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Brief Report
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Abstract

Introduction: The rate of nicotine metabolism, estimated by the nicotine metabolite ratio (NMR), 
is an important determinant of tobacco dependence. This study investigated the effect of NMR on 
smoking behavior due to nicotine reinforcement during ad libitum smoking.
Aims and Methods: As part of a larger study, participants were stratified based on saliva NMR as 
fast and slow metabolizers. After smoking a cigarette and measuring nicotine blood concentra-
tions, participants smoked as desired over a 90-minute period. Analysis included time to first cig-
arette, total number of cigarettes, total number of puffs, and weight of tobacco consumed.
Results: Sixty-one (48%) participants were fast metabolizers and 66 (52%) slow metabolizers by 
NMR. No significant differences were found regarding the smoking topography variables by NMR. 
Normal metabolizers by genotype (n = 79) had a shorter time to first cigarette than reduced met-
abolizers (n = 39; p = .032). Blacks smoked fewer cigarettes (p = .008) and took fewer total puffs 
(p = .002) compared with Whites. Among Whites, fast metabolizers by NMR had a shorter time to 
first cigarette compared with slow metabolizers (p = .014). Among fast metabolizers, Whites had, 
compared with Blacks, shorter latency to first cigarette (p = .003) and higher number of total puffs 
(p = .014) and cigarettes smoked (p = .014). Baseline cigarettes per day and nicotine elimination 
half-life significantly predicted topography outcomes.
Conclusions: Saliva NMR did not predict cigarette reinforcement during a relatively brief period of 
ad libitum smoking. Differences were seen by race, with White fast metabolizers by NMR having 
shorter time to first cigarettes compared with slow metabolizers.
Implications: After a 90-minute period of nicotine abstinence, NMR was not significantly associ-
ated with smoking reinforcement. Slow and fast metabolizers had similar time to first cigarette, 
number of cigarettes smoked, total number of puffs, and tobacco consumed; however, within-race 
differences show that within Whites, fast metabolizers had a faster time to first cigarette than slow 
metabolizers.
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Introduction

Variability in smoking behavior is attributable, in part, to genetic 
variation in the rate of nicotine metabolism.1 The hepatic cyto-
chrome P450 enzyme CYP2A6 converts approximately 80% of 
nicotine to its inactive metabolite cotinine, which is further metab-
olized by the same enzyme to 3′-hydroxycotinine.2 The clearance of 
nicotine is also affected by nongenetic environmental and hormonal 
factors that can induce (eg, estrogen) or inhibit (eg, grapefruit) the 
activity of CYP2A6.1 The 3′-hydroxycotinine/cotinine ratio, also 
called the nicotine metabolite ratio (NMR), accounts for both gen-
etic and nongenetic influences of CYP2A6 activity and provides a 
noninvasive marker for the rate of nicotine clearance.3

The rate of nicotine metabolism is an important determinant of 
smoking behavior and nicotine dependence. In many (but not all) 
studies, NMR has been associated with greater dependence and 
lower rates of quitting,4–6 more intense withdrawal and craving 
symptoms,7,8 and greater reward after administration of nicotine 
intravenously.7 Additionally, faster metabolizers adjust their nicotine 
intake by smoking more cigarettes per day (CPD)9 and inhaling a 
greater puff volume during ad libitum smoking.10

Nicotine metabolism and smoking behavior differ across race.11,12 
On average Black smokers metabolize nicotine more slowly,1,5,13 
and smoke fewer CPD,14 but report greater difficulty quitting than 
Whites,12 suggesting higher dependence, contrary to what one would 
expect. Blacks take in more nicotine per cigarette, consistent with 
more intense smoking.13 The intake of nicotine, assessed by urine 
total nicotine equivalents (TNE), is determined in part by CYP2A6 
activity in Blacks as well as Whites.15 Blacks appear to be less likely 
to titrate their nicotine intake based on NMR compared with 
Whites,16 thus indicating possible differences in underlying smoking 
behavior mechanisms.

