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Abstract

Introduction: Body mass index (BMI) is a composite variable of weight and height,
often used as a predictor of health outcomes, including mortality. The main purpose
of combining weight and height in one variable is to obtain a measure of obesity
independent of height. It is however unclear how accurate BMI is as a predictor
of mortality compared with models including both weight and height or a
weight x height interaction as predictors.

Methods: The current study used conscription data on weight, height, and BMI of
Swedish men (N = 48,904) in 1969/70 as well as linked data on mortality (3442
deaths) between 1969 and 2008. Cox proportional hazard models including
combinations of weight, height, and BMI at conscription as predictors of subsequent
all-cause and cause-specific mortality were fitted to data.

Results: An increase by one standard deviation on weight and BMI were associ-
ated with an increase in hazard for all-cause mortality by 5.4% and 11.5%,
respectively, while an increase by one standard deviation on height was associated
with a decrease in hazard for all-cause mortality by 9.4%. The best-fitting model
indicated lowest predicted all-cause mortality for those who weighed 60.5 kg at
conscription, regardless of height. Further analyses of cause-specific mortality
suggest that this weight seems to be a compromise between lower optimal
weights to avoid cancer and CVD mortality and a higher optimal weight to not die
by suicide.

Conclusions: According to the present findings, there are several ways to make
better use of measured weight and height than to calculate BMI when predicting
mortality.
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1 | INTRODUCTION

Body mass index (BMI) has been shown to predict various health

23 and all-

outcomes, including cardiometabolic disease,® cancers,
cause mortality.*"® The logic of using BMI rather than body weight as
a predictor assumes that health consequences of a person's weight
depends on their height, for example that the impact of weighing 100
kg is different for a person who is 200 c¢cm tall than for a person who
is 150 cm tall, and that every kilo has greater impact the shorter the
person is. By taking a ratio and constructing a composite variable, an
attempt is made to attenuate or control for this effect of height.
However, this approach introduces assumptions that may be
unintended, leads to problems with interpretability, and may reduce
statistical power and obscure relationships between height and
weight.?

By definition, an interaction effect (two-way) means that the
association between one of the predictors (x;) and the outcome (y)
depends on the value of the other predictor (x,).2° If, for example,
weight and height were to interact in their effect on mortality, this
would mean that the association between weight and mortality
depends on height and that the association between height and
mortality depends on weight.

Using a ratio as a predictor variable in regression modeling is
equivalent to modeling an interaction effect without modeling the
main effects. This introduces a risk that main effects are interpreted
as evidence for interaction effects.”! If two predictors x4 and x, are
not perfectly positively correlated, those with a high value on x4 (or a
low value on x,) will also tend to have a high value on the x1/x, ratio.
Consequently, an association between the xi/x, ratio and the
outcome y could be due to a simple association between x4 or x, and
y without any interaction effect.’ This problem affects many ratios
which have been used as independent variables in research. For
instance, Richardson? has criticized interpretations of the waist-hip
ratio (WHR) as implying an interaction between waist and hip
circumferences, in cases where waist circumference alone is a better
predictor.

However, even if main effects of x, and x, are included in the
model, a significant effect of the x1 x x2 product does not necessarily
indicate the presence of an interaction effect. If x1 and x2 are
correlated, the x1 x x2 product will tend to be correlated with the
x12 and x22 squared terms. Hence, an identified interaction effect
could actually be due to a quadratic association between y and x1 or
x2. Therefore, it is necessary to control for such quadratic associa-
tions before claiming that x4 and x, interact in their effect on y.*®

This study investigates whether an explicit weight x height
interaction effect is a better way to model effects of weight and
height on health outcomes, compared with BMI. As discussed above,
an analysis with BMI as a predictor but omitting main effects of
weight and height is not a proper test of an interaction effect, and
considering that the correlation between BMI and weight in adult
populations tends to be as strong as 0.9,'* the indicated health
consequences of BMI could, actually, be due to simple effects of

weight. The objective of the present study was, therefore, to analyze

5 . . 169
Obesity Science and Practice IAVYT I oAV iccd

the weight x height interaction effect on the ultimate health
outcome, mortality, and to compare the predictive power of this
interaction effect to that of BMI. But, as weight and height are
correlated, a significant effect of the weight x height product, indi-
cating an interaction effect, could be due to a curvilinear effect of
either weight or height.r® Therefore, also a model including the
quadratic weight and height terms, as well as the weight x height
interaction, was fitted to data.

