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Abstract

While the thirdhand smoke (THS) residue from tobacco smoke has been recognized as a
distinct public health hazard, there are currently no gold standard biomarkers to differentiate
THS from secondhand smoke (SHS) exposure. This study used machine learning algorithms

to assess which combinations of biomarkers and reported tobacco smoke exposure measures
best differentiate children into three groups: no/minimal tobacco smoke exposure (NEG);
predominant THS exposure (TEG); and mixed SHS and THS exposure (MEG). Participants were
4,485 nonsmoking 3-17-year-olds from the National Health and Nutrition Examination Survey
2013-2016. We fitted and tested random forest models, and the majority (76%) of children
were classified in NEG, 16% were classified in TEG, and 8% were classified in MEG. The
final classification model based on reported exposure, biomarker, and biomarker ratio variables
had a prediction accuracy of 95%. This final model had prediction accuracies of 100% for
NEG, 88% for TEG, followed by 71% for MEG. The most important predictors were the
reported number of household smokers, serum cotinine, serum hydroxycotinine, and urinary
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL). In the absence of validated biomarkers
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specific to THS, comprehensive biomarker and questionnaire data for tobacco smoke exposure can
distinguish children exposed to SHS and THS with high accuracy.
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Introduction

Thirdhand smoke (THS) is a distinct public health hazard resulting from aged secondhand
smoke (SHS) left behind from active smoking that adsorbs to surfaces, accumulates in dust,
and can become embedded in furnishings.! Whereas SHS is inhaled from freshly emitted
tobacco smoke, THS can be inhaled, ingested, and/or dermally absorbed from aged SHS
for days to years after smoking ended.! THS remains in the environment and can react

with ambient oxidants (e.g., nitrous acid, ozone) to create multiple harmful byproducts such
as tobacco-specific nitrosamines (TSNAs) and ultrafine particles that are re-emitted and re-
suspended in the air.2 The THS pollutant mixture contains, among others, tobacco-specific
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(e.g., nicotine, TSNAsS, nicotelline) and tobacco non-specific pollutants such as polycyclic
aromatic hydrocarbons (PAHSs) and volatile organic compounds (VOCs) known to cause
harm to humans.3-7

Nicotine intake from exposure to SHS and THS can be measured using several metabolites
including cotinine, the widely used main proximate metabolite of nicotine, which is
converted to other metabolites such as trans-3’-hydroxycotinine.8 Compared to cotinine
assessment only to measure exposure to nicotine, total nicotine equivalents (TNES)

is considered a gold standard biomarker for estimating daily nicotine intake since

TNEs are less impacted by the substantial individual variability of nicotine metabolism
pathways.? TNE is the sum of the free and glucuronide conjugated forms of nicotine

and its metabolites including cotinine and trans-3’-hydroxycotinine.? Additionally, the
measurement of nicotine intake via cotinine can underestimate exposure to other toxicants
such as 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK),1% which is the most potent
carcinogenic TSNA that is rapidly metabolized to urinary 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanol (NNAL) with similar carcinogenicity.1

Children are most vulnerable to tobacco smoke exposure (TSE), the cumulative SHS and
THS exposure to tobacco, and its related effects due to size- and age-specific behaviors and
activity patterns.? Relative to adults, children’s biological and behavioral differences place
them at increased risk of interacting with THS pollution in their environment (e.g., house
dust on floors), such as their inhalation patterns (e.g., faster breathing rate relative to body
weight), smaller body sizes, and pica and crawling behaviors.11-13 Concerning prevalence
of TSE, approximately 35% of U.S. children ages 3-17 years have detectable cotinine levels
indicative of TSE, and rates are higher among children who are non-Hispanic Black and

of lower socioeconomic status.14 Consequently, when compared to adults, U.S. children
exposed to tobacco smoke have nearly three-fold higher NNK exposure.1> Additionally,
NNAL positively correlates with cotinine among children, and thus, children with higher
reported TSE have higher NNAL and cotinine concentrations.16 Prior research also suggests
a gradient relationship between biomarkers and home TSE with children who live with
smokers who smoke indoors (home SHS+THS proxy) having the highest NNAL levels,
followed by children living with smokers who do not smoke indoors (predominant home
THS proxy), and then children living with nonsmokers (no home TSE proxy) having the
lowest NNAL levels.1’

Currently, there are no gold standard TSE biomarkers to differentiate exposure to THS
from exposure to SHS. Methods to distinguish THS from SHS in nonsmokers include
assessing self-report, THS-related main metabolites, and NNAL/cotinine ratios.! In addition
to the common limitations surrounding self-reported measures such as recall and social
desirability biases,® questionnaire items cannot be exclusively relied upon to assess

