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Aims To investigate whether saliva is a useful alternative to plasma for routine
monitoring of nicotine and evaluate the predictive performances of saliva and plasma
concentration on craving estimated by a Tiffany Questionnaire on Smoking Urge-
Brief Form.

Methods Thirteen healthy smokers were enrolled in a randomized, two period,
crossover trial. Linear and power models were evaluated to predict the plasma
nicotine concentrations from the saliva measurements, whereas a population PK/PD
indirect response model was used to predict craving using either saliva or plasma
nicotine concentration as the independent variable.

Results The results of the analysis revealed that the power model was preferred
over the linear one The bias on the predicted plasma concentrations was of
0.47 ng ml"' with a 95% confidence interval of [-0.57, 1.52] and a precision of
5.68 ng ml™'. The placebo effect model was initially fitted to data, then the indirect
response approach (with inhibition in k,) was used to model the craving scores using
plasma and saliva nicotine concentrations as independent variables. The two indirect
response PK/PD models based on saliva and plasma nicotine concentrations, ade-
quately described the onset, extent, and duration of craving. The maximal inhibition
L.x was 0.722 and 1 for saliva and plasma concentrations while the estimated
nicotine concentrations giving 50% of the maximal inhibition were 269 ng ml-' and
24.3 ng ml™' for saliva and plasma, respectively.

max

Conclusions A good correlation between plasma and saliva nicotine concentrations
has been found using a power model. Comparable values of bias and precision on
the model-predicted craving indicate that plasma and saliva concentration can
equally well be used to predict the onset of tobacco withdrawal induced craving.
Analysis of saliva definitely offers a potentially more attractive way to assess nicotine
concentration values, as samples can be collected easily and noninvasively. In addi-
tion, saliva sampling avoids the pain and discomfort involved in venepuncture. In
studies that assess psychological measures, such as subjective mood, blood collection
could present a possible confounding factor because of the anxiety and pain that
accompanies it. For these reasons saliva can reasonably be considered as the ideal
sampling site for all clinical studies conducted for the evaluation of the potential
activity of drugs on nicotine deprivation symptoms.

Keywords: craving, population PK/ PD, saliva plasma nicotine concentration, smok-
ing cessation

causes cigarette craving and withdrawal symptoms [1, 2].

Introduction

Nicotine addiction is recognized as a primary process in
the maintenance of smoking behaviour and general
failure of treatment interventions. Nicotine deprivation
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Nicotine (NRTs). (gum,
patches, nasal spray) have been shown to increase the

Replacement Treatments
proportion of quitters and to reduce that of relapsers [3,
4]. This effect has generally been attributed to the capa-
bility of nicotine to reduce craving and withdrawal
symptoms [4, 5]. Nicotine interacts with central nervous
system receptors facilitating the release of neurotransmit-
ters such as dopamine, norepinephrine, acetylcholine,
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glutamate and serotonin [6, 7]. However the relationship
between reduction of craving and withdrawal symptoms
and an improved treatment outcome is not yet com-
pletely understood [8—10]. Furthermore, the relationship
between nicotine concentrations and intensity of craving
and withdrawal symptoms during the quitting or the
relapsing phases has not been fully explored [11]. With-
drawal symptoms and craving appear 6-12h (peak at
48 h) after smoking cessation, and whereas withdrawal
symptoms disappear after 3-4 weeks, craving can still
persist after 6 months [12]. Consequently, fluctuations
in craving or withdrawal symptoms can be related to
changes in nicotine blood concentrations (at zero after
10-12 h of smoking abstinence), during the acute quit-
ting phase but not during the relapse phase. Unfortu-
nately, most studies have been conducted to assess
quitting and relapse rates. Many of these studies have
shown only an indirect causal connection between
plasma nicotine concentrations and levels of craving and
withdrawal symptoms, showing that patients receiving
NRTs had lower craving/withdrawal than those receiving
placebo [3-5, 14]. Some of these studies reported only
daily measurements of nicotine concentration accompa-
nied by retrospective measurement of craving/withdrawal
symptoms. These measurements could not be considered
to reflect possible daily fluctuation of craving/withdrawal
symptoms and nicotine blood concentrations. Only few
studies have investigated short-term cigarette craving and
withdrawal symptoms or have taken repeated measure-
ments of plasma nicotine trough concentrations. Schun
& Stitzer [16] demonstrated that craving increased within
minutes after finishing a cigarette, but they did not
measure nicotine blood concentration. Lunnel et al. [17]
showed that nicotine inhalation reduced craving over
2 days in smokers not trying to quit, and found a nega-
tive correlation between nicotine blood concentrations
and craving. Jarvik et al. [18] showed that the increase in
craving was correlated inversely with nicotine blood con-
centrations during 6 h of smoking abstinence. In a pre-
vious study we showed that the increase in craving was
inversely related to nicotine saliva concentration during
72 h of abstinence. In this work, the Tiffany Question-
naire on Smoking Urge-Brief Form (QSU-BF) was used
[19] and appropriate pharmacokinetic and pharmacody-
namic models were developed to relate changes in crav-
ing to nicotine saliva concentration. In addition Rose
et al. [21] showed that saliva nicotine concentration can
be used as an alternative to nicotine plasma concentration
during nicotine patch administration. However, no for-
mal study on the relation between nicotine concentration
in plasma and saliva has been performed and no study
on the ability to predict craving using either saliva or
plasma concentrations has been reported. The aim of this
study was to extend the work of previous authors by
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examining whether saliva could be a useful alternative to
plasma for routine monitoring of nicotine and to evaluate
the prediction of craving using saliva and plasma concen-
trations estimated by the QSU-BE

