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Abstract

Introduction
Interindividual differences in rates of nicotine metabolism and
clearance, mainly mediated by hepatic enzyme cytochrome P450
2A6 (CYP2A6), alter numerous smoking behaviors, including
cessation. CYP2A6, responsible for approximately 90% of nicotine's metabolism to cotinine (COT) and 100% of COT metabolism to trans-30 -hydroxycotinine (3HC; refs. 1, 2), exhibits highly
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Results: Measures of plasma NMR were in strong agreement
between methods according to Bland–Altman analysis (ratios,
0.82–1.16) and were highly correlated (all Pearson r > 0.96, P <
0.0001). Measures of urinary NMR were in relatively weaker
agreement (ratios 0.62–1.71) and less strongly correlated (Pearson r values of 0.66–0.98, P < 0.0001) between different methods.
Plasma and urinary COT and 3HC concentrations, while weaker
than NMR, also showed good agreement in plasma, which was
better than that in urine, as was observed for NMR.
Conclusions: Plasma is a very reliable biologic source for the
determination of NMR, robust to differences in these analytical
protocols or assessment site.
Impact: Together this indicates a reduced need for differential
interpretation of plasma NMR results based on the approach used,
allowing for direct comparison of different studies. Cancer Epidemiol
Biomarkers Prev; 24(8); 1239–46. 2015 AACR.

variable interindividual metabolic activity largely resulting from
genetic variation in CYP2A6 (3), the gene encoding the enzyme.
The ratio of these two nicotine metabolite concentrations (3HC/
COT), known as the nicotine metabolite ratio (NMR), captures
both genetic (4) and environmental (5) variation and can be used
as a phenotypic biomarker of CYP2A6 enzymatic activity, the rate
of nicotine metabolism, and total nicotine clearance (6).
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Background: The highly genetically variable enzyme CYP2A6
metabolizes nicotine to cotinine (COT) and COT to trans-30 hydroxycotinine (3HC). The nicotine metabolite ratio (NMR,
3HC/COT) is commonly used as a biomarker of CYP2A6 enzymatic activity, rate of nicotine metabolism, and total nicotine
clearance; NMR is associated with numerous smoking phenotypes, including smoking cessation. Our objective was to investigate the impact of different measurement methods, at different
sites, on plasma and urinary NMR measures from ad libitum
smokers.
Methods: Plasma (n ¼ 35) and urine (n ¼ 35) samples were
sent to eight different laboratories, which used similar and different methods of COT and 3HC measurements to derive the
NMR. We used Bland–Altman analysis to assess agreement, and
Pearson correlations to evaluate associations, between NMR
measured by different methods.
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recruited for the Pharmacogenetics of Nicotine Addiction Treatment (PNAT2, NCT01314001) trial, described above (10).

