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Population pharmacokinetic analysis of
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smokers
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What is already known about this subject
• The pharmacokinetics of carboxyhaemoglobin have been
reported previously, primarily with regard to poisoning
and toxicity.
• Most of these reports have involved noncompartmental
analysis of data obtained where the actual dose of carbon
monoxide was not known.
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What this study adds
• This study presents a comprehensive population
pharmacokinetic model for carboxyhaemoglobin in adult
cigarette smokers.
• Since carboxyhaemoglobin is a marker of cigarette smoke
exposure, model-based evaluations can be used for
simulation and other evaluations of the kinetics of this agent.

Aims
To develop a population-based model to describe and predict the pharmacokinetics of
carboxyhaemoglobin (COHb) in adult smokers.
Methods
Data from smokers of different conventional cigarettes (CC) in three open-label,
randomized studies were analysed using NONMEM (version V, Level 1.1). COHb
concentrations were determined at baseline for two cigarettes [Federal Trade
Commission (FTC) tar 11 mg; CC1, or FTC tar 6 mg; CC2]. On day 1, subjects were
randomized to continue smoking their original cigarettes, switch to a different cigarette
(FTC tar 1 mg; CC3), or stop smoking. COHb concentrations were measured at
baseline and on days 3 and 8 after randomization. Each cigarette was treated as a unit
dose assuming a linear relationship between the number of cigarettes smoked and
measured COHb percent saturation. Model building used standard methods. Model
performance was evaluated using nonparametric bootstrapping and predictive checks.
Results
The data were described by a two-compartment model with zero-order input and
first-order elimination with endogenous COHb. Model parameters included elimination
rate constant (k 10), central volume of distribution (Vc/F), rate constants between
central and peripheral compartments (k 12 and k 21), baseline COHb concentrations
(c0), and relative fraction of carbon monoxide absorbed (F1). The median (range)
COHb half-lives were 1.6 h (0.680–2.76) and 30.9 h (7.13–367) (a and b phases,
respectively). F1 increased with increasing cigarette tar content and age, whereas k 12
increased with ideal body weight.
Conclusion
A robust model was developed to predict COHb concentrations in adult smokers and
to determine optimum COHb sampling times in future studies.

© 2007 The Authors
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Introduction

There are more than 4000 chemicals found in cigarette
smoke [1]. Cigarette smoking is associated with an
increased incidence of both respiratory and cardiovascular disease [2], but the relationship of specific constituents with disease has not yet been established. Carbon
monoxide (CO) is one of the cigarette smoke constituents that has a very high affinity for haemoglobin (Hb)
relative to that for oxygen (approximately 200-fold [3,
4]). This results in an acute effect of decrease in oxygencarrying capacity of Hb and a leftward shift of the oxyhaemoglobin dissociation curve [5], which reduces the
release of oxygen to tissues. CO also binds with other
haemoproteins such as myoglobin, which abounds in
skeletal muscles, causing dysfunction by impairing its
oxygen-carrying capacity and the transportation of
oxygen from the blood to the mitochondria [3, 6].
CO exposure is often estimated by either CO concentrations in exhaled breath or from CO bound to Hb.
There are several reports in the literature [7–10] regarding mathematical modelling of carboxyhaemoglobin
(COHb) in humans, but none in adult smokers. Some of
the models, e.g. the Coburn–Forster–Kane (CFK) equation [11], were developed to predict the rate of endogenous CO production, which has also been used to
predict the rate of COHb formation during inhalation
exposure to CO [7, 12]. Cigarette smoking involves multiple short and rapid inhalations over the entire smoking
period, resulting in a COHb steady state, followed by a
period when there is no smoking, resulting in dissociation of CO from haemoglobin. This process has not been
systematically characterized in the population of
smokers. Since it is not practical to obtain extensive
blood sampling from a large population of adult
smokers, a population pharmacokinetic (PK) analysis
approach was employed. The objectives of this population PK analysis were to characterize the PK and variability of COHb concentrations in adult smokers, and to
identify factors which influence COHb disposition.
Methods
Study conduct