The primary aim of this study was to investigate the effect of 
NMR on smoking behavior during an ad libitum smoking period of 
90 minutes that followed a single cigarette after 6 hours of abstinence. 
Our hypothesis was that fast metabolizers based on NMR, compared 
with slow metabolizers, would have a shorter latency to smoke and 
would smoke more cigarettes and/or consume more tobacco during 
the ad libitum period. In exploratory analyses, we examined pos-
sible between and within racial differences of these relationships and 
compared NMR to CYP2A6 genotype as biomarker of nicotine re-
inforcement. We also explored other factors associated with smoking 
behavior including sex, CPD, dependence via the Fagerstrom test for 
cigarette dependence, usual time to first cigarette, plasma nicotine 
level following last cigarette, TNE, and nicotine elimination half-life.

Methods

The results of the ad libitum smoking session presented here were 
part of a study with prospectively stratified design investigating the 
NMR effect on withdrawal/craving and reward after smoking ab-
stinence. As part of the parent study, participants in a sequestered, 
hospital environment smoked two “loading cigarettes” with a stand-
ardized puffing protocol after 12 hours overnight abstinence, and 
then after 6 hours abstinence a third “reward cigarette” of their own 
brand in their usual way, immediately followed by a period of ad lib-
itum smoking. The results of the first part of the study are described 
in another publication.8 Here, we describe the 90-minute period of 
monitored ad libitum smoking starting directly after the “reward 
cigarette.” All participants completed both parts of the study.

Participants and Recruitment
Recruitment procedures are described in detail in the primary paper.8 
Based on prior studies,17 the saliva NMR cut points were ≤0.20 and 
≥0.37 in Blacks, and ≤0.26 and ≥0.45 in Whites. Saliva and plasma 
NMR are highly correlated and are stable within-individuals over 
time.18 Participants with NMR values between those cut points were 
not included in the study.

Ad Libitum Smoking Procedures
Starting at approximately 4 p.m. and after collecting a blood sample 
for plasma nicotine concentrations following the “reward cigar-
ette,” participants were given a pack of their usual brand cigarettes 
and instructed to smoke as desired over a 90-minute period. We re-
corded smoking behaviors using a high definition video camera as 
reported in previous studies.19,20 One of the usual brand cigarettes 
was weighed before distributing to participants, and cigarette butts 
were weighed upon completion of the 90-minute period. This was to 
capture variability in the amount of each cigarette consumed, as this 
is a strong predictor of smoke generation.21 At the end of the 90-mi-
nute period, participants were discharged from the hospital unit.

Laboratory Methods
The analytical methods used for saliva 3′-hydroxycotinine and 
cotinine, genotyping and baseline urine TNE (normalized by urine 
creatinine) are described in detail in the primary paper.8 For analyses 
using the CYP2A6 genotype, variant alleles associated with slow or 
intermediate activity were grouped together as reduced metabolizers.

Data Analysis
Videos were analyzed for time to first cigarette, total number of cig-
arettes smoked, and total number of puffs. The estimated amount of 
tobacco consumed was calculated by the [total number of cigarettes 
smoked] × [average amount of tobacco consumed per cigarette], where 
the latter was computed as the weight of the cigarette prior to smoking 
minus the average post-smoking (butt) weight per cigarette smoked. 
Nicotine elimination half-lives were estimated within the parent study.8

