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ABSTRACT
Objective: Although ever-smokers make up the
majority of the older adult population in the USA, they
are often excluded from studies examining the impact
of obesity on mortality. Understanding how smoking
and obesity interact is critical to assessing the
proportion of deaths attributable to obesity.
Setting: Nationally representative sample of the non-
institutionalised population of the USA. Baseline data
were drawn from the National Health and Nutrition
Examination Survey, 1988-1994 and 1999-2004.
Participants: US adults aged 50-74 (n=9835).
Primary outcome measure: We used Cox models
to estimate the mortality risks of obesity by smoking
status. All-cause mortality was assessed prospectively
through 31 December 2006 (n=1243 deaths).
Maximum body mass index (BMI) was specified as the
key exposure variable. We also calculated population
attributable fractions (PAFs) by smoking status and
investigated differences in PAFs in a decomposition
analysis.
Results: The HR associated with a one-unit increment
in BMI beyond 25.0 kg/m? was 1.057 for never-
smokers (95% Cl 1.033 to 1.082; p<0.001), 1.036 for
former smokers (95% Cl 1.015 to 1.059; p<0.01) and
1.024 for current smokers (95% Cl 0.997 to 1.052).
We estimated that 19.8% of deaths were attributable
to excess weight. The PAFs were 31.9, 20.4 and 11.3
for never-smokers, former and current smokers,
respectively. The difference in PAFs between never-
smokers and current smokers was almost entirely
explained by the difference in HRs.
Conclusions: The proportion of deaths attributable to
obesity is nearly 3 times as high among never-
smokers compared with current smokers. This finding
is consistent with the fact that smokers are subject to
significant competing risks. Analyses that exclude
smokers are likely to substantially overestimate the
proportion of deaths attributable to obesity in the USA.

INTRODUCTION
Smoking and obesity are leading causes of
premature mortality in the USA." How these

Strengths and limitations of this study

= Using high-quality nationally representative data,
this study considers in greater detail than previ-
ous studies how two leading causes of prema-
ture mortality in the USA interact.

= We use a novel indicator of obesity, an indivi-
dual’s maximum body mass index, which per-
tains to the life cycle rather than simply to
baseline circumstances.

= Compared with body mass index measured at
the time of survey, maximum body mass index
is less affected by reverse causality—a major
source of bias in observational studies of the
association between obesity and mortality.

= In contrast to many studies, we do not exclude
major subgroups from the attributable risk calcu-
lation, so that it pertains to the population as a
whole, including sick people and smokers.

= A limitation of the study is that maximum body
mass index is self-reported and may be subject
to measurement error.

risk factors interact has not been thoroughly
investigated. In this paper, we focus on the
impact of smoking on the proportion of
deaths attributable to obesity in the contem-
porary USA.

The mortality risks of obesity are often esti-
mated after eliminating ever-smokers and
people with chronic conditions from the
sample and assuming that the estimated risks
for never-smokers and healthy people apply
to the entire population.”* These restric-
tions generally strengthen associations
between obesity and mortality, in some cases
greatly. However, the restrictions can exclude
up to 80% of deaths, leading some research-
ers to question the external validity of the
results.”

Proponents of strict exclusion criteria
argue that such measures are necessary for
obtaining valid estimates of the mortality
risks of obesity.® Smoking is thought to be so
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strongly related to obesity and mortality that it is difficult
to avoid residual confounding even when using typical
adjustments for smoking status and intensity. However,
by removing smokers, a major source of risk that com-
petes with obesity is removed, leading to the false
impression that obesity is associated with a larger relative
burden than it is.” ®

Smokers may have a lower proportion of deaths attrib-
utable to obesity than non-smokers for two reasons.
First, smoking changes the body mass index (BMI) distri-
bution of the population. Many smokers lose weight, or
fail to gain weight, because of smoking. A review of epi-
demiological and biomedical studies of the effect of
smoking on weight suggests that US smokers weigh, on
average, 4-b kg less than non-smokers.” When smokers
quit, they gain, on average, 4.5 kg within 6-12 months
after quitting, and their weight returns to the same
weight trajectory over age as that observed in non-
smokers. Smoking increases 24 h energy expenditure by
about 10%. Nicotine’s effects on the brain also leads to
suppression of appetite, and smoking per se can serve as
a behavioural alternative to eating.

