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Introduction

The urinary biomarker total NNAL, comprised of 
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) 
and its glucuronides, is consistently elevated in non-
smokers exposed to second-hand tobacco smoke (SHS) 
(Hecht, 2003; Hecht, 2006; Stark et al. 2007; Jensen et al. 
2010; Thomas et  al. 2011; Benowitz et  al. 2010). These 
exposed nonsmokers are referred to in this study as pas-
sive smokers. NNAL and its glucuronides are metabo-
lites of the potent tobacco-specific lung carcinogen 
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) 
(Hecht, 1998). The power of this biomarker relates to the 
tobacco-specificity and lung carcinogenicity of NNK. 
When NNAL is detected in the urine of a nonsmoker, it 
is highly probable that its origin was passive smoking 
because NNK is not found in the diet or any other envi-
ronment unpolluted by tobacco smoke (Hecht, 2008). In 
a series of studies beginning in the 1990s, and carried out 
in infants, children, and adult nonsmokers, our group 
has demonstrated the presence of total NNAL in the 
urine of passive smokers, thus supporting the relation-
ship between SHS exposure and lung cancer as observed 

in epidemiologic studies (Hecht et al. 1993; Parsons et al. 
1998; Anderson et al. 2001; Hecht et al. 2001; Anderson 
et al. 2003; Tulunay et al. 2005; Hecht et al. 2006; Stepanov 
et al. 2006; Stark et al. 2007; Jensen et al. 2010; Thomas 
et al. 2011; International Agency for Research on Cancer, 
2004). Consistent with our findings, total NNAL has been 
detected in the urine of 44% of reported nonsmokers 
in a recent report of 6599 US residents in the NHANES 
(National Health and Nutrition Examination Survey) 
study (Bernert et al. 2010).

Another widely used biomarker of SHS exposure is 
cotinine, a major metabolite of nicotine, the main known 
addictive constituent of tobacco (US Department of 
Health and Human Services, 2006). Levels of urinary coti-
nine are elevated in passive smokers and correlate with 
levels of total NNAL (Hecht, 2006; Bernert et  al. 2010). 
Cotinine and nicotine, however, are not carcinogens. 
Thus, the relationship between urinary cotinine and 
lung cancer in passive smokers is indirect. The amount 
of cotinine in the urine of a passive smoker is typically 
1% or less than that of a smoker (Benowitz et al. 2010). As 
we have previously discussed, the amount of total NNAL 
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in the urine of a nonsmoker exposed to SHS is typically 
1–6% of that in a smoker (Anderson et  al. 2001; Hecht, 
2006). These observations suggest that total NNAL may 
be a relatively more persistent biomarker of SHS expo-
sure than is cotinine. This is plausible because the ter-
minal half-life of NNAL is far longer than that of cotinine 
(Hecht et  al. 1999). Furthermore, nicotine is known to 
readily adsorb to surfaces, thus dissipating from ambient 
air in environments polluted with tobacco smoke, while 
concentrations of NNK could increase (Jenkins, et  al. 
2000; Schick & Glantz, 2007; Sleiman et al. 2010).

Consistent with these observations, Benowitz et  al. 
(2010) have recently reported that the ratio of urinary 
total NNAL to cotinine (×103) in adults is significantly 
greater in passive smokers than in active smokers. This is 
a potentially important observation because it indicates 
that total NNAL may be a better biomarker of passive 
smoking than cotinine. Furthermore, the ratio possibly 
could be used to correctly classify light active smokers 
versus heavily exposed passive smokers (Lee, 1999). The 
Benowitz et al. study, based on 373 active smokers and 
228 passive smokers, had some limitations. In this study, 
we have examined the ratio of urinary total NNAL to 
total cotinine (×103) in 1088 active smokers and 408 pas-
sive smokers who participated in our published studies. 
Using these data, obtained not only from studies of adults 
but also from passively exposed infants and children and 

actively exposed adolescents, we sought to confirm a sig-
nificantly higher ratio of urinary total NNAL to total coti-
nine (×103) in passive smokers than in active smokers.