Methods
Subjects

Thirteen healthy subjects (six men and seven women)
free from clinically significant illness or disease as deter-
mined by their medical history (including family history),
physical examination, laboratory data, and other tests,
were enrolled in this study. All subjects were recruited
from the panel of volunteers of the Clinical Pharmacol-
ogy Unit of the GlaxoSmithKline in Verona (Italy). The
subjects ranged in age from 20 to 61 years (32.5 = 13.5),
with a body weight ranging from 50 to 87 kg (67.4,
19.7). According to the study protocol only smokers of
15 cigarettes or more a day for the past year who were
not motivated to stop smoking, and who had a self
reported Fagerstrom Tolerance Questionnaire (FTQ) [22,
23] score of at least 7, were enrolled in the study. All
subjects gave informed written consent. Local regulatory
and ethics committee approval was obtained before the
start of the study, which was conducted in accordance
with the declaration of Helsinki.

Study design

This was a randomized, two period crossover study. In
one period smoking and any other form of nicotine
consumption was not allowed. In this period placebo was
administered as an oral tablet once a day (placebo period)
In the other period subjects were freely allowed to smoke
(free smoking period). Each study period consisted of
72 h with a free smoking washout of at least 10 days.
The Tiffany QSU-BF was administered at 0, 3, 6, 12,
24, 30, 36, 48, 54, 60 and 72 h. Saliva and plasma
samples were collected for nicotine measurement. At the
same times, exhaled carbon monoxide (CO), plasma
nicotine and cotinine concentrations were assessed for
abstinence compliance. Saliva samples were collected after
stimulation of saliva flow by means of parafilm [24] and
within half an hour of the last cigarette smoked.

Nicotine assay

Nicotine analysis of plasma and saliva samples was per-
formed using a high performance liquid chromatography
method combined with mass spectrometric detection.
The lower limit of detection, precision and accuracy of
the method were evaluated using the results of the quality
control samples (QCs) assayed daily with the clinical
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samples. The lower limit of detection was 5 ng ml™'. The
precision of the QCs were less than 14.4% at a low
concentration (£ 7.5 ng ml™), 11.1% at a medium con-
centration (£ 75 ng ml™') and 12.6% at a high concentra-
tion (<750 ng ml) of the compound. The accuracy of
the QCs averaged —5.71% at the low, —12.0% at the
medium and -5.31% at the high concentration of
nicotine.

Modelling approaches

The ability to forecast plasma nicotine concentrations
from saliva measurements was investigated by evaluating
bias and precision on the predicted plasma concentration
values using linear and power models (Equation 1 and
2).

