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ABSTRACT

BACKGROUND

A high body-mass index (BMI, the weight in kilograms divided by the square of the
height in meters) is associated with increased mortality from cardiovascular dis-
ease and certain cancers, but the precise relationship between BMI and all-cause
mortality remains uncertain.

METHODS
We used Cox regression to estimate hazard ratios and 95% confidence intervals for
an association between BMI and all-cause mortality, adjusting for age, study, physical
activity, alcohol consumption, education, and marital status in pooled data from 19
prospective studies encompassing 1.46 million white adults, 19 to 84 years of age
(median, 58).

RESULTS

The median baseline BMI was 26.2. During a median follow-up period of 10 years
(range, 5 to 28), 160,087 deaths were identified. Among healthy participants who
never smoked, there was a J-shaped relationship between BMI and all-cause mortal-
ity. With a BMI of 22.5 to 24.9 as the reference category, hazard ratios among
women were 1.47 (95 percent confidence interval [CI], 1.33 to 1.62) for a BMI of
15.0 to 18.4; 1.14 (95% CI, 1.07 to 1.22) for a BMI of 18.5 to 19.9; 1.00 (95% CI, 0.96
to 1.04) for a BMI of 20.0 to 22.4; 1.13 (95% CI, 1.09 to 1.17) for a BMI of 25.0 to
29.9; 1.44 (95% CI, 1.38 to 1.50) for a BMI of 30.0 to 34.9; 1.88 (95% CI, 1.77 to
2.00) for a BMI of 35.0 to 39.9; and 2.51 (95% CI, 2.30 to 2.73) for a BMI of 40.0 to
49.9. In general, the hazard ratios for the men were similar. Hazard ratios for a BMI
below 20.0 were attenuated with longer-term follow-up.

CONCLUSIONS
In white adults, overweight and obesity (and possibly underweight) are associated
with increased all-cause mortality. All-cause mortality is generally lowest with a
BMI of 20.0 to 24.9.

N ENGLJ MED 363;23 NEJM.ORG DECEMBER 2, 2010

The New England Journal of Medicine

The authors’ affiliations are listed at the
end of the text. Address reprint requests
to Dr. Berrington de Gonzalez at the Di-
vision of Cancer Epidemiology and Ge-
netics, Rm. 7034, NCI/NIH, 6120 Execu-
tive Blvd., Bethesda, MD 20892, or at
berringtona@mail.nih.gov.

This article (10.1056/NEJM0al000367) was
updated on August 31, 2011, at NEJM.org.

N Engl ) Med 2010;363:2211-9.
Copyright © 2010 Massachusetts Medical Society.

2211

Downloaded from nejm.org on August 22, 2013. For personal use only. No other uses without permission.

Copyright © 2010 Massachusetts Medical Society. All rights reserved.



2212

The NEW ENGLAND JOURNAL of MEDICINE

WO THIRDS OF THE ADULT POPULATION

in the United States and at least half the

populations of many other developed coun-
tries are currently overweight or obese.>:2 Although
it is well established that obese people — defined
as having a body-mass index (BMI) (the weight in
kilograms divided by the square of the height in
meters) of 30.0 or more — have increased death
rates from heart disease, stroke, and many spe-
cific cancers,? the strength of the relationship
between a high BMI and all-cause mortality re-
mains uncertain, as does the optimal BMI with
respect to mortality. Some studies suggest that
being overweight (i.e., a BMI of 25.0 to 29.9) ei-
ther is beneficial or has little effect on all-cause
death rates,*> whereas others report a small in-
creased risk.®® These inconsistencies could be due
to confounding by tobacco use or disease-related
weight loss, differences in age or duration of fol-
low-up among study populations, use of different
referent categories, or chance variation because
of small numbers.® Pooled analyses provide an
opportunity to examine these issues in a large, di-
verse population with the use of a standard ana-
lytic approach across studies.

