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ARTICLE INFO ABSTRACT

Available online 10 February 2014 Objective. To discuss possible explanations for the obesity paradox and explore whether the paradox can be
attributed to a form of selection bias known as collider stratification bias.

Keywords: Method. The paper is divided into three parts. First, possible explanations for the obesity paradox are

Obesity paradox

reviewed. Second, a simulated example is provided to describe collider stratification bias and how it could gen-
erate the obesity paradox. Finally, an example is provided using data from 17,636 participants in the US National
and Nutrition Examination Survey (NHANES III). Generalized linear models were fit to assess the effect of obesity

Cardiovascular disease
Selection bias

Epidemiology on mortality both in the general population and among individuals with diagnosed cardiovascular disease (CVD).
Additionally, results from a bias analysis are presented.

Results. In the general population, the adjusted risk ratio relating obesity and all-cause mortality was 1.24
(95% CI 1.11, 1.39). Adjusted risk ratios comparing obese and non-obese among individuals with and without
CVD were 0.79 (95% C1 0.68, 0.91) and 1.30 (95% CI = 1.12, 1.50), indicating that obesity has a protective asso-
ciation among individuals with CVD.

Conclusion. Results demonstrate that collider stratification bias is one plausible explanation for the obesity
paradox. After conditioning on CVD status in the design or analysis, obesity can appear protective among individ-
uals with CVD.

© 2014 Elsevier Inc. All rights reserved.
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Introduction

- Over the past three decades, the prevalence of obesity has increased
* Corresponding author at: Department of Epidemiology, Biostatistics, and Occupational Substantially in North America (Flegal etal., 2010). A recent study by
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Canada. Flegal and colleagues highlighted that over one third of American adults
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et al,, 2012). In the general population, obesity is associated with an in-
creased risk of death (Adams et al., 2006; Calle et al., 2003; Flegal et al.,
2013). An analysis of data from nineteen pooled studies reported all-
cause mortality hazard ratios of 1.44 (95% CI 1.38, 1.50) for grade I obe-
sity (BMI 30 to 34.9 kg/m?), 1.88 (95% CI 1.77, 2.00) for grade II obesity
(BMI 35 to 39.9 kg/m?), and 2.51 (95% CI 2.30, 2.73) for grade IIl obesity
(BMI > 40 kg/m?) relative to normal weight individuals (Berrington de
Gonzalez et al., 2010).

Despite the known association between obesity and mortality in the
general population, there have been conflicting reports about the rela-
tionship between obesity and mortality among individuals with cardio-
vascular disease (CVD). Numerous authors have reported that obesity
confers a survival advantage in patients with CVD, a phenomenon
known as the “obesity paradox” (McAuley and Blair, 2011; Romero-
Corral et al., 2006). Among individuals with CVD, studies have reported
that obese patients have improved short- and long-term survival, mea-
sured by all-cause mortality, relative to normal weight counterparts. Ev-
idence of the obesity paradox has been found among patients with
many types of cardiovascular disease, including coronary heart disease,
myocardial infarction, hypertension, atrial fibrillation, and heart failure
(Angeras et al., 2013; Badheka et al., 2010; Bucholz et al., 2012; Curtis
et al.,, 2005; Lavie et al., 20093, 2009b; Nigam et al., 2006; Oreopoulos
et al,, 2008a, 2008b; Uretsky et al., 2007). As well, the obesity paradox
has been documented among cardiac surgery patients, such as those
who have undergone percutaneous coronary intervention, heart valve
surgery, and coronary artery bypass surgery (Gruberg et al., 2002;
Oreopoulos et al., 2008a,2008b; Sarno et al., 2011; Vaduganathan
et al.,, 2012; van der Boon et al., 2013). The obesity paradox has also
been reported in patients with other types of chronic disease, including
diabetes, cancer, renal disease, and chronic obstructive pulmonary dis-
ease (McAuley and Blair, 2011). Several hypotheses have been sug-
gested to explain this phenomenon (Chrysant and Chrysant, 2013;
Dixon and Lambert, 2013).

Physiological explanations for the obesity paradox

Physiological explanations emphasize the biological advantages
of excess fat stores during periods of illness. Body fat may act to de-
crease oxidative stress and inflammation, reduce levels of B-type na-
triuretic peptide, and improve secretion of amino acids and
adipokines, potentially improving survival among obese individuals
(Dixon and Lambert, 2013). Certain hormones and cytokines, such
as leptin and tumor necrosis factor alpha, have been suggested as
possible moderators of the relationship between obesity, cardiovas-
cular events, and mortality (Lavie et al., 2009a, 2009b; Oreopoulos
et al., 2008a, 2008b). As well, in certain catabolic CVD states, such
as congestive heart failure, loss of muscle, bone, and fat mass is an in-
dicator of more severe disease (Oreopoulos et al., 2011). Obese indi-
viduals may tolerate weight loss better than non-obese individuals
due to higher metabolic reserves and body fat, resulting in improved
prognosis and survival (Oreopoulos et al., 2008a, 2008b; Wacholder,
2013). Similarly, other authors have advocated the development of
frailty, a syndrome defined by unintentional weight loss, exhaustion,
weakness, and low physical capacity, as a possible explanation for
the higher mortality risk in low-BMI older adults (Fried et al., 2001;
Strandberg et al., 2009, 2013). Although these hypotheses are plausi-
ble, further evidence is required from animal models and clinical
studies to determine whether there is any underlying biologic expla-
nation for the observed paradoxical relationship.