Plasmac,,, = o - Salivac,, [1]

Plasmac,,, = Salivac,,’ [2]

An indirect response PK/PD modelling approach was
used to link nicotine concentrations in saliva and plasma
to the observed craving scores (C) [25]. The basic pre-
mises of this approach are that the tobacco withdrawal
induced craving fluctuates around a basal value (no drug
or placebo effect) and that the nicotine supplied in the
free smoking treatment period can control either the
onset or the disappearance rate of C.

Placebo effect model

The rate of change of craving over time following pla-
cebo was described by:

- kowcs [3]

where k,, represents the zero-order constant for craving
onset and k,, defines the first-order rate constant for
craving disappearance.

As stationarity is assumed, C, is supposed to fluctuate

around to an average baseline value (C*). Thus:
kin = koulc: [4]

which reduces the number of parameters in the model.
Inspection of the scores changes over time after placebo
administration indicates the presence of a circadian
variability; therefore k, was modelled as
function:

a cosine

N 2
k., = k,,.C. - (l + Amplitude - cos|:(t - t,mx)i:D [5]

Where: C* is the average placebo response at baseline,
Amplitude is the amplitude of the circadian variation, ¢ is
the time, ¢, is the time of the peak response (acrophase)
and 2n/24 converts clock time in radians.
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PK/PD model

The aim of the PK/PD model was to relate the changes
on nicotine concentration to the changes on craving
scores accounting for the placebo response. The individ-
ual placebo response parameters (k,,, C*, Amplitude and
t..) were initially estimated on the placebo data, using
an empirical Bayesian approach, and these parameters
were fixed for each subject in the subsequent analyses.
In a recent paper [20] the indirect response model with
inhibition on k, has been shown to be the preferred
model to relate nicotine concentrations measured in a
free smoking period to craving score. Therefore, the
indirect response model defined by Equation 6 was used
in the PK/PD model fitting.

in

d(:V Imtw : N!
_'=]€m .|:1_'—
dt ICs, + N.

where: |

:| - kom . Cs [6]

is the maximal inhibition rate, IC, is the
N, the
nicotine concentration and k, is the placebo effect
defined by the Equation 5.

max

nicotine concentration producing 50% of I

max?

Data analysis

The analyses were performed using the nonlinear mixed-
effect modelling approach as implemented in the
NONMEM (Version V) computer program [26]. The
population characteristics of the parameters (fixed and
random effects) were estimated according to a user defined
model for the evaluation of the link between plasma and
saliva, and according to the subroutine ADVANG6 from
the library of programs provided with the NONMEM-
PREDPP package, for the evaluation of the link between
nicotine concentration and craving. In the two analyses,
the intrasubject variability (random effects) was assessed
according to an exponential error model associated to
each fixed effect parameter, and the p; parameter of the
Jju subject was described by the relationship:

pj = Pmcan * eXp(hP) (7)

represents the population mean and h, is
assumed to be a random variable with zero mean and
variance ;. Nicotine concentration and craving scores
in the j,, individual were assumed to be affected by an

where P

mean

exponential error term described by the relationship:

Csij(t) = f(Pj, Ncij’ tij) * CXP(eij) (8)
where p; are the model parameters of the j,, subject, ¢, is
the time of the i, measurement, f is the structural model,
and e; represents the residual departure of the model
from the observations and contains contributions from
intraindividual variability, assay error and model mispeci-
fication. e is assumed to be a random variable with zero
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mean and variance s%. Individual posterior estimates of
model parameters for each subject were obtained using
the ‘POSTHOC’ option in NONMEM. The parameter
estimation was initially performed either for saliva-plasma
or craving analysis using the First Order Conditional
Estimation (FOCE) method. However, the FO (First
Order) approach was finally retained only for the saliva-
plasma model due to the impossibility of obtaining any
parameter estimates using the FOCE method. A Monte-
Carlo simulation approach was used to estimate model
mean and median curves with the 5th and 95th percen-
tile intervals. Nicotine concentration values were initially
simulated in 200 individuals (SIMULATION option in
NONMEM) using the final fixed and random effect
parameter values, then descriptive statistics (mean,
median, 5th and 95th percentiles,...) were computed for
each value of the independent variable (saliva nicotine
concentration) using SAS (SAS Institute Inc., Carry, NC,
USA) and the estimated parameters used in the subse-
quently generated diagnostic plots. The model predicted
median was considered as more representative of the
typical expected values due to variability in the observa-
tions and, therefore, was used in the graphical data
display.