THS exposure since parents who are nonsmokers and who try to protect their children

from TSE may be unaware of THS pollutants that can remain in environments long

after smoking has ceased.1® Concerning potential THS-specific measures, the TSNA 4-
(methylnitrosamino)-4-(3-pyridyl)butanal (NNA) is not typically found in freshly emitted
smoke, but is produced when the combustion sources, including nicotine, react with nitrous
oxide in the environment.? Therefore, NNA is difficult to measure in THS samples likely
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due to this aldehyde’s high chemical reactivity during combustion that makes it difficult

for NNA to subsist.? While there are other TSE markers not specific to THS such as

TNE, ratios may be of interest if the proportion of the two biomarkers differ between

SHS and THS. For example, the NNAL/cotinine ratio may assist in differentiating between
SHS and THS exposure due to: (1) NNK concentrations increasing or remaining stable

over time due to reacting with ambient oxidants while nicotine concentrations decrease;2°
and (2) the varying elimination kinetics with NNAL having a greater half-life compared

to cotinine.2! Therefore, the NNAL/cotinine ratio is posited to be lower among children
with SHS exposure, but higher among children with THS exposure due to the premise of
greater dermal exposure, ingestion, and inhalation of THS as well as behaviors such as
hand-to-mouth behavior and playing on the floor. Similar to urinary NNAL only, children
have higher NNAL/cotinine ratio levels compared to adults.22 However, more research is
needed to assess biomarkers in ratio form with TNE, which TNEZ2 (i.e., molar concentration
cotinine + trans-3’-hydroxycotinine sum) has been strongly correlated with cotinine and
trans-3’-hydroxycotinine among U.S. individuals.23 Further, while PAH hydroxyfluorene
metabolites?425 and VOC acrylonitrile metabolites?® are highly selective to smoke exposure,
more research is needed to assess the contributions that these PAHs and VOCs may have

to SHS and THS in individual and ratio forms with TNEZ2. Thus, it is crucial to examine
comprehensive, highly selective biomarkers of TSE to assess children’s exposure to tobacco
smoke and to potentially further differentiate children by TSE type (i.e., SHS or THS) to
improve TSE group classification.

The study objective was to compare multiple tobacco-specific (e.g., TNE2, NNAL) and non-
specific (e.g., PAHs, VOCs) biomarkers of exposure with reported TSE patterns to assess
which biomarker profiles differentiate U.S. children ages 3-17 years into the following
three groups: (1) no/minimal TSE group (NEG): lives with nonsmokers, no reported SHS
exposure; (2) predominant THS exposure group (TEG): lives with tobacco smokers, no
reported SHS exposure; and (3) mixed SHS and THS exposure group (MEG): lives with
tobacco smokers, reported SHS exposure. Children in the NEG who are thought to be
protected from TSE can be minimally or incidentally exposed to THS.19 However, it is
important to assess the known and systematic source of living with smokers to distinguish
the TEG from the NEG, despite sharing the criteria of no reported SHS exposure. This
rationale is due to children in the TEG having a chronic, increased magnitude of exposure
to THS due to household smokers carrying THS pollutants into these children’s homes
compared to children in the NEG who do not live with smokers.1® We hypothesized that
comprehensive questionnaire and biomarker data would differentiate by TSE type and
improve TSE classification, and that biomarkers in ratio form with TNE2 (e.g., NNAL/
TNEZ2) would further differentiate by TSE type and improve TSE classification.

Materials and Methods

Participants and Procedures

The present study relies on a secondary analysis of National Health and Nutrition
Examination Survey (NHANES) data (2013-2014 and 2015-2016) that are representative
of the total U.S. pediatric population living in the 50 U.S. States and District of Columbia.
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NHANES survey and analytic methods are available elsewhere.2’-29 In brief, participants
were recruited for each cross-sectional cycle using a complex, multistage probability cluster
design, with overall response rates of 71% in 2013-2014 and 61% in 2015-2016.2° We
limited our analysis to combined public-use data from these two consecutive survey
cycles,39:31 due to having the most recent and complete laboratory data available at time

of analysis (e.g., PAHs and VOCs were not yet publicly available for the 2017-2018 cycle).
The two NHANES cycles were approved by the National Center for Health Statistics

ethics review board. Additionally, the University of Cincinnati’s institutional review board
approved this study (#2020-0350) with an exempt determination due to the use of secondary,
publicly available data with no participant consent required.