Methodological explanations for the obesity paradox

There are also a number of hypothesized methodological explana-
tions for the obesity paradox. Firstly, using BMI to define obesity has
been identified as a possible design flaw. Authors suggest that BMI
does not correspond to the same degree of adiposity in individuals of

different height, nor does it account for body composition or the loca-
tion of adipose tissue (i.e., visceral vs. subcutaneous fat), or differentiate
between fat mass and muscle mass (Kopelman, 2000; Lavie et al., 2013;
Oreopoulos et al., 2011; Rothman, 2008). It has been suggested that
using alternative measures of adiposity such as waist circumference,
waist to hip ratio, sum of skinfold thickness, or percent body fat could
resolve the paradoxical association between obesity and mortality
among individuals with CVD (Flegal et al., 2008; Lavie et al., 2013;
Vina et al,, 2013). However, researchers have demonstrated that waist
circumference and waist to hip ratio are highly correlated with BMI
and all have been shown to produce comparable estimates (Flegal
et al., 2008; Vazquez et al., 2007). In adult men and women (aged
>20 years), the correlation between waist circumference and BMI has
been reported to range from 0.85 to 0.94 and the correlation between
percent body fat and BMI ranges from 0.72 to 0.84 (Flegal et al., 2008).
Lavie and colleagues have reported finding evidence of the obesity par-
adox among individuals with CVD regardless of the measure of adipos-
ity used (De Schutter et al., 2013; Lavie et al., 2003, 2009a, 2009b, 2011,
2012). Due to the high correlation between these measures, changing
from BMI to an alternate adiposity index is unlikely to substantially
alter the observed relations. Another issue related to the use of BMI is
the concept of metabolically benign obesity, where individuals who
are defined as obese according to BMI cut points have healthy metabolic
profiles and may not be at an increased risk of mortality. Obese individ-
uals with healthy metabolic profiles may be at a lower risk of mortality
than non-obese individuals with many risk factors such as dyslipidemia
or hypertension (Janssen, 2005; Kramer et al., 2013; Ortega et al., 2013).

Other methodologic explanations for the protective association be-
tween obesity and mortality among individuals with CVD suggest that
it may be the result of inappropriate study designs or poor control of im-
portant confounding variables. Recent longitudinal research has
highlighted the need to consider obesity as a time-varying exposure
and account for changes in weight status over the lifespan to under-
stand the true obesity-mortality relationship (Ferreira and Stehouwer,
2012; Strandberg et al,, 2013).

Cigarette smoking has been cited as one possible confounding vari-
able (Cooper, 2008; Durazo-Arvizu and Cooper, 2008; McAuley and
Blair, 2011). However, analytic evidence suggests that controlling for
smoking has a minimal effect on the BMI-mortality association and
omitting smokers leaves results qualitatively unchanged (Durazo-
Arvizu and Cooper, 2008; The BMI in Diverse Populations Collaborative
Group, 1999). Comparing the BMI associated with minimum mortality
in models adjusted and not adjusted for smoking demonstrates that
smoking may not be a strong confounder in the general population.
Adjusting for smoking, the BMI associated with minimum mortality
was 24.3 kg/m? while not adjusting for smoking resulted in a BMI of
minimum mortality of 25.0 kg/m? (Durazo-Arvizu and Cooper, 2008).
However, recent research has suggested that smoking may act as a
strong confounder of the obesity-mortality relationship among individ-
uals with CVD (Preston and Stokes, in press).

A third methodologic explanation is reverse causality. In this con-
text, reverse causality refers to the hypothesis that pre-existing illness
results in unintended weight loss and higher mortality among lower
BMI groups, making obesity appears protective (Flanders and
Augestad, 2008; Flegal et al., 2011; Lawlor et al., 2006; Stevens et al.,
2001). As aresult, a lower BMI category is composed of a disproportion-
ate number of sicker people at high risk of mortality (Flegal et al., 2011).
It is suggested that this form of bias may shift estimates toward the null,
or potentially past the null, making obesity appears protective (Flegal
etal, 2011; Stevens et al., 2001). However, several studies have report-
ed that the risk of mortality does not change substantially or systemat-
ically across BMI categories after excluding individuals with a history of
cancer, CVD, or those who died early in the follow-up period (Allison
et al, 19993, 1999b; Flegal et al., 2007; Greenberg, 2006; Orpana et al.,
2010). Stevens and colleagues reported that excluding participants
who died in the first four years of follow-up resulted in a change in
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effect of less than 1% (Stevens et al., 2002). A meta-analysis and simula-
tion study by Allison and colleagues reached a similar conclusion
(Allison et al., 1997, 1999a, 1999b).

An alternative explanation

An additional methodologic explanation is that it is due in whole or
in part to a form of selection bias known as collider stratification bias
(Banack and Kaufman, 2013; Lajous et al., 2014). Selection bias occurs
when exposure and disease both affect inclusion into the analysis. In
other words, it occurs as the result of conditioning on a common effect
of exposure and outcome (Hernan et al., 2004). Conditioning can occur
at the study design or analysis stage and may occur through restriction,
regression adjustment, or stratification (Cole et al., 2010). Published ex-
amples of the obesity paradox among those with CVD are often condi-
tioned on CVD status by restricting cohort entry to those who have an
established form of CVD at baseline. For example, in cohort studies
that restrict enrollment to individuals who have heart failure, have ex-
perienced a myocardial infarction, or have coronary heart disease, the
protective association observed within this diseased stratum may not
be causal, in the sense that there is no diseased individual whose risk
is lowered by being obese rather than by not being obese, even though
the obese has lower average risk in those observed to have the disease.

Numerous authors have demonstrated that conditioning on a vari-
able affected by exposure and outcome can introduce a spurious associ-
ation between exposure and outcome and can even reverse the
direction of association, making a harmful exposure appears protective
(Cole et al., 2010; Hernan et al., 2004; Hernandez-Diaz et al., 2006;
Lajous et al., 2014; Rothman et al., 2008). Fig. 1 is a causal diagram
representing the basic structure of collider stratification bias applied
to the obesity paradox scenario. Obesity is associated with the develop-
ment of CVD, and CVD is a known predictor of mortality. Obesity has
been shown to directly influence mortality risk (Flegal et al., 2013).
Fig. 1 also depicts unmeasured common causes (U) of CVD and mortal-
ity. It is possible to conceive many unmeasured common causes of the
CVD-mortality relationship, such as genetic, physiologic, and behavioral
factors (Kopelman, 2000). In the language of causal diagrams, CVD is
known as a collider and a rectangular box is placed around this variable
to indicate that the obesity paradox results from studies have condi-
tioned on CVD (Cole et al., 2010). This explains why this selection bias
is also known as collider stratification bias, since the bias occurs due
to stratification on a collider. Conditioning on a variable affected by ex-
posure and outcome will generally distort the relationship between
obesity and mortality, potentially producing the obesity paradox
(Hernan et al,, 2004; Hernandez-Diaz et al., 2006).