2 | METHOD

2.1 | Participants and measures

The present study was based on data from 48,904 Swedish males,
born between 1949 and 1951. In 1969/70 these men were assessed
before their compulsory military service. At this conscript board
examination, tests of physical and cognitive capacity, as well as
medical check-ups, including measures of weight and height, were
conducted. In the present article, the assessed young men are called
“conscripts.” At that time, only 2%-3% of all Swedish men were
exempted from conscription, in most cases owing to severe handi-
caps or congenital disorders.

The conscripts were also asked about smoking and drinking
habits and were categorized into smokers (N = 28,180) and non-
smokers (N = 19,987) and into those with (N = 6312) and without
(N = 34,149) risky alcohol consumption. Alcohol consumption was
defined as risky if it exceeded 250 g of pure alcohol per week, if
alcohol was used to ease hangover, if the conscript had been
apprehended for drunkenness, or if he reported to be drunk often.
The conscripts could also be linked to information from the National
Population and Housing Census on their father's occupational posi-
tion in 1960, categorized into manual and non-manual, when the
subjects were between nine and eleven years old.

For information on mortality, the cohort of conscripts was linked
to the National Cause of Death Register 1969-2008, held by the
National Board of Health and Welfare. The conscripts were followed
with regard to all-cause mortality, and to major cause-specific
mortality: (1) cancer mortality [ICD codes, 8th and 9th (139-209)
and 10th (C) revisions], (2) cardiovascular disease (CVD) mortality
[ICD codes, 8th and 9th (390-459), and 10th (I00-199) revisions],
(3) alcohol-related mortality [ICD codes, 8th and 9th (291, 303) and
10th (F10, K70, K74) revisions], (4) intentional injuries (suicides)
[ICD codes, 8th and 9th (950-959 + 980-989) and 10th
(X60-X84 + Y12-Y34) revisions], and (5) unintentional injuries
[ICD codes, 8th and 9th (800-999) and 10th (V-Y) revisions, except
suicides (950-959 + 980-989/X60-X84 + Y12-Y34)].

2.2 | Ethics

The Stockholm Regional Ethical Review Board has in decisions

according to minutes 2004/5:9 agreed to co-processing of the
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compulsory military service material. The inclusion of more recent
data to the database has also been approved by the Review Board
(Dnr 2008/323-32 and 2010/604-32). Only non-identifying infor-
mation was available for the present study. Due to the character of
the database and the anonymization of all data, the Review Board
waived the requirement for written consent.

2.3 | Statistical analyses

Weight, height, and BMI were standardized before calculating the
quadratic and interaction terms and inclusion as predictors in the
models (except Model 5). Using Cox proportional hazard regression,
the association between hazard for all-cause and cause-specific mor-
tality and predictors were analyzed in nine different models: (1-3)
Univariate association with weight, height, and BMI; (4) Curvilinear
association with BMI; (5) Association with BMI categorized as
underweight (<18.5), normal weight (18.5-25, reference), overweight
(25-30), and obesity (>30); (6) Multivariate association with weight
and height; (7) Association with weight, height, and the
weight x height interaction; (8) As BMI = weight (kg)/height
(m)? = weight (kg) x height (m)~2, it is possible that the health impact
of weight is assumed to be a function of height=2. Therefore, also a
model with weight, height =2, and weight x height 2 as predictors was
analyzed; and (9) Association with weight, height, their interaction, as
well as quadratic terms.

Model fit was evaluated by Akaike information criterion (AIC),
for which a lower value indicates better fit. AIC takes the number of
predictors into consideration and rewards, with a lower value,
parsimonious models with few predictors.’® Also, the differences
between predicted hazard for mortality between the nine models
were used as predictors of mortality. Here, a significant effect
indicates that one of the models is making better predictions of the
actual observed hazard. Analyses were conducted with R 4.0.2
statistical software'® employing the survival package.'” Script and
data are available at https://osf.io/82cpq/.

3 | RESULTS

Descriptive statistics for, and correlations between, study variables
are presented in Table 1. A high correlation between BMI and weight
can be noted. In Table 2 fit measures and parameter values for the

nine models (see Section 2) are presented.