We delimited our analysis to 4,485 nonsmoking children who were ages 3-17 years and
had serum cotinine results available for analysis. Child age was limited to 3-17 years for
whom NHANES collected household interview and medical examination data including
biological samples to analyze the biomarkers of interest (e.g., serum cotinine). NHANES
did not measure the biomarkers included in this study on participants <3 years old, and
therefore, the younger group was excluded from analyses (/7=2,758). Children missing
data on household smokers and home TSE were also excluded prior to analyses (/7=70).
Additionally, children =12 years old (/7=3,038) were asked if they smoked any tobacco
product (i.e., cigarettes, electronic cigarettes [e-cigarettes], cigars, little cigars/cigarillos,
hookah, waterpipes) in the past 5-days or if they smoked cigarettes in the past 30-days,
and were excluded if they reported past 5-day tobacco use or past 30-day cigarette smoking
(m=94).

We compared children ages 3-17 years who were included (N=4,485) versus excluded

due to missing serum cotinine results (/7=1,411), and found sociodemographic differences
based on child age, child race/ethnicity, caregiver age, caregiver education level, household
income to federal poverty level ratio (FPL), number of household members, and number

of child household members. Specifically, children who were excluded from this study
based on not having serum cotinine data available for analysis were more likely to be non-
Hispanic White (57% versus 51%, p<0.001), have caregivers with an education >college
graduate (37% versus 27%, p<0.001), in the highest FPL category =350% (33% versus 27%,
p<0.001), and have two children in the household (41% versus 35%, £<0.001). Additionally,
children who were excluded from this study were more likely to be younger (M=8.1 versus
M=10.5, p<0.001), have caregivers who were younger (M=39.5 versus M=41.3, p<0.001),
and live with a lower number of household members (M=4.5 versus M=4.7, p<0.001). No
differences were found based on child sex (p=0.524), caregiver sex (p=0.977), family home
ownership status (p=0.199), and number of household rooms (p=0.754) when comparing
3-17-year-olds excluded versus included in this study based on serum cotinine data available
for analysis.

NHANES 2013-2016 data used in this study were derived from questionnaires and
laboratory analysis as described below.
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NHANES questionnaire data

Household smokers and home TSE—As a first step, we evaluated TSE in the
household via three items from the questionnaire’s “Smoking — Household Smokers” section
to distinguish children into the three TSE groups. This section was administered to adult
proxy respondents for 0-11-year-olds while 12-17-year-olds self-reported the number of
residents who lived in the household and smoked tobacco products. Responses options were
“no one in household is a smoker,” “one household member is a smoker,” “two household
members are smokers,” and “three or more household members are smokers.” Children who
did not live with a tobacco smoker were preliminarily classified into the NEG prior to SHS
exposure assessment in other locations (e.g., cars), as described below.

If one or more household residents smoked tobacco, then two follow-up questions were
asked about the number of: (1) residents who lived in the household who smoked tobacco
products inside the home (0, 1, and =2 smokers); and (2) days the resident(s) smoked inside
the home in the past 7-days (range 0-7). To distinguish children into the TEG versus the
MEG, children who lived with tobacco smokers who did not smoke inside the home (i.e.,

0 smokers smoked tobacco inside the home and smoked inside the home on 0 days in the
past 7-days) were preliminarily classified into the TEG prior to SHS exposure assessment in
other locations. Children who lived with tobacco smokers who smoked inside the home (i.e.,
=1 smoker smoked tobacco inside the home and smoked tobacco inside the home on =1 day
in the past 7-days) were classified into the MEG.

SHS exposure in the past 7-days—To further distinguish children into the NEG, TEG,
and MEG based on exposure in locations other than the home, we evaluated SHS exposure
in various environments in the past 7-days via four items from the questionnaire’s “Smoking
— SHS Exposure” section. For each SHS exposure item, a preliminary filter yes/no question
was asked to determine whether the child spent time in the particular environment during the
past 7-days (i.e., restaurant, car, another home, and any other indoor area). If the child was
in an environment (e.g., rode in a car), then a follow-up yes/no question was asked about
whether someone else smoked tobacco products while the participant was in that respective
environment in the past 7-days. Participants with a “yes” response were considered exposed
to SHS in the environment.

Sociodemographics—We assessed sociodemographics from the questionnaire’s
“Demographics” and “Housing Characteristics” sections. Demographic-related items were
administered to adult proxy respondents for 0-15-year-olds while 16-17-year-olds self-
reported the following information: child age, sex, and race/ethnicity (i.e., non-Hispanic
White, non-Hispanic Black, non-Hispanic Other/Multiracial, Hispanic); caregiver age,

sex, and education level (i.e., <high school graduate/equivalent, some college, =college
graduate); FPL (<185%, 185-349%, =350%, unspecified including don’t know/refused), and
total number of members (1 - =7) and children (1, 2, 23) in the household. The household
reference person, who was most frequently a parent and henceforth referred to as caregiver,
was the adult household member who owned or rented the home. FPL is the ratio of family
income to annual poverty thresholds of U.S. Department of Health and Human Services that
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accounts for family size and geographic location to determine financial eligibility of federal
programming (e.g., Head Start).2°

Housing characteristic-related items were administered to the adult proxy respondents
and responses were applied for all other household members. Housing characteristics
included the home ownership status (owned/being bought, rented/other arrangement) and
total number of rooms in the household (1 - 213).