Fig. 1 can be used to provide a hypothetical explanation for the par-
adox. For the purpose of this example, we will use a genetic factor such
as APOE-¢4 as the unmeasured (U) variable, since APOE-€4 is known to
influence both CVD and mortality and genetic variants are often unmea-
sured in epidemiologic and clinical research (Eichner et al., 2002;
Ewbank, 2007; Song et al., 2004). In obese individuals, those with
established CVD may have developed the disease because they are
obese or due to genetic factors. However, in non-obese individuals,
more individuals with CVD must have the disease because of genetic fac-
tors. As a result, since CVD is caused by obesity, when an effect estimate

_— > %
Obesity - Mortality

N

Fig. 1. Directed acyclic graph representing causal relations between obesity, cardiovascu-
lar disease, mortality, and unmeasured factor(s) U.

is calculated within levels of CVD, being obese with CVD makes it less
likely the person has APOE-g4 (U), while among those without CVD,
being non-obese makes it more likely the person has APOE-£4 (U). Strat-
ification on CVD therefore induces an association between obesity and
APOE-¢4 that distorts the true causal obesity-mortality relationship in
the population. This can produce the apparent protective effect of obesi-
ty on mortality known as the “obesity paradox” (Banack and Kaufman,
2013). The purpose of this paper is to quantitatively examine whether
collider stratification bias is one plausible explanation for the obesity
paradox among individuals with CVD.

Analysis

The following section will provide two examples of how collider
stratification bias can produce an apparently protective effect of obesity
on mortality among individuals with CVD. The first is a fictitious exam-
ple intended to provide a demonstration of how the paradox occurs
using simple, easy-to-follow, hand calculations. The second example
uses data from the Third US National Health and Nutrition Examination
Survey (NHANES III) to provide a real-life example of the obesity para-
dox using multivariate regression analysis.

Example 1

The data for this analysis are intended to emulate a population based
study of 1350 adults aged 30-50 years. The exposure, obesity, was mea-
sured at baseline. It is a binary variable with two levels: BMI < 30 kg/m?
and BMI > 30 kg/m?. The outcome variable, mortality, was measured
15 years later. Table 1 summarizes the data from this fictitious study.
The crude risk ratio (RR) comparing the risk of mortality among obese
individuals compared with the risk among non-obese individuals is
(200/750) / (100 / 600) = 1.63.

Participants were considered to have CVD if they had a physician-
diagnosed report of coronary heart disease, acute coronary syndrome,
congestive heart failure, or stroke. Tables 2 and 3 depict the same expo-
sure and outcome information as in Table 1, but are stratified by CVD
status (CVD yes/no). Among individuals with CVD, the risk ratio for obe-
sity and mortality is equal to (45 /130) / (30 / 65) = 0.75, while among
individuals with no CVD, therisk ratiois (155/615) /(70 /535) = 1.92.
The causal diagram in Fig. 1 and the numeric example in Tables 1-3 il-
lustrate the bias produced by conditioning on a common effect of expo-
sure and outcome. Table 1 presents the unconditional (marginal) effect
of obesity on mortality in the entire population. Obese individuals have
a 63% greater mortality risk compared with non-obese individuals over
15 years of follow-up. However, since CVD is a cause of obesity, and
there are unmeasured common causes of CVD and mortality, when
the risk ratio is calculated within levels of CVD, the association between
obesity and mortality is reversed and obesity appears protective among
those with CVD. As previously discussed, many studies of the obesity-
mortality relationship among individuals with CVD are conditioned on
having CVD (through restriction at study entry), which amounts to
only examining the obesity-mortality relationship in Table 2, while ig-
noring Tables 1 and 3.

Table 1
The relationship between obesity and mortality.
Outcome Total
(mortality)
Dead Alive
Exposure (obesity) Obese (BMI > 30 kg/m?) 200 550 750

Non-obese (BMI < 30 kg/m?) 100 500 600
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Table 2
The relationship between obesity and mortality among individuals with CVD.
Outcome Total
(mortality)
Dead Alive
Exposure (obesity) Yes (BMI < 30 kg/m?) 45 85 130
No (BMI > 30 kg/m?) 30 35 65

Example 2

The second example uses real data from NHANES III (1988-1994), a
nationally representative cross-sectional survey of civilians in the
United States (National Center for Health Statistics, 1997). Participation
includes completion of a standardized in-home interview including de-
mographic, socioeconomic, and health-related questions and a physical
examination at a mobile examination center administered by trained
staff. Although the survey recruits participants of all ages, the present
analyses will include data from 17,636 participants between 20 and
80 years of age. The US National Centre for Health Statistics has linked
NHANES III data to mortality data up to December 31, 2006 in the Na-
tional Death Index (NDI). Record linkage is performed by a probabilistic
match between NHANES and NDI death certificate records (National
Center for Health Statistics, 2009). Similar to the previous example,
and Fig. 1, the outcome variable in this analysis is all-cause mortality
and the exposure variable is obesity as previously defined. CVD is mea-
sured in NHANES III by several self-report questions (e.g., has a doctor or
health professional ever told you that you had a heart attack?). Partici-
pants reporting having coronary heart disease, congestive heart failure,
stroke, or heart attack are classified as having CVD for this analysis.