This analysis examined data from adult smokers of different conventional cigarettes in three open-label, randomized, controlled, forced-switching, parallel group
studies. These studies were conducted to evaluate the
effect of switching adult smokers to test cigarettes;
however, only the data from smokers of conventional
reference cigarettes and those who stopped smoking
were used for the model building. The studies were
conducted at MDS Pharma Services Inc., Lincoln,
Nebraska after approval of the study protocol by the
2
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local Internal Review Board. After signing the informed
consent and passing screening for inclusion/exclusion
criteria, adult male and female smokers of 10–30 conventional cigarettes [Federal Trade Commission (FTC)
tar delivery 11 mg (CC1) or 6 mg (CC2)] per day were
enrolled. Subjects were confined to the clinic during the
entire course of the studies.
Materials

The products used in these studies were: CC1, Marlboro
Lights cigarettes, tar = 11 mg, nicotine = 0.8 mg, CO
= 12 mg; CC2, Marlboro Ultra Lights cigarettes, tar
= 6 mg, nicotine = 0.5 mg and CO = 7 mg; CC3, Merit
Ultima cigarettes, tar = 1 mg, nicotine = 0.1 mg and CO
= 4 mg. The tar values reported were based on FTC
smoking methods.
Study design

Study 1 examined healthy adults who smoked CC1 at
baseline (n = 100). Following baseline investigations,
subjects were randomly assigned to continue to smoke
CC1 (n = 20), switch to CC3 (n = 20) or to stop smoking
(n = 20) over a period of eight consecutive days. Study 2
included data from 50 healthy adults who smoked CC2
at baseline and were subsequently randomized to continue smoking their original brand (n = 25) or to stop
smoking (n = 25) for a period of 8 days. In study 3, data
were used from healthy adult smokers of CC1, of whom
40 were randomized either to continue smoking CC1
(n = 20) or to stop smoking (n = 20) for 8 days.
Days -2 and -1 were designated as an acclimatization
phase, which was followed by randomization to respective smoking groups on day 1. The study design did not
include a day 0. During the acclimatization phase subjects were monitored for cigarette consumption in order
to determine their daily allotment of cigarettes for the
remainder of the study. Subjects continued with their
assigned smoking groups through the end of day 8. COHb
percentage saturations were evaluated at 07.00, 11.00,
15.00, 19.00 and 23.00 h on baseline (day -1) and day 8
in study 1 and on days -1, 3 and 8 in studies 2 and 3.
Smoking was controlled (as described by Roethig et al.
[13]) and monitored in all three studies. All three studies
collected several biomarkers, but only COHb concentrations were evaluated in this modelling analysis.
Analytical methods

COHb quantification Blood samples (10 ml) for determination of COHb concentrations were drawn in
K3EDTA vacutainer tubes at protocol-specified times.
COHb in whole blood was assayed spectrophotometrically with a CO oximeter (IL Multi-4; Instrumentation
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Laboratory, Lexington, MA, USA) at Covance Central
Clinical Laboratory (Indianapolis, IN, USA). Anticoagulated whole blood was aspirated into the CO-oximeter,
mixed with diluent, haemolysed with a non-ionic surfactant and brought to a constant temperature in the cuvette.
Absorbance of a monochromatic light source passed
through the cuvette was measured at six specific wavelengths. The limit of quantification was 0.3%, linear
calibration range was 0.3–64.7%. The between-run precision (% coefficient of variation) was <5%.
Machine yield of carbon monoxide The amount of CO
formed and tar content of each cigarette type were determined under the experimental conditions under FTC
conditions, reported in detail elsewhere [14], carried out
at Philip Morris Product Testing Laboratories (Richmond, VA, USA). Briefly, cigarettes were smoked in a
Filtrona/Cerulean Smoking Machine (Cerulean Corp.,
Richmond, VA, USA), models 400-450, equipped with
harmonized smoking hood and CO analyser. The standard test protocol was used utilizing 35 ml puff volume
over a 2-s puff duration collected every 60 s. CO was
analysed in the mainstream smoke by Fourier transform
infrared spectroscopy connected to the smoke machine.
Data analysis

