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Abstract

Purpose: Few studies have delineated body mass index (BMI) trajectories that associate with
premature mortality, which is defined as death occurring before age 75 years.

Methods: We used generalized additive mixed model to identify BMI trajectories of individuals
dying before or after age 75 years among 14,172 U.S. men. We used logistic regression to validate
whether the BMI trajectory developed predicted mortality in an independent cohort of 7000
participants.

Results: Comparing to participants with age at death less than 75 years, the BMI among
participants with age at death 75 years or more was lower throughout adulthood, and the mean
BMI was 23.98, 24.63, 25.33, and 25.29 kg/m? at age 40, 50, 60, and 70 years. In the validation
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cohort, participants following the BMI trajectory with age at death less than 75 years had higher
risks of total mortality (odds ratio: 1.35; 95% confidence interval: 1.01-1.78) and cardiovascular
disease mortality (1.92; 1.10-3.35) compared to participants following the trajectory with age at
death 75 years or more. Participants whose BMI trajectories diverged the most from the trajectory
with age at death 75 years or more had highest risks of total mortality (1.72; 1.23-2.40) and
cardiovascular disease mortality (3.06; 1.49-6.30).

Conclusions: Individual is suggested to maintain a normal BMI throughout adulthood to have

greater longevity.
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Introduction

The association of body mass index (BMI) with risk of mortality has been extensively
investigated. Earliest studies showed a U-shaped association between baseline BMI and risk
of mortality [1,2]. When restricted to initially healthy participants, a direct positive linear
association was observed [3,4]. Thereafter, studies consistently showed that comparing to
normal weight, overweight and obesity at middle age were associated with a higher risk of
mortality among white [4], black [5], and Asian populations [6].

Interestingly, when examining the association of BMI with risk of mortality, the main
exposure was BMI measured at a single time point or the average and/or change of

BMI between two time intervals [7,8] in most studies. The multiple repeated measures

of BMI are not taken advantage of. In recent 2 years, semiparametric group-based analysis
and/or latent class modeling has been used to examine the association of BMI trajectory
with risk of mortality [9,10]. However, semiparametric group-based analysis categorizes
individual trajectories into groups using maximum likelihood estimation [11,12]. The groups
of trajectories and the order of the polynomial used to model each group’s trajectory need

to be predefined, resulting in limited modeling flexibility. Moreover, the within-individual
correlation of the repeated measures is not accounted for.

Developed in the 1990s, generalized additive mixed model (GAMM) is another method that
could be used for trajectory analysis. It allows flexible modeling of a trajectory by using
nonparametric regression and accounts for within-individual correlation by using random
effects [13]. Therefore, we applied this method to delineate BMI trajectories with premature
mortality, which is defined as death occurring before age 75 years, using the Physicians’
Health Study (PHS) I. We further validated whether adhering to the BMI trajectory with age
at death more than 75 years developed in the PHS | predicted the lowest risk of mortality in
an independent cohort: the PHS II.
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Study population

Established in 1982, the PHS was a randomized, double-blind, placebo-controlled 2 x

2 factorial trial of low-dose aspirin and beta carotene on the primary prevention of
cardiovascular disease and cancer. The trial recruited 22,071 male physicians aged 40-84
years at baseline. In addition to original participants enrolled in 1982, 7000 new participants
were also randomized into the PHS Il starting in 1997. The two cohorts consisted of
approximately 95% Caucasians. The study protocol was approved by the Institutional
Review Boards of Brigham and Women’s Hospital and Harvard T.H. Chan School of Public
Health.

Given the large sample size of PHS I, PHS | was used for developing models relating BMI
with mortality, and the PHS 11 was used for validating models developed in the PHS 1.

In the PHS I, we restricted to participants who were free of cardiovascular disease (CVD)
and cancer at baseline for model development to minimize reverse causation. We further
excluded 5021 participants who remained alive with age less than 75 years at the end of
follow-up in the PHS I, as the age at death of those participants was not known. In total,
14,172 participants in the PHS | were included in our study.

