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Research Article

Metabolites of a Tobacco-Specific Lung Carcinogen in
Children Exposed to Secondhand or Thirdhand Tobacco
Smoke in Their Homes

Janet L. Thomas1, Hongfei Guo1, Steven G. Carmella1, Silvia Balbo1, Shaomei Han1, Andrew Davis1,
Andrea Yoder1, Sharon E. Murphy1, Larry C. An2, Jasjit S. Ahluwalia1, and Stephen S. Hecht

Abstract
Background: People exposed to secondhand tobacco smoke (SHS) inhale the lung carcinogen 4-(methyl-

nitrosamino)-1-(3-pyridyl)-1-butanone (NNK) which is metabolized to NNAL and its glucuroniders. These

urinary metabolites, termed total NNAL, can be quantified. A related compound, iso-NNAL, has been

proposed as a biomarker for exposure to smoke constituent residues on surfaces (thirdhand tobacco smoke).

There is limited information in the literature on levels of total NNAL in children exposed to SHS.

Methods: We recruited 79 parent–child dyads from homes where the enrolled parent was a cigarette

smoker and visited their homes. Parents were asked questions, home ambient air quality was evaluated, and

children provided urine samples. Urine was analyzed for total NNAL, total cotinine, total nicotine, and iso-

NNAL.

Results:Ninety percent of the children had detectable total NNAL in urine; total nicotine and total cotinine

were also detected in most samples. There were significant positive relationships between biomarker levels

and exposure of children in the home. Levels were highest in homes with no smoking restrictions. African

American children had significantly higher levels than other children. iso-NNAL was not detected in any

urine sample.

Conclusions: There was nearly universal exposure of children to the lung carcinogen NNK, due mainly to

exposure to SHS from adult smokers in their homes.

Impact: Homes with adult smokers should adopt restrictions to protect their children from exposure to a

potent lung carcinogen. Cancer Epidemiol Biomarkers Prev; 20(6); 1213–21. �2011 AACR.

Introduction

Secondhand tobacco smoke (SHS) exposure in adult-
hood is an accepted cause of lung cancer in nonsmokers
(1, 2). The literature is less clear concerning SHS exposure
in childhood and the development of lung cancer later
in life in nonsmokers. The results of studies reviewed by
the International Agency for Research on Cancer were
somewhat contradictory (1). The U.S. Surgeon General
found some increased risk for lung cancer but the results
were inconsistent (2). Some studies published since these
reviews indicate a positive association. A nested case–
control studywithin the EPIC cohort found an association
between lung cancer in adulthood and frequent exposure

to SHS in childhood (3). An increased risk for lung cancer
among nonsmokers exposed to SHS during childhood,
particularly among those possessing a haplotype corre-
sponding to a known overactive complement pathway of
the innate immune system, was reported in a recent
study (4).

Urinary 4-(methylnitrosamino)-1-(3-pyridyl)-1-buta-
nol and its glucuronides (total NNAL) have emerged
as very useful biomarkers for assessing exposure to
SHS in the context of the potential effects of SHS as a
lung carcinogen (5–9). NNAL and its glucuronides are
metabolites of 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK; Fig. 1), a powerful tobacco-specific lung
carcinogen in rodents (10). Advantages of total NNAL as
a biomarker include its relatively long half-life, reliable
quantitation by validated analytical chemistry techni-
ques, tobacco specificity, and direct relationship to the
lung carcinogen NNK. Total NNAL has been quantified
in a number of studies dealing with SHS exposure (5–9).
The results of these studies show conclusively that non-
smokers exposed to SHS take up and metabolize the lung
carcinogen NNK. When NNAL is detected in urine, the
source must have been tobacco products because NNK is
found only in these products. Levels of total NNAL in the
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urine of nonsmokers exposed to SHS are about 1% to 5%
as great as those in smokers. Collectively, these results
provide strong biochemical support for the relationship
between SHS exposure and lung cancer as observed in
epidemiologic studies.