Creating the database The final database used for this
analysis consisted of 1960 COHb percent saturation
observations obtained from 190 subjects. Smoking
history, machine yield tar and CO concentrations (FTC
conditions), time and duration for each cigarette
smoked, demographics and COHb data from all three
studies were combined into a single database. Smoking
information consisted of the FTC tar and CO yield per
cigarette, as well as time and duration of each cigarette
smoked in two studies, and the total number of cigarettes
smoked per day for the third study. Therefore, for
approximately two-thirds of the subjects, each cigarette
smoked was treated as a separate dose record. For the
remaining individuals (study 3), all cigarette consumption was assumed to occur over a 12-h period.
Since all subjects were confirmed smokers and
required to smoke the reference cigarette for at least
4 weeks prior to enrolment as part of the inclusion criteria, they were assumed to be at steady state with regard
to COHb concentrations prior to study entry. Each cigarette was assumed to provide a unit dose of COHb,
which implies an assumption of a linear relationship
between the cigarette and parts per million (p.p.m.) CO
available for inhalation, as well as a linear relationship
between p.p.m. CO and COHb percent saturation [15].

Law et al. have reported [15] that the relationship
between the biochemical markers of smoking and the
number of cigarettes smoked is approximately linear for
consumption of up to 20 cigarettes per day. For heavy
smokers (>20 cigarettes/day) the relationship was no
longer linear and exposure was lower than anticipated.
For the purpose of this evaluation, in which subjects
were enrolled who smoked ⱕ30 cigarettes a day, the
assumption of linearity is supported.
The effect of possible covariates included in the
model were age, body weight, ideal body weight (IBW
[16]), body mass index (BMI), gender and race. FTC tar
was examined only as a covariate on the relative fraction
of CO absorbed. Other covariates, such as age and body
weight, were examined for potential effect on the rate
constants and baseline COHb, in addition to the relative
fraction of CO absorbed (F1). The addition of a covariate was accepted only if it resulted in a reduction in the
objective function by at least 10.8 points (P < 0.001). In
addition, the criteria for the addition of a covariate factor
included improvement in one or more of the following:
prediction of the observed COHb percent saturation,
minimization of the interindividual variance terms, and
reduction in the magnitude of the residual variability.
Pharmacokinetic analysis COHb percent saturation–
time data were analysed using the nonlinear mixedeffects modelling program, NONMEM, v.5, Level 1 [17,
18] with the Compaq Digital Visual Fortran 6.6C compiler. The First Order Conditional Estimation (FOCE)
method with interaction was implemented for all models
tested because the comparison of objective functions
(likelihood ratio test) from nested models is not reliably
c2 distributed under the first order (FO) method [19, 20],
whereas the FOCE method with interaction is generally
more reliable for such comparisons. Standard modelbuilding approaches were employed during model
development [21]. Several structural models, including
one- and two-compartment models with different input
functions, were investigated during this evaluation. A
structural model was identified, followed by refinement
of the variance–covariance matrix, and then covariate
identification.
Final model evaluation

Once a final model was identified, a nonparametric bootstrap analysis was performed to establish 95% confidence intervals (CI) for parameter estimates [22].
Additionally, a limited visual predictive check [23] was
conducted for representative individuals in each FTC
group using the final model. Individuals were selected in
order to represent key covariates adequately, such as age,
Br J Clin Pharmacol
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IBW and the number of cigarettes smoked per day.
Dense sample times were generated for the individuals
in these visual predictive check databases. Two hundred
and fifty simulated replicates were generated, and the
95% prediction intervals were calculated from the Winsorized distributions [24, 25] of the simulated data. Winsorizing is a method used to eliminate possible outliers
by setting the values equal to, or more extreme than a
selected quantile to that of the selected quantile. By
trimming the data in this fashion, the distorting effects of
influential outliers could be abrogated prior to further
processing. Winsorizing also preserves the general distributional characteristics of the data. Following the generation of these intervals, the observed data were
overlaid on the prediction intervals and the distributions
of observed and simulated data were visually compared.