A second reason why smokers may have a lower frac-
tion of deaths attributable to obesity than non-smokers
is that the relative risks of death associated with obesity
may be lower among smokers. When one major expos-
ure is added to the environment in which another
exposure is operative, a high fraction of deaths may be
caused by the additional exposure, reducing the fraction
of deaths that remain to be ‘caused’ by the original
exposure.

Whether the mortality risks associated with obesity are
different for smokers and non-smokers has been investi-
gated in four large American cohort studies ranging
from 78 000 to 1.2 million participants. All found that
the risk of death associated with obesity was greater
among non-smokers or neversmokers than among
current smokers or eversmokers.'"™® The Prospective
Studies Collaboration pooled data on the mortality risks
of obesity from 57 studies including 895 000 partici-
pants.'* This study concluded that the excess risks for
BMI and smoking were ‘roughly additive’ rather than
multiplicative. They demonstrate that the death rate,
when graphed as a function of linear BMI, was displaced
upwards by a nearly constant amount for smokers rela-
tive to non-smokers above the minimum-risk BMI inter-
val of 22.5-25 kg/mQ. Such a displacement implies a
lower relative risk of death associated with obesity
for smokers than for non-smokers (see online
supplementary appendix 1, which develops an additive
model of relations between two exposures).

This paper builds on this literature by providing esti-
mates of the proportion of deaths attributable to
obesity for the entire population of the USA and for
population subgroups distinguished by smoking status.
We use a summary measure of weight history, the
maximum weight an individual has achieved, in con-
structing our exposure variable.'” '® Relative to baseline

BMI, maximum weight may better capture potential
cumulative effects of past obesity status and has the
advantage of being less affected by reverse causality, the
downward bias in the estimated mortality effects of
obesity that results from weight loss among those who
are seriously ill.

METHODS

The data for this analysis were drawn from the National
Health and Nutrition Examination Survey (NHANES).
We combined the NHANES III (1988—1994)17 and con-
tinuous NHANES cohorts (1999-2004)'® and linked
these to mortality status in the National Death Index
through 2006."Y NHANES is a nationally representative
survey of the non-institutionalised population of the
USA that combines interviews and clinical measurement.
A unique feature of NHANES is that it asks questions
about weight histories, including an individual’s
maximum weight (exclusive of weight during preg-
nancy). This information, along with height measured at
the time of survey, was used to construct the key expos-
ure variable in our analysis, maximum BMI. This vari-
able was chosen to represent the effects of BMI as a
cumulative process® *' and to minimise the effect of
reverse causation, which biases downwards the estimated
relative risk of death from obesity.'” ** This effect is
expected to be especially powerful among smokers
because of the high incidence of illness and death in
that group.

Cox models were used to investigate the mortality risks
of obesity among individuals aged 50-74. We began with
a relatively older age in order that individuals have accu-
mulated substantial weight trajectories that can be suit-
ably summarised by maximum BMI. Observations after
individuals reach age 75 were censored. The parameters
of hazards models were estimated separately for the
three smoking groups. We distinguished those who
never smoked (defined as having smoked fewer than
100 cigarettes in one’s lifetime), those who currently
smoke, and those who formerly smoked but who have
quit.