NHANES laboratory data

Details on NHANES 2013-2016 specimen collection/processing and laboratory methods
used on =3-year-olds for tobacco-specific and non-specific biomarkers are available
elsewhere.32:33

Serum cotinine and hydroxycotinine—We assessed cotinine and trans-3’-
hydroxycotinine (i.e., hydroxycotinine) measured in serum, the widely used primary
nicotine metabolites with excretion half-lives of about 15-20 hours.3* NHANES collected
serum cotinine and hydroxycotinine among participants ages =3 years, and analyzed

the serum for nicotine metabolites using an isotope-dilution high-performance liquid
chromatography/atmospheric pressure chemical ionization tandem mass spectrometric
(HPLC-APCI MS/MS) method. The lower limit of detections (LLODs) for serum cotinine
and serum hydroxycotinine were 0.015 ng/mL. To further distinguish children into the TSE
groups after using questionnaire data, we assessed serum cotinine levels among the NEG to
biochemically confirm this group had no/minimal cotinine levels.

Urinary TNE2—We assessed urinary TNE2, which refers to the molar sum of major
nicotine metabolites, and has shown to strongly correlate with nicotine dose.3® In NHANES,
TNEZ2 is calculated as (total cotinine/176.2151) + (total hydroxycotinine/192.2145) nmol/
mL.36:37 In order to calculate TNE2, total cotinine and hydroxycotinine were measured in
urine. Urinary cotinine is about 5-10 times more concentrated than that of serum cotinine,
and urinary hydroxycotinine is 2-4 times more concentrated than urinary cotinine.38
NHANES collected urine to assess cotinine and hydroxycotinine among participants ages =6
years in the 2013-2014 cycle and ages =3 years in the 2015-2016 cycle, and analyzed urine
for nicotine metabolites using an isotope-dilution high performance liquid chromatography/
electrospray ionization tandem mass spectrometric (HPLC-ESI-MS/MS) method.3940 The
LLODs for urinary cotinine and urinary hydroxycotinine were 0.03 ng/mL.

Urinary 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL)—We assessed total
NNAL measured in urine, the main metabolite of the TSNA carcinogen NNK that itself has
similar carcinogenicity and a long half-life of about 40-45 days.4142 NHANES collected
urine to assess NNAL among participants ages =6 years in the 2013-2014 cycle, and
analyzed urine for NNAL using an isotope-dilution HPLC-ESI MS/MS.4344 The LLOD for
urinary NNAL was 0.60 pg/mL. Urinary TSNA data were limited to the 2013-2014 cycle
because the 2015-2016 cycle was unavailable at the time of analysis.

We assessed urinary NNAL separately and as the NNAL/TNE?2 ratio to test our hypothesis
that ratios may help to distinguish THS from SHS in children.22 This is posited due to the

Environ Sci Technol. Author manuscript; available in PMC 2024 February 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Merianos et al.

Page 8

increase in urinary NNAL while nicotine levels rapidly decrease over time.20 Thus, as SHS
ages, NNAL levels potentially increase due to nicotine reacting with nitrous acid resulting in
increased NNAL/nicotine ratios found in real-world data.!

Urinary 2-hydroxyfluorene and 3-hydroxyfluorene—We assessed 2-hydroxyfluorene
and 3-hydroxyfluorene measured in urine that are PAH metabolites of fluorene;
hydroxyfluorenes are the PAH metabolites that most effectively differentiate smokers from
nonsmokers.2* NHANES collected urine to assess PAH metabolites among participants

ages =6 years in the 2013-2014 cycle and ages =3 years in the 2015-2016 cycle, and
analyzed urine using isotope dilution high performance liquid chromatography-tandem

mass spectrometry (SPE-HPLC-MS/MS).#> The LLODs for urinary 2-hydroxyfluorene and
3-hydroxyfluorene were 8.00 ng/L. Since fluorene can have other possible sources, we also
assessed both PAHs normalized to TNE2.