Exposure assessment

In the PHS I, participants reported height and weight at baseline and updated weight
information yearly between years 8 and 13 of follow-up. In the PHS Il, participants reported
height and weight at baseline, and updated weight yearly for 7 years. BMI was calculated

as the ratio of weight (kg) to height (m) squared. In one validation study, self-reported and
measured weight showed a correlation as high as 0.97 in both women and men [14].

Outcome assessment

Our primary end point was death from any cause. In PHS | and |1, we have performed
regular searches of state vital records and of the National Death Index. This search was
supplemented by reports from family members and postal authorities. Using these methods,
we were able to ascertain more than 98% of the deaths in each cohort [15]. A physician
reviewed death certificates and medical records to classify the cause of death according to
the eighth and ninth revisions of the International Classification of Diseases. Death status of
the participants was updated until December 31, 2012.

Covariate assessment

Smoking status, age, prevalence of hypertension, hypercholesterolemia, diabetes, race,
smoking status, physical activity, red meat, fruit and vegetable intakes, and total energy
intake were collected by questionnaire at the start of follow-up in the PHS I and 1l. In
annual follow-up questionnaires in the PHS 1 and 11, updated information was collected

on self-reported diagnosis of diseases including angina, myocardial infarction, stroke, and
cancer. Following a disease report, medical reports were requested to confirm the diagnosis
and the date of diagnosis. Disease status was updated until December 31, 2012.

Ann Epidemiol. Author manuscript; available in PMC 2021 October 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ding et al. Page 4

Statistical analysis

In the PHS I, we divided participants into two groups by premature mortality (age of death
<75 years and =75 years) for trajectory development. We examined the association between
age and BMI using the GAMM with a smoothing function of age. The GAMM adjusted for
race, smoking status, physical activity, red meat intake, fruit and vegetable intakes, and total
energy intake. The parameters of the smoothing curve were estimated by penalized least
squares. The within-individual correlation was accounted for by assuming random effects
between individuals. To avoid reverse causation, we censored the participant’s BMI after the
development of CVD and cancer and two years before death in the PHS I.

We examined whether the BMI trajectory with age at death 75 years or more developed

in the PHS 1 predicted the lowest risk of mortality in the PHS II. First, we compared the
odds ratio (OR) of mortality followed up to 15 years among participants who followed the
BMI trajectory with age at death 75 years or more to participants who followed the BMI
trajectory with age at death less than 75 years using logistic regression adjusting for baseline
age, cardiovascular incidence, race, smoking status, physical activity, red meat, fruit and
vegetable intakes, and total energy intake (kcal/day). To define which trajectory participants
in the PHS 11 was assigned to, we calculated two variances for each participant shown as in
the following and assigned the participant to the group with the smaller variance.

2
1 (log(BMI); — log(pBMT) j;)
p .

varj =

where BMI; was the participant’s BMI at age i (45 < i < 70); pBMI;j was the predicted
BMI at age i based on trajectory j developed in the PHS I; nwas the total number of BMI
observations of each participant; varj measured the similarity of the participant’s trajectory
to trajectory j.

Second, we compared the OR of mortality followed up to 15 years among participants who
diverged the most from the BMI trajectory with age at death 75 years or more to participants
with the least divergence using logistic regression. To define participants with most, middle,
and least divergence, we calculated variance for each participant in the PHS Il shown as

in the following and divided participants into tertiles according to the variance value. We
further plotted and compared the survival curve according to the most, middle, and least
divergence from the optimal BMI trajectory.

S (log(BMI); — log(pBM ;)

var =
op n

where BMI; was the participant’s BMI at the age of i (45 <i < 70); pBMI; was the predicted
BMI at the age of i based on the BMI trajectory with life expectancy 75 years or more
developed in the PHS; 7 was the total number of BMI observations of each participant.