Materials and Methods
Reagents and quality control samples
Cotinine and trans-30 -hydroxycotinine were purchased from
Sigma-Aldrich Canada and Toronto Research Chemicals. Quality
control (QC) samples were prepared in 0.01 mol/L hydrochloric
acid by the addition of COT and 3HC to achieve known concentrations. Seven QC pools were created with a wide range of
COT and 3HC concentrations of 1, 10, 100, 500, 1,000, 5,000,
and 10,000 ng/mL. Before distributing, QC samples were analyzed by one of the participating laboratories (site using method
1A) to ensure preparation quality.
Clinical study samples
The plasma and urine samples were collected as a part of the
PNAT2 clinical trial for smoking cessation treatment
(NCT01314001). The study was approved by the IRB at the
University of Pennsylvania (Philadelphia, PA), the Center for
Addiction and Mental Health (Toronto, Canada), MD Anderson
Cancer Centre (Houston, TX), University at Buffalo (Buffalo, NY;
the 4 recruitment sites), and at the University of Toronto (Toronto, Canada; the analytical site). Written, informed consent was
obtained from each subject. Study details were described elsewhere (10, 18). Plasma (n ¼ 35) and urine (n ¼ 35) samples were
frozen at 30 C until initial COT and 3HC analysis.
Plasma and urine samples, representing typical COT and 3HC
concentrations found in smokers, were aliquoted in volumes of
0.125 to 1.5 mL. Depending on the laboratory's limit of quantiﬁcation and the sample matrix, the speciﬁc assay was optimized
for the laboratories receiving either plasma or urine, or both, as
well as QC samples. The urine samples were not pretreated with
glucuronidase, and only concentrations of free, nonconjugated
metabolites were reported. The focus of this work was on the
assessment of the contribution of different analytical methods.
Deconjugation of urine samples was not expected to impact the
agreement of metabolite measurements between different analytical methods, as this was consistent across all laboratories (i.e.,
all laboratories were sent the same nonconjugated samples).
Similarly, urine concentrations were not corrected using creatinine. We did not expect correction of urine concentrations to
affect the agreement and association of urine metabolite measures
by different methods, as all laboratories were sent aliquots of the
same urine sample. Laboratories were blinded to the analyte
concentrations.
Analytical procedures
A summary of the analytical methods for each laboratory is
in Table 1, with a more detailed method description in Supplementary Table S1. All methods used chromatography coupled to
either mass spectrometer detector or UV; no immunoassay methods were used, as we are unaware of any which are speciﬁc for COT
and separately for 3HC. Of the six LC/MS-MS methods, three
utilized atmospheric-pressure chemical ionization (APCI; methods 1A–C) and three electrospray ionization (ESI; methods 2A–
C). One gas chromatography (GC) MS (method 3) was utilized,
and the ﬁnal two methods used high-performance liquid chromatography (HPLC) with UV detection (methods 4A–B). All
protocols used various extraction procedures and included an
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NMR is often retrospectively used, and more recently prospectively used, in studies of treatment optimization for smoking
cessation pharmacotherapies. Retrospective analyses have demonstrated that smokers with lower NMR (i.e., slow nicotine
metabolism) have greater success in quitting smoking when
treated with transdermal nicotine or placebo compared with
those with higher NMR (i.e., faster nicotine metabolizers; refs. 7–
9). In contrast, smokers treated with buproprion, not metabolized
by CYP2A6, exhibited no differences in quit rates based on NMR
(8). A recently completed prospective phase III clinical trial
(NCT01314001) investigated the utility of NMR as a predictive
biomarker of smoking cessation outcomes, speciﬁcally studying
cessation success while on varenicline versus nicotine patch (10).
Randomization to each treatment group was stratiﬁed prospectively based on the subject's NMR, and it was found that varenicline, compared with nicotine patch, was associated with greater
quitting among normal nicotine metabolizers, whereas for slow
metabolizers patch worked as well as varenicline, and had fewer
side effects than varenicline for slow metabolizers (10). Results
from this trial and others will aid in the translation of research to
clinical practice, such that the most effective smoking cessation
treatment strategy can be tailored using a smoker's NMR. In
addition, NMR is used increasingly in case–control and –cohort
studies of smokers, examining additional smoking phenotypes,
including cigarettes smoked per day (11) and smoking topography (12).
In addition to the strong correlation of NMR with nicotine
clearance and CYP2A6 activity, several other characteristics of
NMR make this a useful biomarker. The relatively long half-life of
COT (16 hours) and formation dependence of 3HC promote
stability over time of the relative COT and 3HC concentrations,
and the resulting NMR, in daily smokers irrespective of heavy or
light cigarette consumption, or sampling time of day (13–15).
There is only minor variation in average daily NMR over a 7-day
period for daily smokers (13), and NMR remains relatively stable
over a 44-week range in regular daily smokers and in smokers who
are reducing their smoking levels with the help of nicotine
replacement therapy (NRT; refs. 14–16). This indicates that a
reliable estimate of nicotine clearance rate can be obtained from a
single sample, and that the rate of nicotine metabolism is not
substantially altered over an extended period of time for regular
smokers. In addition, beyond genetic variation in CYP2A6, several
inﬂuences on NMR (gender, ethnicity, birth control use, hormone
replacement therapy, body mass index, and cigarettes per day)
together contribute only approximately 8% of the variation in
NMR (17); thus these predictors are unlikely to substantially
inﬂuence NMR nor alter its utility as a biomarker. NMR quantiﬁcation requires relatively noninvasive procedures, such that COT
and 3HC can be measured in saliva, plasma, blood, or urine
samples, and strong correlations have been reported for NMR
derived from blood, plasma, and saliva, whereas blood-derived
compared with urine-derived NMR showed modestly lower correlations (16).
A potential source of variation in NMR that has yet to be
examined is between different laboratory sites and analytical
methods. Therefore, to further characterize utility of this nicotine
clearance biomarker, we investigated the relationship between
NMR measures performed in eight different laboratories utilizing
similar (e.g., LCMS/MS) or different (e.g. LCMS/MS vs. HPLC-UV)
analytical methods for plasma and urine samples from a population of treatment seeking ad libitum smokers who had been