Urinary N-acetyl-S-(2-cyanoethyl)-L-cysteine (2CyEMA)—We assessed 2CyEMA
measured in urine that is a VOC metabolite of acrylonitrile, which is found in tobacco
smoke and other sources including acrylic, plastics, and resins,*® and are selective to tobacco
smoke.*” NHANES collected urine to assess VOC metabolites among participants ages =6
years in the 2013-2014 cycle and ages >3 years in the 2015-2016 cycle, and analyzed urine
using ultra-performance liquid chromatography coupled with electrospray tandem mass
spectrometry (UPLC-ESI/MSMS).48 The LLOD for urinary 2CyEMA was 0.50 pg/L. Since
VOCs can also have other sources, we assessed 2CyEMA normalized to TNE2.

Statistical analysis

We used the survey package in R Statistical Software (version 4.0.5.)*° and adhered to
NHANES analytic guidelines?® for all analyses. We used examination sample weights to
adjust for survey non-response and selection probability to yield estimates that reflect the
U.S. 3-17-year-old population. We also used NHANES-provided primary sampling units
and strata variables to account for the clustered design for variance estimation. Before any
statistical modeling, we assessed the distributional properties of all variables including the
biomarkers, which underwent logarithmic transformations to control for non-normality and
heterogeneity of variances.

As a preliminary step, we classified children into the three TSE groups using questionnaire
data on household smokers and home TSE (Figure 1). As a second step, we re-classified
children into TSE groups based on their reported SHS exposure patterns in other locations
(e.g., car). The associations between tobacco-specific biomarker levels and preliminary TSE
groups were then investigated as a validation step using univariate and bivariate analyses to
ensure the accuracy of the group labels using questionnaire data. After validating group
membership, we assessed child sociodemographic characteristics overall and based on

TSE groups. We report unweighted counts and weighted percentages and 95% confidence
intervals (Cls) for categorical variables (e.g., child sex) and weighted means and standard
errors (SEs) for continuous variables (e.g., child age). We also computed descriptive
statistics including frequencies and weighted percentages and 95%Cls for the reported TSE
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variables within each TSE group. We report geometric means (GeoMs) and 95%Cls for the
log-transformed biomarker variables overall, and within each TSE group.

As a second step, we used the random forests machine learning method, which ensembles
multiple decision trees to make predictions and build a “forest”.>0 Random forest models are
an effective ensemble tool that incorporate randomness via employing bagging or bootstrap
aggregation to generate each tree. Random forests randomly sample predictors by creating
bootstrap replicates called bagged predictors, which this subset is then tested to create splits
in each tree. This method reduces correlation between the decision trees and enhances the
accuracy and robustness of the ensemble when random features are applied.>® To account
for missing values, we used random forest imputation with the model parameters set to run
500 trees to maximize the training set. A key advantage of random forest imputation is the
model’s inability to extrapolate or impute values beyond the observed effect. This is useful,
especially for continuous biomarker data that are lower bound by a LLOD. The imputation
step was performed using the missRanger package in R while accounting for the sample
design and applying NHANES-provided weighting, and the resulting dataset was used for
all subsequent downstream analysis.

We fitted and tested random forest models using a cross-validation technique of an

80% training split to develop the model and 20% testing split to assess each model’s
performance. The NHANES-provided weights were no longer applied for this step due to
using the random sampling method described above and using these data for classification
purposes. Instead, for the random forest models, each sample was inversely weighted
according to the frequency of their respective TSE group to avoid potential classification
problems resulting in imbalances from the initial varying TSE group sample sizes. For
example, the smaller MEG was weighted more heavily than the larger NEG. We entered
selected variables a priori and entered each predictor independently to produce variable
importance scores using the Gini impurity index that reflect the overall influence, or
importance, of each predictor variable in the model.

Based on the main random forest model results that included 16 variables, and is described
in detail below, we conducted sensitivity analyses and fitted six additional random forests
with varying predictors selected a priori to assess prediction accuracy for the models
including the following predictors: (1) all five reported TSE predictors; (2) four reported
TSE predictors excluding the predictor of number of household smokers; (3) all 11
biomarker and biomarker ratio predictors; (4) all seven biomarker predictors (excluding
biomarker ratios); (5) all four biomarker ratio predictors; and (6) seven biomarker and
biomarker ratio predictors excluding serum cotinine, serum hydroxycotinine, urinary TNE2,
and urinary NNAL. The second sensitivity model excluded the predictor of the number

of household smokers since this was the most important predictor in the main random
forest model. The sixth sensitivity model excluded the predictors of serum cotinine, serum
hydroxycotinine, urinary TNE2, and urinary NNAL, which were also of importance in the
main random forest model.

As a third and final step, we fitted a logistic regression model using the four reported
TSE and biomarker predictors that were identified as important to predict variation in
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MEG versus TEG membership (reference category). The logistic regression model was also
evaluated using an 80% training and 20% testing split.

The mean (SE) age of the 4,485 nonsmoking children was 10.5 (0.01) years, and 49% were
female (Table 1).