Demographic and clinical characteristics of the sample are provided in
Table 4. Participants with CVD were more likely to be male, of older age,
and have less than a high school education compared with those without
CVD. Additionally, people with CVD were substantially more likely to
have diabetes and hypertension. Using a generalized linear model with
a log-link and a binomial distribution, we calculated adjusted risk ratios
and 95% confidence intervals for mortality among the total sample as
well as among those with and without CVD. Models were adjusted for po-
tential confounders of the obesity-mortality relationship, including gen-
der, age, race, education, and smoking status. The mortality risk ratio
comparing obese and non-obese individuals was 1.24 (95% CI 1.11,
1.39) in the total NHANES cohort. The stratum-specific mortality risk ra-
tios comparing obese and non-obese individuals were 0.79 (95% CI 0.68,
0.91) among those with CVD and 1.30 (95% CI 1.12, 1.50) among those
without CVD. The stratified results seemingly demonstrate that obese in-
dividuals with CVD have a lower mortality risk than non-obese individ-
uals with CVD, apparently illustrating the presence of an obesity
paradox. However, the inverse relationship between obesity and mortal-
ity may be spurious, caused by stratification on CVD status.

Bias analysis

Bias analysis techniques can be used as sensitivity analyses to under-
stand the magnitude of bias induced by studying a highly selected pop-
ulation drawn from the total cohort. They can be used to quantify the
amount of selection bias affecting an estimate of the obesity-mortality

i:le’l:e?ationship between obesity and mortality among individuals without CVD.
Outcome Total
(mortality)
Dead Alive
Exposure (obesity) Yes (BMI < 30 kg/m?) 155 465 615

No (BMI > 30 kg/m?) 70 465 535

Table 4
Participant characteristics in NHANES III.
Total sample  CVD No CVD
Male gender (%) 48.8 566 476
Mean age, years 424 622 413
Caucasian (%) 754 76.6 754
High school education 34.5 26.9 349
Mean BMI, kg/m? 26.4 285 263
Mean waist circumference, cm  Females 88.3 97.8 879
Males 947 (+£13.6) 1016 943 (+13.5)

Current smoker (%) 29.1 26.2 29.2
Has diabetes (%) 5.06 222 416
Hypertensive (%) 14.7 36.8 135
Mean serum total cholesterol, mmol/L 523 576 521
Mean serum HDL, mmol/L 1.31 (£.40) 118 132
Mean serum LDL, mmol/L 3.27 (4£.99) 359 325
Mean serum triglycerides, mmol/L 1.60 (£1.4) 223 157

relationship among individuals who already have CVD compared with
an estimate of the obesity-mortality relationship in the total popula-
tion. To conduct a bias analysis, one must select values for the bias pa-
rameters and use those chosen values to calculate the effect estimate
that would have been observed in the absence of bias (Lash et al.,
2009; Orsini et al., 2008). For selection bias, the bias parameters are
known as sampling fractions, representing the probability of selection
into the analysis of exposed and unexposed cases and non-cases
(Rothman et al., 2008). The cross product of these sampling fractions
is the selection bias factor (Kleinbaum et al., 1981; Lash et al., 2009;
Rothman et al., 2008). It is simple to correct for selection bias by dividing
the biased effect estimate by the selection bias factor if it is known (Lash
et al., 2009; Orsini et al., 2008).

For the purpose of illustrating how to conduct this bias analysis, we
use the results presented in example 2 from the NHANES III data set. The
results demonstrated that obese individuals with CVD have a lower risk
of mortality than non-obese individuals with CVD 0.79 (95% CI 0.68,
0.91). Table 5 presents the results of this bias analysis. When the selec-
tion bias factor is equal to 1.0, the distribution of obesity and mortality
among those with CVD perfectly represents the distribution of these
variables in the total population, and no selection bias is present. How-
ever, when the selection bias factor is less than one, the magnitude of
bias introduced gets progressively larger. When the selection bias factor
is equal to 0.6, the effect of obesity on mortality no longer appears pro-
tective, and individuals who are obese are at an increased risk of death
relative to non-obese individuals (RR = 1.32 95% CI 1.13, 1.52). Since
CVD is selected with a much lower proportion than 60% of the cohort,
this bias analysis demonstrates that selection bias can be of sufficient
magnitude to reverse the direction of the relationship between expo-
sure and outcome in this example.

Conclusion

The objective of the present paper was to review the obesity paradox
and explore whether it can be explained as an example of collider

Table 5

Bias analysis.
Selection bias factor Corrected RR estimate Lower 95% CI Upper 95% CI
0.1 79 6.8 9.1
0.2 39 34 463.8
03 2.63 227 3.03
04 1.98 1.70 228
0.5 1.58 1.36 1.82
0.6 132 1.13 1.52
0.7 113 0.97 1.30
0.8 0.99 0.856 1.14
09 0.88 0.76 1.01
1.0 0.79 0.68 091
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Fig. 2. Directed acyclic graph depicting longitudinal relationship between obesity, cardiovascular disease, mortality, and unmeasured factor(s) U. Note: Numeric subscripts denote tem-

poral ordering of measurement of obesity, CVD, and mortality.

stratification bias. Both the fictitious example and the NHANES III data
suggest that after conditioning on CVD status in the analysis, obesity ap-
pears protective among individuals with CVD. Stratifying on CVD status
creates an imbalance in the distribution of unmeasured common causes
(U) between obese and non-obese individuals.

The bias analysis presented in this paper is a form of sensitivity anal-
ysis that illustrates the danger of studying only a highly selected subset
of the total cohort, and that the protective effect of obesity on mortality
can be explained by a simple selection bias. Correcting for selection bias
reverses the protective effect of obesity on mortality among individuals
with CVD in the NHANES III cohort. Rather than being a true protective
effect of obesity on mortality among individuals with CVD, the obesity
paradox could simply be an artifact of improperly conditioning on a var-
iable affected by exposure and sharing common causes with the out-
come (a “collider”). It is important to recognize that if this is true, the
apparent protective effect of obesity on mortality is spurious even
among the strata of individuals who have CVD. That is to say, even if
obesity was truly harmful for every single individual in the population,
a protective effect in the diseased stratum could be observed through
this selection bias alone (Flanders and Klein, 2007). This is because se-
lection distorts the relationship between exposure and outcome in the
strata of individuals with CVD. It would be incorrect to claim that the ef-
fect of obesity is truly protective among those with CVD but simply does
not generalize to the entire population or those without CVD. Although
this bias analysis demonstrates that selection bias may explain the obe-
sity paradox, it does not preclude alternate explanations (Glymour and
Vittinghoff, 2014). See Appendix A for a discussion of this point, includ-
ing simulations.