Recently, an additional mode of involuntary exposure
to tobacco constituents, given the term "thirdhand
smoke," has been proposed (11). Thirdhand smoke expo-
sure would occur by exposure to anything left after a
cigarette is extinguished and would predominantly be
due to contact with residues remaining on surfaces. It
could be particularly relevant to the exposure of young
children because they are routinely in contact with rugs,
furniture, and other objects in the household. This con-
cept received substantial publicity when a recent article
reported that carcinogenic tobacco-specific nitrosamines
could readily form when nitrous acid was passed over
surfaces containing nicotine (12). The authors proposed a
specific biomarker for this process: 1-(methylnitrosa-
mino)-1-(3-pyridyl)butan-4-ol (iso-NNAL) which could
result from uptake and metabolism of 4-(methylnitrosa-
mino)-4-(3-pyridyl)butanal (NNA), the major tobacco-
specific nitrosamine observed on surfaces in their study
but which is not present in tobacco smoke. These relation-
ships are summarized in Figure 1.

There have been only 5 published studies on total
NNAL in the urine of children exposed to SHS and none
have focused specifically on exposure in the home. The
first two studies showed widespread exposure of ele-
mentary school children to SHS, but the sources of expo-
sure were not conclusively identified (13,14). Another
similar study showed the presence of NNAL and its
glucuronides in Moldovan children (15). A fourth study

focused on infants less than 1 year old (7). A recent study
documented relatively high levels of exposure of children
in the U.S. population (16). In the investigation reported
here, we have determined levels of total NNAL, total
nicotine, and total cotinine in the urine of children known
to be exposed to SHS in their homes. We have also
evaluated the concept of thirdhand smoke exposure in
these children by investigating the presence of iso-NNAL
in their urine.

Materials and Methods

Subjects and data collection
This study was approved by the University of Minne-

sota Research Subjects’ Protection Program Institutional
Review Board: Human Subjects Committee. The partici-
pating parent–child dyads were part of the "Healthy
Homes for Healthy Kids" study, a randomized clinical
trial designed to test the efficacy of "biomarker feedback"
(i.e., providing parents who smoke with laboratory
results documenting their child’s exposure to SHS) on
increasing the implementation of complete home smok-
ing restrictions.

Participants were recruited through flyers posted at
WIC (Women, Infants, and Children) clinics, serving low
income women and young children in the Twin Cities
metropolitan area. To be eligible for WIC, applicants
must have income at or below a standard set by the state,
tied closely to Federal poverty guidelines. All partici-
pants were receiving food stamps. Eligible participants
included adults who were the parent or legal guardian of
a child 10 years or younger who lived in their home,
smoked at least 100 cigarettes in their lifetime, and had
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Figure 1. Summary of existing and
proposed tobacco-specific
carcinogen biomarkers for
secondhand and thirdhand smoke
exposure. Total NNAL (NNAL plus
its glucuronides) is an established
biomarker for uptake of the
tobacco-specific lung carcinogen
NNK in nonsmokers exposed to
SHS. The NNK comes from the
sidestream smoke of a cigarette
and the nonsmoker is exposed to
it by breathing air that contains
sidestream smoke. iso-NNAL has
been proposed as a biomarker of
thirdhand smoke exposure
because it is an expected
metabolite of NNA, a compound
formed on surfaces containing
nicotine and exposed to nitrous
acid (HONO). NNA is not known
to be present in cigarette
mainstream or sidestream
smoke (12).
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smoked at least 1 cigarette per day on at least 25 of the
past 30 days. Participants were excluded if they were
currently pregnant, planning to become pregnant or
planning to move in the next 3 months, and/or were
receiving treatment for smoking cessation.
A total of 258 people were screened. Of these, 37 were

ineligible because they did not have a child younger than
10 years residing in their home, 18 were not interested in
participating, and 123 were ineligible for a variety of
other reasons including current pregnancy, plans to
move in the next 3 months, not the legal guardian of
the child in their home, smoked less than 25 of the last 30
days, or a nonsmoker. A total of 80 parent–child dyads
completed the baseline assessment; however, we were
unable to collect a sufficient amount of urine from 1 child.
Therefore, this dyad was excluded from further study.
Our final sample size included 79 parent–child dyads.
For the 79 dyads that enrolled in the study, study staff

