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Introduction
In the call for papers for the research agenda: “the chang-

ing relationship between body weight and health in aging,” 
it was stated that: “.  .  . the relationship between BMI and 
mortality is increasingly U-shaped with advancing age, with 
higher mortality among both underweight and obese older 
person. . . .” (1). A previous American study of 83,744 per-
sons, followed for an average of 14.7 years, provides sup-
port for this statement based on two very broad age 
categories, one below the age of 55 years and one equal or 
above the age of 55 years (2). Based on this, it is not possi-
ble to assess whether the U-shape increases with age at the 
very old ages.

The relationship between body mass index (weight ad-
justed for height [kilogram per square meter]) and mor-
tality is observed as being U-shaped in many cohorts 
(2–5). Other studies support an increasing linear associa-
tion between body mass index (BMI) and mortality in 

younger persons, when adjusting for health at intake, 
while other studies found no association in older persons 
(4–7).

A few studies suggest that the association between BMI 
and mortality is declining with advancing age (5–7). In the 
study by Waaler (5) of 1.8 million Norwegians, this was 
shown as cumulative incidence, which has little discrimina-
tive power as recognized by the author (5). In the study of 
6,139 German persons, who were followed for an average 
of 14.8 years, the focus was on obese persons, and the effect 
of age was only analyzed between age 18 and 74 years (6). 
In the study of 324,135 American persons, who were fol-
lowed for 12 years, the number of persons above the age of 
85 years was only 553 (7).

Here, we investigate the relationship between BMI and 
mortality for persons aged 70–95 years in a large popula-
tion–based contemporary sample of Danes over a 10-year 
follow-up period.
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Methods

Study Population
The study population consists of two surveys. The Longi-

tudinal Study of Aging of Danish Twins (LSADT) began in 
1995 and includes all Danish same-sex twins aged 70+ 
years, who were assessed every 2 years up to 2005 (8). From 
1995 to 1999, 5,882 twins were asked to make their first 
entry into the survey and 4,271 twins (73%) volunteered. 
These twins consist of 2,247 broken pairs (ie, only one twin 
in a pair participated) and 1,012 complete pairs of which 
392 were monozygotic pairs. Eighteen were discarded be-
cause they were older than 95 years. The Danish 1905 Co-
hort comprises all individuals born in 1905 living in 
Denmark on April 1, 1968, and was identified through the 
Danish Civil Registration System. The 1905 Cohort Survey 
consists of four waves and was started in 1998, at which 
point 3,600 persons were still alive, and of these 2,262 
(63%) participated (9).

In both surveys, they were asked about their present 
weight and height, and the two surveys resulted in a study 
population of 6,515 persons (2,275 males and 4,240  
females) of which 742 were proxy interviews. Each per-
son was followed from the baseline interview date.

Body Mass Index
The BMI was calculated from the self-reported height 

and weight at baseline. Thirteen persons had a BMI which 
was less than 15 or greater than 45, and it was considered 
that the recorded values might have been flawed so that the 
BMI was recorded as missing (10). One hundred forty-
seven had no height or weight recorded. Hence, a total of 
160 persons (2.5%) had a missing BMI value.

Survival
Each participant was followed from the baseline inter-

view date through to December 31, 2008, in the Danish 
Civil Registration system, which registers date of death or 
emigration of all Danish persons (11). Two persons emi-
grated in the follow-up period; thus, they were lost in the 
follow-up process. The interview dates from LSADT con-
ducted in 1995 and 1997 were only approximate. The actual 
month and day within these years were not recorded, but the 
time interval of the interviews was known (3–4 months), 
and the middle of these dates was used.

Analyses
Survival analyses using Cox’s proportional hazards mod-

els were performed to study the association between BMI 
and mortality separately within each age group 70–74, 75–
79, 80–89, and 90–94. In these models, the participants’ age 
was the time axis adjusting for birth cohort (12). Risk was 
assessed from the age of the interview to age of death or age 

after the 10-year follow-up period for those surviving more 
than 10 years. The survival was truncated at 10 years of 
follow-up because very few participants had more than 10 
years of follow-up, making interpretation difficult. Survival 
analysis was also performed using the entire data but allow-
ing for separate associations of BMI and mortality in the 
different age groups. This analysis has the advantage of 
more power when modeling the age effect but assumes BMI 
to be constant over the follow-up period.

