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A recent analysis showed that the excess odds ratio (EOR) for lung cancer due to smoking can be modeled by
a functionwhich is linear in total pack-years and exponential in the logarithmof smoking intensity and its square. Below
15–20 cigarettes per day, the EOR/pack-year increased with intensity (direct exposure rate or enhanced potency
effect), suggesting greater risk for a total exposure delivered at higher intensity (for a shorter duration) than for an
equivalent exposure delivered at lower intensity. Above 20 cigarettes per day, the EOR/pack-year decreased with
increasing intensity (inverse exposure rate or reduced potency effect), suggesting greater risk for a total exposure
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delivered at lower intensity (for a longer duration) than for an equivalent exposure delivered at higher intensity. The
authors applied this model to data from 10 case-control studies of cancer, including cancers of the lung, bladder, oral
cavity, pancreas,andesophagus.At lower intensities, therewasenhancedpotency for several cancersites, but narrow
ranges for pack-years increased uncertainty, precluding definitive conclusions. At higher intensities, there was a con-
sistent reducedpotencyeffect acrossstudies. The intensity effectswerestatistically homogeneous, indicating thatafter
accounting for risk from total pack-years, intensity patterns were comparable across the diverse cancer sites.

case-control studies; epidemiologic methods; models, statistical; neoplasms; risk; smoking

Abbreviations: EOR, excess odds ratio; ESHS, European Smoking and Health Study; OR, odds ratio.

In studies of lung cancer and bladder cancer, odds ratios
increase with smoking intensity, but often level off and even
decline at high intensities (1, 2). This pattern suggests
a changing impact of intensity on disease risk, although its
precise implication is uncertain. Behavioral factors, such as
high-intensity smokers’ inhaling less deeply, or exposure-
dependent biases are possible explanations for the leveling
off of risk, but the involvement of intensity-dependent mo-
lecular mechanisms in carcinogenesis is another plausible
explanation. To better understand the biologic basis of host
reaction to the many chemical compounds in tobacco
smoke, it is important to clarify the effects of total cigarette
smoke exposure, smoking intensity, and smoking duration.
In particular, we are interested in evaluating how the rate of
delivery of cigarette smoke influences disease risk at a fixed
total exposure.

Standard approaches for exploring the leveling off of
odds ratios are problematic, since they depend on models
for odds ratios that incorporate smoking duration and in-
tensity; this can lead to difficulty in interpreting intensity
effects due to changing total exposures. For example, in
a logistic model, the intensity parameter represents the
change in the natural logarithm of the odds ratio (OR) per
unit of intensity (i.e., ln(OR) per cigarette per day) at a fixed
duration. The duration parameter has a similar representa-
tion but at a fixed intensity. Therefore, odds ratios at two
different intensities reflect not only the different intensities
but also different total pack-years, since duration is fixed.
For example, at 30 years’ duration, differences in odds
ratios for 20 and 30 cigarettes per day embed differences
in total exposure, that is, 30 and 45 pack-years, respectively.
Thus, the intensity parameter does not represent a ‘‘pure’’
intensity effect but includes an additional effect of total
pack-years.

In the European Smoking and Health Study (ESHS),
Lubin et al. (3, 4) recently described a three-parameter
model for the excess odds ratio (EOR) for lung cancer which
was linear in pack-years and exponential in the logarithm of
smoking intensity and its square. The model defined the
impact of intensity on the EOR/pack-year, thereby isolating
the contribution of intensity at a fixed total exposure. Under
15–20 cigarettes per day, the EOR/pack-year increased with
intensity (direct exposure rate or an enhanced potency ef-
fect); that is, total exposure imparted at a higher intensity for
a shorter duration induced greater risk than an equal total
exposure imparted at a lower intensity for a longer duration.

At higher intensities, the EOR/pack-year decreased with
increasing intensity (inverse exposure rate, or a reduced po-
tency or ‘‘wasted’’ exposure effect); that is, total exposure
imparted at a lower intensity for a longer duration induced
greater risk than an equal exposure imparted at a higher
intensity for a shorter duration.

In the current analysis, we applied the model to data from
additional lung cancer studies and to studies of other smoking-
related cancers, including cancers of the bladder, oral cavity,
pancreas, and esophagus, and evaluated smoking intensity
patterns across the diverse cancer sites.