The key independent variable in the analysis,
maximum BMI, was specified as units of BMI above 25.
Using this variable linearly in a hazard model implies
that risks increase exponentially above a BMI of 25 (ie,
they increase linearly in the log of the hazard). Strong
empirical support for such a shape emerged from the
Prospective Studies Collaboration.'* Those in the BMI
range of 18.5-24.9 were assigned a value of 0 on this
measure and those with BMIs below 18.5 were dropped
from the analysis (nine observations). In a preliminary
analysis, we tested quadratic models to investigate non-
linearities in the relation between BMI and the log of
mortality. Coefficients on the quadratic terms were insig-
nificant and thus dropped in subsequent modelling.

The Cox models were adjusted for sex, age, race/eth-
nicity (Hispanics, black non-Hispanic and other), and
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educational attainment (less than high school graduate,
high school graduate and more than high school). For
current and former smokers, we additionally adjusted
for smoking intensity using the following categories: <1,
1-2, 2 or more packs/day. Smoking intensity for former
smokers was determined based on a question that asked
about the number of cigarettes smoked per day at the
time of quitting.

The proportion of deaths attributable to obesity
(population attributable fraction (PAF)) was calculated
as the weighted average of PAFs in different strata, with
the appropriate weights being the number of deaths in
the various strata.”® The formula used to assess the PAF
within each smoking category is the following:

K
HR; — 1
PAF = Y pd; (—) (1)

where pd; refers to the proportion of decedents in BMI
category i and HR; refers to the HR with respect to mor-
tality for an individual in category i. Individuals in
the normal weight category were assigned a HR of 1.0.

The HRs used in this analysis are derived from multivari-
ate Cox models. To apply equation (1), we use three-unit
wide BMI intervals beyond 25 and employ the HR pre-
dicted for the mid-point of each interval. The BMI distri-
bution for the different smoking groups can be found in
online supplementary appendix 2. While we describe
the results of applying equation (1) as providing esti-
mates of the proportion of deaths attributable to obesity,
it is most precisely described as the proportion of deaths
attributable to having a BMI above 25.0, a range that
includes overweight individuals.

We used a two-step process to attribute the difference
in PAFs between current smokers and never-smokers to
differences in BMI distributions versus differences in the
mortality risks of obesity. The approach is based on
equation (1). To estimate how much of the difference in
PAFs between current smokers and never-smokers is
caused by differences in their BMI distributions, we
recalculated the PAF combining the HRs of never-
smokers with the BMI distribution of current smokers to
produce a hypothetical distribution of deaths by BMI
status. This process produces an estimate of what the
PAF would be for never-smokers if they maintained their

Table 1 Characteristics of US adults ages 50—74 by smoking status

Never-smokers

Former smokers Current smokers

(n=4159) (n=3601) (n=2075)
Percentage Percentage Percentage
N or mean N or mean N or mean

Deceased 307 5.4 463 10.0 473 19.1
Age at survey, years 60.7 61.4 58.8
Female 2807 67.1 1281 39.4 874 47.4
Education

Less than high school 1756 25.1 1432 25.0 1028 34.7

High school or 1053 28.9 905 28.9 550 32.5

equivalent

More than high school 1350 46.0 1264 46.1 497 32.8
Race/ethnicity

Hispanic 1206 9.4 827 6.2 446 71

Non-Hispanic black 886 9.6 659 6.9 613 12.6

Other 2067 81.0 2115 86.9 1016 80.3
BMI, maximum (kg/m?) 30.4 30.8 29.4
Obesity status at maximum

Normal 621 18.9 393 12.8 441 23.2

Overweight 1469 36.1 1344 38.6 779 36.4

Obese class | 1196 26.2 1119 29.7 561 27.2

Obese class Il 873 18.8 745 18.9 294 13.2
Age at maximum BMI 51.3 51.9 46.6
Smoking intensity (packs/day)

0to <1 1448 36.3 934 35.0

1to <2 1241 36.3 804 45.4

>2 711 22.4 206 14.4

Missing 201 5.1 131 5.2

Categories of BMI are normal weight (18.5-24.9 kg/m?); overweight (25.0-29.9 kg/m?); obese class 1 (30.0-34.9 kg/m?); and obese class 2
(5.0 kg/m? or greater). Never-smokers are defined as those having smoked less than 100 cigarettes in their lifetime. The characteristics
pertain to persons aged 50-74, surveyed in years 1988—2004 with mortality follow-up through 2006. Age at maximum BMI is calculated
using data from the NHANES continuous waves only as this question was not asked in the NHANES IIl. Estimates of means and

percentages incorporate NHANES sample weights. Sources: NHANES.