A relevant question for many clinicians, epidemiologists, and public
health practitioners is how one should analyze data on the effect of obe-
sity among individuals with prevalent disease, such as CVD. Unfortu-
nately, it is not possible to obtain an unbiased estimate of the effect of
obesity on mortality among individuals with CVD without making
strong assumptions about the magnitude and sign of the important un-
measured confounders (U) of the CVD-mortality relationship. In addi-
tion to these assumptions, to correctly estimate this effect, one would
need longitudinal data in which measurement of body weight tempo-
rally precedes disease incidence, and in which there is an additional
measurement of body weight at some point after disease was diagnosed
(Fig. 2). If such data were available, the use of methods developed to
study time varying exposures and time varying confounding (e.g.. mar-
ginal structural models) could provide unbiased estimates of the total
and direct effects of obesity on morality (Robins et al,, 2000). However,
in most clinical settings, longitudinal data of this nature is not available,
and, moreover, it is unlikely that investigators could ever claim to be in a
scenario without important unmeasured confounding.

Further research is required to understand the effect of obesity on
mortality among individuals with chronic disease under varying plausi-
ble assumptions about the magnitude of unmeasured confounding af-
fecting this relationship (VanderWeele, 2010). Additionally, it would
be a valuable addition to the literature to explore whether the mecha-
nism responsible for the obesity paradox is the same in different types

of CVD. Through the use of causal diagrams and quantitative examples,
the results of this paper provide theoretical and empirical evidence that
when the obesity-mortality relationship is subject to unmeasured con-
founding, the magnitude of collider bias induced is large enough to
make an apparently harmful exposure appear protective.
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Appendix A

Consider two simple scenarios for the true causal mechanism for
obesity and mortality. In World A, obesity is always harmful and there-
fore increases mortality risk for each obese individual in the population.
If researchers in World A studied the obesity-mortality relationship by
recruiting only individuals with CVD, the resulting stratification on
CVD = 1 status would induce collider stratification bias if there were
unmeasured common causes of CVD and mortality. These researchers
would therefore erroneously report a protective effect of obesity on
mortality among individuals with CVD. In World B, obesity is harmful
overall for the unstratified (total) population, but is truly beneficial for
individuals with CVD. If researchers in World B conducted the same
study as those in World A, they could also find a protective effect of obe-
sity on mortality among individuals with CVD, even if there were no un-
measured causes of CVD and mortality, and therefore no collider-
stratification. Researchers in both worlds A and B could conduct the
bias analysis we describe in this paper, and both could observe that by
varying the selection bias factor it is possible to make the apparently
protective effect of obesity flip to being harmful in the unselected pop-
ulation. This is because the selection bias correction reweights back to
the average effect in the total population. The bias analysis shows that
the observed data are entirely consistent with an explanation for the
paradox that relies solely on collider stratification bias in a world in
which obesity is harmful for all individuals. But the observed data
could be consistent with many other scenarios as well. Simple Stata sim-
ulations produce data under World A and World B as described above,
and demonstrate the reversal of the observed protective effect of obesi-
ty in both scenarios.
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World A: Simulation with unmeasured confounding (U) of the
CVD-mortality relationship

clear

set obs 10000

set seed 123456

*generating the distribution of exposure (obese),
outcome (die), intermediate (cvd), and confounder (u)

gen Obese=uniform()>.8

genu=uniform()>.9

gen cvd= (uniform()>.9 | u==1) if Obese==0

replace cvd=(uniform()>.6 | u==1) if Obese==
gendie=(uniform()>.9 | u==1) if Obese==0 & cvd==0
replace die=(uniform()>.8 | u==1) if Obese==1 & cvd==
replace die=(uniform()>.9 | u==1) if Obese==0 & cvd==
replace die=(uniform()>.8 | u==1) if Obese==1 & cvd==

cc die Obese, by (cvd)

tab die Obese if cvd==

tab die Obese

*bias analysis using Episens macro (a Stata add-on)

episens die Obese if cvd==1, st (cc) dpscex (c(338/562))
dpscun (c (842/1516)) dpsnex (c(531/1376)) dpsnun(c(671/
6546) )

cc die Obese

Results from simulation:

Odds ratio 95% confidence interval
Total population 1.76 1.57,1.97
Individuals without CVD 231 1.94,2.74
Individuals with CVD 0.51 0.43,0.60
Results from bias analysis:
Odds ratio observed from data 0.51 (043, 0.60)
Corrected odds ratio 1.76

World B: Simulation with no unmeasured confounding of the
CVD-mortality relationship

clear

set obs 10000

set seed 123456

*generating the distribution of exposure (obese),
outcome (die), and intermediate (cvd)

gen Obese=uniform()>.8

gen cvd=uniform()>.95 if Obese==

replace cvd=uniform()>.9 if Obese==

gen die=uniform()>.95 if Obese==0 & cvd==

replace die=uniform()>.9 if Obese==1 & cvd==0

replace die=uniform()>.8 if Obese==0 & cvd==

replace die=uniform()>.9 if Obese==1 & cvd==

cc die Obese, by (cvd)

tab die Obese if cvd==

tab die Obese

*pbias analysis using Episens macro (a Stata add-on)

episens die Obese if cvd==1, st (cc) dpscex (c(23/189))
dpscun (c (80/464)) dpsnex (c(138/1749)) dpsnun (c(329/
7598) )

cc die Obese

Results from simulation:

Odds ratio 95% confidence interval
Total population 1.77 148,2.12
Individuals without CVD 1.95 1.60, 2.36
Individuals with CVD 0.69 0.39,1.16

Results from bias analysis:

QOdds ratio observed from data 0.69 (0.41, 1.14)
Corrected odds ratio 1.77

References

Adams, K.F., Schatzkin, A., et al., 2006. Overweight, obesity, and mortality in a large
prospective cohort of persons 50 to 71 years Old. N. Engl. ]J. Med. 355 (8),
763-778.

