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Cigarette smoking is one of the leading modi-
fiable causes of death in the United States,
accounting for more than 400000 deaths1

and 5.5 million years of life lost annually.2 It
has been estimated that up to half of persistent
smokers will be killed by their habit, and
lifelong smokers lose, on average, 10 years of
life compared with nonsmokers.3 Despite
a decline in smoking prevalence in the United
States, there were still approximately 36
million daily smokers in 2005.4 Further,
although the majority of smokers express
a desire to quit,5 the average smoker
makes several quit attempts before suc-
ceeding.6

The use of pharmacotherapy, including nic-
otine replacement therapy (NRT), has been
shown to increase the likelihood of a successful
quit attempt.7 Smoking cessation has numerous
health benefits,6 including an increase in lon-
gevity, even among smokers who quit later in
life.3 Effective smoking cessation policies, in-
cluding increased NRT availability and use,
would be expected to reduce smoking-attribut-
able deaths in the United States.

Some concerns have arisen about the safety
of long-term NRT use, which could reduce the
cessation-related benefits of NRT-aided quit
attempts. Hemodynamic effects of nicotine in-
take have been described, which may have
implications for cardiovascular disease risk.8–10

However, tobacco smoke contains many toxic
compounds that can damage the cardiovascular
system, including combustion products such as
carbon monoxide and nitrogen oxides8,11,12; thus,
it is not clear what fraction of smoking-related
cardiovascular risk may be attributable to
nicotine intake. Further, clinical trials have gen-
erally shown NRT use to be safe.13,14 Concerns
have also been raised about increased risk for
cancer on the basis of evidence from in vitro
and in vivo studies showing that nicotine can
result in tumor promotion through increased
cell proliferation, inhibition of apoptosis, and
angiogenesis.15–17

To quantitatively compare the risks and
benefits of NRT use, we developed a Monte
Carlo simulation model to estimate future
mortality patterns associated with changing
patterns of NRT use and subsequent
success in smoking cessation. We also incor-
porated assumptions about long-term NRT
use and its potential harms to weigh the
risks and benefits of NRT use for smoking
cessation.

METHODS

We used data from the 2005 National
Health Interview Survey (NHIS) to estimate
prevalence of smoking among adults (aged
18 years or older). The NHIS is a nationally
representative survey of the US population
that is conducted annually by the National
Center for Health Statistics.18 We estimated
the number of smokers, by age group and
gender, as defined by the following questions
and answers: ‘‘Have you smoked at least 100
cigarettes in your entire life?’’ (yes) and ‘‘Do you

now smoke cigarettes every day, some days or
not at all?’’ (every day and some days).

We incorporated several assumptions re-
garding smoking initiation into the model. First,
we assumed that initiation occurs prior to age
25 years. Second, we modeled smoking initia-
tion at a constant rate into the future, such that
the number of smokers in the group aged 18 to
24 years remained constant. The model was
designed so that assumptions regarding initia-
tion would have a minimal impact on the results
because excess mortality from smoking does not
begin to be observed until early middle age,
which is beyond the timeframe for the popula-
tion of new smokers in our simulation.

We estimated the fraction of smokers who
made a quit attempt in the past year by using
the 2005 NHIS data. The total number of
smokers who made a quit attempt was equal to
the number of current smokers who made
a quit attempt and the number of exsmokers
who successfully quit in the past year. The total
number of smokers ‘‘at-risk’’ for a quit attempt
was equal to all current smokers and
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exsmokers who quit in the past year. We
calculated the proportion of smokers making
a quit attempt in the past year by dividing these
2 quantities within strata defined by 5-year age
group and gender.

We estimated current NRT use in the United
States, by age group and gender, by using the
adult cancer module of the 2005 NHIS. Nico-
tine replacement therapy use included any of
the following products: nicotine gum, patch,
spray, inhaler, lozenge, or tablet. Use of NRT
during the past year was calculated among
current smokers who attempted to quit in the
past year and exsmokers who successfully quit
in the past year.