The analyses were conducted using R 3.0.2 (R Development Core Team (2008): R: a
language and environment for statistical computing, Vienna, Austria) on the Odyssey
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cluster supported by the FAS Division of Science, Research Computing Group at Harvard
University. The command “GAMM” from the mgcv package was used for the GAMM and
the trajectory was plotted using the command “plot.”

In the PHS I, of 14,172 participants enrolled, 1114 died before 75 years old, and 13,058
participants died no less than 75 years. Baseline BMI of participants with age at death

75 years or more was lower comparing to participants with age at death less than 75

years. Participants with age at death 75 years or more smoked less, took higher amount of
physical activity, and consumed more fruit and vegetables and less red meat. The population
characteristics of the PHS | and Il were comparable to each other (Table 1).

The BMI trajectories of individuals with age at death less than 75 years and 75 years or
more in the PHS | are shown in Figure 1. Individuals dying at age 75 years or older had

a consistently lower BMI throughout their adult lives than individuals who died earlier in
both cohorts. The mean BMI of individuals dying at age 75 years or older was 23.98, 24.63,
25.33, and 25.29 kg/m? at age 40, 50, 60, and 70 years among participants with age at death
75 years or more. The corresponding mean BMI among individuals dying before 75 years
was 24.75, 25.50, 26.08, and 26.27 kg/m? at the age of 40, 50, 60, and 70 years (Table 2).

We then examined whether the BMI trajectory with age at death 75 years or more developed
in the PHS I independently predicted the lowest risk of mortality in the PHS Il. Participants
following the BMI trajectory with age at death less than 75 years were associated with
higher risks of total mortality (OR: 1.35; 95% confidence interval [CI]: 1.01-1.78) and
mortality due to CVD (OR: 1.92; 95% ClI: 1.10-3.35) but not mortality due to cancer (OR:
1.08; 95% CI: 0.72-1.63) comparing to participants following the BMI trajectory with age
at death 75 years or more (Table 3). Participants whose trajectories diverged most from the
BMI trajectory with age at death 75 years or more were associated with higher risks of total
mortality (OR: 1.72; 95% CI: 1.23-2.40) and mortality due to CVD (OR: 3.06; 95% CI:
1.49-6.30) but not mortality due to cancer (OR: 0.87; 95% CI: 0.54-1.40) comparing to
participants with least divergence (Table 4).

To identify lifestyle factors that might be associated with BMI trajectory with age at death
75 years or more, we delineated BMI trajectory stratified by smoking status, physical
activity, and red meat intake. The trajectory with the lowest BMI across adulthood was
among participants who were never smokers, took higher amount of physical activity, and
consumed lower red meat (Fig. 2).

Given the limited number of death cases in the PHS I1, we examined the divergence

from BMI trajectory with the outcome “mortality” rather than “premature mortality.”
Therefore, we conducted survival analysis in the PHS Il and found that participants with
least divergence from the BMI trajectory with age at death 75 years or more were associated
with better overall survival (log-rank £<.001) and CVD-specific survival (log-rank P
=.003) (Supplemental Fig. 1). As we chose 75 years as the cutoff point for premature
mortality arbitrarily, we examined BMI trajectories with age at death less than 80 years
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and 80 years or more. The BMI was lower across adulthood among participants with age

at death 80 years or more (Supplemental Fig. 2). As we excluded participants with CVD

and cancer at baseline and censored participants who developed CVD or cancer during
follow-up, we delineated BMI trajectories by including all of the available observations. The
BMI trajectory with age at death less than 75 years was lower at 70-75 years and the two
trajectories crossed over (Supplemental Fig. 3). In BMI trajectory development, we excluded
5021 participants whose age were less than 75 years at the end of follow-up in the PHS I.
Given that the age at the end of follow-up of those participants varied from 69 to 74 years,
we included those participants by assuming that all of them lived up to 75 years. The shape
of the BMI trajectories appeared to be similar to the main results (Supplemental Fig. 4).