Allison, D.B,, Faith, ML.S,, et al., 1999a. Meta-analysis of the effect of excluding early deaths
on the estimated relationship between body mass index and mortality. Obes. Res. 7
(4), 342-354.

Allison, D.B., Heo, M,, et al., 1999b. Simulation study of the effects of excluding early
deaths on risk factor-mortality analyses in the presence of confounding due to occult
disease: the example of body mass index. Ann. Epidemiol. 9 (2), 132-142.

Allison, D.B., Heo, M., et al., 1997. Examination of “early mortality exclusion” as an ap-
proach to control for confounding by occult disease in epidemiologic studies of mor-
tality risk factors. Am. J. Epidemiol. 146 (8), 672-680.

Angeras, 0., Albertsson, P,, et al., 2013. Evidence for obesity paradox in patients with acute
coronary syndromes: a report from the Swedish Coronary Angiography and Angio-
plasty Registry. Eur. Heart . 34 (5), 345-353.

Badheka, A.O., Rathod, A, et al., 2010. Influence of obesity on outcomes in atrial fibrilla-
tion: yet another obesity paradox. Am. J. Med. 123 (7), 646-651.

Banack, H.R,, Kaufman, ].S., 2013. Reversing the direction of associations among survivors:
the “obesity paradox” explained. Epidemiology 24 (3), 461.

Berrington de Gonzalez, A., Hartge, P., et al., 2010. Body-mass index and mortality among
1.46 million white adults. N. Engl. J. Med. 363 (23), 2211-2219.

Bucholz, E.M.,, Rathore, S.S,, et al,, 2012. Body mass index and mortality in acute myocar-
dial infarction patients. Am. J. Med. 125 (8), 796-803.

Calle, E.E., Rodriguez, C,, et al., 2003. Overweight, obesity, and mortality from cancer in a
prospectively studied cohort of U.S. adults. N. Engl. J. Med. 348 (17), 1625-1638.
Chrysant, S.G., Chrysant, G.S., 2013. New insights into the true nature of the obesity par-

adox and the lower cardiovascular risk. J. Am. Soc. Hypertens. 7 (1), 85-94.

Cole, S.R,, Platt, RW., et al., 2010. Illustrating bias due to conditioning on a collider. Int.
J. Epidemiol. 39 (2), 417-420.

Cooper, R.S., 2008. Which factors confound or modify the relationship between body
weight and mortality? Int. J. Obes. 32 (S3), S47-S51.

Curtis, J.P., Selter, J.G., et al.,, 2005. The obesity paradox: body mass index and outcomes in
patients with heart failure. Arch. Intern. Med. 165 (1), 55-61.

De Schutter, A, Lavie, CJ., et al., 2013. Obesity paradox and the heart: which indicator of
obesity best describes this complex relationship? Curr. Opin. Clin. Nutr. Metab. Care
16 (5), 517-524.

Dixon, ].B,, Lambert, G.W., 2013. The obesity paradox — a reality that requires explanation
and clinical interpretation. Atherosclerosis 226 (1), 47-48.

Durazo-Arvizu, R.A., Cooper, R.S., 2008. Issues related to modeling the body mass index-
mortality association: the shape of the association and the effects of smoking status.
Int. J. Obes. 32 (S3), S52.

Eichner, J.E.,, Dunn, S.T., et al., 2002. Apolipoprotein E polymorphism and cardiovascular
disease: a HuGE review. Am. J. Epidemiol. 155 (6), 487-495.

Ewbank, D.C., 2007. Differences in the association between apolipoprotein E genotype
and mortality across populations. J. Gerontol. A: Biol. Med. Sci. 62 (8), 899-907.
Ferreira, I, Stehouwer, C.D.A., 2012. Obesity paradox or inappropriate study designs?

Time for life-course epidemiology. ]. Hypertens. 30 (12), 2271-2275.

Flanders, W.D., Augestad, L.D., 2008. Adjusting for reverse causality in the relationship be-
tween obesity and mortality. Int. J. Obes. 32 (S3), S42.

Flanders, W.D., Klein, M., 2007. Properties of 2 counterfactual effect definitions of a point
exposure. Epidemiology 18 (4), 453-460.

Flegal, K.M., Carroll, M.D,, et al., 2012. Prevalence of obesity and trends in the distribution
of body mass index among US adults, 1999-2010. JAMA 307 (5), 491-497.

Flegal, K.M., Carroll, M.D,, et al., 2010. Prevalence and trends in obesity among US adults,
1999-2008. JAMA 303 (3), 235-241.

Flegal, KM., Graubard, B.L, et al,, 2011. Reverse causation and illness-related weight loss
in observational studies of body weight and mortality. Am. J. Epidemiol. 173 (1), 1-9.

Flegal, KM., Graubard, B.L, et al., 2007. Impact of smoking and preexisting illness on esti-
mates of the fractions of deaths associated with underweight, overweight, and obesi-
ty in the US population. Am. J. Epidemiol. 166 (8), 975-982.

Flegal, KM, Kit, BK, et al., 2013. Association of all-cause mortality with overweight and
obesity using standard body mass index categories: a systematic review and meta-
analysis. JAMA 309 (1), 71-82.

Flegal, KM., Shepherd, J.A,, et al., 2008. Comparisons of percentage body fat, body mass
index, waist circumference, and waist-stature ratio in adults. Am. J. Clin. Nutr. 89
(2), 500-508. http://dx.doi.org/10.3945/ajcn.2008.26847.

Fried, L.P., Tangen, C.M,, et al., 2001. Frailty in older adults: evidence for a phenotype.
]. Gerontol. A: Biol. Med. Sci. 56 (3), M146-M157.

Glymour, M.M.,, Vittinghoff, E., 2014. Commentary: selection bias as an explanation for the
obesity paradox: just because it's possible doesn't mean it's plausible. Epidemiology
25 (1), 4-6. http://dx.doi.org/10.1097/EDE.0000000000000013.