Table 1
Summary of baseline demographic information for the
carboxyhaemoglobin database (N = 190)
Baseline characteristics

Mean (SD)

Median (range)

NumCig*
Age (years)
Height (cm)
Weight (kg)
IBW (kg)
BMI (kg m-2)
Gender
Race

20 (4.6)
20 (8–29)
33 (11)
30 (21–63)
173 (8.4)
173 (152–190)
73 (11)
72 (48–108)
73 (11)
72 (49–108)
24 (3.0)
24 (18–33)
93 male, 97 female
185 White, 5 non-White

*NUMCIG is the reported number of cigarettes smoked per
day. IBW, Ideal body weight; BMI, body mass index.

Results

A listing of the baseline demographic information for
the subjects in this study is provided in Table 1. The final
model for COHb was a two-compartment model with
zero-order input and first-order elimination. The parameters of the base model included the elimination rate
constant (k10), the rate constant describing transfer of
COHb from the central to the peripheral compartment
(k12), the rate constant describing COHb transfer from
the peripheral to the central compartment (k21), the
central volume of distribution uncorrected for the relative fraction of CO absorbed (Vc/F) and relative fraction
of CO absorbed (F1). A baseline (endogenous) concentration (c0) was also estimated as a parameter for the
base structural pharmacokinetic model. Interindividual
variability was described using an exponential error
model for k12, k21 and F1, and covariance between these
same parameters. The residual variability was described
using a combined additive and constant coefficient of
variation (CCV) model. The population means of the
final model parameter estimates and 95% CIs are displayed in Table 2. The parameters for the final COHb
model are defined below (Equations 1–6).

k10 = θ1

( )

IBW
⎛
k12 = ⎜ θ3 i
⎝
70

θ2

⎞
( ηk 12 )
⎟⎠ i exp

k21 = θ 4 i exp( ηk 21)
C0 = θ 6

( ) ( )

FTC
F1 =
10
Vc
= θ8
F
4

Br J Clin Pharmacol

θ5

AGE
i
55

θ7

iexp( ηF 1)

In addition to FTC tar, the amount of CO formed
under these smoking conditions (FTC CO) was examined as a predictor of COHb ‘dose’ via the relative fraction of CO absorbed (F1). There was little difference
between FTC tar and FTC CO as covariates, i.e.
q5 = 0.277 (FTC CO) vs. 0.163 (FTC tar). Additionally,
the interindividual variability for F1 was the same
(26.0% CV), therefore FTC tar was retained in the
model. For the reference 70-kg, 55-year-old, White male
subject, k12 was predicted to be 0.211 h-1. Predictions for
the elimination rate constant (k10) and k21 were estimated
to be 0.151 h-1 and 0.0665 h-1, respectively. Endogenous
COHb saturation was predicted to be 0.423%, while the
prediction for Vc/F was 1.13 l. The median (range) halflives calculated from individual parameter estimates
were approximately 1.6 h (0.680–2.76) and 30.9 h
(7.13–367) for the distributive and terminal phases,
respectively.
As observed in Figure 1, there was a visual trend
towards increasing values of interindividual variability
(e.g. individual h value) associated with F1 with
increases in FTC tar in the base model (left panel). Age
showed a positive trend with F1 in the base model as
well. There was also a positive relationship (Figure 1)
between IBW and the rate constant describing distribution of COHb into the peripheral compartment (k12) in
the base model. These visual trends in the h plots were
generally resolved in the final model (Figure 1, right
panels) for all covariates with little or no apparent
change in the individual h values despite changing covariate values. This suggests that these covariate influences
were accounted for in the final model. Plots of observed,
typical (population) and individual predicted COHb
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Table 2
Final model parameter estimates and
95% confidence intervals for
carboxyhaemoglobin model

Parameter (units)
k10 (h-1)
k12 (h-1)
Effect of IBW
k21 (h-1)
c0 (percent saturation)
F (%)
Effect of FTC
Effect of age
Vc/F (l)
Random residual error as
CV%
Random residual additive
error (%)

Population mean
(95% CI*)