Discussion

Using the generalized additive mixed model, our study showed that an individual should

maintain a normal BMI across adulthood to achieve longevity. Our results were consistent
with findings from large collaborative studies, which showed that the baseline BMI range
associated with the lowest mortality rate was 20.0 kg/m? to 24.9 kg/m? in whites [16-18].

There are still debates on the association between BMI and mortality. The majority

of studies showed that normal weight was associated with lower risk of mortality in
comparison to being overweight or obese [19-21]. However, in one study, among older
participants that included those with baseline disease, those who were overweight had a
lower risk of mortality compared with normal weight participants [22,23]. Moreover, in
studies among participants with diabetes or CVD, when using concurrent BMI after disease
diagnosis as the main exposure, the lowest risk of mortality was observed in overweight
and/or obese participants [24,25].

This inconsistent association between BMI and mortality in different studies is called the
obesity paradox. Reverse causation was proposed to explain this phenomenon, suggesting
that the underlying disease might cause weight loss as well as mortality. However, some
studies believed that there was a biological mechanism through which being overweight
and/or obese led to better prognoses among participants with chronic disease [26]. The
trajectories we developed in the PHS | showed that BMI remained lower in group with
longer life expectancy in comparison to the group with shorter life expectancy across life
span, and we found no obesity paradox in our study. When we included participants with
CVD and cancer at baseline and did not censor BMI after the development of CVD and
cancer during follow-up, the two BMI trajectories crossed over, indicating that the obesity
paradox might be due to reverse causation of chronic diseases.

For BMI trajectory with age at death 75 years or more, BMI appeared to be lower at
younger ages and higher at middle ages. Our results were still consistent with previous
studies with long follow-up, which showed that comparing to those who gained weight

(=5 kg), participants with stable weight (x5 kg) in midlife from 18 to 20 years of age

were associated with a lower risk of CHD [27], healthier survival after age 70 [28], and
lower risk of colorectal cancer [29]. Although our results showed that the BMI was slightly
higher at middle age comparing to younger age, it did not indicate that participants should
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purposely gain weight to achieve longevity. Short-term clinical trials showed that modest
weight loss leads to significant improvements in cardiovascular risk factors, including blood
pressure, and concentration of blood lipids and glucose [30]. A cohort study also showed
that intentional weight loss was associated with a lower risk of CHD [31]. Therefore,
participants are encouraged to maintain a healthy weight throughout adulthood, and the
age-specific BMI we provided might be used as a reference.

To maintain a healthy BMI across adulthood as we recommended, we found that BMI

was lowest throughout adulthood among participants who were never smoker, took higher
amount of physical activity, and consumed lower red meat. Consistently, studies showed
that a healthy lifestyle could be adopted to maintain healthy weight, which included higher
amount of physical activity, regular sleep, less TV watching, and healthy dietary pattern
featuring by higher consumption of vegetables, whole grains, fruits, nuts, and yogurt, and
lower consumption of potato chips, potatoes, sugar-sweetened beverages, unprocessed red
meats, and processed meats [32-34].

When validating the BMI trajectory in PHS I, participants following the BMI trajectory
with age at death 75 years or more were associated with a lower risk of mortality due

to CVD and were not associated with the risk of mortality due to cancer. The result was
consistent with previous studies that positive association of baseline BMI with risk of
mortality due to CVD was more pronounced than the risk of mortality due to cancer [18,35-
37]. The reason was that BMI was a stronger risk factor of CVD than cancer. Each 5-kg/m?
increase of BMI was associated with 27% higher risk of CHD and 18% higher risk of stroke
[38,39]. However, each 5-kg/m? increase of BMI was not associated with risk of overall
cancer and was only associated with higher risks of certain types of cancer with relatively
low prevalence, including uterus, gallbladder, kidney, and liver cancer [40].