MATERIALS AND METHODS

Models

For disease outcome C, where C ¼ 1 denotes a case and
C ¼ 0 denotes a noncase, we fit a model for the odds of
disease of the form

P½C¼ 1 jx;d;n�=P½C¼ 0 jx;d;n� ¼ expðaTxÞORðd;nÞ;
where x is a vector of adjustment variables, T denotes vector
transpose, and OR(d,n) is the odds ratio model for d total
pack-years and n cigarettes per day. For I intensity catego-
ries, we define indicator variables ni, i¼ 1, . . ., I, where ni¼
1 for intensities within category i and zero otherwise. We fit

ORðd;nÞ¼ 1þRci ni d: ð1Þ
Within category i, odds ratios are linear in d (i.e., OR ¼ 1 þ
ci d), where ci is the EOR/pack-year. For calculating esti-
mates and 95 percent confidence intervals, we replace ci
with exp(ci*) to avoid range restrictions. Factoring out c1,
model 1 (equation 1) becomes

ORðd;nÞ¼ 1þc1 d Rðci=c1Þni:
Note that (ci/c1) represents the relative variation of the lin-
ear relation with categories of intensity. A natural extension
for continuous intensity is

ORðd;nÞ¼ 1þb d gðnÞ; ð2Þ
where b represents the EOR/pack-year at g(n) ¼ 1, while
g(�) defines the variation of the linear EOR/pack-year pa-
rameter with intensity. Model 2 (equation 2) is a simple
EOR model in which the effects of pack-years and intensity
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multiply. We considered three forms for g(n), including:
g(n) ¼ exp{u1 ln(n) þ u2 ln(n)2}; g(n) ¼ exp{u1 ln(n) þ
u2 n}; and g(n) ¼ exp{u1 n þ u2 n

2}, with g(n) ¼ exp{u1

ln(n) þ u2 ln(n)2} providing the best fit. Fit was not sub-
stantially improved with further inclusion of ln(n) 3 n,
ln(n)3, or n3.

We evaluate departure from linearity by including an ex-
ponential factor in model 2,

ORðd;nÞ¼ 1þb d expðddÞ gðnÞ; ð3Þ
where d measures concavity (d < 0) or convexity (d > 0)
in the EORs for pack-years. A test of the null hypothesis
d ¼ 0 is a test of no departure from linearity.

Case-control studies of smoking and cancer

We conducted 10 individual analyses using data from
nine case-control studies and one set of pooled data from
multiple studies (table 1). Data sets included those from the
ESHS (5, 6), the German Radon Study (7–9), the North
American Radon Pooling Project (10), the Gansu Lung
Cancer Study (11), the Colorado Plateau Uranium Miners
Study (12, 13), the National Bladder Cancer Study (14), the
Spanish Bladder Cancer Study (15), the Puerto Rico Oral
Cancer Study (16), and the Investigation of Tumors that
Occur Excessively among Blacks, which we designated
the Population Health Study (17, 18). We included these
studies because the cancers were smoking-related and data
sets were readily available. For consistency, we established
common inclusion criteria, limiting subjects to ages 50–74
years at enrollment and to never smokers, current smokers,
or former smokers who had stopped smoking within 5 years
of enrollment, except where noted. The age restriction reduced
the impact of any genetic predisposition in younger cases or
diagnostic ambiguity in elderly cases. The restriction to never,
current, and recent former smokers eliminated any effect
modification by time since cessation of smoking. We excluded
subjects who had started smoking after age 40 years and sub-
jects who smoked pipes or cigars, except where noted.