Predictive performance assessment

The model predictive performance was assessed by com-
puting the bias (Equation 9) and precision (Equation 10)
estimated using observed (Obs = craving and nicotine
concentration) and model predicted (Pred = craving and
nicotine concentration) values [27].

N
Bias = %z (Obs — Pred) (9]

i=1
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Figure 1 Time course of individual saliva (O) and plasma (@)
nicotine concentrations (ng ml™) with the estimated median
curves (solid lines) in the 72 h free smoking period. The median
value of the observations has been estimated at each time point
and a spline function used to connect these points.
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N
Precision = \/iz‘(Obs — Pred)2 [10]
N i=1
In these expressions the index 1 refers to the observation
number and N is the sample size. 95% confidence inter-
val for bias was computed and the Student t-test was used
to compare bias with zero.

Results

The time course of individual saliva and plasma nicotine
concentration values and the time course of individual
Tiffany QSU-BF craving scores in the placebo and in
the smoking periods are displayed in Figures 1 and 2,
respectively. All these data show a pronounced fluctuation
throughout the day.

Saliva and plasma relationship

The population database consisted of 143 nicotine con-
centration values obtained in 13 subjects. The analysis
was conducted in two steps. In the first, the alternative
linear and power models were compared, whereas in the
second, bias and precision on the estimated plasma con-
centrations were evaluated using the best model. The
goodness of fit was assessed by the analysis of the residuals
scatter plot and by comparing the plot of the posterior
predicted values vs observed plasma concentrations to the
unitary slope curve (Figure 3). The model discrimination
between the two non-nested models was done using
the Akaike Information Criterion (AIC), the smaller of
which value was associated with the better model [28].
The results of the analysis revealed that the power model
was the preferred one. The final NONMEM fixed and

Craving score
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Figure 2 Time course of individual craving scores observed in the
placebo (O) and smoking (@) periods with the estimated median
curves (solid lines). The median value of the observations has been
estimated at each time point and a spline function has been used
connect these points.
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random effect parameter estimates are reported in
Table 1. Figure 4 shows nicotine plasma concentrations
as a function of those in saliva with the median model
predicted curve and the 5th and 95th percentile intervals.
Despite a good correlation between model predicted vs
measured plasma concentration values shown in the
Figure 3, visual inspection of the scatter plot showing
nicotine plasma vs saliva concentration with the model
median prediction (Figure 4) seems to indicate that the
model, on average, overpredicts plasma concentrations at
values greater than 1500 ng ml-'. This apparent discrep-
ancy can be explained by the large variability in salivary
nicotine concentration especially at high concentrations.
However, Figure 4 shows that even at these large con-
centration values the observed measurements fall within

the model predicted 5th and 95th confidence bands.
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Figure 3 Individual predicted and observed plasma concentrations
as a function of saliva nicotine concentrations with the unitary
slope reference line: linear model (O) and power model (@).

Craving and saliva/plasma nicotine concentration

The bias on the predicted plasma concentrations was
of 0.47 ng ml™ with a 95% confidence interval of [-0.57,
1.52] with a precision of 5.68 ng ml”'. The low bias
which was not statistically diftferent from zero, and the
low precision, which did not differ from the nicotine
lower limit of detection of 5 ng ml™', indicate that the
power model can accurtely predict plasma concentrations
from saliva nicotine concentration measurements.