Our sample size was based on a power analysis of change in 
withdrawal scores utilizing a three-way analysis of variance, as used 
for the primary paper.8 We did not power the study specifically to 
investigate the ad libitum period data. Numerical data are presented 
as arithmetic mean and SD if normally distributed or median and 
range if not normally distributed, and nominal data as proportion 
(%). Differences were tested using the chi-square test for categor-
ical variables, the t-test for normally distributed continuous vari-
ables, and the Mann–Whitney test for nonparametric variables. The 
correlations between smoking topography parameters and other 
variables were investigated using the Pearson and the Spearman’s 
nonparametric correlation test for normally and not normally dis-
tributed data, respectively. Skewed variables were log transformed 
including: time to first cigarette, total number of puffs, total number 
of cigarettes, and amount of tobacco consumed. A multiple regres-
sion analysis was performed with three selected predictor variables 
(CPD, nicotine elimination half-life, and plasma nicotine levels) 
based on biological plausibility and a significant univariate correl-
ation with topography outcomes. These predictors were entered 
in the regression model simultaneously as continuous variables 
predicting the outcomes of time to first cigarette, total number of 
puffs, total number of cigarettes, and amount of tobacco consumed. 
In total, four models were conducted.
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A p < .05 was considered statistically significant for all analyses. 
Analyses were conducted using SPSS statistical software (IBM SPSS 
Statistics 23.0).

Results

Among the 137 participants who completed the ad libitum session, 
10 participants smoked no cigarettes during the 90 minutes and 
were not included in further analyses. The baseline demographics 
and smoking history of the remaining 127 participants are provided 
in Table 1. There were more women among the fast compared with 
the slow metabolizers (p = .042) and Blacks smoked fewer CPD than 
Whites (p = .004) and had lower NMR (p = .006) and baseline TNE 
(p = .008). Sixty-one (48%) participants were fast metabolizers and 
66 (52%) slow metabolizers by NMR, and 79 (62%) normal met-
abolizers and 39 (31%) reduced metabolizers by CYP2A6 genotype, 
while no genotype data were available in nine cases (7%). Thirty 
(77%) of the genetically reduced metabolizers were slow, whereas 47 
(59%) of the normal metabolizers were fast by NMR.

The unadjusted smoking topography variables grouped by 
NMR, CYP2A6 genotype, and race as well as comparisons within 
race by NMR and within NMR by race are shown in Table 2. No 
significant differences were found between fast and slow metab-
olizers by NMR, whereas normal metabolizers by genotype had a 
shorter latency to smoking the first cigarette compared to reduced 
metabolizers (p = .032). Blacks smoked fewer cigarettes (p = .008) 
and total puffs (p = .002). Significant differences within NMR and 
by race were seen only among the fast metabolizers, with Whites 
having shorter latency to the first cigarette (p  =  .003) and higher 
number of total puffs (p = .014) and cigarettes smoked (p = .014). 
Within race, the only significant difference was seen among Whites, 
with fast metabolizers by NMR having, compared with slow metab-
olizers, a shorter time to first cigarette (p = .014).

Univariate regression results are shown in Supplementary Table 
1, with CPD emerging with the most consistent, significant relation-
ship to our outcomes. In our multiple regression analysis, CPD was a 
significant, positive predictor for all outcomes; time to first cigarette 
(p = .008), number of cigarettes smoked (p < .001), total number of 
puffs (p =  .009), and total tobacco consumed (p =  .001). Nicotine 
elimination half-life was a negative predictor for number of cigar-
ettes smoked (p = .014), total number of puffs (p < .001), and total 
tobacco consumed (p = .006). Plasma nicotine levels after smoking a 
cigarette were significantly associated with total tobacco consumed 
during ad lib use (p = .028).

Discussion

Overall, NMR had no significant effect on smoking topography 
parameters during a 90-minutes ad libitum smoking period. Thus, 
our general hypothesis that fast metabolizers by NMR, compared 
with slow metabolizers, will smoke more cigarettes and have a 
shorter latency to smoke was not confirmed. The CYP2A6 genotype 
was associated with a significant effect on the time to first cigarette. 
In our within-race analysis, in Whites, fast metabolizers by NMR 
had, compared with slow metabolizers, significantly shorter time to 
first cigarette, and among fast metabolizers, Whites had shorter time 
to first cigarette, smoked more cigarettes and took more puffs than 
Blacks.