For the German Radon Study (7–9), we included 75-
year-old subjects, since this was the upper age limit in that
study, and we excluded subjects who paused their smoking
for more than 5 years and males who smoked 1–8 cigarettes
per day. The latter exclusion maintained consistency with
prior analyses and did not affect overall inference (4). The
North American Radon Pooling Project (10) was a pooled
analysis of data from studies of lung cancer and exposure to
radioactive radon gas in homes (19–24). The Missouri-I
study (19) enrolled never smokers and former smokers
who quit smoking 10 years or more prior to enrollment,
and thus did not qualify for the current analysis. With stan-
dard restrictions, numbers of cases for the Iowa (20),
Missouri-II (21), New Jersey (22), Connecticut (23), Utah/
South Idaho (23), and Winnipeg (24) studies totaled 238,
386, 323, 420, 261, and 499, respectively, and numbers of
controls totaled 362, 340, 281, 396, 391, and 362. The
Missouri-II, Connecticut, and Utah/South Idaho studies
employed randomized recruitment designs. Therefore, we
included fixed offsets to enable unbiased estimation of
smoking effects (25, 26).

For the Gansu Lung Cancer Study (11), we excluded
females, since only 10 percent of them smoked and those
who did smoke averaged only five cigarettes per day. Stan-
dard restrictions eliminated the 35 percent of men who
smoked only Chinese long-stemmed pipes. In order to retain
the 50 percent of smokers who smoked both cigarettes and
long-stemmed pipes, we calculated a cigarette-equivalent
variable using observed odds ratios. We did this by summing
1) cigarettes per day, 2) three times the liang (50 g) of
tobacco used per month in hand-rolled cigarettes, and
3) 0.65 times the liang used per month in long-stemmed
pipes. The Colorado Plateau Uranium Miners Study
(12, 13) was a case-control study nested within an under-
ground miners’ cohort. Smoking information came from
four questionnaires administered between 1950 and 1960
and at other times through 1969. We assumed that smoking
status at the most recent assessment was unchanged to the
end of follow-up. The Population Health Study (17, 18)
enrolled persons with four different types of cancers (pan-
creas, esophagus, and prostate cancer and multiple mye-
loma); however, we analyzed only cases with pancreatic
and esophageal cancer and their controls. The latter site
included only males. For the Population Health Study data,
we extended the smoking cessation restriction to 10 years in
order to increase sample size.

In all models, results were stratified by sex, study center,
or location and were adjusted for age category and impor-
tant study-specific factors (table 1). Models were fitted
using the binary outcome module in the Epicure set of pro-
grams (27).

RESULTS

Table 1 describes the studies analyzed and their selected
smoking characteristics.

Pack-years and smoking intensity

Modeling lung cancer in the ESHS. We illustrate the ap-
proach by expanding on the previous ESHS analysis (3).
Since we were primarily interested in patterns rather than
specific odds ratios, we computed odds ratios for the cross-
classification of pack-years and intensity relative to never
smoking, combining categories when data were sparse.
Odds ratios for lung cancer by pack-years of smoking, rel-
ative to never smoking, were consistent with linearity within
12 intensity categories (figure 1). Homogeneity of the ci
estimates was rejected (p < 0.001). Since patterns were
linear, the EOR/pack-year (ci) completely characterized
odds ratios by pack-years within each intensity category.

Figure 2 (ESHS panel) shows the plot of the EOR/pack-
year estimates by intensity. Estimates increased with inten-
sities up to 15–20 cigarettes per day and then decreased, and
closely conformed to the fitted model 2 based on continuous
smoking variables (solid line).

Modeling cancer outcomes. For each data set, odds ratios
by pack-years were generally consistent with linearity
within intensity categories. Across data sets, 105 intensity
categories had finite ci estimates. Eleven tests rejected
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linearity at the a ¼ 0.05 level, with seven departures being
convex and four concave. Adjusting for continuous inten-
sity, there were no significant departures from linearity
(table 2). EOR/pack-year estimates varied substantially
within and across studies (figures 2 and 3). At higher in-
tensities, EOR/pack-year estimates generally decreased
with increasing intensity, except for the North American
Radon Pooling Project, the Gansu Lung Cancer Study, and
the Population Health Study (pancreas), where estimates
were constant with intensity. The solid lines in figures 2

and 3 show fitted data from model 2 (parameter estimates
in table 2). Smoking intensity significantly modified the
EOR/pack-year at the 0.10 level in the ESHS, the German
Radon Study, the North American Radon Pooling Project,
the Colorado Plateau Uranium Miners Study, the National
Bladder Cancer Study, the Spanish Bladder Cancer Study,
and the Population Health Study (esophagus).