3.1 | All-cause mortality

As seen in Table 2, based on AIC, BMI is a more accurate univariate
predictor of all-cause mortality than weight and height taken sepa-
rately (Model 3 vs. Models 1 and 2). The model including the
quadratic term of BMI (Model 4) is better still, indicating a nadir at
BMI = 18.6 kg/m? The quadratic effect of BMI is also better at

TABLE 1 Descriptive statistics for, and correlations between,
study variables

Variable 1 2 3 4

1. Weight - 0.472** 0.856** 0.014*

2. Height = = —0.047** —0.026**
3. BMI - - - 0.031**

4. Deceased® - - - -

N 48,904 48,904 48,904 49,321
M 66.64 178.19 20.97 0.07
SD 9.26 6.36 257 -

20 for alive and 1 for deceased.
*p < 0.005, **p < 0.001.

predicting all-cause mortality than categorized BMI (Model 5).
However, this quadratic model makes less accurate predictions than
Model 6 including both weight and height as predictors. Even more
accurate predictions of all-cause mortality are given by the two
models (7 and 8) including interaction terms, and of these two Model
7 is probably preferable due to simplicity and interpretability of
parameter values. However, the best fit was exhibited by Model 9
with weight, height, and the quadratic term of weight as predictors
(adding a quadratic term of height or the weight x height interaction
to this model did not improve it significantly). According to Model 9,
the hazard for all-cause mortality decreases with height, and for
every height the lowest hazard is predicted for those with stan-
dardized weight = —0.665, which corresponds to a weight of 60.5 kg.
As seen in Table 3, Model 9 is making significantly better predictions
of all-cause mortality compared with the other eight models.

The model with weight, height, and the quadratic term of
weight (Model 9) was evaluated further by comparing it with the
most accurate BMI model including a quadratic term of BMI (Model
4). The density of observations for different combinations of height
and weight as well as predicted hazard for mortality made by
Model 9, Model 4, as well as the ratio of predictions made by these
two models, are presented in Figure 1. Compared with Model 4,
Model 9 predicts higher hazard for small (short and light) and for
large (tall and heavy) men while it predicts lower hazard for tall and
light (low BMI) and, to some degree, relatively short and heavy
(high BMI) men.

The difference between predictions (logged) made by Model 9
and Model 4 was, in turn, used as a predictor of the hazard for
all-cause mortality. An increase by one on this difference (which
corresponds to a e' = 2.7-fold increase in predicted hazard,
i.e., approximately corresponding to the ratio between 2 (pink dots)
and 0.8 (light blue dots) in Panel C in Figure 1) is associated with a
2.7-fold increase in the observed hazard (p < 0.001). This indicates
that the hazard for all-cause mortality is high if it is predicted to be
high by Model 9 compared with Model 4 (Figure 2). For example,

small men, for example those who are shorter or equal to 170 cm tall
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8
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All-cause (above diagonal) and cancer (below diagonal) mortality
Numerator model

TABLE 3 All pairwise comparisons of
the predictions made by the nine models
of the six causes of mortality

1
267
3.32*
226"
1.63
0.09
0.48
0.47

0.50

2

1.49*

0.61"
0.57*
0.60"
0.37**
0.36**
0.36**

0.36**

3
6.70**
1.15
0.48
1.09
0.33*
0.34*
0.34*

0.36*

4
3.90**
1.39*
2.65*
141
0.46"
0.45"
0.45"

0.32*

5
349
1.26"
1.27
0.47*
0.62
0.60"
0.59"

0.46*

6
2.72*
2.70**
2.90*
1.52*
1.57*
0.50
0.48

0.50

7
2.68**
2.59**
2.63*
1.66**
1.67**
3.07**
0.00

0.62

8
2.68**
2.61**
2.66™
1.67**
1.68**
2.96*
0.43

0.75

CVD (above diagonal) and alcohol related (below diagonal) mortality

Numerator model

9

277
2.64**
2.63*
2.70**
2.60**
2.85**
2.46**

2.38**

1
0.32**
0.82
0.62
0.76
0.37**
0.37**
0.37**
0.38**

2
0.40**
2.31*
2.07*
2.28*
0.38
0.37
0.53
041

3
2.89**
271
0.35
0.72
0.37**
0.37**
0.37**
0.37**

4
281
271
0.79
3.60
0.44*
0.44*
0.44*
0.39*

5

1.33
271
0.72
0.62
0.39**
0.39**
0.39**
0.37**

6
2.53**
271
247
1.39
1.39
0.00
151.62
0.36

7
2.43**
271
1.78
1.40
1.40
3.52
300.26
0.38

8
244
272
2.98
1.69
1.43
12.44
558.50"