The Prospective Studies Collaboration recently
assessed the association between BMI and mor-
tality among 900,000 persons in studies that were
primarily designed to evaluate risk factors for
cardiovascular disease.? On the basis of detailed
analyses, particularly of cause-specific mortality,
the investigators concluded that both overweight
and obesity were associated with increased all-
cause mortality and that the optimal BMI was 22.5
to 25.0. However, the main conclusions were based
on analyses that included smokers and persons
with preexisting cancer, possibly underestimating
the association between BMI and all-cause mortal-
ity and overestimating optimal BMIL

We examined the relationship between BMI
and all-cause mortality in a pooled analysis of 19
prospective studies, predominantly designed to
study cancer, which included 1.46 million white
(non-Hispanic) adults and 160,087 deaths. Three
of the cohorts (in which 30,153 deaths occurred)
were also included in the Prospective Studies Col-
laboration.1*-13 We systematically addressed the
methodologic limitations described above by ex-
amining the extent to which the relationship be-
tween BMI and all-cause mortality varied with
smoking status and prevalent disease. The very
large sample and diverse population enabled us
to evaluate variations according to age, sex, fol-

low-up time, and physical activity. Our principal
objectives were to assess the optimal BMI range
and to provide stable estimates of the risks as-
sociated with being overweight, obese, and mor-
bidly obese (BMI >40.0), with minimal confound-
ing due to smoking or prevalent disease.

METHODS

INCLUSION CRITERIA
All prospective studies in the National Cancer In-
stitute Cohort Consortium?* were eligible for in-
clusion if they satisfied the following criteria: the
study had more than 5 years of follow-up, there
were more than 1000 deaths among non-Hispan-
ic white participants, and the baseline year was
1970 or later. Studies must also have ascertained
height, weight, and smoking status at baseline.
Most studies had information on preexisting con-
ditions (particularly cancer other than nonmela-
noma skin cancer or heart disease manifested as
a heart attack, arrhythmia, or angina), alcohol con-
sumption, educational level, marital status, and
level of physical activity. Key variables (height,
weight, smoking status, and preexisting condi-
tions) not available at baseline were later collected
on questionnaires, so the baseline was redefined
as the later date. We restricted the analyses to non-
Hispanic whites (based on self-reported race or
ethnic group) because the relationship between
BMI and mortality may differ across racial and
ethnic groups.'® Participants were also excluded
if they were 85 years of age or older at baseline,
had less than 1 year of follow-up, had missing in-
formation on height or weight, or had a BMI that
was less than 15.0 or that was 50.0 or higher.

STUDY VARIABLES AND FOLLOW-UP
Variables were formatted to be consistently clas-
sified across studies into standard categories, in-
cluding smoking status (never smoked, past smok-
er, or current smoker), number of years since the
person stopped smoking (less than 10, 10 to 19,
or 20 or more), alcohol consumption (in grams
per day), overall level of physical activity (low,
medium, or high), educational level (less than high-
school graduate, high-school graduate, some col-
lege, college graduate, or postgraduate), and mari-
tal status (married, divorced, widowed, or single).
Categories for missing data were included for all
these variables.

Participants were followed from baseline to
the date of death, end of follow-up, or loss to
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follow-up, whichever occurred first. The cause of
death was ascertained from death certificates or
medical records and was coded according to the
International Classification of Diseases, Ninth Revision.

STATISTICAL ANALYSIS
Analyses involved the use of proportional-haz-
ards models, with attained age as the underlying
time variable and with stratification according to
study, and were adjusted for alcohol intake, edu-
cational level, marital status, and physical activity.
Analyses of BMI used the following predefined
standard categories: 15.0 to 18.4, 18.5 to 19.9, 20.0
to 22.4, 22.5 to 24.9, 25.0 to 27.4, 27.5 to 29.9, 30.0
to 34.9, 35.0 to 39.9, and 40.0 to 49.9. We defined
a BMI of 22.5 to 24.9 as the referent category on
the basis of a preliminary analysis indicating that
this was usually the range of BMI associated with
the lowest mortality. Analyses were conducted for
all subjects combined and for subgroups (e.g., sub-
jects who had never smoked). All analyses were
performed with the use of SAS statistical software,
version 9.0 (SAS Institute).'® Because the relation-
ship between BMI and all-cause mortality was non-
linear when evaluated across the whole BMI range
(15.0 to 50.0), heterogeneity among cohorts was
tested with the use of the Q statistic,'” with the
BMI analyzed as a continuous variable in two cat-
egories of BMI: 15.0 to 24.9 and 25.0 to 49.9.