We considered several studies in greater detail. For the
North American Radon Pooling Project, the fitted EOR
function increased at low and high intensities. However,

TABLE 1. Study design, summary statistics,* and factors used for adjustment in case-control studies of the relation between

cigarette smoking and cancer

Study (ref. no.)
Cancer
site

Study
design

Location of
study

Dates of
study

No. of
cases

No. of
controls

Adjustment
factors

European Smoking
and Health
Study (6)

Lung Hospital-based Seven European
study centers

1976–1980 7,804 15,207 Age, sex, and study
center

German Radon
Study (7)

Lung Population-based 23 regions in
Germany

1990–1997 4,071 4,628 Age, sex, and region

North American
Radon Pooling
Project (10)

Lung Pooled data
from seven
population-
based radon
studies

United States
and Canada

1982–1996 3,662 4,966 Age, sex, study,
and radon

Gansu Lung
Cancer
Study (11)

Lung Population-based Two prefectures
in Gansu
Province,
China

1994–1998 563 males 1,232 males Age, prefecture,
radon, and
socioeconomic
factors

Colorado Plateau
Uranium Miners
Study (12)

Lung Nested case-
control study
from a
cohort of
underground
miners

Colorado
Plateau,
United
States

Enrolled in
1950–1960,
with follow-
up through
1990

263 10,322 Age, year, and
radon

National Bladder
Cancer
Study (14)

Bladder Population-based 10 areas in
the United
States

Enrollment for
1 year, starting
between
December
1977 and
March 1978
(depending
on area)

2,982 5,782 Age, sex, study
center, race, and
family history
of urinary
tract cancer

Spanish Bladder
Cancer
Study (15)

Bladder Hospital-based Five areas
in Spain

1998–2001 1,090 1,264 Age, sex, region,
fruit and
vegetable
intake, and
employment in
high-risk
occupations

Puerto Rico Oral
Cancer
Study (16)

Oral cavity Population-based Puerto Rico 1992–1995 341 521 Age, sex, region,
and total alcohol
intake

Population Health
Study (18)

Pancreas Population-based Three areas
in the United
States

1986–1989 481 2,135 Age, sex, study
center, race, and
alcohol intake

Population Health
Study (17)

Esophagus Population-based Three areas
in the United
States

1986–1989 581 males 1,357 males Age, sex, study
center, race,
and alcohol
intake

Table continues
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the fitted model underpredicted EOR/pack-year between 15
and 30 cigarettes per day and overpredicted EOR/pack-year
above 30 cigarettes per day, suggesting that lower-intensity
data were distorting the model. At low intensities, there
were relatively few smokers, but they were highly influen-
tial. For 289 smokers (125 cases and 164 controls) who
smoked fewer than 10 cigarettes per day, the median number
of pack-years was 14.7 and the interquartile range was 10.6–
19.6 pack-years, in comparison with 45 pack-years and
32.8–61.1 pack-years, respectively, for all North American

Radon Pooling Project smokers. After omitting smokers
who smoked fewer than 10 cigarettes per day, estimates
were u1 ¼ 1.91 and u2 ¼ �0.27, which were similar to
estimates in other data sets (table 2). The EOR function
decreased at higher intensities and conformed closely to
EOR/pack-year estimates (figure 2, NARnP panel, dashed-
dotted-dotted line).

Fitted EOR curves for the Population Health Study (pan-
creas) and Population Health Study (esophagus) increased
sharply at low intensities. After omitting smokers who

TABLE 1. Continued

Included in analysis Smoking characteristics

No. of cases No. of controls Ever smoking (%) Mean durationy (years) Mean intensityy (cigarettes/day)

Males Females Males Females Males Females Males Females Males Females

3,991 634 6,660 1,224 80.2 37.1 42.0 38.9 21.7 16.2

1,726 460 1,424 645 73.0 33.6 41.4 37.4 19.9 15.1

610 1,517 540 1,592 84.3 71.1 45.4 43.1 24.4 21.2

266 438 87.6 34.4 16.1

190 7,420 77.0 41.5 18.6

990 373 1,798 776 63.6 37.2 44.7 39.2 25.8 19.0

449 52 467 69 76.6 7.4 46.1 28.7 24.2 18.8

168 35 181 47 69.6 34.1 45.2 44.5 28.8 23.9

135 166 689 469 60.8 42.2 42.2 39.9 23.1 17.9

331 601 76.4 42.9 23.3

* Except where noted, the analytic data included subjects aged 50–74 years (75 years for the German Radon Study) who had never smoked or

who started smoking before age 40 years and either currently smoked or had stopped smoking 5 or fewer years before enrollment (10 years for

the Population Health Study groups). The data excluded persons who smoked pipes only, cigars only, or a mixture of pipes and cigars.