0.35

Suicide (above diagonal) and injuries (below diagonal) mortality
Numerator model

2.29**
271
1.20
1.82
1.64%
1.14
1.06
0.80

1
0.32**
1.00
0.84
0.95
0.37**
0.37**
0.37**

0.37**

2
1.92*
242
226"
2.40**
0.37
0.31
0.78
0.40

3
0.21**
0.40™*
0.36
0.85
0.37**
0.36™*
0.37**

0.37**

4
0.24**
0.42**
245

2.04

0.40**
0.40**
0.40**

0.38**

5
0.39**
0.39**
0.84
0.66
0.39**
0.39**
0.39**

0.38**

6
2.61**
2.70
2.68**
2.54**
2.60**
0.26
4.11

0.38

7

2.61*
2.27F
2.74%
2.65*
2.63*
1.94%
8975.66*

0.77

8
2.66**
1.86
2.74**
2.64**
2.63**
1.58
0.00**

0.47

2.31**
2.58*
2.69**
2.91**
2.62**
2.25*
1.26
181

Note: Values above one indicates that the model in the numerator (column) is better at predicting
mortality while values below one indicates that the model in the denominator (row) is better.

p < 0.05, *p < 0.01, **p < 0.001.

and weigh less or equal to 60 kg (N = 3408; 282 deaths), are

predicted to have an increased hazard for all-cause mortality

according to Model 9 (mean predicted hazard = 1.22) but not

according to Model 4 (mean predicted hazard = 0.96). An analysis

comparing these men with the rest confirmed the prediction made by
Model 9 (HR = 1.21, p = 0.003).

In order to make a straightforward comparison of the models,

the analyses above were conducted without adjustment for possible
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FIGURE 2 Predicted cumulative survival (95% Cl in
transparent colors with thin borders) as a function of time since
conscription, separately for five levels of the predicted hazard from
the height plus quadratic weight model (Model 9) divided by the
predicted hazard from the quadratic BMI model (Model 4, see panel
C in Figure 1)

confounders. However, if adjusting for smoking and risky alcohol
consumption at the time of conscription as well as father's
occupational position at age 9-11, the predictive advantage of
Model 9 compared with Model 4 increased. Now an increase by one
on the difference between predictions (logged) was associated with
a 3.5-fold increase in the observed hazard (p < 0.001). When
adjusting for these three possible confounders, the nadir for BMI in
Model 4 increased to 18.9 kg/m? and for weight in Model 9 to
62.6 kg. Among smokers, the nadirs for BMI and for weight were
17.5 kg/m? and 59.1 kg, respectively. Among non-smokers, on the
other hand, the squared BMI term was not significant and the
analysis indicated a positive linear association while the nadir for
weight in Model 9 was 49.2 kg, that is, the analysis indicated a

positive exponential association.

3.2 | Cause-specific mortality

Table 3 shows that with a single exception (Model 8 for CVD mor-
tality), Model 9 is making the best predictions of all cause-specific
deaths, although the difference is not always significant. Model 4, on
the other hand, is always making worse predictions than Models 6-9,
and except for CVD mortality significantly so. If parsimoniousness is
considered as well as predictive accuracy, AIC (Table 2) indicates that
high weight could be seen as the best predictor of cancer mortality,
while short stature is the best predictor of mortality due to alcohol
and injuries. For CVD mortality, Model 4 predicts a nadir at
BMI = 9.9 kg/m? and Model 9 a nadir at weight = 31.0 kg, that is,
they both make positive exponential predictions. For suicide Model 9
predicts a nadir at weight = 76.1 kg.

If adjusting for smoking, risky alcohol consumption, and father's
occupational position, Model 9 is still making significantly better
predictions of deaths due to alcohol, suicide, and injuries compared
with Model 4 (all ps < 0.001). However, Model 9 stops being a better
predictor of cancer mortality (p = 0.674) but instead becomes a
better predictor of CVD mortality (p < 0.001).

4 | DISCUSSION

The present study tested whether BMI is the best way to use weight
and height to predict mortality. Results show that regression models
using BMI as an independent variable are in general inferior to
models where height and weight are entered separately as inde-
pendent variables. This finding highlights drawbacks of using ratio
composite variables in regression modeling.

