkers tested in this study.

. hsCRP may help in the study of potential cardiovascular effects of novel
tobacco products.
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Fig. 1. Multi-variable adjusted percent change in biomarkers as a function of cigarettes per day
(A) For the entire range of cigarette count. Restricted cubic splines were used with 3 knots

placed at 2, 10 and 25 cigarettes per day. Splines were adjusted for age, sex, race, education,
body mass index, systolic blood pressure, anti-hypertensive medication use, statin use,
diabetes mellitus, heart rate, physical activity, alcohol use, and duration of smoking. (B) In
the typical range of smoking intensity. Restricted cubic splines were used with 2 knots
placed at 2 and 10 cigarettes per day. Splines were adjusted for age, sex, race, education,
body mass index, systolic blood pressure, anti-hypertensive medication use, statin use,
diabetes mellitus, heart rate, physical activity, alcohol use, and duration of smoking.
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Fig. 2. Multi-variable adjusted percent change in biomarkers as a function of loge -transformed
urinary cotinine

(A) For the entire range of cotinine. Restricted cubic splines were used with 3 knots placed
at 5.60, 8.37 and 9.44 ng/mL cotinine. Splines were adjusted for age, sex, race, education,
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body mass index, systolic blood pressure, anti-hypertensive medication use, statin use,
diabetes mellitus, heart rate, physical activity, alcohol use, and duration of smoking. (B) In
the typical range of smoking intensity. Restricted cubic splines were used with 3 knots
placed at 5.60, 8.37 and 9.44 ng/mL cotinine. Splines were adjusted for age, sex, race,
education, body mass index, systolic blood pressure, anti-hypertensive medication use, statin
use, diabetes mellitus, heart rate, physical activity, alcohol use, and duration of smoking.
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