For each of the above-mentioned age groups, we fitted a 
linear spline Cox regression model with one knot. This 
model assumes piecewise linear association between BMI 
and log hazard with different slopes below and above the 
knot (change point). The optimal knot was found using the 
log likelihood function under the working independence as-
sumption. Models with two knots were also applied, but 
they did not provide an appreciably better fit, and we thus 
used the one-knot spline model only. This class of models 
gave an adequate fit to the data compared to the models with 
BMI divided into quantiles, and they also gave a signifi-
cantly better fit to the data than linear associations (without 
a knot). These results were based on the log likelihood ratio 
test under the working independence assumption. In the 
spline models, the analyses were also performed, restricted 
from the 1st to the 99th percentile to test for potential high 
leverage of outliers. The proportional hazards assumption, 
underlying the Cox models, was tested using the Schoen-
feld residual test (13). To examine whether the association 
between BMI and mortality changed with age, a linear trend 
analysis was performed, using variance-weighted least 
squares regression. A goodness of fit was calculated to test 
for the linear association.

Statistical analysis was done using Stata 9.2 (STATA 
Corp, College Station, TX). As the data partly pertain to 
twin pairs, and because observation within twin pairs might 
be correlated, the analyses were performed using the robust 
estimator of variance, assuming independence between 
pairs (14).

Results
BMI generally decreased with age, and males had a 

higher BMI than females (Table 1). The variation of the 
BMI values was generally higher for females than males, 
and for males the variation was constant over age, but for 
females it decreased. The same pattern emerged if the anal-
yses were restricted from the 1st to 99th percentile showing 
that the results were not influenced by outliers. During the 
10-year follow-up period, 4,664 (72%) persons died. The 
mortality rates were higher for males than females, and the 
rates increased with increasing age (Table 2). Furthermore, 
higher mortality among both underweight and overweight 
persons was present in all age groups except for males aged 
90–94 years, where it seemed that higher BMI led to better 
survival.
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The association between BMI and mortality decreased 
with advancing age for both males and females (Figure 1). 
There was a significant decrease in the association between 
low BMI and mortality with advancing age (p ≤ .03) as well 
as a tendency for the association between high BMI and 
mortality to decrease with advancing age for males (p = .06) 
(Figure 2). This suggests a decrease in the “U-shape” with 
advancing age for both genders. The figure also illustrates 
that being underweight was associated with a higher mortal-
ity rate for both genders, contrary to being overweight for 
all age groups.

The linear assumption in the trend analysis was accepted 
for having a high BMI, but for having a low BMI, there was 
some evidence of the trend not being linear for females (p = 
.08) when analyzing all the age groups. Hence, the trend 
was evaluated excluding the age group 90–94, and the linear 
assumption of this model was accepted. This and Figure 2 
suggest that the association between low BMI and mortality 
decreases significantly with advancing age for females, but 
the association might reach a plateau after the age of ap-
proximately 85 years.

The test for proportional hazard assumption was not 
compromised in the applied models, except for males aged 

80–89 years. Further analysis showed that it was only four 
persons, who made the proportional hazard assumption fail; 
hence, we chose to accept the model. Restricting the data 
from the 1st to the 99th percentile gave virtually identical 
results in the linear spline model, indicating that the results 
were robust. When analyzing the entire data, allowing for 
separate associations of BMI and mortality in the different 
age groups, we achieved similar results compared to analyz-
ing the data separately for each age group, which again sub-
stantiate the robustness of the conclusions.