The probability of long-term abstinence for
a given quit attempt with and without the use of
NRT was obtained from peer-reviewed litera-
ture. A recent review suggests that long-term
abstinence rate for self-quitters with no assis-
tance ranges from 3% to 5%.19 A recent
systematic review characterized the increased
chance of smoking abstinence when using NRT
versus no therapy during a quit attempt. We
used the overall estimate of NRT effectiveness
from this review in our model (odds ratio
[OR]=1.77; 95% confidence interval=1.66,
1.88).7

We obtained mortality rates among non-
smokers and smoking relative risks from the
Cancer Prevention Study II (CPS-II) cohort
study (Michael Thun, American Cancer Society,
written communication, 2006). CPS-II is a na-
tionwide, prospective cohort study begun in
1982, that comprises 1.2 million US adults aged
30 years and older.20 We obtained results for
follow-up from 1984 to 1991. Mortality rates
were calculated for never-smokers by 5-year age
group and gender for the following causes of
death: lung cancer, smoking-related cancers
(lip, oral cavity, or pharynx; esophagus; pancreas;
larynx; and kidney, bladder, or other urinary
cancer), cardiovascular disease, and all-cause
mortality. Unadjusted relative risks were calcu-
lated for current smokers and exsmokers by age
group, gender, and age at cessation. We limited
our simulation to individuals aged between 35
and 84 years because of lack of reliable risk
estimates outside these age groups.

In CPS-II, women have a lower relative risk
of smoking-related mortality compared with
men. Much of this difference is likely because of
differences in smoking patterns between men

and women during the decades leading up to
the study.21 We modeled future mortality by
using the overall current smoking prevalence in
the United States, without stratifying on
smoking frequency. Smoking patterns between
men and women are more similar now than in
the past and more similar to historical
patterns for men.22 As a result, we applied the
relative risks estimated for men to both men
and women.

Because there are limited data to quantify
the potential risks from long-term nicotine
use, we used an estimate from the smokeless
tobacco literature. A study of male Swedish
construction workers reported an excess car-
diovascular and all-cause mortality risk of
40% for users of smokeless tobacco
compared with non–tobacco users.23 In our
analysis, we used this estimate as an upper
bound on the impact of prolonged nicotine use
on all causes of mortality, assuming that the
excess risk is solely because of nicotine intake.
To estimate the potential population-level
risks of NRT use, we assumed that 5% of NRT-
aided quitters would become long-term
users and experience an increased risk
relative to unaided or nonpersistent NRT-aided
quitters.

Simulation Model

Using these data sources, we developed
a simulation model with a Monte Carlo un-
certainty analysis to predict future mortality
patterns associated with changing patterns of
NRT use among smokers. The simulation
begins with current smokers in the United
States, estimated as of year 2005. As the
population of smokers ages, their smoking
status either remains current or transitions
to former and mortality is estimated for
current smokers and exsmokers (see the
figure available as a supplement to the online
version of this article at http://www.ajph.org).
The extent to which current smokers
transition to exsmokers depends on quit at-
tempts, use of NRT, long-term quitting
success in the absence of NRT, and the effec-
tiveness of NRT in maintaining smoking absti-
nence.

We modeled a set of future scenarios asso-
ciated with 2 different patterns of NRT use
among smokers making a quit attempt: (1)
a constant increase until a doubling of use is

achieved by year 2025 and (2) a constant
increase until 100% use is achieved by year
2025. The first scenario was chosen as a rea-
sonable possibility for increased use,
whereas the second scenario was chosen as an
upper bound. For each iteration of the model, a
‘‘baseline’’ scenario assumes the status quo,
i.e., no future changes in NRT use among the
US smoking population, and an ‘‘alternative’’
scenario assumes an increase in future NRT
use. The difference in total mortality
between the baseline and alternative scenarios
is the estimate of avoided premature
mortality associated with increased use of NRT.

For the simulation, we estimated relevant
parameters from the underlying data and
specified distributional assumptions for each
data input in the model (Table 1). Relative risks
and odds ratios were assumed to be lognor-
mally distributed. We used the normal ap-
proximation of the binomial distribution to
model smoking prevalence, the proportion of
smokers making a quit attempt, and the pro-
portion of smokers using NRT for a given quit
attempt. Mortality rates among nonsmokers
were assumed to follow a Poisson distribution.
The long-term quitting success without NRT
use was assumed to be uniformly distributed.