Greenberg, ].A., 2006. Correcting biases in estimates of mortality attributable to obesity.
Obesity 14 (11), 2071-2079.

Gruberg, L., Weissman, NJ., et al., 2002. The impact of obesity on the short-term and long-
term outcomes after percutaneous coronary intervention: the obesity paradox? J. Am.
Coll. Cardiol. 39 (4), 578-584.

Hernan, M.A,, Hernandez-Diaz, S., et al., 2004. A structural approach to selection bias. Ep-
idemiology 15 (5), 615-625.


http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0005
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0005
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0005
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0010
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0010
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0010
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0015
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0015
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0015
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0020
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0020
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0020
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0025
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0025
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0025
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0030
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0030
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0345
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0345
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0035
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0035
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0040
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0040
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0045
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0045
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0050
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0050
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0055
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0055
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0060
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0060
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0065
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0065
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0070
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0070
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0070
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0075
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0075
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0080
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0080
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0080
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0085
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0085
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0090
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0090
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0095
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0095
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0100
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0100
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0105
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0105
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0110
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0110
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0115
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0115
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0120
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0120
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0125
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0125
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0125
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0130
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0130
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0130
http://dx.doi.org/10.3945/ajcn.2008.26847
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0135
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0135
http://dx.doi.org/10.1097/EDE.0000000000000013
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0145
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0145
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0150
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0150
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0150
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0155
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0155

102 H.R. Banack, ].S. Kaufman / Preventive Medicine 62 (2014) 96-102

Hernandez-Diaz, S., Schisterman, E.F,, et al., 2006. The birth weight “paradox” uncovered?
Am. J. Epidemiol. 164 (11), 1115-1120.

Janssen, I, 2005. Heart disease risk among metabolically healthy obese men and metabol-
ically unhealthy lean men. Can. Med. Assoc. J. 172 (10), 1315-1316.

Kleinbaum, D., Morgenstern, H., et al., 1981. Selection bias in epidemiologic studies. Am.
J. Epidemiol. 113 (4), 452-463.

Kopelman, P., 2000. Obesity as a medical problem. Nature 404 (6778), 635.

Kramer, C.K., Zinman, B., et al., 2013. Are metabolically healthy overweight and obesity
benign conditions? A systematic review and meta-analysis. Ann. Intern. Med. 159
(11), 758-769.

Lajous, M., Bijon, A, et al., 2014. Body mass index, diabetes, and mortality in french women:
explaining away a “paradox”. Epidemiology 25 (1), 10-14. http://dx.doi.org/10.1097/
EDE.0000000000000031.

Lash, T., Fox, M,, et al., 2009. Applying Quantitative Bias Analysis to Epidemiologic Data.
Springer, New York.

Lavie, CJ., De Schutter, A, et al., 2011. Body composition and coronary heart disease mor-
tality—an obesity or a lean paradox? Mayo Clin. Proc. 86 (9), 857-864.

Lavie, CJ., De Schutter, A, et al., 2013. Body composition and fitness in the obesity para-
dox—body mass index alone does not tell the whole story. Prev. Med. 57 (1), 1-2.

Lavie, CJ., De Schutter, A., et al., 2012. Body composition and survival in stable coronary
heart disease: impact of lean mass index and body fat in the “obesity paradox”.
J. Am. Coll. Cardiol. 60 (15), 1374-1380.

Lavie, CJ., Milani, RV, et al., 2009a. The obesity paradox, weight loss, and coronary dis-
ease. Am. J. Med. 122 (12), 1106-1114.

Lavie, CJ., Milani, R.V., et al., 2009b. Obesity and cardiovascular disease risk factor, para-
dox, and impact of weight loss. J. Am. Coll. Cardiol. 53 (21), 1925-1932.

Lavie, CJ., Osman, A.F, et al., 2003. Body composition and prognosis in chronic systolic
heart failure: the obesity paradox. Am. ]. Cardiol. 91 (7), 891-894.

Lawlor, D.A.,, Hart, C.L,, et al.,, 2006. Reverse causality and confounding and the associa-
tions of overweight and obesity with mortality. Obesity 14 (12), 2294-2304.

McAuley, P.A,, Blair, S.N., 2011. Obesity paradoxes. ]. Sports Sci. 29 (8), 773-782.

National Center for Health Statistics, 1997. National Health and Nutrition Examination
Survey: questionnaires, datasets, and related documentation. http://www.cdc.gov/
nchs/nhanes/nhanes_questionnaires.htm (Retrieved January 28, 2013, from).

National Center for Health Statistics, 2009. The Third National Health and Nutrition Exam-
ination Survey (NHANES III) Linked Mortality File, mortality follow-up through 2006:
matching methodology. http://www.cdc.gov/nchs/data/datalinkage/matching_
methodology_nhanes3_final.pdf (from).

Nigam, A., Wright, R.S., et al., 2006. Excess weight at time of presentation of myocar-
dial infarction is associated with lower initial mortality risks but higher long-
term risks including recurrent re-infarction and cardiac death. Int. J. Cardiol.
110 (2), 153-159.

Oreopoulos, A., Fonarow, G.C., et al., 2011. Do anthropometric indices accurately reflect
directly measured body composition in men and women with chronic heart failure?
Congest. Heart Fail. 17 (2), 90-92.

Oreopoulos, A, Padwal, R, et al,, 2008a. Body mass index and mortality in heart failure: a
meta-analysis. Am. Heart J. 156 (1), 13-22.

Oreopoulos, A, Padwal, R,, et al., 2008Db. Effect of obesity on short- and long-term mortal-
ity postcoronary revascularization: a meta-analysis. Obesity 16 (2), 442-450.

Orpana, H.M,, Berthelot, J.-M,, et al., 2010. BMI and mortality: results from a national lon-
gitudinal study of Canadian adults. Obesity 18 (1), 214-218.