Materials and methods

Twenty studies were used to create five populations 
exposed to cigarette smoke: (i) infant passive smokers 
(Study 1), (ii) child passive smokers (Studies 2−4), (iii) 
adult passive smokers (Studies 5−9), (iv) adolescent 
active smokers (Study 10), and (v) adult active smokers 
(Studies 11–20). The study designs and locations with 
references that describe further details of each are pre-
sented in Table 1. Only baseline data from all studies 
were used in this analysis.

The analysis was restricted to participants with both 
total cotinine (cotinine plus cotinine glucuronide) and 
total NNAL (NNAL plus NNAL-glucuronides) values 
which were above their respective detection limits in 
each study. The methods for total NNAL and total coti-
nine have been described (Hecht et  al. 1999; Carmella 
et al. 2003).

The outcome of interest for this study was the ratio of 
total NNAL (pmol/mL urine) to total cotinine (nmol/mL 
urine) × 103. Between-study heterogeneity was assessed 
by testing the differences across studies within each 
of the groups (infant passive smokers, child passive 

Table 1.  Demographic characteristics of study participants (N = 1496).

Study Study group Study design
Study  
location N1

Age, years 
(Mean ± SD)

%  
Female2

% White,  
Non- 

Hispanic2

Cigarettes  
per day

Regular  
Smoking  
(Years)

Passive smokers
1. (Hecht et al. 2006) Infants Intervention Minnesota 77 0.6 ± 0.2 50 72   
2. (Hecht et al. 2001) Children Observational Minnesota 56 10.8 ± 1.2 52 7   
3. (Stepanov et al. 2006) Children Observational Moldova 68 7.6 ± 1.3 43 100   
4. (Thomas et al. 2011) Children Randomized trial Minnesota 59 3.8 ± 2.6 51 20   
5. (Tulunay et al. 2005) Adults Observational Minnesota 15 26.5 ± 8.1 73 33   
6. (Anderson et al. 2001) Adults Observational Minnesota 16 N/A3 100 87   
7. (Anderson et al. 2003) Adults Observational Minnesota 16 37.6 ± 14.3 78 94   
8. (Stark et al. 2007) Adults Observational Oregon 86 N/A 67 N/A   
9. �(Jensen et al. 2010) Adults Observational Minnesota 15 30.9 ± 13.3 53 100   
Active smokers
10. (Hanson et al. 2011) Adolescents Randomized trial Minnesota 108 16.6 ± 1.2 59 90 13.4 ± 6.3 3.4 ± 2.0
11. (Kotlyar et al. 2011) Adults Randomized trial Minnesota 81 42.8 ± 11.5 43 80 20.5 ± 7.4 25.6 ± 11.6
12. (Church et al. 2010) Adults Observational Minnesota 66 50.6 ± 11.9 48 59 24.3 ± 10.7 32.2 ± 12.4
13. (Joseph et al. 2005) Adults Observational Minnesota 86 45.0 ± 11.9 59 63 10.4 ± 12.2 25.1 ± 11.4
14. �(Mendoza-Baumgart 

 et al. 2007)
Adults Randomized trial Minnesota 40 38.6 ± 11.9 55 92 21.3 ± 5.0 22.2 ± 12.1

15. �(Le Marchand et al. 
2008)