We created the simulated data by generating
1000 random values from the corresponding
distributions for each variable of interest. For
each iteration, we predicted future mortality
patterns over a 20-year projection and esti-
mated the number of premature deaths
avoided associated with increased NRT use.
We generated 95% credible intervals from the
resultant distribution, defined as the range
between the 2.5th and the 97.5th percentiles.
Central estimates of avoided premature deaths
were based on the point estimates from the
original data sources described previously.

We performed statistical analyses with
SAS version 9.1 (SAS Institute, Cary, NC). We
used Taylor linear variance estimation with
SAS-Callable SUDAAN software version 9.01
(RTI Institute, Research Triangle Park, NC)
to obtain standard errors for smoking preva-
lence, quit attempt proportions, and NRT. The
simulation model was also developed in SAS
version 9.1. We generated the graphical output
from the model with the R statistical software
(R Foundation for Statistical Computing,
Vienna, Austria).
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RESULTS

In 2005, approximately 1 in 5 adults in the
United States was a smoker and close to 50%
reported a quit attempt in the past year (see
the table available as a supplement to the
online version of this article at http://www.
ajph.org). The proportion of smokers making
a quit attempt was greatest among young
adults (56%) and women (50%). Additionally,
close to 25% of the most recent
quit attempts were NRT-aided. The use of NRT
during a quit attempt was lowest among
young adults (13%) and greater in women than
in men (28%).

We estimated that a doubling of NRT use
prevalence during quit attempts would lead to
approximately 19000 (95% credible inter-
vals=14000, 24000) avoided premature
deaths from all causes over the next 20 years
(Table 2). Of these avoided premature
deaths, approximately 9000 (47%) would be
attributable to lung cancer and 6000 (32%)
to cardiovascular disease. Assuming 100%
NRT use by 2025, we estimated 40000
(95% credible intervals=31000, 50000)
cumulative premature deaths avoided (Table
2). The cumulative number of premature
deaths avoided under the 100% NRT use
scenario is shown in Figure 1.

Figure 2 shows the distribution of estimates
of avoided premature deaths under the

100% NRT use scenario before and
after incorporating assumptions about long-
term NRT use and associated harm. As
expected, the distributions from the model are
shifted lower with the assumption of NRT-
related risk. For all-cause mortality, the central
estimate of premature deaths avoided was
reduced by 20% after inclusion of NRT-related

risk (40000 vs 32000; Table 2). For all causes
of death, the credible intervals exclude zero,
suggesting a net benefit after including as-
sumptions regarding NRT-related risk. Similar
results were observed in the scenario in which
NRT use was doubled (Table 2).

DISCUSSION

We estimated the number of premature
deaths that could be avoided over a 20-year
period with increased NRT use and subsequent
cessation. The upper-bound estimate, based
on 100% NRT use in 20 years, would result in
about 40000 avoided premature deaths.
The majority of these premature deaths would
be attributable to lung cancer and cardiovas-
cular disease. It should be noted that data were
not available to model chronic obstructive
lung disease, which also makes a significant
contribution to the burden of tobacco-related
disease. After we made some bounding as-
sumptions of increased risk attributable to
long-term NRT use, a favorable risk–benefit
profile was still observed, although the estimate
of avoidable deaths declined by about 20%.
These findings were based on a model that
included data from the largest US studies of
smoking behavior and health and incorporated

TABLE 1—Data Inputs and Distributional Assumptions in the Simulation Model of the Risks

and Benefits of Nicotine Replacement Therapy for Smoking Cessation in the United States

Data Input Distributional Shape Parameters Source

Nonsmoker mortality rates Poisson Varies by cause, age group,

and gender

CPS-IIa

Smoking relative risks Lognormal Varies by cause, smoking status,

age group, and gender

CPS-IIa

Smoking prevalence Normal Varies by age group and gender 2005 NHIS18

Quit attempt percentage Normal Varies by age group and gender 2005 NHIS18

NRT usage Normal Varies by age group 2005 NHIS18

NRT effectiveness Lognormal OR = 1.77; 95% CI = 1.66, 1.88 Silagy et al., 20047

Long-term cessation

success rate without NRT

Uniform 3%–5% Hughes, 200419

Note. CPS-II = Cancer Prevention Study II; NHIS = National Health Interview Survey; NRT = nicotine replacement therapy;
OR = odds ratio; CI = confidence interval.
aWritten communication, Michael Thun, American Cancer Society, 2006.