Interindividual
variability (CV%)

0.151 (0.143, 0.164)
0.211 (0.189, 0.261)
1.29 (0.881, 1.86)
0.0665 (0.0421, 0.148)
0.423 (0.399, 0.444)
1 FIX
0.163 (0.0799, 0.246)
0.213 (0.0301, 0.335)
1.13 (1.13, 1.24)
12.2 (10.9, 13.5)

NE
41.5 (30.7, 56.8)
129 (56.1,163)
NE
26.0 (21.6, 30.3)

NE

0.158 (0.135, 0.192)

*95% CI
evaluated.

obtained from nonparametric bootstrap evaluation. NE, Not
q
k10 = q1;
k21 = q4;
c0 = q6;
k12 = q 3 × ( ideal body weight 70) 2 ;
q5
q7
F = 1 × ( FTC 10) × ( Age 55) ; Vc/F = q8. FTC, Federal Trade Commission.
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between the typical predicted COHb concentrations and
the observed data is improved in the final model (lower
panel) compared with the base model (upper panel). The
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mean (SD) model-predicted COHb percent saturations
over the course of an average day for the different
smoking groups included in this analysis are displayed
in Figure 3. There is good agreement between the model
predicted and observed mean data. Diagnostic plots for
the final model are displayed in Figure 4. Figure 4A
displays a plot of observed vs. typical (population)
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Individual and population model predicted COHb % saturation
overlaid with observed COHb % saturation for subject 178
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Figure 3
Mean typical predicted and observed carboxyhaemoglobin (COHb)
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Figure 2
Diagnostic plots for a representative individual from the Federal Trade
Commission 6 group. The filled circles are observed data, the dashed
line is the population (typical) predicted curve and the solid line is the
individual predicted curve. (Individual Predicted, ( ) Population
Predicted, ( ) Observed, (䊉))

predicted COHb percent saturation. In general, the
data are uniformly scattered about the line of unity,
although there does appear to be a slight underprediction at the higher COHb percent saturations. Figure 4B
displays the weighted residuals vs. typical predicted
COHb percent saturation; the data are uniformly scattered about zero, with the majority of observations
falling between -4 and +4. Results of the predictive
check for all of the FTC groups are illustrated in
Figure 5. The majority of observed COHb concentrations fell within the 95% prediction intervals for all of
the FTC groups, with an approximately equal distribution of observed data across the interval. The mean
values obtained for the simulated data are generally
consistent with the central values for the observed data.
Overall, the model performance appeared to be acceptable for this model.
6
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Discussion

This study has described a population-based pharmacokinetic model that was developed to predict COHb concentrations in adult smokers. The final model (Equations
1–7) was a two-compartment model based on a zeroorder input function (constant input rate) and first-order
distribution and elimination. The model converged successfully and generated estimates of standard errors for
all parameters that were <30%. In addition, nonparametric bootstrap analysis demonstrated that the 95% CIs
were generally narrow and centered about the parameter
estimates.
Important physiological and chemical processes
involved in the distribution and elimination of CO were
taken into consideration during development of this
model. The primary function of Hb is to serve as an
oxygen transport protein within the systemic circulation.
Haemoglobin is a tetrameric structure consisting of two
a and two b chains which surround a protoporphyrin IX
and Fe2+ complex (haeme). In addition to binding with
dissolved oxygen in the blood, Hb also binds in a slowly
reversible fashion with CO to form COHb. CO binds
to Hb with an affinity estimated to be in the range
of 200–250 times greater than that reported for oxygen
[5, 26].
The disposition of exogenous CO occurs in a manner
similar to that observed for oxygen [27]. On inhalation,
CO diffuses rapidly across the alveolar membrane and