Population pharmacokinetic-pharmacodynamic modelling

The placebo effect model was fitted to placebo craving
score data (143 observations) and the indirect response
model was fitted to 114 craving scores and 114 nicotine
concentrations collected during the free smoking period.
The mean and the median plasma nicotine concentration
value were 17.6 ng ml™ and 17.2 ng ml' with the 5th
and 95th percentiles equal to 6.2 and 36.4 ng ml™', while
the mean and the median saliva nicotine concentration
were of 566.3 ng ml™' and 405.7 ng ml™" with the 5th and
the 95th percentiles 83.1 and 1940 ng ml-'. The popula-
tion PK/PD analysis was conducted in three steps. The
placebo effect model was initially fitted to data and the

140
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Figure 4 Individual plasma nicotine concentration as a function
of the saliva nicotine concentration with the median model
predicted curve (solid line) and the 5th and 95th percentiles curves
(dotted lines).

Table 1 Population parameter estimates for the relationship between plasma and saliva nicotine concentrations and their estimated 95%

confidence intervals (square brackets). The extent of interindividual variability (random effect parameter) is also reported as coefficient of

variation (CV%).

Model Parameter Fixed effect Random effect Residual error OF AIC

Linear o 0.053 0.187 (CV% = 43) 0.243 652.7 654.7
[0.04, 0.07] [0.07, 0.29] [0.16,0.32]

Power B 0.467 0.0096 (CV% = 10) 0.108 525.4 527.4
[0.44, 0.49] [0.002, 0.017] [0.07, 0.15]

© 2002 Blackwell Science Ltd Br | Clin Pharmacol, 54, 407414
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Figure 5 Observed craving scores vs plasma (a) and saliva (b)
nicotine concentration with population median prediction (solid
line) and 5th and 95th percentiles curves (dotted lines).

individual posterior parameter estimates added to the
population database, then in the second step the indirect
response model was fitted to the craving scores using
plasma and saliva nicotine concentrations as independent
variables and the individual parameters associated with
the placebo effect estimated previously. In the final step
bias and precision on the caving score estimated using
plasma or saliva nicotine concentrations were evaluated.
The observed craving scores vs plasma and saliva nicotine
concentration relationships with population median pre-
diction and 5th and 95th percentiles curves are shown in
Figure 5. The adequacy of the placebo response model
to describe the fluctuation of craving in the absence of
active treatment has been illustrated by the plot of the
observed ws predicted craving score compared to the
unitary slope line (Figure 6, panel a). The goodness of
fit of the indirect response model linking saliva and
plasma concentration to craving was assessed by the anal-
ysis of the residuals scatter plot and by comparing the
plot of the posterior predicted values vs the observed
craving scores to the unitary slope curve (Figure 6, panel
b and ¢). The final NONMEM fixed and random effect
parameter estimates are reported in Table 2. The bias in
the prediction of craving score presented similar values
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Figure 6 Observed vs indirect PK/PD model (Equations 5 and
6) predicted craving scores with the unitary slope reference line
estimated in the placebo period (panel a) and in the free smoking
period using saliva (O, panel b) and plasma (@, panel c) nicotine
concentration as the independent variable.

not statistically different from zero either using plasma or
saliva nicotine concentrations. The good predictive per-
formance of plasma and saliva concentrations was also
confirmed by the 95% confidence intervals around the
bias (both including zero) and by the similar values for
precision, which were always lower than the average
interindividual standard error on observed craving (1.07)
as shown in Table 3.

Discussion

The results indicate that saliva nicotine measurements
may provide a useful marker of those in plasma. In
contrast to a previous report [21], we found that a power
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Table 2 Population parameter estimates for the placebo effect and for the PK/PD model and their estimated 95% confidence intervals

(square breackets). The extent of interindividual variability (random effect parameter) is also reported as coefticient of variation (CV%).

Parameter Fixed effect Random effect Residual error
Placebo C* 5.29 0.113 (CV% = 34) 0.157
[4.77,5.81] [0.005, 0.22] [0.07, 0.24]
Amplitude 0.101 2.29 (CV% = 151)
[0.007, 0.19] [0, 10.56]
finax (D) 7.43 ™)
[6.34, 8.51]
koue (h71) 0.0498 3.51 (CV% = 187)
[0.03, 0.07] [0, 7.93]
Saliva L. 0.722 *) 0.053
[0.51,0.94] [0.03, 0.07]
1C;, (ng ml™") 269 2.95 (CV% =171)
[25.96 512.] [0,6.46]
Plasma Loax 1.0 *) 0.04
[0.99, 1.01] [0.02. 0.06]
1G5, (ng ml™) 24.3 1.22 (CV% = 110)

[23.27, 25.33]

[.18,2.26]

(*) For these parameters the random eftects were not included in the model on the basis of objective function change criteria.