met with each parent–child dyad in their homes to obtain
verbal and written consent and assent as appropriate and
to administer the baseline questionnaire. Baseline visits
occurred between March and August, 2009. For parents
who had more than 1 qualified child living in their home,
theyoungest, toilet-trainedchild in thehomewasenrolled.
Enrolled parents were asked a series of questions about

their smoking and other smoking-related behaviors, as
well as questions about socioeconomic status, residential
characteristics, and health. For example, they were asked
questions such as: "On an average, howmany hours a day
do you spend with (child enrolled in study)?"; "To the
best of your knowledge, has your child been exposed to
tobacco smoke in your home in the past week?"; "Not
including you, how many people in your home smoke?";
"In the pastweek, on an average, howmany cigarettes did
you smoke in your home (in your car), in a day?"; "How
soon after waking do you smoke your first cigarette?"
(proxy measure of nicotine dependence); and "Which of
the following statements best describes the rules about
smoking in your home (in your car)?" Response options
included the following: (a) No one is allowed to smoke
anywhere, ever; (b) Smoking is allowed in some places or
at some times; (c) Smoking is permitted anywhere, there
are no rules. Given the potential for social desirability
bias and differential levels of enforcement of smoking
restrictions, parents who endorsed complete home smok-
ing bans were eligible to participate in this trial.
A TSI SidePak AM510 personal aerosol monitor (TSI,

Inc.) was used to monitor home air quality by recording
the level of fine particulate matter (PM2.5) in the home
environment. During the baseline visit, a monitor was set
up in the main room of the participant’s home, which
was most frequently the living room. The monitor
was operated for a minimum of 30 minutes and the
mean score was recorded. The SidePak uses a built-in
sampling pump to draw air through the device where the
particulate matter in the air scatters light from a laser to
assess real-time concentration of small particulate matter
(<2.5 mm), expressed in mg/m3. Passive air nicotine

dosimeters were also used to assess SHS exposure in
the home. The dosimeter consists of a filter treated with
sodium bisulfate. The filter is contained in a 4-cm poly-
styrene cassette. Nicotine passively diffuses to the dosi-
meter and binds to the filter. The dosimeter is housed in a
plastic compartment on a HEPA carbon–permanganate–
zeolite air cleaner. At the baseline visit, the dosimeter was
hung above reach in an unobtrusive location, away from
sources of air circulation, in the room in which the child
reportedly spent the most time. The badge was subse-
quently retrieved approximately 3 weeks after place-
ment. Badges were analyzed by gas chromatography in
the laboratory of S. Katharine Hammond (University of
California, Berkeley, CA) using a standardized procedure
(17).

A Micro Smokerlyzer (Bedfont Scientific, Ltd.) was
used to record the baseline carbon monoxide level of
the enrolled parent. Toilet-trained children were asked to
provide a 40 mL urine sample in a sterile commode
specimen collection hat. Families with eligible children
who were not toilet trained were mailed 2 NatraCare
100% cotton natural pads (NatraCare Products) and vinyl
medical examination gloves prior to the baseline visit.
Parents were provided with written and verbal instruc-
tions to place a pad in the child’s diaper the night before
the baseline home visit and another on the morning of the
visit. They were instructed to place the soaked pad(s) in
an accompanying biohazard bag. Parents were strongly
encouraged to wear the gloves provided when placing
and removing the pad to avoid the possibility of third-
hand nicotine contamination from their hands. At the
baseline visit, either the urine sample or the soaked pad(s)
were collected and returned to the laboratory at the
Masonic Cancer Center.

Biomarker analyses
Total NNAL, total cotinine, and total nicotine were

quantified essentially as described (7). In each case, the
urine was treated with b-glucuronidase and the reported
amount represents the total of the unconjugated com-
pound plus its glucuronide. Limits of quantitation for
total NNAL, total cotinine, and total nicotine were
approximately 0.01 pmol/mL, 0.5 ng/mL, and 0.5 ng/
mL, respectively. Data on precision (coefficient of var-
iance � 10%) and accuracy of these assays have been
described (18,19). Analysis for iso-NNAL was carried
out using the same method as employed for total
NNAL, except that its gas chromatographic retention
time was different. Ten urine samples were also analyzed
for iso-NNAL by liquid chromatography-electrospray
ionization-tandem mass spectrometry (LC-ESI-MS/MS)
using a Waters Associates nanoAcquity Ultra Perfor-
mance instrument fitted with a 100 mm � 0.5 mm,
3m Hypercarb column (Thermo Scientific) eluted with
40% MeOH in H2O for 30 minutes at 10 mL/min and
interfaced with a Thermo Scientific TSQ Quantum Ultra
instrument. The transitions m/z 210 ! m/z 180 and m/z
210 ! m/z 149 were monitored.
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Hepatocyte incubations
To investigate the metabolism of NNA to iso-NNAL,