Orsini, N., Bellocco, R., et al., 2008. A tool for deterministic and probabilistic sensitivity
analysis of epidemiologic studies. Stata J. 8 (1), 29-48.

Ortega, F.B,, Lee, D.-c,, et al., 2013. The intriguing metabolically healthy but obese phenotype:
cardiovascular prognosis and role of fitness. Eur. Heart J. 34 (5), 389-397.

Preston, S.H., Stokes, A., 2014. Obesity paradox: conditioning on disease enhances biases
in estimating the mortality risks of obesity. Epidemiology (in press).

Robins, ].M., Hernan, MA, et al., 2000. Marginal structural models and causal inference in
epidemiology. Epidemiology 11 (5), 550-560.

Romero-Corral, A., Montori, V.M., et al., 2006. Association of bodyweight with total mor-
tality and with cardiovascular events in coronary artery disease: a systematic review
of cohort studies. Lancet 368 (9536), 666-678.

Rothman, K]J., 2008. BMI-related errors in the measurement of obesity. Int. J. Obes. 32
(S3), S56.

Rothman, KJ., Greenland, S., et al., 2008. Modern Epidemiology. Lippincott Williams
Wilkins, Philadelphia.

Sarno, G., Rdber, L, et al., 2011. Impact of body mass index on the five-year outcome of
patients having percutaneous coronary interventions with drug-eluting stents. Am.
J. Cardiol. 108 (2), 195-201.

Song, Y., Stampfer, M.J,, et al., 2004. Meta-analysis: apolipoprotein E genotypes and risk
for coronary heart disease. Ann. Intern. Med. 141 (2), 137-147.

Stevens, J.,, Cai, J., et al., 2002. Fitness and fatness as predictors of mortality from all causes
and from cardiovascular disease in men and women in the lipid research clinics
study. Am. ]. Epidemiol. 156 (9), 832-841.

Stevens, J., Juhaeri, et al., 2001. Changes in body mass index prior to baseline among par-
ticipants who are ill or who die during the early years of follow-up. Am. J. Epidemiol.
153 (10), 946-953.

Strandberg, T.E., Stenholm, S., et al,, 2013. The “obesity paradox”, frailty, disability, and
mortality in older men: a prospective, longitudinal cohort study. Am. J. Epidemiol.
178 (9), 1452-1460.

Strandberg, T.E., Strandberg, AY., et al., 2009. Explaining the obesity paradox: cardiovas-
cular risk, weight change, and mortality during long-term follow-up in men. Eur.
Heart J. 30 (14), 1720-1727.

The BMI in Diverse Populations Collaborative Group, 1999. Effect of smoking on the body
mass index-mortality relation: empirical evidence from 15 studies. Am. J. Epidemiol.
150 (12), 1297-1308.

Uretsky, S., Messerli, F.H., et al., 2007. Obesity paradox in patients with hypertension and
coronary artery disease. Am. J. Med. 120 (10), 863-870.

Vaduganathan, M., Lee, R, et al., 2012. Relation of body mass index to late survival after
valvular heart surgery. Am. J. Cardiol. 110 (11), 1667-1678.

van der Boon, R.M.A,, Chieffo, A, et al., 2013. Effect of body mass index on short- and long-
term outcomes after transcatheter aortic valve implantation. Am. J. Cardiol. 111 (2),
231-236.

VanderWeele, T.J., 2010. Bias formulas for sensitivity analysis for direct and indirect ef-
fects. Epidemiology 21 (4), 540-551 (510.1097/EDE.1090b1013e3181df1191c).
Vazquez, G., Duval, S,, et al., 2007. Comparison of body mass index, waist circumference,
and waist/hip ratio in predicting incident diabetes: a meta-analysis. Epidemiol. Rev.

29 (1), 115-128.

Vina, J., Borras, C,, et al., 2013. Overweight, obesity, and all-cause mortality. JAMA 309
(16), 1679.

Wacholder, S., 2013. Precursors in cancer epidemiology: aligning definition and function.
Cancer Epidemiol. Biomark. Prev. 22 (4), 521-527.


http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0160
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0160
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0165
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0165
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0170
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0170
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0175
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0180
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0180
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0180
http://dx.doi.org/10.1097/EDE.0000000000000031
http://dx.doi.org/10.1097/EDE.0000000000000031
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0190
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0190
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0195
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0195
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0355
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0355
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0200
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0200
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0200
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0205
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0205
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0210
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0210
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0215
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0215
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0220
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0220
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0225
http://www.cdc.gov/nchs/nhanes/nhanes_questionnaires.htm
http://www.cdc.gov/nchs/nhanes/nhanes_questionnaires.htm
http://www.cdc.gov/nchs/data/datalinkage/matching_methodology_nhanes3_final.pdf
http://www.cdc.gov/nchs/data/datalinkage/matching_methodology_nhanes3_final.pdf
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0230
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0230
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0230
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0230
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0370
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0370
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0370
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0235
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0235
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0240
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0240
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0245
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0245
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0250
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0250
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0375
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0375
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0380
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0380
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0260
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0260
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0265
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0265
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0265
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0270
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0270
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0275
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0275
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0280
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0280
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0280
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0285
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0285
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0290
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0290
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0290
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0385
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0385
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0385
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0300
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0300
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0300
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0305
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0305
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0305
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0310
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0310
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0310
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0315
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0315
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0320
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0320
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0325
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0325
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0325
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0390
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0390
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0330
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0330
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0330
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0335
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0335
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0340
http://refhub.elsevier.com/S0091-7435(14)00068-1/rf0340

	The obesity paradox: Understanding the effect of obesity on mortality among individuals with cardiovascular disease
	Introduction
	Physiological explanations for the obesity paradox
	Methodological explanations for the obesity paradox
	An alternative explanation
	Analysis
	Example 1
	Example 2

	Bias analysis
	Conclusion
	Conflict of interest statement
	Acknowledgments
	Appendix A
	World A: Simulation with unmeasured confounding (U) of the CVD–mortality relationship
	World B: Simulation with no unmeasured confounding of the CVD-mortality relationship
	References