The majority of children were non-Hispanic White (51%) followed by Hispanic (25%),
non-Hispanic Black (14%), and non-Hispanic Other race/Multiracial (10%). Concerning
caregiver characteristics, their mean (SE) age was 41.3 (0.03) years, 50% were female, and
40% completed an education of <high school graduate/equivalent. Concerning household
characteristics, FPL varied with 43% in the lowest <185% level and 27% in the

highest 2350% level. Thirty-nine percent of children lived in rented homes or had other
arrangements, and the mean (SE) number of household rooms and members were 6.7 (0.01)
and 4.8 (0.01), respectively. The majority of households had two child residents (35%) and
>3 child residents (48%).

Sociodemographic Characteristics based on Child TSE Group Membership

Child race/ethnicity differed based on TSE group membership (see Table 1). Concerning
caregiver characteristics, caregiver age, sex, and education level differed based on TSE
group membership. Concerning household characteristics, FPL, family home ownership
status, and number of household members, child household members, and household rooms
differed based on TSE group membership.

TSE Patterns Overall and based on Child TSE Group Membership

A total of 76% (/7=3,369) of children were classified in the NEG, 16% (/7=701) were
classified in the TEG, and 8% (/=415) were classified in the MEG. Irrespective of child TSE
group membership, 76% lived with no household smokers, and 14% and 10% lived with one
and =2 smokers, respectively (Table 2). Concerning locations of TSE, 12% had car TSE, 6%
had other home TSE, 1% had restaurant TSE, and 3% had other indoor area TSE.

Biomarker Levels Overall and based on Child TSE Group Membership

Overall biomarker and biomarker ratio levels are presented in Table 3. The highest
biomarker levels were observed in the MEG followed by the TEG and then the NEG with
the exception of 2- and 3-hydroxyflourene, which were higher in the MEG followed by the
NEG and then the TEG. For biomarker ratio levels with TNE2 as the denominator, ratio
levels were highest in the NEG followed by the TEG and then the MEG.

Main Random Forest Model Prediction Accuracy

The final random forest model selected for classifying children into the three TSE groups
used all 16 reported TSE, biomarker, and biomarker ratio predictor variables and had a
prediction accuracy of 95% (Table 4). Compared to the sensitivity model results presented
below, this model had the highest NEG (100%) and MEG (71%) prediction accuracies, and
the second highest TEG (88%) prediction accuracy. Concerning variable importance, the top
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four important predictors in the final model were: number of household smokers (1,027),
serum cotinine (333), serum hydroxycotinine (242), and urinary NNAL (93) (Figure 2).

Sensitivity Random Forest Models Prediction Accuracy

As a sensitivity analysis and based on the main prediction model’s results, we fitted six
additional models with different variable selections (see Table 4). The two prediction
models including reported TSE data only, with and without the number of household
smokers variable, had the next highest overall model prediction accuracies of 93% and
76%, respectively. The model with all reported TSE data had the highest TEG prediction
accuracy of 91%, but the reported TSE data model without the number of household
smokers predictor variable had the lowest TEG prediction accuracy of 1%.

Next, biomarkers only (excluding ratios) had the next highest overall model prediction
accuracy of TSE group membership (75%), and the models with biomarkers and biomarker
ratios with (71%) and without (72%) serum cotinine, serum hydroxycotinine, urinary TNE2,
and urinary NNAL metabolites had similar overall prediction accuracies. However, the
model with biomarkers only had the second lowest TEG prediction accuracy of 9%. The
model with the four biomarker ratios only had the lowest overall model (64%), NEG (78%),
and MEG (17%) prediction accuracies (see Table 4).

Logistic Regression Model to Distinguish MEG versus TEG Membership

Figure 3 presents a forest plot of logistic regression model results using the top four
variables of importance in the main random forest model to predict variation in TSE

group membership and distinguish between MEG versus TEG membership. The overall
model prediction accuracy was 79% for these two exposure groups, with specific prediction
accuracies of MEG and TEG membership of 86% and 74%, respectively. Children who lived
with =2 smokers were more likely to be in the MEG (OR=1.8, 95%CI1=1.4-2.2, p<0.001)
compared to children who lived with only one smoker. With every one log-unit increase

of serum cotinine (OR=1.2, 95%CI=1.1-1.4, p<0.001), serum hydroxycotinine (OR=1.3,
95%CI=1.2-1.5, p<0.001), and urinary NNAL (OR=1.1, 95%CI=1.0-1.2, p<0.001), children
were at increased odds to be in the MEG versus the TEG.