Previous studies have concluded that for every height there is
an optimal, but varying, weight that results in an optimally survival
enhancing BMI.*"8 Based on data from the present cohort of young

Swedish male conscripts, the optimal weight would be the one that
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results in a BMI of 18.6 kg/m?, although higher optimal values in
the range of 20-24,%> 20-25,° 22.5-25,7 and 22.6-27.5% have been
indicated before. However, according to the present findings, there
are several ways to make better use of measured weight and
height than to calculate BMI when predicting mortality, for
example, by simply using weight and height as simultaneous
predictors of mortality. As a heuristic, the survival of people, or at
least young men, is enhanced by as low weight as possible and
high stature.

One exception to this heuristic is the positive association
between height and cancer mortality. This association has been

observed before®-21

and could be due to taller people having more
cells in their body, consistent with the multistage model of carcino-
genesis.?2 Another contributing reason for this positive association
could be the negative associations height has with other causes of
mortality. As tall men, like everybody else, have to die of something,
they might experience an increased hazard for cancer mortality
because they have a lower hazard to die of other causes. This
interpretation receives support from the fact that the association
between height and cancer mortality ceases to be significant when
adjusting for weight, thereby indirectly adjusting for, to some degree,
the hazard for other causes of death.

An exception to the heuristic that it is advantageous to weigh as
little as possible is the negative association between weight and
hazard for suicide. This is in accordance with previous studies, that
have found a negative prospective association between BMI and

suicide,2372¢

although the present findings indicate that weight is a
better predictor of suicide than BMI. This is probably due to weight
being more confounded by height (Table 1), which is a strong
predictor of suicide. This interpretation is supported by the fact that
weight stops being a significant predictor of suicide when adjusting
for height (Table 2). However, even when adjusting for height, weight
seems to a have a quadratic prospective association with suicide
(Table 2), and the hazard was predicted to be lowest at a weight
of 76.1 kg. This does not, of course, necessarily mean that low or
excessive weight has a causal effect on the risk for suicide. Low or
excessive weight might, instead, be indicative of various mental
health problems, although low BMI is more likely to result from a
medical than mental health issue.

In the present study, the most accurate model predicted that
all-cause mortality decreases with height and that for every height
mortality is lowest for those who weigh 60.5 kg. This weight seems to
be some kind of compromise between lower predicted optimal
weights to avoid cancer and CVD mortality, and a higher predicted
optimal weight to not die by suicide. It is interesting to note that this
model with a linear effect of height and a quadratic effect of weight
was better than the model with a quadratic effect of BMI at
predicting both all-cause and all of the specific causes of death,
although the difference was not significant for CVD mortality.

This study is limited to men who had their weight and height
measured at age 18-21 years and who were followed up to age

57-59 years. The observed associations might not apply to women

or to men measured at other ages. For example, it is possible that
the optimal weight of 60.5 kg and BMI of 18.6 kg/m? would not be
observed had the weight and height of the men been measured at a
later age, for example 50, when a BMI as low as 18.6 should be
quite uncommon and may be indicating a pathological state. This is
one possible reason why the optimal BMI in the present study
seems to be lower compared with previous studies mentioned
above, where participants tended to be considerably older at
baseline. It is also possible, even probable, that the results would
look different had the follow up period extended into older age. In
the present data, a large percentage of total mortality is still due to
suicide and injuries, resulting in a relatively strong association
between height and all-cause mortality. However, as the men get
older and the relative frequency of cancer and CVD mortality in-
creases, weight, and consequently BMI, can be expected to increase
in importance as predictors of all-cause mortality in the present
dataset. Furthermore, as the optimal youth weight is lower for
cancer and CVD mortality compared with mortality due to suicide
and injuries, the optimal youth weight for all-cause mortality could
be expected to decrease from 60.5 kg, observed in the present

study, as the men get older.

5 | CONCLUSIONS

The present findings suggest that BMI is not an optimal way to model
effects of weight and height on mortality. In the present sample, a
model with a linear effect of height and a quadratic effect of weight is
better at predicting mortality, both all-cause and cause-specific,
compared with BMI. For all-cause mortality, a nadir was predicted for
a weight of 60.5 kg, which seems to be a compromise between lower
optimal weights to avoid cancer and CVD mortality and a higher
optimal weight to not die by suicide. The optimal survival enhancing
weight might be a function both of age at measurement and length of
follow-up period.
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