TABLE 2—Estimated Cumulative Premature Deaths Avoided Over 20 Years With Increased

Nicotine Replacement Therapy (NRT) Use in the US Population

Premature Deaths Avoided

Cause Doubling of NRT Use,a No. (95% CI) 100% NRT Use,b No. (95% CI)

All cause

No NRT risk 19 000 (14 000, 24 000) 40 000 (31 000, 50 000)

NRT risk included 15 000 (11 000, 20 000) 32 000 (25 000, 42 000)

Lung cancer

No NRT risk 9000 (6000, 12 000) 18 000 (13 000, 24 000)

NRT risk included 8000 (6000, 11 000) 17 000 (11 000, 23 000)

Other smoking-related cancers

No NRT risk 1000 (<500, 3000) 3000 (< 500, 6000)

NRT risk included 1000 (<500, 2000) 3000 (< 500, 5000)

Cardiovascular disease

No NRT risk 6000 (3000, 9000) 13 000 (7000, 18 000)

NRT risk included 5000 (3000, 8000) 11 000 (5000, 16 000)

Note. CI = credible interval.
aA constant increase in NRT use among smokers making a quit attempt until a doubling of use is achieved by year 2025.
bA constant increase in NRT use among smokers making a quit attempt until 100% use is achieved by year 2025.
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the statistical uncertainty underlying the model
inputs. Although we used NRT as an
example, the methodology was general for
comparing benefits and risks and could be
applied to other cessation approaches.

Relationship to Overall Tobacco-Related

Mortality Burden

In the context of the number of annual
premature deaths in the United States caused
by smoking (approximately 400000 annu-
ally),1 the estimates of avoidable deaths over
a 20-year period were relatively small (40000).
If we ran the simulation out over the lifetime of

the population of smokers, the avoidable mor-
tality would be significantly greater. In addition,
we incrementally increased the proportion of
smokers using NRT for a quit attempt so that
doubling or100% use was not achieved until the
final year of the simulation. Even if all quit
attempts were aided by NRT, the long-term quit
rate would still reach less than 10% in our
simulation. Further, only about half of the
smokers in the model were expected to make
a quit attempt in a given year as estimated for
the US smoking population from the 2005
NHIS. It should be noted that we assumed only1
quit attempt per year among these smokers,

which would underestimate the overall popula-
tion benefits based on the extent to which
multiple quit attempts are made in a given year.
We also assumed that the fraction of smokers
making a quit attempt would remain constant
into the future. Factors that may affect NRT
use, such as reduced cost or increased avail-
ability, may also positively impact the likelihood
of making a quit attempt, thus increasing the
population-level health benefits. This
highlights the need for effective approaches that
influence both the likelihood of making a quit
attempt and the probability that such an
attempt will be successful.

Note. Solid line denotes central estimate and dashed line denotes 2.5th and 97.5th percentiles from Monte Carlo uncertainty analysis.

FIGURE 1—Estimated cumulative premature deaths avoided in the United States with 100% nicotine replacement therapy use by year 2025

from (a) all causes, (b) lung cancer, (c) other smoking-related cancers, and (d) cardiovascular diseases.
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Safety of Nicotine Replacement

Therapy Use

Concerns about product safety may influ-
ence the extent of NRT use among smokers.
Survey data suggest a large amount of mis-
information exists regarding the relative safety
and harm of NRT and smoking. In a recent
survey of adult smokers, about two thirds of
respondents believed that nicotine patches
were more likely to cause a heart attack than
was cigarette smoking, and two thirds believed
that nicotine was a cause of cancer.24,25 Not
surprisingly, those who had used NRT in the past
tended to be more knowledgeable regarding

safety and effectiveness.25 More effort
should be made to increase awareness of
the full spectrum of harm from tobacco use
to put into context the potential risks from
NRT use.