Our study has several advantages. First, we have large sample sizes in the PHS | and
multiple repeated measures of BMI at ages ranging from 40 to 75 years, which provided
sufficient power for the BMI trajectory development. Second, we used a novel statistical
method to use the repeated measures of BMI. Furthermore, with smoothing function of age,
we were able to obtain a complete trajectory even if the second BMI was measured in the
eighth year of follow-up in the PHS I. The GAMM also allows adjust for multiple covariates
when developing the trajectories. Third, we validated the developed BMI trajectories in an
independent cohort and showed that the trajectory with age at death 75 years or more could
predict the lowest risk of mortality. Fourth, we dealt with reverse causation by excluding
participants with CVD or cancer and censoring BMI after the development of CVD or
cancer.

Our study also has several limitations. First, BMI was self-reported in all of the three
cohorts. Although self-reported weight was shown to be highly correlated to measured
weight in validation study [14], measurement errors were possible. Second, we only
delineated BMI trajectory in U.S. men, and the generalizability of the BMI trajectories

we developed might be limited. Given that the life span of women is longer than men, BMI
trajectories in U.S. women warrant further investigation.
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In conclusion, using a generalized additive mixed model, our study showed that individual
should maintain a normal BMI (<25 kg/m?2) throughout adulthood to have greater longevity.
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— Age at death < 75 years, point estimate
---- Age at death < 75 years, confidence interval
— Age at death >=75 years, point estimate

---- Age at death >=75 years, confidence interval
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Fig. 1.
BMI trajectories through adulthood with age at death less than 75 years and 75 years or

more in the PHS I. Generalized additive mixed model was used with smoothing function

of age and adjusted for covariates including hypertension (yes vs. no), hypercholesterolemia
(yes vs. no), diabetes (yes vs. no), race (Caucasian vs. other races), smoking status (current,
past vs. never smoker), physical activity (frequency/day), red meat intake (serving/day),
fruit and vegetable intakes (serving/day), and total energy intake (kcal/day). The within-
individual correlation was accounted for by assuming random effects between individuals.
The trajectories were estimated using mean value of all covariates summarized in Table 1.

Ann Epidemiol. Author manuscript; available in PMC 2021 October 21.

80




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ding et al.

Body mass index (kg/m2)

27

26

25

24

23

22

21

Page 12

— never smoker, low exercise, low meat
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Fig. 2.

BMI trajectories with age at death 75 years or more stratified by smoking status (never

vs. ever smoker), exercise (low vs. high) and red meat intake (low vs. high) in the PHS I.
Generalized additive mixed model was used with smoothing function of age and adjusted
for race (Caucasian vs. other races). The within-individual correlation was accounted for by
assuming random effects between individuals.
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Table 1

Baseline characteristics among participants in the PHS | and Il

PHS 1 (1982)

PHS I (1982)

PHS 11 (1997)

Age at death <75 years

Age at death >75 years

Whole population

Whole population

Number of participants

Age (y)

BMI (kg/m?)

Smokers, %

Caucasian, %
Cardiovascular incidence, %
Hypertension, %
Hypercholesterolemia, %
Diabetes, %

Exercise (frequency/day)

Red meat (serving/day)

Fruit and vegetables (serving/day)

Total energy intake (kcal/day)

1114
48.4
25.6
58
88
0
25.2
12.2
41
03
08
50
1690

13,058
55.7
24.8

51
92
0
241
13.4
1.9
0.3
0.7
5.2
1711

14,172
55.1
24.9

51
92
0
24.2
133
2.0
0.3
0.7
5.2
1710

7000
60.7
26.2
62.4
87.6
7.5
348
6.7
6.4
0.3
0.7
4.6
1664

Mean value was presented for continuous variables.
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Page 14

The estimated BMI through adulthood among participants with age at death less than 75 years and 75 years or
more in the PHS |