primary human hepatocytes were purchased from Cellz-
direct and prepared as described (20). Hepatocytes
(approximately 0.12 mg protein per well) were incubated
with 10 mmol/L NNA or NNK as a positive control. The
nitrosamines were dissolved in 20 mL H2O and added to
the 2mL incubationmixtures. Onemilliliter of media was

collected at 24 hours. Samples were stored at �20�C until
analysis.

Statistical analysis and related considerations
Descriptive statistics of child and parent demo-

graphics, parent smoking characteristics, and child expo-
sure variables were calculated for the study sample.
Categorical variables were summarized by frequencies

Table 1. Demographic and smoking characteristics of parent–child dyads (N ¼ 79)

Characteristic N (%) Mean � SD or geometric
mean (95% CI)

Child age, y 3.82 � 2.55
Child gender

Female 40 (50.6)
Male 39 (49.4)

Parent race
African American 44 (55.7)
White 16 (20.3)
Other 19 (24.0)

Income
<$1,800/mo 60 (76.0)

�$1,800/mo 19 (24.0)
Education

<12 grades 21 (26.6)
�12 grades 58 (73.4)

Employment status
Not employed 53 (67.2)
Full or part time employed 26 (32.9)

Housing type
Townhouse or duplex 47 (59.5)
Single family house 32 (40.5)

Number of children under 18 in home 2.44 � 1.63
Minutes to first cigarette

0–30 51 (64.6)
31þ 28 (35.4)

Parent CO, ppm 10.2 (8.7–11.9)
PM2.5, home air quality, mg/m3 51.4 (39.5–66.9)
Cigarettes per day (last 7 days) 9.5 � 5.3
Number of smokers living in home 1.9 � 0.96
Number of cigarettes smoked in home per day 6.9 � 7.2
Number of cigarettes smoked in car per day 4.3 � 3.4
Time spent per day with child, h 15.6 � 7.5
Child exposed to SHS in home past week 57 (72.3)
Child exposed to SHS outside home past week 38 (48.7)
Home smoking restrictions

Complete restrictions 17 (21.5)
Some restrictions 39 (49.4)
No restrictions 23 (29.1)

Car smoking restrictions
Complete restrictions 10 (12.7)
Some restrictions 15 (19.0)
No restrictions 13 (16.5)
Do not own a car 41 (51.9)

Thomas et al.

Cancer Epidemiol Biomarkers Prev; 20(6) June 2011 Cancer Epidemiology, Biomarkers & Prevention1216

on May 23, 2013. © 2011 American Association for Cancer Research. cebp.aacrjournals.org Downloaded from 

Published OnlineFirst April 5, 2011; DOI: 10.1158/1055-9965.EPI-10-1027 

http://cebp.aacrjournals.org/


and percentages, and continuous variables were sum-
marized by means or geometric means. The Wilcoxon
rank sum tests or Kruskal–Wallis tests were used to
compare the geometric means of total NNAL, total coti-
nine, total nicotine, and sum of total cotinine and total
nicotine by the categorical demographics, smoking char-
acteristics, and exposure variables. Spearman correla-
tions were calculated to assess association among the
biomarkers and continuous demographics, smoking
characteristics and exposure variables. Samples below
the detection limit were assigned a value of 0.0035
pmol/mL for total NNAL and 0.1 ng/mL for total coti-
nine and total nicotine.