Measuring Nicotine Metabolite Ratio by Different Methods

Table 1. Summary of participating laboratories' analytical methods for analysis of biologic and quality control (QC) samples
Method
Analytical
Internal
Limit of quantiﬁcation
ID
method
standard(s)
(ng/mL)
1A
APCI LC-MS/MS
Cotinine-D3
1 ng/mL
30 -Hydroxycotinine-D3
1 ng/mL
1 ng/mL, 10 ng/mL
1B
APCI LC-MS/MS
Cotinine-D9
30 -Hydroxycotinine-D9
1 ng/mL, 10 ng/mL
1 ng/mL
1C
APCI LC-MS/MS
Cotinine-D3
30 -Hydroxycotinine-D3
1 ng/mL
1 ng/mL
2A
ESI LC-MS/MS
Cotinine-D3
30 -Hydroxycotinine-D3
1 ng/mL
2B
ESI LC-MS/MS
Cotinine-D3
1 ng/mL
1 ng/mL
30 -Hydroxycotinine-D3
0.08 ng/mL
2C
ESI LC-MS/MS
Cotinine-D3
30 -Hydroxycotinine-D3
0.2 ng/mL
2.5 ng/mL
3
EI GC-MS
Cotinine-D3
30 -Hydroxycotinine-D3
2.5 ng/mL
4A
HPLC-UV
2-phenylimidazole
10 ng/mL
4B
HPLC-UV
5-methylcotinine
12.5 ng/mL for COT
10 ng/mL for 3HC

Type(s) of biologic
samples analyzed
Plasma, urine
Plasma, urine
Plasma
Plasma
Plasma
Plasma
Plasma
Urine
Urine

internal standard. All MS methods used deuterated COT and 3HC
as internal standards, whereas the HPLC-UV methods used 2phenylimidazole or 5-methylcotinine. Limits of quantiﬁcation
ranged from less than 1 to 12.5 ng/mL. Samples were sent to
participating laboratories on dry ice in October or November
2012, and all results were returned by February 2013. Analyte
concentrations were compared from the eight different laboratories that used seven methods for measurement from plasma and
four methods for measurement from urine. Each site will hereafter
be referred to by their method (1A–C, 2A–C, 3, 4A–B; Table 1).
NMR was determined by each method using the ratio of 3HC/
COT.
Statistical analysis
COT and 3HC concentrations were nonnormally distributed
and therefore were log-transformed for further analyses. In addition, logged, compared with the unlogged, NMR is a stronger
surrogate of nicotine clearance rate (19). Bland–Altman analysis
was used to test the level of agreement between methods used at
each laboratory to measure log-transformed NMR, COT, and
3HC, respectively, in plasma and urine. The ratio computed by
Bland–Altman analysis is a result of the back-transformation of
the mean difference between measures on the log-scale. A ratio of
1 indicates the least difference between measures (complete
agreement). The range of agreement is deﬁned as the mean bias
2 SD. All methods were compared with one another for Bland–
Altman analysis. Linear regression was used to determine the
strength of associations between analyte measurements by each
method compared with the reference method. Pearson correlation coefﬁcients were computed between analyte measurements
by each method compared with the reference method. Analyses
were carried out with GraphPad Prism (version 6.0), and statistical tests were considered signiﬁcant when P < 0.05.