Discussion
This study found that the U-shaped association between 

BMI and mortality is decreasing from age 70 to 95 years in 
a large contemporary Danish population–based sample. The 
mortality rates in the lowest and highest BMI quantile, 
within each age group, increased with age but not as much 
as the rate in the other quantiles, suggesting that the rela-
tionship became less U-shaped with age. The association 
between low BMI (values below the knot) and mortality de-
creased significantly with advancing age, and there was a 
tendency for the association between high BMI (values 

Table 1.  Summary statistics for each gender and age groups

Male Female

70–74 y 75–79 y 80–89 y 90–94 y 70–74 y 75–79 y 80–89 y 90–94 y

N* 590 610 459 616 706 938 819 1,777
N BMI† 586 605 450 605 698 918 797 1,696
Median BMI 25.35 25.03 24.51 23.88 23.88 23.71 23.12 22.31
Mean BMI 25.66 25.34 24.83 24.05 24.30 24.09 23.46 22.75
SD BMI 3.36 3.50 3.60 3.46 4.22 4.08 3.97 3.76

Notes: BMI, body mass index.
*Total number.
† Number with a BMI measurement.

Table 2.  Mortality rates* according to median BMI†, by gender and age groups

70–74 y 75–79 y 80–89 y 90–94 y

Quantiles  
BMI N

Median  
BMI

Mortality  
Rate N

Median  
BMI

Mortality  
Rate N

Median  
BMI

Mortality  
Rate N

Median  
BMI

Mortality  
Rate

Male
  1 98 21.30 8.8 101 20.90 17.3 75 20.32 18.3 101 19.49 47.3
  2 107 23.66 4.3 102 23.12 8.0 78 22.66 16.2 101 21.97 37.5
  3 90 24.80 4.2 100 24.39 7.9 75 24.09 20.9 101 23.39 32.8
  4 96 26.08 5.1 103 25.71 8.3 72 25.39 16.5 104 24.49 32.9
  5 98 27.47 4.3 100 27.43 10.3 75 26.84 15.6 98 25.95 32.1
  6 97 30.74 5.9 99 30.46 9.3 75 29.73 18.4 100 29.38 30.8
Female
  1 117 18.87 5.5 153 18.96 7.4 134 18.37 17.5 283 17.94 34.6
  2 119 21.45 3.0 154 21.32 6.5 132 20.56 13.4 284 20.03 29.8
  3 114 23.19 2.5 154 23.03 5.1 133 22.35 13.9 283 21.51 26.9
  4 117 24.77 3.0 151 24.34 5.2 140 23.88 11.8 281 23.19 25.4
  5 115 26.57 3.0 153 26.44 5.3 126 25.90 10.1 284 24.97 24.7
  6 116 30.43 3.8 153 30.04 6.3 132 29.30 12.3 281 28.13 26.5

Notes: BMI, body mass index.
*Mortality rates are per 100 years.
† BMI was divided into 6 quantiles.
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above the knot) and mortality to decrease with advancing 
age for males. The test for the linear assumption was not 
fulfilled for low BMI for females, and further analyses 
showed that the association between mortality and low BMI 
decreased significantly with advancing age and that the as-
sociation may reach a plateau after the age of approximately 
85 years.

Having a low BMI was associated with a higher mortality 
at all age groups for both genders. For females, having a 
high BMI was also associated with a higher mortality for 
age group 70–74, and for age groups 75–79, 80–89, and 
90–94, there was a tendency for an association. For males, 
having a high BMI was not associated with a higher mortal-
ity for any of the age groups. But having a low BMI was 
strongly associated with mortality compared to having a 
high BMI in all age groups and for both genders.

These results are different from the assumption in the pres-
ent call for papers (1) but more in line with the articles by 
Waaler (5), Bender et al. (6), and Stevens et al. (7). The study 
by Waaler (5) on 1.8 million Norwegians had the problem in 
the relation to the present study that it was done using cumula-
tive incidence, which reduces the power to detect differences 

in survival among the elderly. The study by Bender et al. (6) 
focused on the effect of obesity on mortality in different age 
groups, and the study by Stevens et al. (7) had few very old 
persons. None of the three studies had an analysis of nonage-
narians, which is a large group in the present study.

None of the mentioned studies (2–7) did report whether 
the proportional hazard assumption was fulfilled, which is 
the main assumption in the Cox model. Violation of the pro-
portional hazard assumption can indeed result in biased es-
timates of the effect of BMI on survival. A false 
nonsignificant result, regarding the effect of a given vari-
able, can even be obtained if the effect is initially positive 
and later on the reverse.