Results

Parent–child demographic characteristics and parents’
smoking characteristics of the 79 parent–child dyads are
summarized in Table 1. Children ranged in age from
1 month to 10 years (mean � SD: 3.82 � 2.55); 49% were
male. Approximately 56% of parents were African Amer-
ican and 20% were white. Twenty-seven percent of par-
ents had less than a high school education, 67% were
unemployed, and 76% reported a monthly income of less
than $1,800. The average number of cigarettes smoked
per day was 9.5 � 5.3; 64% reported smoking their first
cigarette within 30 minutes of waking, and the average
number of smokers living in the home was 1.9 � 0.96.
Seventy-two percent of parents reported that their child
had been exposed to SHS in the past week and 70.9%
reported having at least some home smoking restrictions
in their home.
Levels of total NNAL, total cotinine, total nicotine, and

total cotinine plus total nicotine are summarized in
Table 2. Geometric mean levels of total NNAL for the
entire sample were 0.08 pmol/mL (95% CI ¼ 0.06–0.10),
whereas those of total cotinine, total nicotine, and total
cotinine plus total nicotine were 11.88 ng/mL (95% CI ¼
8.42–16.77), 6.90 ng/mL (95% CI ¼ 4.57–10.43), and 0.13
nmol/mL (95% CI ¼ 0.09–0.18), respectively. Ninety
percent of the children had detectable NNAL in their
urine; the corresponding figures for detectable total coti-
nine and total nicotine were 95% and 90%, respectively.
The distributions of total NNAL, total cotinine, and total
nicotine values are illustrated in Figure 2A–C.
There were significant positive relationships between

biomarker levels and reported levels of child SHS expo-
sure in the home, with exposed children having higher
levels (Tables 2 and 3). All biomarker levels were signifi-
cantlyhigher inhomesendorsingno restrictions [e.g., total
NNAL ¼ 0.13 (95% CI ¼ 0.09–0.19)] or among those
reporting some smoking restriction [0.10 (95% CI ¼
0.07–0.15)] versus thosewith complete restrictions against
smoking [0.02 (95%CI¼ 0.01–0.04); P < 0.001]. Therewere
also significant correlations between total NNAL and
parents’ CO levels (r ¼ 0.29, P < 0.05); home air quality
as measured by the level of fine particulate matter (PM2.5;
r ¼ 0.28, P < 0.05); number of smokers residing in the

household (r ¼ 0.23, P < 0.01); and cigarettes per day
smoked in the home (r ¼ 0.30, P < 0.01). Similar trends
were observed for total cotinine, total nicotine, and total
cotinine plus total nicotine. Exposure outside the home
was not related to biomarker levels. Exposures in cars
were inconsistent in their relationship with biomarker
levels and less than 50% of our subjects owned a car.

All biomarker levels were significantly different across
ethnic groups with African American children having
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higher levels than both white and "other" children (P <
0.01). Nicotine dosimeter values were significantly higher
in African American homes [0.48 mg/m3 (95% CI ¼ 0.29–
0.79)] than in non–African American homes [0.15 mg/m3

(95% CI ¼ 0.074–0.30), P < 0.0051]. When African Amer-
ican homes were compared with "Others," more African
American parents endorsed child exposure to cigarette
smoke in the past week (82% vs. 60%, P¼ 0.03); and fewer
restrictions about home smoking (7% vs. 40%, P ¼ 0.001)
or rules against smoking in the car (9% vs. 17%, P¼ 0.03).
No other significant demographic or tobacco-related
differences betweenAfricanAmerican and other children
were found.

The biomarker levels were also significantly different
by parental employment status such that children of

unemployed parents had higher amounts than those
of employed parents (P < 0.05). The association between
total NNAL levels and monthly income approached sig-
nificance, with lower income (<$1,800 monthly) asso-
ciated with higher total NNAL levels when compared
with those with higher income (>$1,800 monthly; P ¼
0.052), whereas levels of the other biomarkers were sig-
nificantly different between these groups (P < 0.05).