Results
Comparison of plasma NMR measured by different methods
Plasma NMR, COT, and 3HC measurements ranged from 0.11
to 1.23, 56.0 to 538.1, and 15.0 to 236.0, respectively. Seven mass
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NOTE: Method 1A, University of Toronto; method 1B, University of California, San Francisco; method 1C, Centre for Addiction and Mental Health; method 2A, Yale
University; method 2B, National Institute on Drug Abuse; method 2C, University of Minnesota; method 3, National Institute for Health and Welfare (THL)/University of
Helsinki; method 4A, Cliniques Universitaires UCL Mont-Godinne; method 4B, University of Toronto.

spectrometry approaches (1A–C, 2A–C, 3) for quantifying nicotine's plasma metabolites' concentrations consistently provided
similar measures of log-transformed NMR according to Bland–
Altman analyses of agreement between repeated measures (Table
2A). Bland–Altman ratios were between 0.82 and 1.16 when
comparing plasma NMR between all methods, which is indicative
of relatively strong agreement between NMR measurements
across methods.
Measures of plasma NMR were highly correlated between
methods, with all Pearson correlations (r) greater than 0.96 (all
P < 0.0001; Table 2A, illustrated in Fig. 1A). Similar correlations
were observed with non–log-transformed NMR (see legend
to Fig. 1).
As a secondary analysis, we examined COT and 3HC
individually. For plasma COT and 3HC concentrations measured by different methods (1A–C, 2A–C, 3), all Bland–Altman ratios were between 0.70 and 1.34 (Table 2B and C).
Likewise, Pearson correlations (r) between log-transformed
plasma COT and 3HC concentrations by different methods
were high (all Pearson r > 0.93, all P < 0.0001; Table 2B and
C; Fig. 1B and C). Similar correlations were observed with
non-logged COT and 3HC concentrations from each method
(see legend to Fig. 1).
Comparison of urine NMR measured by different methods
Urinary NMR, COT, and 3HC measurements ranged from 0.34
to 12.40, 100.3 to 3220.0, and 249.8 to 19409.8, respectively.
Measures of urinary log-transformed NMR by four different
methods (1A, 1B, 4A, 4B) were less consistent than that observed
in plasma, according to Bland–Altman analyses of agreement
between repeated measures (Table 2A). Bland–Altman ratios were
between 0.62 and 1.71 when comparing urine NMR between all
methods. Methods 1A and 1B are essentially the same, and both
methods were used for the measurement of the NMR in urine and
plasma; however, although agreement was best between methods
1A and 1B, the agreement was still poorer for urine than was
observed by these methods in plasma (ratio and range of agreement of 1.05, 0.68–1.62 vs. 0.96, 0.83–1.10 for urine and plasma,
respectively).
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4B

4A

1B

1A

3

2C

2B

2A

1C

1B

1A

4B

4A

1B

1A

3

2C

2B

2A

1C

1B

1A

r = 0.99
P < 0.0001
r = 0.99
P < 0.0001
r = 0.99
P < 0.0001
r = 0.99
P < 0.0001
r = 0.99
P < 0.0001
r = 0.96
P < 0.0001

1A

r = 0.99
P < 0.0001
r = 0.98
P < 0.0001
r = 0.99
P < 0.0001
r = 0.99
P < 0.0001
r = 0.98
P < 0.0001
r = 0.97
P < 0.0001