y Among current smokers and recent former smokers.
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smoked fewer than five cigarettes per day (four cases and 23
controls in the Population Health Study (pancreas) and
seven cases and 14 controls in the Population Health Study
(esophagus)), the EOR functions were similar to those of
other studies (table 2; figure 3, dotted-dashed lines).

Estimates of b varied widely, while estimates of u1 and
u2 appeared similar across data sets (table 2). This suggests
a general commonality of intensity patterns, with differences
in the fitted curves in figures 2 and 3 being due primarily to
differences inb. To examine this more formally, we computed
summary estimates across studies of u1 ¼ 2.72 and u2 ¼
�0.48 using a random-effects approach (28, 29). Using
model 2, we estimated b for each data set with u1 and
u2 fixed at the summary values (figures 2 and 3, dashed
lines). Table 2 displays p values for the 2-df test of the
null hypothesis that study-specific intensity parameters
equaled the summary estimates. Results indicated statisti-
cal consistency of intensity parameters for all studies ex-
cept the North American Radon Pooling Project, the
National Bladder Cancer Study, the Spanish Bladder Can-
cer Study, and the Population Health Study (esophagus).
For the North American Radon Pooling Project, homoge-
neity was rejected after omission of smokers who smoked
fewer than 10 cigarettes per day, although intensity esti-

mates were similar to summary estimates. For the Na-
tional Bladder Cancer Study and the Spanish Bladder
Cancer Study, differences between study-specific and sum-
mary intensity parameters were due to initiation of smok-
ing at age 12 years or younger (p ¼ 0.19 and p ¼ 0.29,
respectively, in restricted data), and for the Population
Health Study (esophagus), differences were due to smok-
ing of very low intensity (p ¼ 0.29, respectively).

Variations in smoking intensity effects by study center

Except for the Colorado Plateau Uranium Miners Study,
each data set included multiple centers or independent stud-
ies. Assuming that centers or component studies represented
independent replicates, there were significant variations in b
estimates only for ESHS centers (p < 0.001) and for the
contributing studies of the North American Radon Pooling
Project (p ¼ 0.02). In contrast, intensity patterns (i.e., u1

and u2 estimates) were homogeneous across centers within
each study, except for the ESHS. However, intensity effects
in the ESHS were consistent with homogeneity (p ¼ 0.12)
after additional adjustment for type of cigarette smoked
(filter, nonfilter, or mixed types).

FIGURE 1. Odds ratios for lung cancer according to pack-years of cigarette smoking (black squares) and fitted linear excess odds ratio (solid line)
within categories of number of cigarettes smoked per day (Cigs/day), European Smoking and Health Study, 1976–1980. All odds ratios were
calculated relative to never smokers and are plotted at the mean pack-years within each category. Bars, 95% confidence interval.

484 Lubin et al.

Am J Epidemiol 2007;166:479–489

 at C
D

C
 Public H

ealth L
ibrary &

 Inform
ation C

enter on M
ay 10, 2012

http://aje.oxfordjournals.org/
D

ow
nloaded from

 

http://aje.oxfordjournals.org/


DISCUSSION

Previous analysis of the ESHS identified a linear relation
for pack-years of smoking and lung cancer risk, with a dis-
tinct pattern for the effects of smoking intensity (3). Our
analysis of additional studies of lung cancer and cancers
of the bladder, oral cavity, pancreas, and esophagus suggests
that this relation is broadly consistent across diverse cancer
sites. At lower intensities, variations in the EOR/pack-year
were consistent with an increasing intensity effect (direct
exposure rate or an enhanced potency effect); however, re-
sults are subject to uncertainty because of the relatively few
case subjects and the increased variability due to limited
ranges for pack-years. At higher intensities, variations in
the EOR/pack-year with intensity were consistent with a de-
creasing intensity effect (inverse exposure rate, or a reduced
potency or wasted exposure effect), with smoking at a lower
intensity for a longer duration being more harmful than
smoking at a higher intensity for a shorter duration.