Adults Observational Hawaii 297 61.4 ± 6.2 50 33 24.2 ± 10.2 40.3 ± 8.1

16. (Hatsukami et al. 2007) Adults Dose-Ranging Minnesota 17 38.6 ± 9.1 35 53 25.5 ± 5.9 22.6 ± 9.7
17. (Hatsukami et al. 2004) Adults Randomized trial Minnesota 38 40.9 ± 9.7 0 95 23.7 ± 7.3 23.3 ± 10.2
18. (Hatsukami et al. 2010) Adults Randomized trial Minnesota 98 42.0 ± 13.9 48 87 20.8 ± 8.3 24.2 ± 13.8
19. (Joseph et al. 2008) Adults Randomized trial Minnesota 139 58.5 ± 9.3 12 93 27.6 ± 10.9 41.3 ± 9.8
20. (Hecht et al. 2004) Adults Randomized trial Minnesota 118 45.7 ± 10.4 51 96 26.1 ± 7.1 27.8 ± 10.7
1Sample size included in analysis; not necessarily the sample size of the original study.
2Some values are approximate.
3N/A, not available.
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smokers, adult passive smokers, adolescent active smok-
ers, and adult active smokers) using Kruskal–Wallis 
ANOVA (Analysis of variance). A  mixed effects ANOVA 
model was fit with each group as a fixed effect and a 
random effect for individual study to adjust for between-
study heterogeneity. To ensure the validity of the analy-
ses, values for both biomarkers and their ratios, which 
had skewed distributions, were transformed using the 
natural logarithm to approximate normality and were 
summarized using geometric means. Group-specific 
weighted averages were calculated using the inverse vari-
ance of each study within the group. All reported p-values 
were conservatively adjusted for multiple comparisons 
using a Bonferroni correction. Analyses were carried out 
in SAS Version 9.2 (SAS Institute, Inc., Cary, NC) and all 
significance levels were set at 0.05.

Results

Demographic characteristics of all subjects and tobacco 
use data for the smokers are summarized in Table 1. 
Geometric means of total NNAL, total cotinine, and their 
ratios (×103) are summarized in Table 2 and Figure  1. 
Among the 408 passive smokers, total NNAL and total 
cotinine, both presented as geometric means, ranged 
across studies from 0.03−0.14 pmol/mL and 0.03−0.18 
nmol/mL, respectively. The corresponding figures in 
1088 active smokers were 0.61−2.95 pmol/mL total NNAL 
and 7.92−39.99 nmol/mL total cotinine.

The weighted averages of the total NNAL:total cotinine 
ratios (×103), presented as the geometric means and 95% 

confidence intervals (CI), for the different groups were 
as follows: infant passive smokers, 0.78 (0.67, 0.91); child 
passive smokers, 1.05 (0.98, 1.12); adult passive smok-
ers, 0.69 (0.62, 0.75); adolescent active smokers, 0.05 
(0.04, 0.05); and adult active smokers 0.07 (0.06, 0.08) 
(Figure 1). The results of the mixed effects ANOVA model 
demonstrated that there were significant differences (all 
adjusted p < 0.0001) between the total NNAL:total coti-
nine ratios (×103) in each of the passive smoker versus 
each of the active smoker groups.

We were unable to conclude that infants, children, 
and adult passive smokers differed in their ratios, or that 
adolescent and adult smokers differed in their ratios (all 
p-values >0.50). Ignoring age group, the overall weighted 
averages of total NNAL and total cotinine in passive 
smokers, presented as geometric means and 95% CI, were 
0.07 (0.07, 0.07) pmol/mL and 0.04 (0.04. 0.05) nmol/mL, 
respectively. The overall weighted averages for active 
smokers were 1.12 (1.10, 1.14) pmol/mL for total NNAL 
and 18.53 (18.26, 18.80) nmol/mL for total cotinine. The 
overall weighted averages of the total NNAL: total coti-
nine ratios (×103) were 0.73 (0.71, 0.76) for passive smok-
ers and 0.07 (0.06, 0.08) for active smokers (p < 0.0001).