We also modeled the possible population
health impact of NRT-related harm by using
a bounding estimate of risk. Nicotine may play
a role in smoking-related cardiovascular dis-
ease through hemodynamic effects8–10 and
possibly through the acceleration of atheroscle-
rosis.8,15,26 However, tobacco smoke contains
many chemical constituents that can harm the
cardiovascular system, including combustion

products such as carbon monoxide and nitrogen
oxides.8,11,12 It is not clear what fraction of
cardiovascular morbidity is attributable to nico-
tine intake; however, it is generally believed that
the benefits of nicotine pharmacotherapy use in
terms of smoking cessation outweigh the risks,
even among smokers with stable heart dis-
ease.11,12,27–29 Cigarette smoking produces
a higher peak and average dose of nicotine than
does NRT,28 suggesting that smoking would lead
to greater nicotine-related risk than would NRT
use. Further, the dose–response relationship
between nicotine intake and hemodynamic ef-
fects appears to be flat,11 suggesting that

Note. Solid line denotes scenario without assumptions of NRT harm and dashed line denotes scenario with assumption of NRT harm.

FIGURE 2—Density plots of estimated cumulative premature deaths avoided in the United States with 100% nicotine replacement therapy use by

year 2025 from (a) all causes, (b) lung cancer, (c) other smoking-related cancers, and (d) cardiovascular diseases.
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concomitant use of cigarette smoking and NRT
would not result in increased risk attributable to
nicotine. It has also been shown that smokers
tend to titrate their nicotine intake to achieve
a relative constant dose,30 which could lead to
a reduced intake of combustion products and
a favorable risk–benefit profile. Thus, concomi-
tant use may lead to lower exposure to the
harmful combustion products of tobacco smoke.

Several short-term clinical trials of NRT use
among smokers with coronary heart dis-
ease13,14 and a meta-analysis of nicotine patch
randomized trials found no excess of adverse
cardiovascular events among participants, al-
though the authors noted that large studies
would be necessary to identify risks for these
outcomes.31 These studies do not necessarily
prove a lack of harm, but they are consistent with
a favorable risk–benefit ratio of NRT use for
smoking cessation. The few observational studies
conducted both among the general population
and those with coronary heart disease have also
failed to identify excess cardiovascular risk
among NRT users.32–34 These studies, however,
are harder to interpret because of potential
confounding caused by self-selection of NRT use,
lack of documented NRT use, or, in some cases,
low statistical power.

Nicotine is not considered to be a carcino-
gen, but in vitro and animal studies have
suggested that nicotine may play a role in
tumor promotion through processes including
angiogenesis15,16 and inhibition of apoptosis.16

Apoptosis is important for the normal regulation
of cell growth and the inhibition of apoptosis is
a key component of cancer progression.35 An-
giogenesis is necessary for tumor growth and
metastasis.36 Although these data suggest that
nicotine may act as a tumor promoter, nicotine
supplementation is undoubtedly safer than the
continuation of smoking. In addition to the many
known carcinogens in tobacco smoke, the
typical dose of nicotine received from supple-
mentation does not exceed that received by an
active cigarette smoker.28

Studies of smokeless tobacco products pro-
vide some insight into the potential harms
of nicotine. These products provide a nicotine
dose similar to that from cigarette smoking,37

but without the combustion products of
smoking. Although smokeless tobacco products
may contain many toxins that are associated
with a host of adverse health effects,38 there is

evidence that some smokeless tobacco
products may pose less cardiovascular risk than
cigarette smoking.39,40 In particular, snus
(Swedish moist snuff) has garnered attention as
a potential harm reduction product because of
its lower concentration of tobacco-specific nitro-
samines and other contaminants and because
of ecological observations regarding the trends in
tobacco-related diseases in Sweden.41 A study of
male Swedish construction workers, however,
reported an excess cardiovascular and all-cause
mortality risk of 40% among snus users com-
pared with never-users of tobacco.23 In a follow-
up study, long-term snus use was associated with
an increased risk of fatal, but not nonfatal,
myocardial infarction.42 Additional studies in
similar populations have reported no association
between snus use and oral or lung cancer,43 but
have reported an excess risk for esophageal
squamous cell carcinoma (relative risk=3.5;
95% confidence interval=1.6, 7.6),44 noncardia
stomach cancer (relative risk=1.4; 95% confi-
dence interval=1.1, 1.9),44 and pancreatic
cancer (relative risk=2.1; 95% confidence in-
terval=1.2, 3.6).43