1A

r = 0.99
P < 0.0001
r = 1.00
P < 0.0001
r = 0.97
P < 0.0001

r = 0.99
P < 0.0001
r = 0.98
P < 0.0001
r = 0.99
P < 0.0001
r = 0.99
P < 0.0001
r = 0.94
P < 0.0001
r = 0.99
P < 0.0001
r = 1.00
P < 0.0001
r = 0.99
P < 0.0001
r = 0.95
P < 0.0001

2C

r = 0.98
P < 0.0001

0.89
(0.76–1.04)
1.07
(0.95–1.21)
1.16
(1.06–1.27)
1.09
(1.02–1.17)
1.05
(0.93–1.19)

2B

r = 1.00
P < 0.0001
r = 0.95
P < 0.0001

1.06
(0.92–1.22)
1.08
(0.95–1.23)
1.07
(0.97–1.18)
0.97
(0.85–1.11)

2C

r = 0.96
P < 0.0001

0.85
(0.72–1.01)
1.15
(0.99–1.33)
1.15
(1.04–1.28)
1.20
(1.05–1.37)
1.24
(1.10–1.39)

3

1.01
(0.75–1.36)
0.97
(0.69–1.37)
0.98
(0.71–1.35)
1.02
(0.76–1.36)
1.05
(0.78–1.42)
0.85
(0.63–1.15)

3

1.09
(0.86–1.37)
0.88
(0.72–1.08)
0.96
(0.77–1.19)
0.90
(0.73–1.10)
0.87
(0.70–1.08)
0.82
(0.68–1.00)

Bland-Altman ratios

r = 0.99
P < 0.0001
r = 0.97
P < 0.0001

0.94
(0.81–1.09)
0.98
(0.84–1.15)
0.91
(0.78–1.05)
1.04
(0.94–1.15

2B

Bland-Altman ratios

(Continued on the following page)

r = 0.99
P < 0.0001
r = 0.99
P < 0.0001
r = 0.96
P < 0.0001

2A
1.02
(0.87–1.20)
1.05
(0.86–1.27)
1.04
(0.90–1.21)

1C
0.98
(0.86–1.13)
1.00
(0.89–1.12)

1B

Plasma

r = 1.00
P < 0.0001
r = 0.99
P < 0.0001
r = 0.99
P < 0.0001
r = 0.97
P < 0.0001

0.97
(0.86–1.11)
1.02
(0.92–1.13)
0.94
(0.86–1.03)

0.98
(0.83–1.16)

r = 0.99
P < 0.0001
r = 0.99
P < 0.0001
r = 0.99
P < 0.0001
r = 0.99
P < 0.0001
r = 0.97
P < 0.0001

1C
1.04
(0.89–1.22)
0.92
(0.80–1.06)

1B
0.96
(0.83–1.10)

Plasma
2A

r = 0.82
P < 0.0001
r = 0.56
P = 0.0006
r = 0.70
P < 0.0001

1A

r = 0.94
P < 0.0001
r = 0.66
P < 0.0001
r = 0.98
P < 0.0001

1A
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Plasma

r = 0.53
P = 0.0012
r = 0.59
P = 0.0002

1.07
(0.52–2.20)

1B

4A

r = 0.67
P < 0.0001

0.62
(0.22–1.75)
1.71
(0.70–4.20)

4A

r = 0.35
P = 0.044

1.40
(0.43–4.56)
0.76
(0.22–2.64)

Urine

r = 0.74
P < 0.0001
r = 0.94
P < 0.0001

1.05
(0.68–1.62)

1B

Urine

0.59
(0.23–1.49)
1.81
(0.60–5.48)
2.31
(0.52–10.30)

4B

0.99
(0.75–1.30)
1.07
(0.72–1.59)
0.64
(0.24–1.72)

4B

Table 2. Bland-Altman ratios (range of agreement) and Pearson correlations of (A) logNMR, (B) logCOT, and (C) log3HC measured in plasma and urine according to each method relative to
all other methods