Discussion

The results of this study clearly demonstrate that total 
NNAL:total cotinine ratios (×103) are significantly 
higher in passive smokers than in active smokers. The 
ratio was higher in each of the 9 passive smoking stud-
ies than in each of the 11 active smoking studies, as seen 

Table 2.  Geometric means, 95% confidence intervals for total NNAL, total cotinine and their ratio in study participants by individual 
study and study group.
Study Study group N Total NNAL (pmol/mL) Total cotinine (nmol/mL) NNAL/cotinine Ratio (×103)
Passive smokers
1. (Hecht et al. 2006) Infants 77 0.14 (0.12, 0.17) 0.18 (0.15, 0.22) 0.78 (0.67, 0.91)
2. (Hecht et al. 2001) Children 56 0.08 (0.06, 0.11) 0.10 (0.07, 0.12) 0.85 (0.66, 1.08)
3. (Stepanov et al. 2006) Children 68 0.07 (0.06, 0.08) 0.06 (0.05, 0.08) 1.22 (1.01, 1.48)
4. (Thomas et al. 2011) Children 59 0.10 (0.08, 0.13) 0.10 (0.07, 0.14) 1.02 (0.78, 1.32)
5. (Tulunay et al. 2005) Adults 15 0.06 (0.05, 0.09) 0.06 (0.03, 0.13) 1.01 (0.51, 1.97)
6. (Anderson et al. 2001) Adults 16 0.04 (0.02, 0.06) 0.03 (0.02, 0.07) 1.04 (0.52, 2.07)
7. (Anderson et al. 2003) Adults 16 0.03 (0.02, 0.04) 0.04 (0.03, 0.06) 0.61 (0.41, 0.89)
8. (Stark et al. 2007) Adults 86 0.04 (0.03, 0.05) 0.12 (0.09, 0.15) 0.33 (0.28, 0.38)
9. (Jensen et al. 2010) Adults 15 0.06 (0.04, 0.10) 0.09 (0.04, 0.21) 0.67 (0.37, 1.24)
Active smokers
10. (Hanson et al. 2011) Adolescents 108 0.61 (0.50, 0.74) 13.48 (11.15, 16.29) 0.05 (0.04, 0.05)
11. (Kotlyar et al. 2011) Adults 81 0.92 (0.77, 1.11) 16.98 (14.82, 19.45) 0.05 (0.05, 0.06)
12. (Church et al. 2010) Adults 66 1.25 (1.07, 1.45) 21.53 (18.59, 24.92) 0.06 (0.05, 0.07)
13. (Joseph et al. 2005) Adults 86 0.81 (0.64, 1.02) 7.92 (6.13, 10.23) 0.10 (0.09, 0.12)
14. �(Mendoza-Baumgart  

et al. 2007)
Adults 40 1.36 (1.08, 1.72) 28.06 (22.96, 34.31) 0.05 (0.04, 0.06)

15. (Le Marchand et al. 2008) Adults 297 0.82 (0.75, 0.89) 12.04 (11.00, 13.17) 0.07 (0.06, 0.07)
16. (Hatsukami et al. 2007) Adults 17 2.95 (2.12, 4.11) 39.99 (31.08, 51.45) 0.07 (0.06, 0.09)
17. (Hatsukami et al. 2004) Adults 38 2.33 (1.78, 3.05) 24.92 (20.09, 30.91) 0.09 (0.08, 0.11)
18. (Hatsukami et al. 2010) Adults 98 1.18 (1.00, 1.39) 23.17 (19.93, 26.93) 0.05 (0.04, 0.06)
19. (Joseph et al. 2008) Adults 139 2.06 (1.83, 2.32) 19.61 (17.01, 22.62) 0.11 (0.09, 0.12)
20. (Hecht et al. 2004) Adults 118 2.14 (1.91, 2.41) 25.36 (22.56, 28.52) 0.08 (0.08, 0.09)
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in Table  2. Overall, we observed a significant 10-fold 
higher ratio in passive smokers than in active smokers. 
Our results are consistent with those of Benowitz et al. 
(2010), who reported an approximate 18-fold higher 
ratio in passive versus active smokers (2.85 ×103 vs. 
0.16 ×103). Their total NNAL:cotinine ratios were four 
times higher than our results in passive smokers and 
about twice as high in active smokers. This results 
partially from their denominator being free cotinine 
whereas ours was total cotinine, the levels of which 
in urine are generally about twice as great (Hukkanen 
et al. 2005).