We also found that intensity effects were generally con-
sistent in magnitude across diverse smoking-related cancer
sites. It may at first seem counterintuitive that effects of

smoking intensity could be similar in pattern and magnitude
across diverse cancer sites. However, the overall levels of
risk from smoking are reflected in the diverse EOR/pack-
year estimates, while intensity effects reflect only the mod-
ulation of site-specific disease risk.

Cigarette smoking is most strongly associated with lung
cancer, and EOR curves for the ESHS, the German Radon
Study, and the North American Radon Pooling Project gen-
erally lay above curves for other cancer sites (figure 2). The
two- to threefold greater EORs/pack-year in the German
Radon Study and the North American Radon Pooling Pro-
ject, as compared with the ESHS, were unexpected. Reasons
for the greater EOR/pack-year estimates are unknown. The
ESHS was hospital-based, and smokers could have been
overrepresented among control patients, although restricting
control diseases did not change the results. Risk estimates
for the Gansu Lung Cancer Study data were low and reflect
the lower odds ratios for lung cancer and smoking found in
many studies carried out in China (30–34), as compared
with studies in Western countries. The lower smoking risk
in the Colorado Plateau Uranium Miners Study has been
noted previously and may be due to different smoking

FIGURE 2. Estimates of the excess odds ratio for lung cancer per pack-year of cigarette smoking in the European Smoking and Health Study
(ESHS) (1976–1980), the Colorado Plateau UraniumMiners Study (COUS) (1960–1990), the Gansu Lung Cancer Study (GLCS) (1994–1998), the
German Radon Study (GRS) (1990–1997), and the North American Radon Pooling Project (NARnP), a combined data set from six studies (1982–
1996). The figure shows results based on a linear odds ratio model within categories of cigarettes smoked per day (black squares; bars, 95%
confidence interval) and the estimated model 2 (equation 2 in text) fitted to data from each study (solid line; dotted lines, pointwise 95% confidence
interval). The figure also shows results based on model 2 with the pack-years parameter (b) estimated and the intensity parameters fixed at
summary values for all studies combined (u1 ¼ 2.72 and u2 ¼ �0.479) (dashed line). Model 2 was also fitted to NARnP data that omitted smokers
who smoked fewer than 10 cigarettes per day (dashed-dotted-dotted line).
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practices among Native American miners, the low smoking
rate in the study (smoking underground was banned in the
1950s), or misclassification of amount of smoking (35–39).

Smoking intensity effects were consistent within and
across cancer sites, particularly after mild restrictions were
imposed. We imposed restrictions rather than using a non-
parametric generalized additive model (40) or a semipara-
metric spline model (13), which would have complicated
comparisons across data sets. For completeness, we fitted
cubic B-splines for intensity effects with one interior knot,
and results were similar to those of the parametric models in
figures 2 and 3. Confidence bounds were wide, particularly
at low smoking intensities, highlighting the uncertainty of
the direct intensity effect.

There is uncertainty about whether and to what extent
intensity effects reflect smoking inhalation patterns and/or
nicotine-related dependencies or fundamental biologic pro-
cesses, such as modifications of activation pathways for
carcinogens in cigarette smoke or DNA repair capacity.
Patterns of variation in the EOR/pack-year by intensity
could reflect inhalation practices if lower-intensity and
higher-intensity smokers inhale fewer carcinogens per cig-

arette relative to moderate-intensity smokers. This would
result in reduced risks at lower intensities and declining
risks at higher intensities (1). Reduced frequency or reduced
depth of inhalation is a plausible explanation; however,
analysis of the ESHS data provided no indication that in-
halation was related to smoking intensity after adjustment
for total exposure (3).

