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Abstract

Background—Despite longstanding controversies from animal studies on the relationship
between basal metabolic rate (BMR) and longevity, whether BMR is a risk factor for mortality has
never been tested in humans. We evaluate the longitudinal changes in BMR and the relationship
between BMR and mortality in the Baltimore Longitudinal Study of Aging (BLSA) participants.

Methods—BMR and medical information were collected at the study entry and approximately
every 2 years in 1227 participants (972 men) over a 40-year follow-up. BMR, expressed as
kcal/m2/h, was estimated from the basal O, consumption and CO, production measured by open-
circuit method. Data on all-cause and specific-cause mortality were also obtained.

Result—BMR declined with age at a rate that accelerated at older ages. Independent of age,
participants who died had a higher BMR compared to those who survived. BMR was a significant
risk factor for mortality independent of secular trends in mortality and other well-recognized risk
factors for mortality, such as age, body mass index, smoking, white blood cell count, and diabetes.
BMR was nonlinearly associated with mortality. The lowest mortality rate was found in the BMR
range 31.3-33.9 kcal/m?/h. Participants with BMR in the range 33.9-36.4 kcal/m2/h and above the
threshold of 36.4 kcal/m2/h experienced 28% (hazard ratio: 1.28; 95% confidence interval, 1.02—
1.61) and 53% (hazard ratio: 1.53; 95% confidence interval, 1.19-1.96) higher mortality risk
compared to participants with BMR 31.3-33.9 kcal/m?/h.

Conclusion—We confirm previous findings of an age-related decline of BMR. In our study, a
blunted age-related decline in BMR was associated with higher mortality, suggesting that such
condition reflects poor health status.
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The idea that energy expenditure may be related to aging and longevity is attractive. At the
beginning of the 20t century, scientists noticed that the longevity of different animal species
was inversely proportional to their energy expenditure. Rubner’s comparison of energy
metabolism and body mass in different animals (1,2), and Benedict’s “mouse-elephant
curve,” suggested that the metabolic rate per unit of body mass is inversely related to body
size (3). Despite some exceptions, smaller animals whose metabolic rate per unit of body
mass is higher tend to have shorter life span compared to larger animals (4-6). Based on
these data and observing the shorter life span of Drosophila melanogasterbred in an
abnormally warm environment, Pearl (1928) hypothesized that living organisms have an
‘inherent vitality’ that is depleted proportionally to their rate of growth and energy
expenditure, and suggested that “the duration of life varies inversely as the rate of energy
expenditure during its continuance”’ (7-9).

In the 1950s, the “free radical/oxidative stress hypothesis of aging” (1956) provided a new
mechanistic link between high rates of substrate utilization and life span (10-12). Harman
(13) proposed that living organisms with higher metabolic rate have an accelerated aging

and higher mortality because of the cumulative damage caused by reactive oxygen species.

Despite the strong theoretical link between metabolic rate and longevity, the hypothesis that
basal metabolic rate (BMR) is a risk factor for mortality has never been tested in humans.
Recent studies in animal models suggest that caloric restriction increases life span and has
beneficial effects on biological parameters that are recognized risk factors for mortality, such
as insulin resistance and body temperature (14-18). It is remarkable that in both animals and
humans caloric restriction causes a reduction of BMR that is independent of changes in body
composition (16,19,20). On the contrary, conditions characterized by pro-inflammatory
status and immunological activation, which are strong predictors of mortality, are associated
with an increased BMR attributable, at least in part, to bioenergetic dysregulation (21,22).
Taken as a whole, these observations suggest that higher BMR may be associated with
higher mortality.

In a clinical setting, BMR may be considered as the energy requirement to maintain a
structural and functional homeostasis at rest, in fasting and thermoneutral conditions. BMR
represents up to 60%-70% of total energy expenditure and is generally assessed by indirect
calorimetry (23,24).

We hypothesized that pathology and accelerated aging increase the BMR because extra
energy is required to counteract wide fluctuations in the homeostatic equilibrium (6). Thus, a
high BMR late in life would be a marker of the effort to maintain homeostasis and the failure
to reduce BMR over time a risk factor for mortality. This hypothesis has never been tested in
humans, mainly due to a lack of suitable data.
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We evaluated whether high BMR is a risk factor for mortality in the healthy participants
enrolled in the Baltimore Longitudinal Study of Aging (BLSA) from 1958 through 1982 and
whose follow-up for mortality was conducted over more than 40 years.

Materials and Methods

Participants were community-dwelling persons healthy at the enroliment in the BLSA. They
were continually recruited from 1958, primarily from the Baltimore—Washington, DC area.
From 1958 through 1978 the cohort included exclusively men because of staff and budget
limitation. Women were enrolled after 1978. Minorities were enrolled from the 1960s. A
general description of the sample and recruitment criteria of the BLSA have been previously
reported (25).

These analyses were based on 1227 persons (972 men and 255 women) enrolled from 1958
through 1982 and followed up to 2000 for mortality. Participants with known or suspected
thyroid or adrenal dysfunction, as evidenced by history, drug use, or physical examination,
were excluded. Each participant contributed data on BMR on one or more visits. Participants
were evaluated approximately every 2 years at the Gerontology Research Center in
Baltimore, Maryland. Follow-up visits lasted 2-3 days and included medical evaluations and
physiological and cognitive tests. Blood and urine samples were collected in the morning
after the participants had fasted for at least 12 hours. Aliquots of serum and plasma were
immediately obtained and analyzed by the clinical laboratory staff of the Johns Hopkins
Bayview Medical Center.