Benowitz et al. (2010) reported limitations in the gen-
eralizability of their study. Their active smokers came 
from the United States and Poland and there were unex-
plained differences in the ratios between the two groups. 
Their passive smokers were also multinational, with 
vastly different levels of SHS exposure. Furthermore, 
some of the subjects had chronic obstructive pulmo-
nary disease. Although one of our studies (Study 19) 
enrolled cigarette smokers with cardiovascular disease, 
the remaining participants in our studies were out-
wardly healthy active and passive smokers. Additionally, 
all of our studies were conducted in the United States 
with the exception of Study 3, which observed SHS 
exposure among children in Moldova. One advantage 
of this analysis is the number of studies included, rep-
resenting passive smokers with both intermittent and 
chronic exposure and active smokers with varying levels 
of exposure. The large sample size allowed us to pursue 
more complicated statistical models to adjust for these 
differences between studies to adequately address the 
differences in total NNAL:cotinine ratios between active 
and passive smokers. Most importantly, the participants 
in these studies represented a range of age levels, from 

infants to adults among the passive smokers, along with 
adolescent and adult active smokers.

The higher total NNAL:total cotinine ratio in passive 
compared with active smokers may result from differ-
ences in exposure. Nicotine, a strongly basic semi-volatile 
compound, dissipates rapidly from ambient air (Jenkins 
et al. 2000). This results in part from nicotine’s high affin-
ity for surfaces. NNK, on the other hand, is less basic and 
less volatile than nicotine and may not dissipate rapidly 
from the air. One review of tobacco industry documents 
even suggests that more NNK is formed during the aging 
of air polluted with SHS (Schick & Glantz, 2007). There 
are few measurements of both nicotine and NNK in air 
polluted with SHS, but one study gives values of 17.5-ng/
m3 NNK and 12.4-µg/m3 nicotine [a molar NNK:nicotine 
ratio (×103) of 1.1] (Meger et al. 2000). This molar ratio is 
about 10 times and 50 times greater than the correspond-
ing molar NNK:nicotine (×103) ratios in mainstream and 
sidestream cigarette smoke, respectively (Roemer et  al. 
2004; International Agency for Research on Cancer, 2004). 
The shorter persistence of nicotine than NNK in the air 
could thus account for the higher total NNAL:total coti-
nine ratios in passive than in active smokers. Therefore, 
urinary cotinine measurements could be underestimat-
ing exposure to NNK.

The longer half-life of NNAL in the body (terminal 
phase reported in different studies as 10–18 days or 
40–45 days in smokers) compared with that of cotinine 
(13–19 h) could also contribute to the different ratios 
(Hecht et  al. 1999; Hukkanen et  al. 2005; Goniewicz 
et al. 2009). Exposure to NNK and nicotine in SHS would 
often be intermittent. The longer half-life of NNAL than 
cotinine could thus lead to higher NNAL:cotinine ratios 
under these intermittent exposure conditions. Exposure 
to NNK and nicotine in smokers would tend to be more 

Figure 1.  Study-specific total NNAL:total cotinine ratios (×103), presented as geometric means and 95% confidence intervals, by study 
group of passive and active smokers. The dotted line represents the weighted average of the combined groups.
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constant as smokers attempt to maintain their desired 
nicotine level.

Both of these explanations for higher total NNAL:total 
cotinine ratios (×103) in passive compared with active 
smokers assume that both the metabolism of NNK to 
NNAL and the half-life of NNAL are similar in passive and 
active smokers. The dose of NNK is lower in passive than 
in active smokers, and further studies would be necessary 
to determine the conversion of NNK to NNAL in humans 
at these differing doses as well as the half-life of NNAL in 
passive smokers. In rats and mice, the conversion of NNK 
to NNAL is greater at higher than at lower doses, which is 
not consistent with a dose-dependent difference in NNK 
metabolism explaining the results presented in this study 
(Morse et al. 1990). Differences in conversion of cotinine 
to 3′-hydroxycotinine in active versus passive smokers 
might also influence the ratios, but only limited data are 
available (Lowe et al. 2009).