BMI, body mass index; NHANES, National Health and Nutrition Examination Survey.
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BMlI-specific death rates but had the BMI distribution of
smokers. Second, we used an analogous process of sub-
stitution to calculate what the PAF would be for never-
smokers if they had the HRs of current smokers while
maintaining their own BMI distribution.

We adjusted for unequal probabilities of selection and
non-response using sample weights and accounted for
the complex survey design of NHANES.** Analyses were
performed using STATA V.12 (StataCorp) and variances
were estimated with the SVY routine, which uses Taylor
series linearisation. This study was based on anonymous
secondary data and thus did not require approval from
an ethics committee.
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Body Mass Index (kg/m2)

RESULTS
Table 1 describes of never-smokers,
former smokers and current smokers. Although current
smokers were numerically the smallest of the three
smoking groups, they experienced the largest number
of deaths over the follow-up period. Current smokers
were less likely to have been obese in the course of life
than the other groups and more likely to have had a
maximum weight in the normal BMI range of 18.5—
24.9 (also see figure 1A). On the other hand, former
smokers were slightly more likely to have been over-
weight or obese in the course of life than
never-smokers.

characteristics
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Table 2 HRs for mortality from all causes

Never-smokers

Former smokers Current smokers

HR 95% ClI HR 95% ClI HR 95% ClI

Sex

Women 1.000 1.000 1.000

Men 1.135 0.827 to 1.557 1.320 0.981 to 1.775 1.195 0.928 to 1.540
Race/ethnicity

Other 1.000 1.000 1.000

Hispanic 1.058 0.676 to 1.656 0.857 0.544 to 1.351 0.953 0.558 to 1.628

Non-Hispanic black 1.512* 1.066 to 2.145 1.839*** 1.334 to 2.536 1.513** 1.190 to 1.923
Education level

Less than high school 1.000 1.000 1.000

High school 0.785 0.543t0 1.134 1.172 0.803 to 1.712 0.875 0.666 to 1.149
More than high school 0.539* 0.334 to 0.868 1.012 0.728 to 1.407 0.693** 0.546 to 0.881
Smoking intensity

0 to <1 1.000 1.000

1to <2 1.002 0.738 to 1.361 1.251 0.922 to 1.699

>2 1.471* 1.049 to 2.064 1.383 0.951 t0 2.013

BMI-25 1.057** 1.033 to 1.082 1.036™* 1.015 to 1.059 1.024 0.997 to 1.052

***p<0.001; **p<0.01; *p<0.05.

Never-smokers are defined as those having smoked less than 100 cigarettes in their lifetime. The sample includes persons ages 50-74. Entry
years are 1988-2004 with mortality follow-up through 2006. HRs are derived from Cox proportional hazards models that adjust for gender,
race/ethnicity (non-Hispanic black, Hispanic, other) and educational attainment (less than high school, high school, some college or greater).
Age is specified as analysis time. BMI-25 is calculated by subtracting 25 from each person’s maximum BMI. Individuals with BMI values
between 18.5 and 25 kg/m? constitute the reference category and are assigned a value of 0. All estimates are weighted and account for
complex survey design. Sources: National Health and Nutrition Examination Survey.

BMI, body mass index.