Since all the studies except one'® ascertained
height and weight by means of self-report, we con-
ducted a sensitivity analysis to assess the poten-
tial effect of reporting error. We generated an ad-
justed BMI for each participant by regressing BMI
as calculated from measured height and weight
in participants in the U.S. National Health and
Nutrition Evaluation Survey (NHANES)* on the
BMI as calculated from their self-reported height
and weight, and results were compared with those
based on the unadjusted BMI.

RESULTS

CHARACTERISTICS OF THE STUDY COHORTS
Descriptive statistics for the 19 cohorts?10-13,18,20-39
and the combined population are provided in Ta-
ble 1 in the Supplementary Appendix, available
with the full text of this article at NEJM.org. Of
the 1.46 million people in these studies, more
than half (58%) were women. The median age at
baseline was 58 years, and the median BMI was
26.2. Forty-seven percent of the study population
reported at baseline that they had never smoked,

and only 13% reported that they were currently
smoking. A total of 160,087 deaths were reported
during a 10-year median follow-up; 35,369 of these
deaths were among subjects who were healthy at
baseline (i.e., those who reported no history of
cancer or heart disease) and had never smoked.

The prevalence of current smoking decreased
with increasing BMI; smokers accounted for 25%
of the study participants in the lowest BMI cat-
egory (15.0 to 18.4) but for only 8% of those in
the highest BMI category (40.0 to 49.9) (Table 2
in the Supplementary Appendix); in contrast, the
prevalence of former smoking increased from
27% to 44% from the lowest to the highest BMI
category. Preexisting cancer and emphysema were
slightly more common in the low-BMI catego-
ries, whereas the prevalence of preexisting heart
disease increased with increasing BMI. Physical
inactivity and lack of a college degree were both
associated with a higher BMI.

BMI AND ALL-CAUSE MORTALITY
The age-standardized rate of death from any cause
was generally lowest among participants with a
BMI of 22.5 to 24.9 (Table 3 in the Supplemen-
tary Appendix). As compared with this referent
group, the hazard ratios increased with progres-
sively higher and lower levels of BMI (Fig. 1, and
Table 3 in the Supplementary Appendix). How-
ever, the shape of the relationship between BMI
and the hazard ratio for death changed with the
sequential exclusion of current and former smok-
ers and participants who reported having cancer
or heart disease at baseline. With each exclusion,
the hazard ratios increased for a BMI of 25.0 or
higher and decreased for a BMI of less than 22.5.
Figure 1 shows the contrast between the pattern
observed among healthy participants who never
smoked and the pattern observed when all sub-
jects were included in the analysis. Among both
women (Fig. 1A) and men (Fig. 1B), the nadir of
the curve flattened and expanded to the BMI range
of 20.0 to 24.9 when the analysis was restricted
to healthy participants who never smoked. For
healthy women who never smoked, the estimated
hazard ratios were 1.13 (95% confidence interval
[CI], 1.09 to 1.17) for those who were overweight
(BMI, 25.0 to 29.9), 1.44 (95% CI, 1.38 to 1.50) for
those in obesity class I (BMI, 30.0 to 34.9), 1.88
(95% CI, 1.77 to 2.00) for those in obesity class II
(BMI, 35.0 to 39.9), and 2.51 (95% CI, 2.30 to
2.73) for those in obesity class III (BMI, 40.0 to
49.9). Hazard ratios were broadly similar for men

N ENGLJ MED 363;23 NEJM.ORG DECEMBER 2, 2010

The New England Journal of Medicine
Downloaded from nejm.org on August 22, 2013. For personal use only. No other uses without permission.
Copyright © 2010 Massachusetts Medical Society. All rights reserved.