Total NNAL was significantly different by nicotine
dependence level such that children of parents who
smoked their first cigarette of the day within 30 min-
utes of waking had higher levels of total NNAL in their
urine when than children of parents who smoked their
first cigarette later (0.11, 95% CI ¼ 0.09–0.15 vs. 0.04,
95% CI ¼ 0.02–0.07, P < 0.01). Similar results were

Table 2. Geometric mean (95% CI) children's urine total NNAL, total cotinine, total nicotine, and total
nicotine þ total cotinine levels by demographic and smoking characteristics

Total NNAL,
pmol/mL

Total cotinine,
ng/mL

Total nicotine,
ng/mL

Total nicotine þ total
cotinine, nmol/mL

All children 0.08 (0.06–0.10) 11.88 (8.42–16.77) 6.90 (4.57–10.43) 0.13 (0.09–0.18)
Race P < 0.01 P < 0.01 P < 0.01 P < 0.01

African American 0.11 (0.08–0.17) 20.01 (13.82–28.95) 12.01 (7.59–18.99) 0.21 (0.15–0.31)
White 0.03 (0.02–0.06) 4.06 (1.51–10.89) 1.70 (0.47–6.16) 0.04 (0.02–0.11)
Others 0.07 (0.03–0.12) 8.78 (4.37–17.64) 6.21 (3.18–12.16) 0.10 (0.04–0.19)

Income Not significant P < 0.05 P < 0.01 P < 0.01
<$1,800/mo 0.09 (0.07–0.13) 45.36 (10.49–22.48) 8.87 (5.69–13.84) 0.16 (0.11–0.24)

�$1,800/mo 0.04 (0.02–0.09) 5.28 (2.58–10.82) 3.12 (1.17–8.31) 0.06 (0.03–0.12)
Education, y Not significant Not significant Not significant Not significant

<12 0.11 (0.07–0.18) 17.44 (10.45–30.27) 10.74 (5.52–20.91) 0.19 (0.11–0.32)
�12 0.07 (0.05–0.10) 10.34 (6.74–15.87) 5.88 (3.52–9.87) 0.11 (0.07–0.17)

Employment status P < 0.05 P < 0.05 P < 0.05 P < 0.05
Not employed 0.10 (0.07–0.14) 15.90 (11.10–22.77) 9.61 (6.41–13.39) 0.17 (0.12–0.24)
Full or part time 0.05 (0.03–0.09) 6.56 (3.14–13.69) 3.52 (1.37–8.99) 0.07 (0.03–0.15)

Housing type Not significant Not significant Not significant Not significant
Multiunit dwelling 0.09 (0.06–0.13) 11.64 (7.37–18.40) 7.51 (4.23–13.33) 0.13 (0.08–0.21)
Single family house 0.07 (0.04–0.11) 12.24 (7.04–21.28) 6.09 (3.32–11.20) 0.12 (0.07–0.21)

Child gender Not significant Not significant Not significant Not significant
Female 0.07 (0.04–0.11) 12.46 (7.99–19.43) 8.45 (5.34–13.37) 0.14 (0.09–0.21)
Male 0.09 (0.06–0.13) 11.31 (6.53–19.60) 5.61 (2.76–11.38) 0.12 (0.07–0.20)

Time to first cigarette, min P < 0.01 P < 0.01 P < 0.001 P < 0.001
0–30 0.11 (0.09–0.15) 18.21 (13.36–24.82) 11.99 (8.03–17.92) 0.20 (0.15–0.27)
31þ 0.04 (0.02–0.07) 5.45 (2.61–11.43) 2.52 (1.12–5.69) 0.05 (0.03–0.11)

Child exposed in home P < 0.001 P < 0.001 P < 0.001 P < 0.001
Yes 0.11 (0.09–0.15) 19.53 (14.78–25.81) 10.99 (7.46–16.22) 0.20 (0.16–0.27)
No 0.03 (0.01–0.06) 3.28 (1.44–7.47) 2.06 (0.78–5.44) 0.04 (0.02–0.09)

Child exposed outside home Not significant Not significant Not significant Not significant
Yes 0.08 (0.05–0.13) 10.42 (5.83–18.63) 7.14 (3.84–13.28) 0.11 (0.06–0.20)
No 0.07 (0.05–0.11) 13.43 (8.81–20.48) 6.49 (3.61–11.68) 0.14 (0.09–0.21)

Home smoking restrictions P < 0.001 P < 0.001 P < 0.001 P < 0.001
Complete restrictions 0.02 (0.0085–0.040) 2.08 (0.86–5.03) 1.70 (0.57–5.11) 0.03 (0.01–0.07)
Some/no restrictions 0.11 (0.087–0.15) 19.16 (14.54–25.24) 10.13 (6.81–15.07) 0.20 (0.15–0.26)