Age (y)

BMI (kg/m?) (95% CI)

Age at death <75y

Age at death 275y

40
43
45
48
50
53
55
58
60
63
65
68
70

24.8 (24.6-24.9)
25.0 (24.9-25.1)
25.1 (25.1-25.2)
25.3 (25.3-25.4)
25.5 (25.5-25.5)
25.7 (25.7-25.7)
25.8 (25.8-25.9)
26.0 (26.0-26.0)
26.1 (26.1-26.1)
26.2 (26.1-26.2)
26.2 (26.2-26.2)
26.3 (26.2-26.3)
26.3 (26.2-26.3)

24.0 (23.8-24.2)
24.2 (24.0-24.3)
24.3 (24.2-24.4)
24.5 (24.5-24.6)
24.6 (24.6-24.7)
24.8 (24.8-24.9)
25.0 (25.0-25.0)
25.2 (25.2-25.2)
25.3 (25.3-25.4)
25.4 (25.4-25.4)
25.4 (25.4-25.5)
25.4 (25.4-25.4)
25.3 (25.3-25.3)

Generalized additive mixed model was used with smoothing function of age and adjusted for covariates including hypertension (yes vs. no),

hypercholesterolemia (yes vs. no), diabetes (yes vs. no), race (Caucasian vs. other races), smoking status (current, past vs. never smoker),

physical activity (frequency/day), red meat intake (serving/day), fruit and vegetable intakes (serving/day), and total energy intake (kcal/day). The

within-individual correlation was accounted for by assuming random effects between individuals.

The trajectories were estimated using mean value of all covariates summarized in Table 1.
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Table 3

The odds ratio of mortality in the PHS Il comparing participants following the BMI trajectory with age at
death 75 years or more developed in the PHS | to participants following the BMI trajectory with age at death
less than 75 years

BMI trajectory with age at death =75 years ~ BMI trajectory with age at death <75 years (black curve

(red curve in Fig. 1) in Fig. 1)
Number of death/participants ~ 111/2512 183/3220
All-cause mortality 1.00 1.35(1.01-1.78)
Mortality due to cancer 1.00 1.08 (0.72-1.63)
Mortality due to CVD 1.00 1.92 (1.10-3.35)
Mortality due to other causes  1.00 1.01 (0.62-1.64)

Logistic regression models adjusted for baseline age (year), hypertension (yes vs. no), hypercholesterolemia (yes vs. no), diabetes (yes vs.
no), cardiovascular incidence (yes vs. no), race (Caucasian vs. other races), smoking status (current, past, vs. never smoker), physical activity
(frequency/day), red meat intake (serving/day), fruit and vegetable intakes (serving/day), and total energy intake (kcal/day).
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Table 4

The odds ratio of mortality in the PHS 1l comparing participants with the most divergence from the BMI
trajectory with age at death 75 years or more developed in the PHS | to participants with the least divergence

Tertiles of divergence from the BMI trajectory with age at death =75 years (red curve in Fig. 1)

Least Middle Most
Number of death/participants ~ 72/1910 95/1911 127/1911
All-cause mortality 1.00 1.33(0.94-1.89) 1.72 (1.23-2.40)
Mortality due to cancer 1.00 0.95 (0.59-1.53) 0.87 (0.54-1.40)
Mortality due to CVD 1.00 2.41 (1.14-5.09) 3.06 (1.49-6.30)
Mortality due to other causes  1.00 1.48 (0.74-2.96) 2.76 (1.48-5.15)

Logistic regression models adjusted for baseline age (year), hypertension (yes vs. no), hypercholesterolemia (yes vs. no), diabetes (yes vs.
no), cardiovascular incidence (yes vs. no), race (Caucasian vs. other races), smoking status (current, past, vs. never smoker), physical activity
(frequency/day), red meat intake (serving/day), fruit and vegetable intakes (serving/day), and total energy intake (kcal/day).
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