Tanner et al.
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Correlations

4B

4A

1B

1A

3

2C

2B

2A

1C

1B

1A
r = 0.99
P < 0.0001
r = 0.99
P < 0.0001
r = 0.99
P < 0.0001
r = 0.99
P < 0.0001
r = 0.99
P < 0.0001
r = 0.98
P < 0.0001

1A

r = 1.00
P < 0.0001
r = 0.99
P < 0.0001
r = 0.99
P < 0.0001
r = 1.00
P < 0.0001
r = 0.97
P < 0.0001
r = 0.99
P < 0.0001
r = 1.00
P < 0.0001
r = 1.00
P < 0.0001
r = 0.97
P < 0.0001

1C
1.02
(0.88–1.18)
0.92
(0.82–1.03)

1B
0.94
(0.81–1.09)

r = 0.99
P < 0.0001
r = 0.99
P < 0.0001
r = 0.97
P < 0.0001

1.00
(0.85–1.17)
1.07
(0.90–1.26)
0.98
(0.86–1.11)

2A

Plasma

r = 1.00
P < 0.0001
r = 0.97
P < 0.0001

0.99
(0.85–1.17)
1.06
(0.93–1.22)
0.97
(0.86–1.10)
1.00
(0.86–1.17)

2B

r = 0.97
P < 0.0001

0.76
(0.65–0.89)
1.23
(1.11–1.37)
1.34
(1.21–1.47)
1.31
(1.14–1.50)
1.30
(1.16–1.47)

2C
1.09
(0.81–1.47)
0.86
(0.64–1.14)
0.94
(0.70–1.25)
0.91
(0.69–1.22)
0.91
(0.67–1.23)
0.70
(0.53–0.97)

3

Bland-Altman ratios

1.12
(0.46–2.78)

1B

r = 0.88
P < 0.0001
r = 0.74
r = 0.74
P < 0.0001 P < 0.0001
r = 0.86
r = 0.79
P < 0.0001 P < 0.0001

1A

r = 0.64
P = 0.0002

0.84
(0.24–2.94)
1.35
(0.40–4.57)

4A

Urine

0.58
(0.22–1.53)
1.93
(0.63–5.94)
1.40
(0.35–5.66)

4B

NOTE: Ratio, back-transformation of mean difference between measures on log scale; 95% CI of ratio, back-transformation of 95% CI of the mean difference between measures on log-scale;
range of agreement, back-transformation of the mean difference between measures on a log-scale  2 SDs from the mean difference.
All methods (1A-C, 2A-C, 3) use mass spectrometry approaches except for methods 4A and 4B, which use HPLC-UV approaches.

Urine

C.
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Table 2. Bland-Altman ratios (range of agreement) and Pearson correlations of (A) logNMR, (B) logCOT, and (C) log3HC measured in plasma and urine according to each method relative to all other
methods (Cont'd)
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B

–0.5
–1.0
–1.5

Method 1A vs. 1B
Method 1A vs. 1C
Method 1A vs. 2A
Method 1A vs. 2B
Method 1A vs. 2C
Method 1A vs. 3

y = 1.016x–0.013, R 2 = 0.98, P < 0.0001
y = 0.977x+0.005, R 2 = 0.97, P < 0.0001
y = 1.021x–0.002, R 2 = 0.98, P < 0.0001

2.0
2.5
logCOT method 1A

0.5

1.0

1.5

–0.5
logNMR method 1A

Method 1A vs. 1B y = 0.890x+0.072, R 2 = 0.88, P < 0.0001
Method 1A vs. 4A y = 0.742x–0.081, R 2 = 0.44, P < 0.0001
Method 1A vs. 4B y = 0.850x+0.062, R 2 = 0.96, P < 0.0001

0.5
1.5
2.0
log3HC method 1A

Method 1A vs. 1B
Method 1A vs. 1C
Method 1A vs. 2A
Method 1A vs. 2B
Method 1A vs. 2C
Method 1A vs. 3