Overall, Whites smoked more cigarettes and consumed more 
tobacco than Blacks. The difference in cigarettes and puffs was Ta
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significant when looking at the whole study population and in fast 
metabolizers by NMR, with the same numerical trend in slow met-
abolizers. Other studies have also observed that Blacks smoke fewer 
cigarettes14,22 and titrate their nicotine intake based on NMR less 
compared to Whites.16 At the same time, Black smokers have higher 
increases in carbon monoxide levels post-smoking23 and take in more 
nicotine per cigarette,13 indicative of more intensive smoking. In our 
study, Blacks smoked significantly fewer cigarettes and puffs com-
pared to Whites, but there was no significant difference regarding the 
consumed tobacco amount, which is consistent with more intense 
smoking in Blacks compared to Whites. Thus, CPD alone is not as a 
useful indicator of nicotine self-administration in Black as in White 
smokers.

CPD was positively associated with all of our topography out-
comes. This might be expected as the higher one’s CPD, the more 
likely they are to smoke at shorter time intervals and the more cig-
arettes they will smoke. Participants with long nicotine half-lives 
smoked fewer cigarettes and consumed less tobacco, consistent with 
greater persistence of nicotine in the body over time and less need 
to self-administer nicotine to maintained desired effects. Nicotine 
half-life was a more significant predictor than nicotine levels fol-
lowing the standardized cigarette, showing the importance of metab-
olism to smoking behavior. Of note is that nicotine half-life predicted 
outcomes when no significant differences were found by NMR. The 
likely explanation for the discrepancy in our study is that NMR is a 
less precise measure of nicotine clearance than nicotine half-life. It is 
unclear why the genotype should predict time to first cigarette where 
overall the phenotypic marker NMR does not, although a similar 
significant NMR effect was seen among White smokers.

Limitations of our study include inadequate power to detect 
an effect of NMR. A univariate analysis of NMR’s observed influ-
ence on the four topography outcomes demonstrated low power, 
all <0.70. We had a relatively small number of Blacks and women. 
There may have been a confounding effect of provision of a “reward 

cigarette” preceding ad libitum smoking. Additionally, we did not 
measure withdrawal/craving symptoms, which may have elucidated 
our findings.

In conclusion, we found that saliva NMR did not predict nico-
tine reinforcement during a relative brief ad libitum smoking period 
that followed 6 hours of not smoking followed by a single cigarette. 
However, nicotine half-life, which presumably mediates the NMR ef-
fect, did predict cigarette self-administration. In Whites, time to first 
cigarette was shorter in fast metabolizers, suggesting race differences 
in the effects of nicotine metabolism on cigarette reinforcement. 
Blacks smoked fewer cigarettes and took fewer puffs, but puffed 
more intensively. Baseline CPD was associated with the smoking 
topography parameters during the ad libitum smoking period.

Supplementary Material
Supplementary data are available at Nicotine and Tobacco Research online.
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Table 2. Smoking Topography Variables Grouped by NMR, CYP2A6 Genotype and Race, Within Race by NMR, and Within NMR by Race 
(Median [Range])

Time to first cigarette (min) Number of total cigarettes smoked Number of total puffs Total tobacco consumed (g)

NMR Fast (n = 61) 26.0 (8–82) 2.0 (1–5) 26.0 (8–129) 1.31 (0.20–3.65)
Slow (n = 66) 30.5 (10–67) 2.0 (1–5) 25.5 (7–111) 1.26 (0.37–3.80)
p .13 .51 .27 .62

Genotype Normal (n = 79) 25.0 (8–66) 2.0 (1–5) 27.0 (7–129) 1.33 (0.20–3.80)
Reduced (n = 39) 31.0 (11–74) 2.0 (1–4) 25.0 (8–51) 1.22 (0.37–2.22)
p .032 .17 .08 .12