2213



The NEW ENGLAND JOURNAL of MEDICINE

A White Women

3.5+
3.04 Healthy subjects who
never smoked
e 7
s
[
T 2.0 2.02 1.88 1.99
Y
T AN
L5+ 1.47 1.58
125 All subjects
104 —oee LN et T
1.00 1.00 1.03
0.5 T T T T T T T T T T T T 1
0.0 15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5 35.0 37.5 40.0 42.5 45.0
Body-Mass Index
B White Men
3.5+
Healthy subjects who
never smoked
3.0 2.93
2.5
L2
s
[
T 209
< 1.93
N
T
1.54
1.37
All subjects
1.04
1.01 1.00 1.00 0.97 1.03
0.5

T T T T T T T T T T T T 1
0.015.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5 35.0 37.5 40.0 42.5 45.0

Body-Mass Index

Figure 1. Estimated Hazard Ratios for Death from Any Cause According to
Body-Mass Index for All Study Participants and for Healthy Subjects Who
Never Smoked.

Hazard ratios and 95% confidence intervals are shown for white women
(Panel A) and white men (Panel B). The hazard ratios were calculated with
the use of age as the underlying time scale, were stratified by study, and
were adjusted for alcohol intake (grams per day), educational level, marital
status, and overall physical activity. Subjects were deemed healthy if they
had no cancer or heart disease at baseline.
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except they were higher for obesity classes II
and III.

After we had excluded participants who smoked
and those with cancer or heart disease, the fur-
ther exclusion of those with emphysema or stroke
did not materially alter the associations between
BMI and the rate of death (Table 4 in the Supple-
mentary Appendix). Adjustments for other poten-
tial confounders (alcohol consumption, physical
activity, educational level, and marital status)
slightly reduced the hazard-ratio estimates as-
sociated with a BMI of 25.0 or higher (Table 5 in
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the Supplementary Appendix). In the sensitivity
analysis, the adjustment for reporting errors in
height and weight with the use of NHANES data
also slightly decreased the hazard ratios for a
BMI of 25.0 or higher and slightly increased those
for a BMI of less than 22.5 (Table 6 in the Sup-
plementary Appendix).

Since the results of the following analyses
were broadly similar for men and women, they
were combined to increase statistical power. The
analysis according to single units of BMI among
healthy participants who never smoked confirmed
a nadir for death rates at a BMI of 20.0 to 25.0
and showed an approximately linear relationship
in the hazard ratios for the range of 25.0 to 40.0
(Fig. 1 in the Supplementary Appendix). When the
BMI was analyzed as a continuous variable, the
hazard ratio for each 5-unit increase was 1.31 (95%
CL, 1.29 to 1.33) over the range of 25.0 to 49.9.

The hazard-ratio estimates varied with the age
at which the participant’s BMI was ascertained
(Table 1). For a BMI of 25.0 or higher as com-
pared with a BMI of 22.5 to 24.9, the hazard ratios
were higher for participants whose height and
weight were ascertained at 20 to 49 years of age
than for those whose height and weight were as-
certained after the age of 70 years (P=0.005 for
trend across categories of age). Annual excess
mortality was higher for the older participants
because their absolute death rates were higher.

The increased hazard ratios for a BMI below
20.0 as compared with a BMI of 22.5 to 24.9 were
reduced as the length of follow-up increased; at
15 or more years, the only hazard ratio that was
elevated was for a BMI of 15.0 to 18.4 (P=0.007
for trend across follow-up periods) (Table 2). The
hazard ratios for all BMI categories below 20.0
were also lower for participants who reported
higher levels of physical activity than for those
who reported lower levels, although the trend was
not significant (P=0.14). The hazard ratio for a
BMI of 15.0 to 18.4, as compared with 22.5 to 24.9,
was 1.62 (95% CI, 1.38 to 1.91) versus 1.22 (95%
CI, 1.02 to 1.46) for those reporting low versus
high levels of activity (Table 7 in the Supplemen-
tary Appendix).