Population PK of COHb in cigarette smokers
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Figure 4
Diagnostic plots for the final carboxyhaemoglobin (COHb)
pharmacokinetic model. (A) Population (typical) predicted vs. observed
COHb percentage saturation. (Data, (䊊); (B) Weighted residuals vs.
observed COHb percentage saturation. Line of Unity, ( ); Linear
Regression, ( ))

binds with Hb in the pulmonary capillary blood. CO is
then distributed by Hb (as COHb) throughout the systemic circulation, where it diffuses across the venous
capillaries into peripheral tissues and binds with other
haemeproteins, e.g. myoglobin [28, 29] in muscle, cytochrome P-450 [30] and cytochrome c oxidase [31, 32].
Myoglobin is a monomeric haeme protein found mainly
in muscle tissue, where it serves as an intracellular
storage site for oxygen. CO binds coordinately to haeme
iron atoms in a manner similar to that of oxygen [29].
The binding of CO to haeme in the myoglobin, although
not as strong as that for Hb, is still much stronger than
that of oxygen (~20–50 times) and much higher than for
the other haemeproteins. Once the exogenous source is

removed, CO is eliminated from the body via expired air
in the lungs following its dissociation from Hb in the
pulmonary capillaries.
There are several mathematical models in the literature that have attempted to describe the absorption,
distribution and elimination of CO [12,33]. The CFK
mono-exponential equation [11] is probably the most
widely used equation which takes into account CO concentration in inhaled air, duration of exposure and alveolar ventilation. However, this model was developed to
determine the rate of endogenous CO production, which
has been used to predict the rate of COHb formation
during inhalation exposure to CO. Furthermore, the
model was developed based on exposure to a fixed concentration of CO. Since smoking-related exposure to CO
is a highly variable process, primarily depending on the
smoking behaviour and type of cigarette smoked, most
of the models reported in the literature do not apply to
the case of CO exposure from cigarette smoking.
The current model was developed by taking into consideration the variable input function by accounting for
each cigarette as an individual input (whenever the data
were available). Based on the model predictions developed, the typical COHb concentrations in smokers were
reasonably predicted between 07.00 and 23.00 h, as
shown in Figure 3. COHb concentrations reach a steady
state after about 10–12 h. In general, the predicted and
observed COHb concentrations are in good agreement
and appear to be consistent throughout the day.
Smokers in the current study experienced COHb concentrations that ranged from 0.8 to 11.1% saturation,
which is consistent with the 1–15% saturation range
reported in the literature [10, 15, 34, 35]. In the current
analysis, baseline COHb saturation in adult smokers
who were randomized to the nonsmoking group was
predicted to be approximately 0.42%, which is consistent with literature estimates of <1.5% and 1–3% saturation for nonsmokers [10, 15, 34, 35].
For years the disposition of COHb has typically been
reported to be monoexponential, as described by the
CFK equation [11]. However, both Wagner [36] and
Shimazu [33] have proposed that the elimination of CO
is consistent with biexponential decay, as observed in
dogs and a CO-poisoned patient, respectively. In addition, Bruce and Bruce [9] fitted a multicompartmental
model to experimental data obtained from healthy male
subjects for whom multiple COHb concentrations were
available, and for whom CO exposure conditions were
carefully controlled. The subjects were exposed only
to room air between and following CO administration.
CO elimination from the blood was biphasic and the
terminal elimination half-life was dependent upon CO
Br J Clin Pharmacol
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Figure 5
Visual predictive checks. Observed carboxyhaemoglobin (COHb) concentrations overlaid on the 95% prediction intervals for Federal Trade Commission
(FTC) 0 (nonsmoking) group, the FTC1 group, the FTC6 group and the FTC11 group. The area containing the hashed lines represents the 95%
prediction intervals, the solid line the median of the prediction interval, and the triangles the observed COHb percentage saturation data