Race Whites (n = 94) 26.0 (8–82) 2.0 (1–5) 27.5 (8–129) 1.30 (0.37–3.80)
Blacks (n = 33) 31.0 (11–66) 1.0 (1–3) 17.0 (7–53) 0.90 (0.20–2.27)
p .08 .008 .002 .08

Fast NMR Whites (n = 47) 22.0 (8–82) 2.0 (1–5) 27.0 (9–129) 1.38 (0.45–3.65)
Black (n = 14) 36.5 (21–51) 1.5 (1–3) 18.5 (8–50) 1.04 (0.20–2.14)
p .003 .014 .014 .09

Slow NMR Whites (n = 47) 31.0 (10–67) 2.0 (1–5) 28.0 (8–111) 1.28 (0.37–3.80)
Black (n = 19) 30.0 (11–66) 1.0 (1–3) 15.0 (7–53) 0.82 (0.52–2.27)
p .62 .22 .09 .54

Whites Fast NMR (n = 47) 22.0 (8–82) 2.0 (1–5) 27.0 (9–129) 1.38 (0.45–3.65)
Slow NMR (n = 47) 31.0 (10–67) 2.0 (1–5) 28.0 (8–111) 1.28 (0.37–3.80)
p .014 .33 .25 .45

Blacks Fast NMR (n = 14) 36.5 (21–51) 1.5 (1–3) 18.5 (8–50) 1.04 (0.20–2.14)
Slow NMR (n = 19) 30.0 (11–66) 1.0 (1–3) 15.0 (7–53) 0.82 (0.52–2.27)
p .20 .68 .73 .46

NMR = nicotine metabolite ratio. Bold p values indicate significant differences.



Nicotine & Tobacco Research, 2020, Vol. 22, No. 8 1423

Declaration of Interests
Dr. Benowitz is a consultant to Pfizer and Achieve Life Sciences, companies 
that market or are developing smoking cessation medications, and has been a 
paid expert witness in litigation against tobacco companies. Dr. Tyndale has 
served as a paid consultant to Apotex, Quinn Emmanuel, and Ethismos, and 
has received unrestricted research funding from Pfizer as part of the Global 
Research Awards for Nicotine Dependence (GRAND), an independently re-
viewed competitive grants program.

References
 1. Tanner  JA, Tyndale  RF. Variation in CYP2A6 activity and personalized 

medicine. J Pers Med. 2017;7(4):1–29.
 2. Benowitz  NL. Pharmacology of nicotine: addiction, smoking-

induced disease, and therapeutics. Annu Rev Pharmacol Toxicol. 
2009;49:57–71.

 3. Dempsey D, Tutka P, Jacob P 3rd, et al. Nicotine metabolite ratio as an 
index of cytochrome P450 2A6 metabolic activity. Clin Pharmacol Ther. 
2004;76(1):64–72.

 4. Lerman C, Tyndale R, Patterson F, et al. Nicotine metabolite ratio predicts 
efficacy of transdermal nicotine for smoking cessation. Clin Pharmacol 
Ther. 2006;79(6):600–608.

 5. Ho  MK, Mwenifumbo  JC, Al  Koudsi  N, et  al. Association of nico-
tine metabolite ratio and CYP2A6 genotype with smoking cessation 
treatment in African-American light smokers. Clin Pharmacol Ther. 
2009;85(6):635–643.

 6. Lerman C, Schnoll RA, Hawk LW Jr, et al.; PGRN-PNAT Research Group. 
Use of the nicotine metabolite ratio as a genetically informed biomarker 
of response to nicotine patch or varenicline for smoking cessation: a 
randomised, double-blind placebo-controlled trial. Lancet Respir Med. 
2015;3(2):131–138.

 7. Sofuoglu M, Herman AI, Nadim H, Jatlow P. Rapid nicotine clearance is 
associated with greater reward and heart rate increases from intravenous 
nicotine. Neuropsychopharmacology. 2012;37(6):1509–1516.