In our analysis, we used the 40% increase in
all-cause mortality risk from Bolinder et al.23 as
a conservative estimate of the impact of pro-
longed nicotine intake on mortality. We consid-
ered this estimate to be conservative because it
assumed that the excess risk was caused solely by
nicotine intake. Additionally, although this risk
estimate was based on a comparison of snus
users to never-users of tobacco, we applied the
estimate to exsmokers, for which the baseline risk
would be higher and the relative risk lower.
Even after incorporating this assumption of NRT
risk, we still found that the benefits in terms of
reduced premature mortality outweighed the
risks.

Strengths and Limitations

We used a Monte Carlo approach to account
for the statistical uncertainty in the underlying
model parameters. In addition, any attempt
to predict future mortality patterns will, of
necessity, require many assumptions to
bridge evidence gaps and will come with re-
lated uncertainties. We assumed the current
proportion of smokers making a quit attempt
in a given year remained constant into the
future. If the quit attempt proportions were to
increase over time, our model would

underestimate the population benefits of in-
creased cessation success.

We also assumed that mortality rates among
never-smokers remained constant into the fu-
ture. However, numerous factors may result in
changing rates over time, including improve-
ments in detection and treatment and trends in
the prevalence of risk factors over time. Dis-
eases such as lung cancer, which has very few
nonsmoking-related risk factors, no effective
screening modalities,45 and has shown little
change in survival rates over time,46 were not
likely to be affected by this assumption. How-
ever, changes in risk factor prevalence may be
especially important for multifactorial diseases,
such as cardiovascular disease. We specifically
did not address how the modeled scenarios
would be achieved, instead choosing to use
a realistic and upper-bound scenario to demon-
strate an approach to modeling future health
impacts. Further, we did not examine cost-effec-
tiveness, but many studies have shown that
pharmacotherapy is among the most cost-effec-
tive clinical interventions.47

Several other simplifying assumptions were
made in this model. We assumed that the
smoking relative risks from CPS-II would re-
flect the disease risk of current smokers into the
future, irrespective of smoking frequency and
duration. Over the past several decades,
changes have been observed in the average
age at initiation and the average number of
cigarettes consumed per day.21,48,49 Both of
these factors influence the magnitude of the
effect of smoking on mortality risk, along with
other temporal changes, such as the constit-
uents of cigarettes and the depth of smoke
inhalation.

In addition, mortality rates were not avail-
able for each year of age, but instead were
aggregated by 5-year age groups and 10-year
age-at-cessation groups. In the model,
changes in risk occurred discretely when in-
dividuals transitioned to a new age group or
successfully quit. This likely overestimated the
magnitude of avoidable disease because risk
reduction does not occur immediately after
cessation, specifically for cancer. We did not
consider competing causes of death in our
model, which would impact the estimate of
avoided cause-specific deaths but not all-cause
mortality. Finally, we assumed the distribu-
tions for each parameter were independent of
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one another. Future approaches using Monte
Carlo simulation should attempt to account for
the dependency of parameters, specifically
the relative risks among current smokers and
exsmokers.

Despite these uncertainties, this analysis
shows that considerable reductions in prema-
ture mortality can be achieved through a mod-
est increase in cessation rates, although this
still reflects a small proportion of smoking-
related deaths in the United States. Although
there is no clear evidence on the role of long-
term nicotine intake on disease risk, we have
shown that the long-term benefits of increased
smoking cessation still far outweigh the risks
from long-term NRT use. In addition to pre-
mature mortality, smoking is a cause of many
nonfatal adverse health conditions that lead to
poorer overall health and more days of missed
work for smokers than for comparable non-
smokers.50 If we include the gain in healthy and
productive life, the public health impact of in-
creased success in smoking cessation would be
significantly greater than the results reported
here. j
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