Table 2 and figure 1B present the estimated HRs
among the three smoking groups. The HR associated
with a one-unit increment in BMI beyond 25.0 was 1.057
(95% CI 1.033 to 1.082; p<0.001) for never-smokers,
1.036 (95% CI 1.015 to 1.059; p<0.01) for former

35.00 -

31.90

30.00 -

25.00

20.00 -

15.00 -

10.00 -

5.00

0.00
Never Smokers

Former Smokers

smokers and 1.024 (95% CI 0.997 to 1.052) for current
smokers. Thus, higher levels of BMI are a survival threat
among all smoking groups, but the threat is more than
twice as great among never-smokers as current smokers,
with former smokers intermediate. The predicted

Total PAF

11.26

Current Smokers

Figure 2 Population attributable fractions (PAFs) for US adults ages 50-74, total and by smoking category.
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hazard ratio associated with a BMI of 40 was

1.0571%=2.30 among never-smokers and 1.024'9=1.43 _E .
among current smokers. § 2
Figure 2 shows estimates of the PAF for obesity among ..E % °
the three smoking groups based on equation 1. It uses 8 5 la\)
the HRs associated with obesity that are shown in table 2, 5
in combination with the actual distribution of deaths by % 5
BMI in three-unit wide categories of BMI. Among never- = = >
smokers, 31.9% of deaths in this cohort were attributable g 'f:: =
to high BMI. Among current smokers, the proportion g8 5% o
was only 11.3%. Former smokers were located about ol O0olo
halfway between the other two groups at 20.4%. The PAF o
for the entire population is the death-weighted mean of wZ
these figures, or 19.8%. E z
Why is the fraction of deaths attributable to obesity £
lower among current smokers? One reason is that the g,§
BMI distribution of current smokers is shifted to the left = B 3
relative to that of never-smokers. If the BMI distribution Sal™
of current smokers were combined with the relative risks g _
of never-smokers, table 3 shows that the PAF for never- = E =
smokers would be 29.9%, compared with its actual value g P g
of 31.9%. Thus, of the original difference in PAFs of 2 2 =
20.6 percentage points between never-smokers and g g S o
current smokers, approximately 2.0 percentage points, - ¢ % E
or 10%, would be eliminated if never-smokers had the = % £ g g
same BMI distribution as current smokers. If the relative 2} 235 |2
risks for current smokers were combined with the BMI % _
distribution of never-smokers, the PAF would be 14.0%, g §
a reduction of 18.0 percentage points compared with T & :
the original PAF of never-smokers of 31.9%. This reduc- EJ % <
tion represents 87% of the original difference in PAFs s .;§
between the groups (note that the two hypothetical g g.g -
changes add to 97% rather than 100% of the original @ = g_ N
difference because of interactions between the two 2! W
factors). Thus, these two exercises are consistent in 2 |-<l- e
showing that the low relative risks associated with BMI 3| a i g
among current smokers are the dominant reason why © § o
their PAF is far below that of never-smokers. :8 ‘g 3 k]
HiH
sl Clo x| O
3|25 2 (g
531255 |2
DISCUSSION G é
It is clear that current smokers have a much lower frac- §_ = 2
tion of deaths attributable to obesity than those who 2— g £
never smoked. It is also clear that the principal source ° 2 ule ';%
of this difference is that the relative risks associated with 2 £ <|8ls
obesity are much lower among current smokers than % QoA %
among never-smokers. £ 2
One explanation of the lower relative risks among S = g 8:
smokers is that competing risks of death are much more s AR
prominent among them. Another explanation is that '@ 3 % = i’-
residual confounding by smoking is biasing downwards g ° §
the relative risks among smokers. However, we intro- g b é
duced detailed information on smoking intensity among a s g
current and former smokers into the mortality models, @ % -§‘
reducing the likelihood that residual confounding is the % @ E g2
principal explanation for the lower relative risks among ol g 2512

smokers.
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Is the disparity between their PAFs consistent with the
mortality risk from smoking itself? Two studies based on
data from the National Health Interview Survey and the
NHANES estimated mortality risks of smoking in the
range of 2.8-3.2 compared with neversmokers.”” *° If
the risk of death of current smokers relative to never-
smokers was approximately 3, then approximately
two-thirds of deaths among smokers would be attribut-
able to smoking itself. That leaves only the remaining
one-third of deaths to be attributable to obesity and
other factors. As a result, the PAF for obesity would be
approximately one-third as great for smokers as for
never-smokers. In fact, the PAFs for the two groups of
32.0% and 11.3% correspond closely to that expectation.
The online supplementary appendix includes a more
precise illustration of how the proportion of deaths
attributable to one exposure should be expected to
change when a new exposure is added.