The intensity effects may have been influenced by mis-
classification of the number of cigarettes smoked per day.
However, consistency of effects for multiple diseases and
for studies conducted in diverse locations suggests that an
unusual pattern of misclassification would be required in
order to fully explain the results. To induce an inverse in-
tensity effect, misclassification would have to increase with
increasing intensity above 15–20 cigarettes smoked per day,
resulting in greater bias towards no effect of intensity and
a decreasing exposure-response relation. To induce a direct
intensity effect, misclassification would have to decrease
with intensity up to 15–20 cigarettes smoked per day,
resulting in less bias towards no effect and an increas-
ing exposure-response relation. If only low and high inten-
sities were differentially misclassified, then differential

FIGURE 3. Estimates of excess odds ratio for cancer per pack-year of cigarette smoking in the National Bladder Cancer Study (NBCS) (1977–
1978), the Investigation of Tumors that Occur Excessively among Blacks, designated the Population Health Study (PHS) (pancreas and
esophagus cases and controls) (1986–1989), the Spanish Bladder Cancer Study (SBCS) (1998–2001), and the Puerto Rico Oral Cancer Study
(PROCS) (1992–1995). The figure shows results based on a linear odds ratio model within categories of cigarettes smoked per day (black squares;
bars, 95% confidence interval) and the estimated model 2 (equation 2 in text) fitted to data from each study (solid line; dotted lines, pointwise 95%
confidence interval). The figure also shows results based on model 2 with the pack-years parameter (b) estimated and the intensity parameters
fixed at summary values for all studies combined (u1 ¼ 2.72 and u2 ¼ �0.479) (dashed line). Model 2 was also fitted to PHS data that omitted
smokers who smoked fewer than five cigarettes per day (dashed-dotted-dotted line).
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misclassification would occur with pack-years of smoking,
since duration is measured with relative accuracy. This
would induce concavity in the relation between odds
ratios and pack-years at low and high intensities. However,
in the current study, relations between odds ratios and
pack-years remained linear over the full range of intensities,
suggesting that misclassification does not explain the ob-
served patterns.

We also conducted a sensitivity analysis to explore the
possibility that intensity patterns were due to nicotine sati-
ation effects, whereby for high-intensity smokers, numbers
of cigarettes smoked per day increasingly overestimate the
‘‘internal’’ exposure rate (4). Those analyses indicated that
while some overestimation of internal exposure rate by the
number of cigarettes smoked per day may have occurred, it
is unlikely that nicotine satiation factors fully explain the
inverse exposure rate pattern.

Intensity patterns, particularly those above 15–20 ciga-
rettes per day, could reflect a differential ‘‘willingness to
participate’’ for cases and controls—that is, intensity-
related differential selection bias. This is unlikely, since
cases’ diagnoses were incident, cases were typically inter-
viewed within a few months of diagnosis, and participation
proportions were generally high. In 13 of the 15 studies

included in these analyses, participation proportions were
similar in cases and controls and exceeded 70 percent, with
participation in two studies (the Gansu Lung Cancer Study
and the Spanish Bladder Cancer Study) exceeding 86 per-
cent. There were two exceptions: the German Radon Study,
with 76 percent and 44 percent participation among cases
and controls, respectively, and the Population Health Study
(pancreas), with 46 percent and 76 percent participation
among cases and controls. In the latter study, the lower case
proportion was due to the use of subject-only interviews.
Intensity patterns were no different in these two studies. In
addition, for differential enrollment to have influenced re-
sults, one would have to postulate that, conditional on equal
total pack-years, the proportion of nonparticipating controls
relative to nonparticipating cases was greater for intensities
in the range of 15–25 cigarettes per day (resulting in too few
controls and an increased EOR/pack-year) and then de-
clined with increasing intensity (resulting in a decreased
EOR/pack-year). In addition, the pattern of varying propor-
tions of nonparticipation would have had to be present
across the diverse cancer sites.