HETEROGENEITY AMONG STUDIES
Significant heterogeneity in the association be-
tween BMI and all-cause mortality was observed
across the cohorts (P<0.001 for women and men).
For a BMI of less than 25.0, there was some quali-
tative heterogeneity between studies, whereas for a
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the use of the model for continuous BMI.

BMI of 25.0 or more, the heterogeneity was largely
quantitative. Heterogeneity was reduced in analy-
ses that were restricted to healthy participants who
never smoked (P=0.01 for women and P=0.09 for
men with a BMI of 25.0 or more, and P=0.02 for
women and P=0.003 for men with a BMI of less
than 25.0) (Fig. 2 in the Supplementary Appendix)
and was further reduced when the first 5 years of
follow-up were excluded (P=0.18 for women and
P=0.20 for men with a BMI of 25.0 or more, and
P=0.05 for women and P=0.02 for men with a
BMI of less than 25.0). Even when we excluded
each study in turn (Table 8 in the Supplementary
Appendix), changes in hazard ratios were small.

CAUSE OF DEATH
The pattern and magnitude of the hazard ratios
varied according to the broad cause of death (Ta-
ble 3). The hazard-ratio estimates associated with
a BMI of 25.0 or more were highest for death
from cardiovascular conditions and were lowest
for cancer. For a BMI of less than 22.5, the haz-
ard ratios were highest for other causes of death
and were not elevated for deaths due to cancer.
Although absolute death rates varied according to
sex, the hazard ratios were similar.

DISCUSSION

In this large, pooled analysis of prospective stud-
ies, both overweight and obesity (and possibly
underweight) were associated with increased all-
cause mortality in analyses restricted to partici-
pants who never smoked and did not have diag-
nosed cancer or heart disease. Thus, analyses of
this subgroup should be minimally confounded
by smoking or prevalent illness. The associations
were strongest among participants whose BMI
was ascertained before the age of 50 years. The
lowest all-cause mortality was generally observed
in the BMI range of 20.0 to 24.9. Longer follow-up
attenuated the associations with lower BMI levels.

Our findings are broadly consistent with those
of the Prospective Studies Collaboration, which
showed an optimal BMI of 22.5 to 25.0 in analyses
of all study participants® and of 20.0 to 25.0 in
analyses restricted to participants who never
smoked.*° Results from two cohorts that were not
included in either of the pooled analyses, Cancer
Prevention Study II and the European Prospective
Investigation into Cancer and Nutrition, also sup-
port an optimal BMI range of 20.0 to 24.9.5% In
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addition, the current study and these previous
studies all showed that being overweight is associ-
ated with increased all-cause mortality.>*® Among
healthy persons who never smoked, our estimated
hazard ratio per 5-unit increase in BMI was simi-
lar to the estimate in the Prospective Studies Col-
laboration — 1.31 (95% CI, 1.29 to 1.33) and 1.32
(95% CI, 1.29 to 1.36), respectively, for the BMI
range of 25.0 to 49.9. In contrast, analyses of
NHANES data and the Canadian National Health
Survey, which included smokers and persons with
preexisting diseases, showed that being over-
weight was not associated with increased all-cause
mortality.*> These studies were smaller than our
pooled study, with only about 11,000 deaths com-
bined (7% of the total deaths in our study), so it
is unlikely that their inclusion would have altered
the main results of the current analysis. A recent
study that used NHANES data to forecast the ef-
fects of overweight and obesity on life expectancy
may also have underestimated these effects.*
Debate over the importance of overweight and
obesity for all-cause mortality generally focuses on
whether it is appropriate to exclude from analyses
all smokers and persons with prevalent diseases.
It is argued that smoking and preexisting illness
contribute disproportionately to deaths that occur
before average life expectancy, so the results of
analyses that exclude them cannot be extrapolated
to the general population. The counterargument is
that smoking and preexisting conditions that
cause weight loss are powerful confounders and
analyses that include them lack validity — an at-
tribute that is more important in etiologic studies
than is generalizability. Stratification or exclusion
rather than adjustment is necessary because smok-
ing is so strongly related to obesity and mortality
(Tables 2 and 9 in the Supplementary Appendix),
making it difficult to avoid residual confounding
by means of typical adjustments for smoking
status and number of cigarettes smoked per day.
Two aspects of our findings support our approach
of focusing on healthy participants who never
smoked. First, long-term follow-up strengthened
rather than weakened the association between
obesity and all-cause mortality, which is the ex-
pected result if preexisting illness confounds this
association, especially early during follow-up. Sec-
ond, the relationship between low BMI and all-
cause mortality is stronger among former smokers
who quit less than 20 years ago than among cur-
rent smokers (Table 9 in the Supplementary Ap-