A similar correspondence also prevails among former
smokers. The risk of death among former smokers rela-
tive to never-smokers is approximately 1.5.%° 7 S0 about
one-third of the deaths among former smokers are
attributable to smoking. If the remaining two-thirds had
the same PAF as never-smokers, then the PAF among
former smokers would be about 0.67x0.32=0.21, similar
to its actual value.

The implication of these findings is that when the PAF
for obesity is calculated by excluding groups that are
subject to other very significant health risks—not only
smokers but also people with diagnosed illnesses or
health impairments and very old people—then the
attributable fraction will increase. When such exclusions
are extensive, they can raise the estimated attributable
fraction for obesity well above that pertaining to the
population as a whole.

We believe that the strategy pursued in this paper pro-
vides a useful approach to dealing with this dilemma.
We exclude no one from the attributable risk estimation,
so that it pertains to the population as a whole, includ-
ing sick people and smokers. On the other hand, we use
an indicator of obesity, an individual’s maximum BMI,
which pertains to the life cycle rather than simply to
baseline circumstances. An advantage of this indicator is
that it has the potential to capture the effects of past
obesity status. Also, health problems that may have
reduced weight at baseline should have a smaller impact
on an individual’s maximum lifetime BMI. As a result,
the use of maximum BMI should produce less bias in
estimating the mortality effects of obesity.

A potential weakness of the paper is the possibility of
error in selfreported maximum weight. However, prior
studies suggest self-reported past weight is highly correlated
with measured w<3ight.28_31 Furthermore, maximum weight
may be identified more accurately than weight at a speci-
fied earlier age (or point in time) since it does not require
establishing a correspondence between one’s age and
one’s weight trajectory. Distortions in estimates of the asso-
ciation between obesity and mortality are much smaller

when a continuous, linear version of BMI is employed, as
in this paper, rather than a categorical version.*?

The estimated fraction of deaths attributable to
obesity is higher than most previous estimates in the
USA.” ' Prior studies suggest that the association
between obesity and mortality declines with age,” thus
exclusion of older individuals from the sample may be
partly responsible for these findings. A second reason is
that we use maximum BMI rather than baseline BMI as
our indicator of adiposity. The relative risks associated
with maximum BMI are substantially greater than those
associated with baseline BML'> We believe that the rela-
tive risks that we use are a more accurate representation
of the hazards of adiposity than those associated with
baseline BMI because maximum BMI better captures
risks associated with past obesity status and is less
affected by reverse causality.

The higher fraction of deaths attributable to obesity
among neversmokers has implications for the set of
future death risks facing Americans. Declines in
smoking that have already occurred and that may keep
occurring are likely to increase the proportion of deaths
attributable to obesity. In the extreme, if no one ever
smoked we could anticipate that the proportion of death
attributable to obesity in the age interval 50-74 would
rise from 19.8%, the value for the contemporary US
population, to something closer to 31.9%, the PAF for
contemporary never-smokers.

In conclusion, the proportion of deaths attributable to
obesity among US adults ages 50-74 is nearly three
times as high among never-smokers as among current
smokers. The principal reason for this discrepancy is
that current smokers have a lower relative risk of death
associated with obesity than non-smokers. Such a reduc-
tion is consistent with the fact that smokers are subject
to a major risk that is ‘competing’ with obesity and that
is itself responsible for many deaths. Former smokers
have a PAF that is roughly halfway between that of
current smokers and that of never-smokers.
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