DISCUSSION

We applied machine learning methodology to compare multiple tobacco-specific and non-
specific biomarkers with reported TSE patterns collected during NHANES 2013-2016 to
assess which exposure profiles best differentiate U.S. children ages 3-17 years into TSE
groups. As hypothesized, our main random forest model that was developed and validated
using the comprehensive list of questionnaire item and biomarker predictors demonstrated
good performance with high accuracy of about 95%. Specifically, the top four variables
of importance included the reported measure of number of household smokers, the two
nicotine metabolites of serum cotinine and hydroxycotinine, and the NNK metabolite of
urinary NNAL. While biomarker ratios included in the main random forest model assisted
in differentiating by TSE group and improved classification, the urinary NNAL/TNE ratio
ranked ninth for importance. This particular ratio was ranked lower than the PAH and VOC
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metabolite ratios normalized to TNE2. This finding was unanticipated since the NNAL/
cotinine ratio, or in this case the NNAL/TNEZ2 ratio, is expected to be higher among those
primarily exposed to THS and lower among those primarily exposed to SHS.1 This is

due to the premise that dust is a major source of THS exposure, and nicotine found in

dust decreases more rapidly compared to NNK over time.51 Additionally, nicotine and its
metabolites are metabolized more rapidly with shorter half-lives compared to the NNK
metabolite of NNAL.2! Therefore, one possible explanation for this finding was that we
only had NNAL data available from the NHANES 2013-2014 cycle. It is also important to
note that while the sensitivity random forest model using the four biomarker ratio predictors
only had an overall model prediction accuracy of 64%, this model had the lowest prediction
accuracies for the NEG (78%) and the MEG (17%) compared to the main random forest and
other sensitivity models.

Our main random forest model showed the highest prediction accuracy for the NEG and
MEG, but not the TEG, indicating that key predictors are different among the MEG

and TEG. Specifically, the sensitivity model with reported variables had higher prediction
accuracy for the TEG, but the second lowest for the MEG. Conversely, the three sensitivity
models including all biomarker predictors and all biomarker and biomarker ratio predictors
with and without serum cotinine, serum hydroxycotinine, urinary TNE2, and urinary NNAL
had higher model prediction accuracy for the MEG than the TEG. This shows that a
combination of questionnaire and biomarker variables are key predictors to consider for TSE
group membership, especially to distinguish the TEG from the MEG. It is important to note
that while we used all tobacco-specific and non-specific biomarkers provided by NHANES
that were available for analysis, there are environmental THS pollution markers that

may further distinguish TEG from MEG membership. Concerning potential environmental
markers that may further classify TSE groups and can be measured in indoor environments,
the first studies to measure children’s exposure to THS in indoor environments using
biomarkers (e.g., urine cotinine) and environmental markers (e.g., house dust) found varying
THS pollution levels among children of smokers and nonsmokers, and that THS can last

six months after cessation.>153 Research indicates that the prevalence of THS is high in
smokers’ children who had high levels of THS pollutants on their hands, even when they
lived in homes with no smoking allowed indoors.>4-56 A more recent study used a combined
assessment of urinary cotinine as the internal biomarker and hand wipe nicotine as the
external marker of contact with nicotine pollution in children’s microenvironments, and
results showed that these distinctive exposure profiles were differentially associated with
child health.57 Specifically, there were associations found between child hand nicotine and
illnesses while controlling for cotinine, age, and race/ethnicity, but no association was found
while assessing urinary cotinine as the independent variable of interest and while controlling
for hand nicotine, age, and race/ethnicity. Thus, future research should consider expanding
on this work by adding environmental markers of TSE, such as dust and surface nicotine,
nicotelline, and TSNAs as well as hand wipe nicotine levels, to increase the prediction
accuracies of the NEG versus TEG versus MEG memberships.

This study also contributes to the gap in the evidence base on the utility of applying machine
learning methods to pediatric tobacco control efforts. A recent child TSE study used random
forest modeling, but assessed the ability of questionnaires to predict the variation of nicotine
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metabolites among Canadian infants.>® This prior study demonstrated that parent-reported
question models predicted 31% and 41% of the respective variation in urinary cotinine

and hydroxycotinine;>8 thus, self-reported questionnaire data are useful for situations when
serum cotinine and hydroxycotinine biomarkers are not measured. Our study expands on this
prior work by assessing nicotine and other tobacco smoke-derived constituents that may be
important to distinguish THS from SHS using comprehensive biomarker profiles, such as
other widespread sources of TSE pollutants in children that have great implications to their
health including NNK,59:60 pAHs 61 and VOCs.52