2.5

y = 0.957x+0.056, R 2 = 0.99, P < 0.0001
y = 0.959x+0.087, R 2 = 0.99, P < 0.0001
y = 0.976x+0.045, R 2 = 0.98, P < 0.0001
y = 0.987x+0.022, R 2 = 0.98, P < 0.0001
y = 0.969x–0.058, R 2 = 0.98, P < 0.0001
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Figure 1.
Correlation and linear regression of measures of metabolites from plasma and urine (n ¼ 35) from 8 methodologic approaches (methods 1A–C, 2A–C, 3, 4A–B).
Each point on the plot represents an individual measurement of a sample by one test method compared with a reference method (method 1A). Plasma log-corrected
(A) 3-hydroxycotinine over cotinine ratio (log3HC/COT, logNMR), (B) cotinine (logCOT) and (C) 3-hydroxycotinine (log3HC), measured by methods 1–3. Urine
log-corrected (D) 3-hydroxycotinine over cotinine ratio (log3HC/COT, logNMR), (E) cotinine (logCOT) and (F) 3-hydroxycotinine (log3HC), measured by methods
1A, 1B, 4A, and 4B. Pearson correlations were similar among logged and non-logged NMR, COT, and 3HC (Pearson r values for plasma NMR, COT, and 3HC
concentrations ranged from 0.92–0.99, all P < 0.0001; Pearson r values for urine NMR, COT, and 3HC measurements ranged from 0.55 to 0.95, all P < 0.0009).

Measures of urine NMR were also less strongly correlated
between methods, with Pearson correlations (r) ranging from
0.66 to 0.98, although still statistically signiﬁcant (P <
0.0001, Table 2A, illustrated in Fig. 1D). NMR determined using
the essentially identical methods 1A and 1B exhibited weaker
correlation in urine compared with plasma (Pearson r values of
0.94 vs. 0.99 for urine and plasma, respectively). Similar correlations were observed with non–log–transformed NMR.
In relation to the ﬁndings for NMR, individual metabolite
concentrations in urine had larger variation. Bland–Altman ratios
were between 0.58 and 2.31 for urine COT and 3HC measures by
methods 1A, 1B, 4A, and 4B. Pearson correlations (r) between logtransformed urine COT and 3HC measures by different methods
ranged from 0.35 to 0.88 (all P < 0.05, Table 2B and C; Fig. 1E and
F). Similar correlations were observed with non-logged COT and
3HC concentrations from each method.

Discussion
Using Bland–Altman analyses and Pearson correlations, we
determined the extent of agreement and association between
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plasma and urinary NMR measurements by different analytical
methods. Plasma NMR concentrations were consistent across all
methods examined and appear robust to differences in analytical
methods used for detection in different laboratories. Together this
suggests that plasma NMR measured by any of these methods will
provide comparable data.
Although it was not anticipated that plasma and urine NMR
measurements would be in complete agreement, as seen before
(16), we anticipated that there would be minimal within-ﬂuid
variation between different methods. However, although measurements of NMR by essentially the same method (1A and 1B) at
different locations were in high agreement for plasma, they were
in weaker agreement in urine, suggesting that urine NMR may be a
less precise biomarker of nicotine clearance, CYP2A6 phenotype,
and genotype compared with plasma. As only two participating
laboratories used HPLC-UV approaches, it may be of value in the
future to analyze samples using additional HPLC-UV approaches,
to test the effect of UV detection on the measured concentrations
of COT, 3HC, and NMR in plasma and urine. The data presented
here suggest that more care may be needed in selecting the method
of analysis when evaluating NMR in urine. Discrepancies in

Cancer Epidemiology, Biomarkers & Prevention

Downloaded from http://aacrjournals.org/cebp/article-pdf/24/8/1239/2281446/1239.pdf by guest on 19 May 2022