Car smoking restrictions Not significant Not significant Not significant Not significant
Complete restrictions 0.07 (0.02–0.23) 13.26 (4.05–43.37) 8.05 (1.84–35.27) 0.15 (0.05–0.47)
Some/no restrictions 0.05 (0.03–0.08) 5.78 (2.73–12.21) 3.20 (1.45–7.02) 0.06 (0.03–0.12)
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observed for levels of total cotinine, total nicotine, and
their sum.
The associations among demographic and tobacco-

related characteristics and the biomarkers, and associa-
tions among the biomarkers, are summarized in Table 3.
There were strong and significant correlations among all
biomarkers (0.64–0.96, P < 0.001).
We investigated the possible exposure of the children

in this study to thirdhand smoke, using the proposed

iso-NNAL biomarker. Although iso-NNAL is a suggested
metabolite of NNA (Fig. 1), this has not been documented
previously in the literature. We incubated human hepa-
tocytes with 10 mmol/L NNA, and detected iso-NNAL as
a metabolite (0.57 � 0.079 mmol/L, N ¼ 4; Fig. 3). This
established that iso-NNAL could be formedmetabolically
from NNA in humans and is therefore a potential bio-
marker for NNA exposure, as proposed. The amount
formed was about 9% as great as the amount of NNAL
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Figure 4. Typical chromatogram obtained upon analysis by gas
chromatography-nitrosamine selective (TEA) detection of urine from a
child in this study. Arrow, retention time of silylated iso-NNAL. Peaks with
arrows correspond to NNAL and 2 I.S. used in the analysis, C5NNAL and
N-nitrosopentyl-3-picolylamine (NPPA). Gas chromatography conditions
are slightly different from those used for Figure 3.
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Figure 3.Chromatogram obtained upon analysis by gas chromatography-
nitrosamine selective (TEA) detection of the medium from human
hepatocytes which had been incubated with NNA. The indicated peak is
silylated iso-NNAL. The internal standard (I.S.) for the analysis was
5-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (C5NNAL).

Table 3. Spearman correlation coefficients between demographic and tobacco-related characteristics
and total NNAL, total cotinine, total nicotine, and total nicotine plus total cotinine levels in children's urine

Total
NNAL

Total
cotinine

Total
nicotine

Total cotinine
plus total nicotine

Children's age �0.1 �0.16 �0.27a �0.22a

Number of children under 18 in household 0.04 0.04 0.03 0.02
Smokers’ CO 0.29a 0.31b 0.23a 0.31b

Home air quality 0.28a 0.33b 0.27a 0.32b

Nicotine dosimeter badge 0.39c 0.44c 0.39c 0.44c

Smokers’ cigarettes per day �0.13 �0.0008 �0.14 �0.06
Number of smokers in household 0.23a 0.16 0.06 0.12
Cigarettes per day smoked in home 0.30b 0.37c 0.27a 0.33b

Cigarettes per day smoked in car �0.33 �0.15 �0.09 �0.12
Hours spent with child per day 0.15 0.19 0.13 0.17
Total NNAL 1.00 0.81c 0.64c 0.77c

Total cotinine 0.81c 1.00 0.80c 0.96c

Total nicotine 0.64c 0.80c 1.00 0.93c

Total nicotine plus total cotinine 0.77c 0.96c 0.93c 1.00

aP < 0.05.
bP < 0.01.
cP < 0.001.
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formed from NNK in human hepatocytes cultured under
the same conditions. Using gas chromatography–nitro-
samine selective detection (the same method used for the
NNAL analyses), we did not detect iso-NNAL in any of
the urine samples from the children in this study (detec-
tion limit ¼ 0.008 pmol/mL). A representative chroma-
togram is shown in Figure 4. We also carried out the
analysis for iso-NNAL in 10 of these urine samples by LC-
ESI-MS/MS. It was not detected in any sample (detection
limit ¼ 0.002 pmol/mL).