Table 3. Estimated Hazard Ratios for Death from Specific Causes among Healthy Subjects Who Never Smoked, According to Body-Mass Index.*
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* Participants were considered healthy if they had no cancer or heart disease at baseline. Hazard ratios were calculated with age as the underlying time scale, stratified by study, and ad-

justed for sex, alcohol consumption (grams per day), educational level, marital status, and overall physical activity.
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pendix). This result is probably a reflection of
cessation of smoking because of illness.

Two findings suggest that the association be-
tween a low BMI (less than 20.0) and increased
mortality is probably, at least in part, an artifact
of preexisting disease. First, the association be-
tween underweight and increased mortality was
substantially weaker after 15 years of follow-up
(hazard ratio, 1.21) than after 5 years of follow-
up (hazard ratio, 1.73), which is consistent with
greater confounding by other prevalent diseases
(diseases that were undiagnosed or those we did
not have data for) in the early years of follow-up.
Second, the association was somewhat weaker
among persons who were physically active (those
who were lean and fit) than among persons who
were inactive (those with illness-induced wasting).
However, another factor that could attenuate the
hazard ratios for underweight people with longer
follow-up is weight gain over time. Therefore, we
cannot rule out the possibility that being under-
weight is associated with increased mortality.

The strengths of our study include the very
large and diverse study population, long-term
follow-up with the majority of deaths occurring
in the last decade, and the broad age range. This
permitted statistically precise estimates of the
relationship between BMI and mortality across a
wide range of BMI categories even in analyses re-
stricted to healthy participants who never smoked.
In our study, there were more than five times as
many deaths among participants in the highest
obesity categories (BMI of 35.0 to 39.9 and 40.0
to 49.9) than in previous studies>®® because se-
vere obesity had become more common. Among
non-Hispanic persons in the United States as a
whole, an estimated 11% of men and 17% of
women had a BMI of 35 or higher in 2008.

The principal limitation of our study is its reli-
ance on height, weight, and preexisting conditions
at a single point in time. As explained above,
changes in these factors may contribute to the
change in hazard ratios over time (Table 2), but
without repeated measures of these factors, we
cannot assess their relative contributions. Al-
though BMI is not a perfect measure of adiposity,
since it does not distinguish fat from lean body
mass, height and weight are more easily measured
or self-reported than other indexes of excess adi-
posity, such as waist circumference.*? Neverthe-
less, there will be errors in recall and self-report-
ing of height and weight. Prevalent diseases were
also self-reported, and details varied across stud-
ies. Finally, an important limitation in terms of
generalizability was the fact that the population
was restricted to non-Hispanic whites.

We conclude that for non-Hispanic whites, both
overweight and obesity are associated with in-
creased all-cause mortality, and underweight may
be as well. All-cause mortality is generally lowest
within the BMI range of 20.0 to 24.9. The results
of our analysis are most relevant to whites living
in affluent countries; similar analyses are under
way in other populations.
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