The intensity function has the form g(n) ¼ exp{u1 ln(n)
þ u2 ln(n)2}. Since pack-years is the product of dura-
tion of smoking, y, and intensity, n (i.e., d ¼ y 3 n) and

TABLE 2. Parameter estimates obtained from fitting models of the cigarette smoking–cancer relation to data from several studies*

Cancer
site

Study
(ref. no.)

b u1 u2

p value for test of hypothesis

Linearityy Intensityz Consistency§

Analyses of unrestricted data

Lung European Smoking and Health Study (6) 0.005 2.89 �0.51 0.65 <0.01 0.90

Lung German Radon Study (7) 0.007 3.14 �0.50 0.87 <0.01 0.10

Lung North American Radon Pooling Project (10) 2.45 �1.02 0.19 0.52 0.08 <0.01

Lung Gansu Lung Cancer Study (11) 0.0004 2.84 �0.38 0.57 0.25 0.12

Lung Colorado Plateau Uranium Miners Study (12) 0.014 1.79 �0.43 0.50 0.06 0.20

Bladder National Bladder Cancer Study (14) 0.001 3.06 �0.59 0.52 <0.01 0.05

Bladder Spanish Bladder Cancer Study (15) 0.147 1.10 �0.29 0.08 <0.01 0.02

Oral cavity Puerto Rico Oral Cancer Study (16) 0.032 1.59 �0.31 0.07 0.28 0.94

Pancreas Population Health Study (18) 0.593 �1.97 0.31 0.38 0.78 0.30

Esophagus Population Health Study (17) 2.46 �1.58 0.14 0.31 0.01 0.01

Analyses of restricted data

Lung North American Radon Pooling Project{ 0.017 1.91 �0.27 0.15 0.06 <0.01

Bladder National Bladder Cancer Study# 0.001 2.95 �0.57 0.90 <0.01 0.19

Bladder Spanish Bladder Cancer Study# 0.061 1.68 �0.36 0.80 0.03 0.29

Pancreas Population Health Study** 0.001 2.16 �0.32 0.49 0.97 0.48

Esophagus Population Health Study** 0.043 1.01 �0.27 0.11 0.05 0.29

* Odds ratio ¼ 1þ b3 d3 exp(u1 ln(n) þ u2 ln(n)
2), where d is total pack-years of exposure, n is the number of cigarettes smoked per day, and

b, u1, and u2 are parameters. Adjustment factors and descriptions of the data are given in table 1.

y p value for departure from linearity of the excess odds ratio (d ¼ 0 in model 3 (equation 3 in text)).

z p value from a 2-df chi-squared test of no intensity effect (u1 ¼ 0, u2 ¼ 0).

§ p value from a 2-df chi-squared test of homogeneity of intensity parameters with weighted mean of intensity parameters for all data sets

(u1 ¼ 2.72 and u2 ¼ �0.48).

{Excludes smokers who smoked fewer than 10 cigarettes per day.

# Excludes smokers who started smoking at age 12 years or under.

** Excludes smokers who smoked fewer than five cigarettes per day.
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OR ¼ 1 þ b d g(n), equation 2 can be written in terms of
duration and intensity as

OR¼ 1þb y expfj lnðnÞþu2 lnðnÞ2g;

where j ¼ u1 þ 1. Thus, model 2 is comparable to a model
that is linear in duration for a fixed intensity. However, in-
terpretation of b and intensity effects j and u2 is problem-
atic when either y or n is fixed, because of the changing total
pack-years of exposure.

The relative simplicity of model 2 derives from the ap-
proximate linearity of the odds ratios for pack-years within
levels of intensity and from the fact that a single parameter,
ci, fully characterizes linearity. Variations in ci (EOR/pack-
year) then represent the modulating effects of intensity. In
principle, we could develop a similar model for the EOR by
pack-years with allowance for duration of exposure. How-
ever, odds ratios for pack-years within duration categories
are not linear; that is, there is no comparable model 1 within
duration categories. A simple characterization of changes in
the EOR by pack-years with allowance for duration is not
readily apparent.

Our analysis included never smokers, current smokers,
and recent former smokers. The extent to which age, sex,
time since stopping smoking, and other factors influenced
estimates of EOR/pack-year and the shape of the intensity
function is the subject of another analysis (4).

After adjustment for total smoking exposure, we found
a general and specific consistency in the effects of smoking
intensity across diverse smoking-related cancer sites, partic-
ularly decreasing effects of intensity above a level of 15–20
cigarettes smoked per day. Because of uncertainty at low
intensities, it remains unclear whether enhanced intensity
effects occur at smoking levels below 15 cigarettes per
day, and results for low intensities should be interpreted
cautiously. Further analyses are needed to verify these
observations.
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