Two of our early studies were not included in this 
analysis. One involved exposure of five male nonsmok-
ers to SHS and was not included because it was carried 
out in an exposure chamber, thus not reflecting natural 
conditions (Hecht et al. 1993). The second involved nine 
workers in a hospital, where smoking was allowed, but 
only NNAL-glucuronide data were reported (Parsons 
et  al. 1998). In both of these studies as well as an early 
study of 17 nonsmokers exposed to SHS by Meger et al. 
(2000), the NNAL:cotinine ratios (×103) were lower than 
reported in this study: 0.25 in the chamber study, 0.26 in 
the hospital study, and 0.11 in Meger et  al. In all three 
studies, these lower ratios resulted from higher cotinine 
levels than reported in this study. The higher cotinine 
level in the Meger et  al. study may have resulted from 
the use of radioimmunoassay for its measurement. The 
reasons for the higher cotinine values in the other two 
studies are not clear.

The lower levels of total NNAL than of total cotinine in 
the urine of smokers are fully consistent with the levels 
of their precursors NNK and nicotine in cigarette smoke. 
Typical mainstream smoke levels of NNK and nicotine are 
about 100 ng and 800 µg, respectively, a ratio of 0.13 ×103,  
as noted above (Roemer et  al. 2004). Total NNAL com-
prises about 15% of the NNK dose in smokers, while 
total cotinine in urine comprises approximately 30% 
of the nicotine dose (Stepanov et  al. 2008; Hukkanen 
et  al. 2005). Combining these data, the theoretical total 
NNAL:total cotinine ratio is 0.07 ×103, consistent with 
our observations in smokers. Thus, the ratio in smokers is 
reflecting constant exposure to both NNK and nicotine. It 
is more difficult to make this estimate for passive smokers 
because multiple factors are involved and less is known 
about NNK metabolism at low doses. However, the rela-
tively rapid dissipation of nicotine from the air is probably 
a major factor in the higher ratios, as mentioned above.

The total NNAL:total cotinine ratio might be use-
ful in classifying a subject as a passive smoker versus a 
light active smoker in molecular epidemiology studies 
of passive smoking and cancer. The distinction between 

heavily exposed passive smokers and light active smok-
ers is important and has given rise to some uncertainty 
in previous studies (Lee, 1999). The study reported in this 
article involved individuals smoking, on average, 10–30 
cigarettes per day, so further data from light active smok-
ers (less than 10 cigarettes per day) would be needed. 
Goniewicz et  al. (2011) have recently concluded that 
the NNAL:cotinine ratio provides similar sensitivity but 
poorer specificity at discriminating passive versus active 
smokers when compared with NNAL alone, but their 
study included only 59 light active smokers (6.9 ciga-
rettes per day). Further studies are required to clarify this 
issue.

Our study has potential limitations. It was retrospective 
in nature and the individual studies were not designed to 
investigate this particular question. The adults in the pas-
sive smoking groups tended to be female and white, thus 
not representing an accurate cross-section of gender and 
ethnicity. We did not find significant differences in bio-
marker levels between infant, children, and adult passive 
smokers and, therefore, also presented combined data. 
There may, however, be some differences in NNK and nic-
otine metabolism among these groups, which could affect 
the results. The smokers in this study were also predomi-
nantly white; thus, potential influences of racial differences 
in metabolism, established for nicotine (Berg et al. 2010a; 
Berg et al. 2010b), were not taken into account.

Conclusions

Using data from multiple studies of active and pas-
sive smokers carried out by our group, in which urine 
samples were analyzed in a consistent manner with well-
established and validated methods, we confirm the sig-
nificantly higher ratio of total NNAL:total cotinine (×103) 
in passive smokers than in active smokers. These results 
are significant because they may provide a potentially 
improved biomarker for evaluation of the health effects 
of passive smoking.
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