0.5

1.0

2

Method 1A vs. 2C y = 1.022x–0.123, R 2 = 0.98, P < 0.0001
Method 1A vs. 3 y = 0.931x+0.168, R2 = 0.91, P < 0.0001

1.0

1.5

y = 1.005x–0.021, R = 0.97, P < 0.0001
y = 1.010x–0.031, R 2 = 0.98, P < 0.0001
y = 1.025x–0.049, R 2 = 0.98, P < 0.0001
y = 0.966x–0.104, R 2 = 0.98, P < 0.0001

y = 0.986x–0.056, R 2 = 0.97, P < 0.0001
y = 0.962x+0.018, R 2 = 0.93, P < 0.0001

1.5

2.0

0.0
1.0

3.0

y = 1.040x−0.008, R 2 = 0.97, P < 0.0001

E

logNMR methods 1B, 4A, 4B

2.0

Method 1A vs. 1B
Method 1A vs. 1C
Method 1A vs. 2A
Method 1A vs. 2B

D

–0.5

2.5

1.5
1.5

logNMR method 1A

log3HC method 1B-3

0.0

2.5

log3HC methods 1B, 4A, 4B

–0.8 –0.6 –0.4 –0.2
0.0

C

3.0
logCOT method 1B-3

0.5

logCOT methods 1B, 4A, 4B

logNMR method 1B-3

A

Measuring Nicotine Metabolite Ratio by Different Methods

regardless of method used here, are consistent. These ﬁndings
reduce the need for differential interpretation of plasma NMR
results based on approach used to conduct the analysis.
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agreement between urine NMR measures by different methods
may also result from different approaches to sample preparation
for plasma compared with urine, or through the use of different
internal standards. Two of the four methods that measured
analytes in urine used structural analogs as internal standards
(HPLC-UV methods 4A and 4B), whereas, all of the methods for
plasma (LC/MS-MS or GC-MS approaches) used the deuterated
form of the analyte. Deuterated forms are preferred over structural
analogs as internal standards as they have identical chemical
properties to the analyte, thus meeting the goal of closely mimicking the extraction and chromatographic characteristics of the
analyte (20). Together, our results suggest that plasma NMR can
be measured with conﬁdence across these different methods, due
to strong correlations between plasma NMR measures, while
urinary NMR was more variable. Consistent with this, NMR and
CYP2A6 genotype associations are more variable when metabolites were measured from urine as opposed to plasma (21).
Similar to the trends observed for NMR, there was less variation
in COT and 3HC plasma than urine concentrations, with different
methodologic approaches. There was modest agreement and
moderate to strong correlations between plasma metabolite concentrations measured by different methods, whereas for urine
analyte concentrations, agreement and correlations were weaker,
indicating that plasma COT and 3HC measurements are reproducible irrespective of method employed.
One limitation to this study is the assessment of urine and
plasma NMR, but not saliva NMR. Nicotine's metabolite concentrations in saliva and plasma provide consistent pharmacokinetic
information (22, 23), and saliva sampling, compared with plasma and urine sampling, is the least invasive approach available to
determine NMR. In addition, saliva, like plasma, is stable over a
14-day period at room temperature (16), making this a desirable
matrix for metabolite measurement. Another study limitation was
that NMR was only measured in urine by four methods (two of
which were essentially the same), whereas, seven methods (again,
two being essentially the same) were utilized for plasma measurements. Given that measurements of NMR from urine showed less
consistency relative to measurements from plasma, it would be
useful going forward to examine more methods to establish
whether the methodologic approach or biologic ﬂuid is the
primary reason for the observed inconsistencies. In addition, the
HPLC-UV methods that were used in the measurement of urine
metabolites were not performed for plasma. This is a limitation, as
it does not allow for the comparison of plasma-LCMS and
plasma-HPLC-UV methods, and thus this is an area for future
investigation.
We found that plasma NMR measurements are in good agreement and strongly correlated between methods and sites. Our
results provide greater conﬁdence that plasma NMR measures,
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