Table 3 Bias and precision on craving predicted using plasma and
salivary nicotine concentration.

Precision
Mean (s.d.) Bias [95% CI] [95% CI]
Observed craving  2.83 (1.17)
Saliva predicted 2.93 (0.99) —0.099 (*) 0.7026
craving [-0.2277,0.0288]  [0.5319, 0.8733]
Plasma predicted  2.86 (0.99) —0.029 (*) 0.6295

craving [-0.1449, 0.0870]  [0.4637, 0.7954]

(*) Student’s t-test statistics: not statistically different from zero.

rather than a linear model best described the relationship
between saliva and plasma measurements. This finding is
probably associated with the very large range of salivary
concentrations (up to 4000 ng ml™') in our study during
the free smoking period, in comparison with the lower
salivary concentrations (below 400 ng ml™) reported in
the previously cited paper during nicotine patch
administration. However, the results of a complemen-
tary analysis conducted on a subset of our study data-
base, including only salivary concentrations lower than
400 ng ml', confirmed that a linear model best described
those data.

The present study showed that a mechanistic model
can be established to link plasma or salivary nicotine
concentrations to craving score reduction. The results are
consistent with our previous findings for the same obser-
vation period [20, 29] and with other studies over shorter
periods [15—-18]. Furthermore, some clinical smoking

© 2002 Blackwell Science Ltd Br | Clin Pharmacol, 54, 407414

cessation trials have assumed a causal relationship
between plasma nicotine concentrations and the urge to
smoke or craving, on the basis of reduced craving in
subjects receiving nicotine replacement compared with
subjects receiving placebo [3-5]. The indirect
response PK/PD models based on saliva and plasma nic-
otine concentrations, adequately described the onset,

extent, and duration of craving. The maximal inhibition

two

L.x was 0.72 and 1 for saliva and plasma concentra-
tions, respectively, whereas the estimated nicotine con-
centrations giving 50% of the maximal inhibition were
269 ng ml"' and 24.3 ng ml"' for saliva and plasma,
respectively. These results indicate that during free smok-
ing, craving can be accurately predicted and correlated
either with plasma or salivary nicotine concentrations.
However, the 1C;, values, giving an estimate of the nic-
otine potency, indicate that the same effect on craving is
expected when salivary concentrations are about 10 times
greater than the plasma values. These findings were con-
sistent with previous workers showing that during nico-
tine patch administration, saliva nicotine concentrations
were 8.1 times higher than in plasma [21]. We consider
these results particularly important because they show
that, under the conditions used, direct contamination of
saliva by cigarette smoke does not prevent saliva nicotine
measurements from predicting those in plasma nicotine
and also craving changes. A limitation of this study could
be the small number of subjects which reduces the
opportunity to disclose uncommon plasma and saliva
patterns. Thus, larger sample studies will probably be
necessary to consolidate the results of the present work.
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Nevertheless the findings clearly add to our knowledge
of the role of nicotine in subjective desire and need of
smoking. We consider this quite important, because in
recent years psychological and behavioural factors have
been invoked to explain cigarette craving. We believe that
a better understanding of the relationship between nico-
tine concentration and craving and smoking cessation
rate would help to define the role others factors play in
smoking dependence.

In conclusion, although larger studies are needed to
support our results, it seems appropriate to collect saliva
rather than plasma samples for nicotine concentration
monitoring either during nicotine patches administration
or free smoking. Such measurements should help to fur-
ther define the role of nicotine concentrations and other
psychological and behavioural components on craving
and the effectiveness of smoking cessation therapy.

This study was funded by GlaxoSmithKline SpA, Medicine
Research Centre, Verona, Italy.
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