Our study has the strength that it is population based. 
Some of the participants were twins, and it could be argued 
that twins are not good representatives of the large popula-
tion on health, aging, and mortality. Twins might be a selec-
tive group because twins have birth-weight that on average 
is about 1 kg less than that of singletons. Hence, growth 
restriction in the third trimester is severe, which is hypoth-
esized to “program” increased risk of cardiovascular dis-
eases and diabetes (15–17). However, large-scale Swedish 
and Danish studies of mortality have been unable to detect 
any differences in all-cause mortality or cardiovascular 
mortality in the age range 6–90 between twins and the 
general population (18–20).

The weakness of our study is primarily that the BMI is 
calculated from self-reported height and weight. Older per-
sons might be more likely to report their maximal attained 
height rather than current height, but this would not have an 
effect on the change in the association with age. Older per-
sons might also be more likely to report with error than 
younger persons, which could have an effect on the change 
in the association with age. Using the longitudinal aspect of 
LSADT did, however, show a high reliability between the 
reported heights at the next follow-up 2 years later for the 
age groups 70–74 (0.96), 75–79 (0.95), and 80–89 (0.92) but 
still highest for the youngest group. For the age group 90–94, 
there were too few to assess this. Using the longitudinal as-
pect of LSADT and the 1905 Cohort Survey also showed 
that the average change in weight (kilograms) at the next 
follow-up 2 years later was fairly similar within the four age 
groups 70–74 (−0.4), 75–79 (−0.7), 80–89 (−1.0), and 90–94 
(−0.9). We also performed the analyses excluding the proxies 
and the twins without mini-mental state examination record-
ings at baseline, and we found the same overall results. This 
suggests that the reporting is reliable, which is in agreement 
with the literature of self-reported height and weight (21).

We did not control for initial health, and it could be ar-
gued that the U-shaped association reflects the direct effect 
of diseases already present at measurement. However, this 
would particularly apply in the time just after measurement, 
and because the proportional hazard assumption was ful-
filled in a 10-year follow-up period, this would not account 
for the overall U-shaped association.
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Figure 1.  Graphical representation of the linear spline Cox regression for 
each gender and age groups.
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The participation rate from the two surveys was high 
(69%), but nonresponse from the most frail persons could 
create a biased association. Using data from the Danish 
Civil Registration system, we tested the participants against 
the nonparticipants and found a higher death rate for the 
nonparticipants, compared with the survey participants. Be-
cause the effect was similar within each age group, this is 
unlikely to have an effect on the change in the association 
between BMI and mortality with age (data available on  
request).

The reason for the decrease in the association between high 
BMI and mortality with advancing age may be a selection 
effect. The proportion with a relative high BMI among the 
90- to 94-year olds is much smaller than among the 70- to 
74-year olds. The reason for the decrease in the association 
between low BMI and mortality may be due to different 
causes of low BMI among the 70- to 74-year olds and the 90- 
to 94-year olds. In the youngest group, a low BMI could be a 
sign of serious diseases, for example, cancer. In the oldest 
group, a low BMI is most likely a sign of the terminal phase. 
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Figure 2.  Linear trend analysis for the hazard ratio with an increment of 1.0 in body mass index (BMI) according to age groups having a low (below knot) or high 
(above knot) BMI for each gender. The hazard ratios are from the separate linear spline models of the four age groups. The bars represent 95% confidence intervals. 
The p value refers to a linear trend test. The graph on the left shows that the association between mortality and low BMI decreases with advancing age, and the graph 
on the right also shows that the association between mortality and high BMI decreases with advancing age.
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The decreasing association between BMI and mortality could 
also reflect the increasing impact of other risk factors.

All these factors could explain why the variation in BMI 
is larger among the 70- to 74-year-old females compared 
with 90- to 94-year-old females. This is, however, not the 
case for males, who also generally have a smaller variation 
than females, which may well be an effect of males having 
a higher mortality rate compared with females throughout 
life. Hence, there has already been a strong selection in 
males compared with females in these age groups.

In conclusion, this large population–based study found 
that the association between BMI and mortality became de-
creasingly U-shaped with advancing age in the age group 
70–95 years. This suggests that BMI is less predictable of 
mortality with age, and for all persons older than 70 years a 
very low BMI is associated with the highest mortality.
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