This is the first study to differentiate children into the NEG versus the TEG versus the
MEG based on comprehensive biomarker profiles and questionnaire measures of TSE from
the NHANES 2013-2016, with results generalizable to the U.S. 3-17-year-old population.
Several limitations of this secondary analysis should be noted. NHANES is a cross-sectional
survey, and therefore longitudinal associations could not be explored. NHANES 2013-2016
questionnaire items did not assess exposure to specific tobacco product types (e.g.,
cigarettes, cigars, e-cigarettes) or cannabis, and did not assess self-reported tobacco product
use among children <12 years old. While we excluded children >12 years old if they had
used any tobacco product in the past 5-days and/or if they smoked cigarettes in the past
30-days, social desirability bias may have occurred and children could have not accurately
reported their primary tobacco use. We assessed serum cotinine levels to biochemically
confirm NEG membership, but children in the TEG or MEG may not have accurately
reported their primary tobacco use. Additionally, we found sociodemographic differences
between 3-17-year-olds who were included and excluded in this study due to the availability
of serum cotinine results for our analysis, which may have presented selection bias. For
example, caregivers may have been less likely to agree to serum collection for younger
children compared to older children, explaining why included children had a higher mean
age of about 10 years old versus eight years old for excluded children. Thus, the original
NHANES serum collection may have biased the results of this secondary analysis. Further,
while e-cigarette use prevalence among U.S. adults is very low (4%) relative to combustible
tobacco product use prevalence (15%),5% we were unable to assess exposure to e-cigarette
aerosol only. Prospective longitudinal studies are encouraged to assess the prevalence,
contributions, and health risks of exposure to SHS and THS among children exposed to
e-cigarette aerosol only.

In conclusion, the current study highlights that child TSE is complex and can have many
routes, toxins, and hazards to children. Findings indicate that random forest modeling

using comprehensive biomarker and questionnaire item predictors is a promising tool

for predicting TSE group membership. The current study’s prediction models with good
performance identified significant features of SHS and THS exposure that should be
considered by policymakers and researchers to develop practice-based remediation strategies
and regulatory actions to reduce hazardous tobacco-related toxicant exposures in children.

Funding Sources

This work was supported by the National Institute of Environmental Health Sciences (NIH Grant Numbers
R21ES032161, RO1ES027815, and RO1ES030743), National Institute on Drug Abuse (NIH Grant Number

Environ Sci Technol. Author manuscript; available in PMC 2024 February 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Merianos et al.

Page 14

K01DA044313), and the California Tobacco-Related Disease Research Program (TRDRP Grant Number

28PT-0078).
Disclaimer:
The content is solely the responsibility of the authors and does not necessarily represent the official views of the
National Institutes of Health. Additionally, the findings and conclusions in this report are those of the authors and
do not necessarily represent the views of the Centers for Disease Control and Prevention/the Agency for Toxic
Substances and Disease Registry.
ABBREVIATIONS
TSE tobacco smoke exposure
SHS secondhand smoke
THS thirdhand smoke
NEG no/minimal tobacco smoke exposure group
TEG predominant thirdhand smoke exposure group
MEG mixed secondhand and thirdhand smoke exposure group
NNAL 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol
NHANES National Health and Nutrition Examination Survey
PAHs polycyclic aromatic hydrocarbons
VOCs volatile organic compounds
NNK 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
TNEs total nicotine equivalents
TSNAs tobacco-specific nitrosamines
2CyEMA N-acetyl-S-(2-cyanoethyl)-L-cysteine
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SYNOPSIS

In absence of validated biomarkers for thirdhand tobacco smoke, machine learning
methods identified NHANES biomarker and questionnaire data that distinguished
children exposed to secondhand and thirdhand smoke with high accuracy.
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N
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HOME?

NO NO YES
NO YES NO YES
Figurel.

Steps to preliminarily distinguish children into the three TSE groups using NHANES
2013-2016 questionnaire data. SHS in the past week refers to reported exposure patterns in
locations other than the home (e.g., car). Additionally, serum cotinine levels were assessed
to biochemically confirm NEG had no/minimal cotinine levels.
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Questionnaire and Biomarker Variables
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Figure2.
Variables by importance in the main random forest model predicting child TSE group

membership using NHANES 2013-2016 data.
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Variables

Page 22

Lives with 22 Household Smokers (vs.

Lives with 1 Household Smoker)
Serum Cotinine e
Serum Hydroxycotinine —o—

Urinary NNAL ®

0o 05 1 15 2
Odds Ratio (95%Cl)

Figure 3.
Forest plot of logistic regression model results using the top four variables of importance in

the main random forest model to distinguish between the two TSE groups of MEG versus
TEG membership (reference category) using NHANES 2013-2016 data. The overall model
prediction accuracy was 79%, and the accuracies of predicting MEG and TEG membership
were 86% and 74%, respectively.
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