exposure duration, CO concentration, peak COHb concentrations and subject-specific parameters. Employing
three different methods for calculation of mean COHb
half-lives, Bruce and Bruce observed a range of 208–
358 min (3.47–5.97 h). Unfortunately, the sampling
duration for COHb following cessation of CO administration was only 259 min (4.32 h), therefore the estimates for half-life must be interpreted with caution,
particularly as there is a significant distribution phase
incorporated in this estimation process. If COHb were to
continue to decline at the same rate over an extended
sampling duration, the half-life estimate would be accurate. However, if the COHb rate of elimination were to
occur more slowly, the half-life could be underpredicted.
8
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The median terminal half-life for COHb in the current
analysis was estimated to be approximately 31 h, which
is considerably longer than previously reported literature
values. However, the disposition of COHb has not been
fully characterized in adult smokers. Almost all of the
published half-life values for COHb were derived from
patients who experienced CO poisoning [9, 33, 37]. In
these cases where CO poisoning occurred, the half-life
of COHb ranged from approximately 74 to 137 min (e.g.
1.23–2.28 h). One possible explanation for the discrepancy in the elimination time lies in the treatment for CO
poisoning, which typically employs supplemental oxygen13 [38], or treatment within a hyperbaric oxygen
chamber [37, 39, 40]. Due to the increase in the partial

Population PK of COHb in cigarette smokers

pressure of oxygen (pO2) as a result of these treatments,
the dissociation of CO from Hb is facilitated [38]. The
enhanced elimination which results is evidenced by a
shorter half-life for COHb [41] and suggests that there is
a clinical benefit obtained from the use of a hyperbaric
chamber to treat cases of CO poisoning. In addition,
many of the half-life determinations reported in the literature for COHb need to be interpreted with caution
because of sparse data collection and inadequate sampling duration [7, 40, 41]. As the subjects in the current
analysis stopped smoking, the longer terminal elimination half-life observed for COHb in this case is more
likely to be a reflection of the ‘true’ dissociation of CO
from Hb and subsequent elimination from the body
under natural conditions; i.e. exposure to ambient air.
It might be speculated that smokers may have physiological characteristics which affect their ability to
eliminate CO, such as differences in dynamic lung function and airway resistance [42]. In addition, it is known
that smokers have higher concentrations of Hb compared with subjects who have never smoked [43], which
could ultimately influence the capacity for elimination
of CO. Furthermore, additional sources of variability,
such as the proportion of the cigarette smoked and the
depth of inhalation, have not been investigated in this
analysis and would be expected to contribute to the
intersubject variability, which was still rather high for
some parameters.
The COHb model from the current analysis predicts an
increase in k12 with IBW. One possible explanation for
this effect is that heavier subjects typically have larger
blood volumes [44]. A larger blood volume would imply
a greater quantity of Hb, therefore heavier subjects would
theoretically carry a higher CO load at any given COHb
percent saturation. A higher CO load would lead to a
greater partial pressure of CO in blood being delivered to
the periphery, thus enabling it to dissociate from Hb at a
faster rate upon reaching the lower partial pressures at the
peripheral tissues [44, 45]. Subjects with higher body
weights also have greater cardiac outputs [46], thus
enabling them to deliver CO to the tissues at a faster rate.
The interindividual variability for the fraction of CO
absorbed was high, which may be due in part to individual smoking habits. The fraction of the cigarette
smoked, the depth of inhalation and other factors could
reasonably influence the extent of CO absorption. The
COHb model also predicted an apparent effect of FTC
tar and FTC CO on the fraction of CO absorbed. Both
cigarettes with higher tar content and cigarettes that
produced more CO as a function of FTC tar rating were
associated with an increased COHb F1. Additionally, the
current model predicts that the fraction of CO absorbed

has a modest positive relationship to age. Although a
positive correlation between age and COHb has been
reported in the literature [47], this effect disappeared
when the number of cigarettes smoked on the day of
testing and time since the last cigarette were taken into
account. However, the present evaluation, which does
take into account the number of cigarettes smoked and
the time of the sample relative to the time the last cigarette was smoked, still shows an effect of age. The
reasons for this apparent discrepancy are not known and
warrant further evaluation.
In conclusion, the pharmacokinetics of COHb in the
current analysis were best described by a twocompartment model with zero-order input and firstorder elimination. The covariates that influenced COHb
percent saturation were IBW for k12, and FTC and age
for F1. Specifically, the model suggested that F1 for
COHb increased with increasing FTC and age, and that
there was also a positive relationship between COHb k12
and IBW. The model developed may be useful in predicting COHb concentrations in adult smokers and can
be used to determine optimum COHb sampling times in
future studies.
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