 8. Liakoni E, Edwards KC, St Helen G, et al. Effects of nicotine metabolic 
rate on withdrawal symptoms and response to cigarette smoking after ab-
stinence. Clin Pharmacol Ther. 2019;105(3):641–651.

 9. Krebs NM, Chen A, Zhu J, et al. Comparison of puff volume with cig-
arettes per day in predicting nicotine uptake among daily smokers. Am J 
Epidemiol. 2016;184(1):48–57.

 10. Strasser  AA, Benowitz  NL, Pinto  AG, et  al. Nicotine metabolite ratio 
predicts smoking topography and carcinogen biomarker level. Cancer 
Epidemiol Biomarkers Prev. 2011;20(2):234–238.

 11. Benowitz  NL, Perez-Stable  EJ, Fong  I, Modin  G, Herrera  B, Jacob  P 
3rd. Ethnic differences in N-glucuronidation of nicotine and cotinine. J 
Pharmacol Exp Ther. 1999;291(3):1196–1203.

 12. Kulak JA, Cornelius ME, Fong GT, Giovino GA. Differences in quit attempts 
and cigarette smoking abstinence between whites and African Americans 
in the United States: literature review and results from the International 
Tobacco Control US Survey. Nicotine Tob Res. 2016;18 (Suppl 1):S79–S87.

 13. Pérez-Stable EJ, Herrera B, Jacob P 3rd, Benowitz NL. Nicotine metabolism 
and intake in black and white smokers. JAMA. 1998;280(2):152–156.

 14. Benowitz  NL, Bernert  JT, Caraballo  RS, Holiday  DB, Wang  J. Optimal 
serum cotinine levels for distinguishing cigarette smokers and nonsmokers 
within different racial/ethnic groups in the United States between 1999 
and 2004. Am J Epidemiol. 2009;169(2):236–248.

 15. Murphy SE. Nicotine metabolism and smoking: ethnic differences in the 
role of P450 2A6. Chem Res Toxicol. 2017;30(1):410–419.

 16. Ross KC, Gubner NR, Tyndale RF, et  al. Racial differences in the rela-
tionship between rate of nicotine metabolism and nicotine intake from 
cigarette smoking. Pharmacol Biochem Behav. 2016;148:1–7.

 17. Benowitz NL, Dains KM, Dempsey D, Wilson M, Jacob P. Racial differ-
ences in the relationship between number of cigarettes smoked and nico-
tine and carcinogen exposure. Nicotine Tob Res. 2011;13(9):772–783.

 18. St Helen G, Novalen M, Heitjan DF, et al. Reproducibility of the nicotine 
metabolite ratio in cigarette smokers. Cancer Epidemiol Biomarkers Prev. 
2012;21(7):1105–1114.

 19. Strasser  AA, Souprountchouk  V, Kaufmann  A, et  al. Nicotine replace-
ment, topography, and smoking phenotypes of e-cigarettes. Tob Regul Sci. 
2016;2(4):352–362.

 20. St Helen G, Shahid M, Chu S, Benowitz NL. Impact of e-liquid flavors on 
e-cigarette vaping behavior. Drug Alcohol Depend. 2018;189:42–48.

 21. Counts ME, Morton MJ, Laffoon SW, Cox RH, Lipowicz PJ. Smoke com-
position and predicting relationships for international commercial cig-
arettes smoked with three machine-smoking conditions. Regul Toxicol 
Pharmacol. 2005;41(3):185–227.

 22. Muscat JE, Richie JP Jr, Stellman SD. Mentholated cigarettes and smoking 
habits in whites and blacks. Tob Control. 2002;11(4):368–371.

 23. Ahijevych  K, Weed  H, Clarke  J. Levels of cigarette availability and ex-
posure in black and white women and efficient smokers. Pharmacol 
Biochem Behav. 2004;77(4):685–693.