Discussion

This is the first study to examine levels of total NNAL
in the urine of children with documented exposure to
cigarette smoke mainly from adult smokers in their
homes. Ninety percent of the children had detectable
total NNAL in their urine, showing that exposure to
the potent lung carcinogen NNK is virtually universal
in these homes. Levels of total NNAL were significantly
lower in homes which had smoking restrictions, and
there was a correlation between cigarettes smoked per
day in the home and total NNAL levels in childrens’
urine. Levels of total NNAL in the urine of children living
in homes with only some or no restrictions (geometric
mean ¼ 0.113 pmol/mL) are the highest reported to date
due to SHS exposure (7). These results clearly show that
adult smoking in the home is an important source of
NNK exposure in children. Similar results were observed
for urinary total nicotine and total cotinine in these
children.

The overall mean level of total NNAL found in the
urine of the children in this study (0.08 pmol/mL)
was similar to those reported in previous studies of
children as were the levels of total cotinine and total
nicotine. In a study of elementary school children
in Minneapolis, the mean level of total NNAL was
0.056 pmol/mL (13). Children in Moldova had a mean
total NNAL level of 0.09 pmol/mL (15). Infants less than
1 year old exposed to their parents’ smoking had a mean
total NNAL level of 0.083 pmol/mL (7). In previous
reports, the levels of total NNAL in the urine of children
exposed to SHS have generally been higher than those in
adults, and this study provides further substantiation of
this observation (7). Our results indicate that the higher
levels of total NNAL found in the urine of children result
mainly from smoking by others in their homes.

We observed significantly higher levels of total NNAL,
total nicotine, and total cotinine in the urine of African
American children than children of other ethnicities. This
apparently relates to exposure factors, as additional ana-
lyses showed that African American homes had signifi-
cantly less smoking restrictions than other homes and the
children were exposed significantly more frequently to
SHS. Furthermore, nicotine dosimeter results showed
significantly higher levels in African American homes
than in others. Ethnic differences in nicotine metabolism
leading to higher cotinine levels in African Americans

could contribute to these results (21) but are unlikely to
contribute to the higher levels of nicotine and total NNAL
which we observed. Our results are consistent with pre-
vious reports from theNHANES study that non-Hispanic
black children have higher serum cotinine than non-
Hispanic white children (2). African American adults
have a higher risk for lung cancer than do Caucasian
adults who smoke the same number of cigarettes (22).
One can speculate that exposure during childhood may
contribute to this difference, perhaps by providing initi-
ating events in cells that later are exposed to tumor
promoters and other toxicants in cigarette smoke, com-
pleting the progression to lung cancer. The initiating
events could be higher in African American children,
based on our results.

Thirdhand smoke has been proposed as a potentially
significant route of exposure to tobacco-specific nitrosa-
mines (12). This could be highly relevant to children who
would likely have contact with residues in the household.
We found no evidence for thirdhand smoke exposure in
this study. We showed that iso-NNAL is a metabolite of
NNA in human hepatocytes, consistent with the proposal
of Sleiman and colleagues that it could be a useful
biomarker for thirdhand smoke exposure (12), but iso-
NNALwas not detected in the urine of the children in this
study. This conclusion could be limited by the fact that
iso-NNAL appears to be less readily formed metaboli-
cally from NNA, than is NNAL from NNK, at least in
human hepatocytes. The lower extent of formation could
limit our ability to detect it in urine.

Exposure in this study as measured by urinary total
NNAL, total cotinine, and total nicotine was clearly
related to typical variables associated with cigarette
smoking such as time to first cigarette in the morning
(a measure of nicotine dependence), parent CO level,
home air quality, number of smokers residing in the
household, and cigarettes per day smoked in the home.
On the basis of these results, there is little doubt that total
NNAL levels in the urine of children could be substan-
tially reduced by home smoking restrictions as our data
also indicate.

In summary, this study shows substantial and wide-
spread exposure to the lung carcinogen NNK, as well as
to nicotine, in children who live in homes where smoking
is allowed. Exposure apparently occurs via SHS, not
thirdhand smoke. The results clearly indicate that home
smoking restrictions could reduce childrens’ exposure
to a powerful lung carcinogen as well as to nicotine, an
addictive compound.
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