BMR

Participants were housed on a ward and underwent indirect calorimetry in fasting, resting
state for the two following mornings between 7:00 and 9:00 AM in a temperature-controlled
room. BMR was estimated from basal O, consumption and CO, production measured by the
open-circuit method described by Shock and Yiengst (25) and Tzankoff and Norris (26).
Samples of expired air were collected for 6-8 minutes during three collection periods. Until
1965, O, and CO, were analyzed by using a Haldane apparatus, and after that time by
paramagnetic method for O, (Paramagnetic O, analyzer model G-2; Beckman Instruments,
Fullerton, CA) and by infrared absorption (gas analyzer Model LB-1, Beckman Instruments)
for CO,. After the two analytical systems were shown to be equivalent, all subsequent
analyses were done by the more modern method. Both instruments were calibrated daily
with standardized gas mixtures obtained commercially in standard pressure tanks and
checked by the Haldane method. BMR was calculated from respiratory data using Lusk’s
tables (27) and finally expressed as kcal/m2/h, based on DuBois’s equation to estimate the
body surface area.

Other Covariates

Mortality data were collected by telephone follow-up and correspondence with participants

and their relatives. Every year, regular searches of the National Death Index were conducted
to ascertain the vital status of the participants. Using these methods, we could ascertain vital
status of 96% of participants. The cause of death was determined by a consensus of three
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physicians who reviewed death certificates, medical records, and other available
documentation on each participant. The cause of death was classified as “cardiovascular,”
“cancer,” or “other.”

Weight in kilograms and height in centimeters were measured after overnight fasting with
participants wearing a hospital gown, on a standard physician’s balance scale and
stadiometer, respectively. Body mass index (BMI) was calculated by dividing the weight in
kilograms measured at each visit by the square of height in meters. Waist circumference was
measured as the minimal circumference between the inferior rib cage and iliac crests.
Creatinine excretion, an indirect measure of total amount of muscle mass, was determined
[using the method described by Hare (28)] from 24-hour urine collection that began on the
day of the participant’s arrival at the Gerontology Research Center. Diabetes mellitus was
defined by 1997 American Diabetes Association criteria. Leisure time physical activity
(LTPA) was estimated from self-reported information on time spent performing 97 activities
(including work-related physical activities) on a typical day, averaged over the previous 2
years (29). Each activity was assigned a value for metabolic units (MET/minute, or
metabolic equivalents of resting oxygen consumption per minute) using the coding system
described by Ainsworth and colleagues (30) and Jetté and colleagues (31). Activities were
categorized as low intensity (<4 METS), moderate intensity (4-5.9 METS), or high intensity
(>6 METS). LTPA was finally expressed in average total METs/day: MET unit assigned to
the activity multiplied by the average number of minutes per day. To measure muscle
isometric strength, participants were seated with their upper arms perpendicular to the floor
and the forearm parallel to the anterior—posterior axis and perpendicular to the head-to-seat
axis. Shoulders were supported by a backboard and by shoulder straps. Hands lay on 1-inch-
thick wooden grips connected by wires to a supporting frame. Participants pulled against the
grips in four ways: up, down, forward, and backward along the axis of the forearm. Each
direction was tested three times, and the maximal value was recorded. A 10-minute rest
period occurred between trials. Grip strength was measured with a Smedley Hand
Dynamometer (Stoelting, Wood Dale, IL) calibrated to known weights and adjusted to fit
each participant’s grip. Total strength was calculated by summing the eight arm
measurements and both grip strengths and will be referred to as “strength” and reported in
kilogram. Test-retest reliability for total strength was estimated by repeated measurements
on 2 consecutive days. The Pearson R correlation for total muscle strength was 0.87 (V= 29,
p=.000) with no differences in mean values (32).

Participants were categorized as smokers, former smokers, or never smokers at each visit
based on self-report questionnaires. Total white blood cell count (7 cells/mm3) was
performed using a standard Coulter Counter (Coulter Electronics, Hialeah, FL). Blood
pressure was measured at the brachial artery using a sphygmomanometer that was calibrated
at regular intervals with a mercury standard (33). Cancer diagnosis was based on medical
evaluation and clinical reports.

Analytical Approach

The cross-sectional part of this study used data from both sexes, whereas the longitudinal
analyses were performed only in men. Baseline participant characteristics were reported
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according to their status at the end of the follow-up period, either “survivors” for those who
were still alive or “decedents” for those who died.

In Table 1 and Table 2, baseline and follow-up characteristics of participants were reported
as means and standard deviations if continuous variables, and as proportions and percentages
if categorical variables. Differences between survivors and decedents were tested using
Student zor chi-square tests. Mixed effect models were used to study the age-related change
of BMR for the entire sample of male participants. In these models, the fixed effects were
“age at the study entry,” “follow-up time,” “follow-up time squared,” and “follow-up time x
age at the study entry” interaction, while the random effects were participants, “follow-up
time,” “follow-up time squared” (Figure 1B). These models were also tested separately for
those who died and those who were censored at the end of the follow-up period, using the
Loess approach (Figure 1C) (34). The contribution of BMR to mortality was estimated in
proportional hazards regression models using the survival functions developed by Therneau
and Brambsch (34), which allow for time-dependent covariates using a counting process. In
all models, BMR was included both as a linear and as a quadratic term to allow for nonlinear
association. Model 1 was adjusted for age, date of visit, race, weight, and BMI. Model 2 was
also adjusted for smoking, and Model 3 was adjusted for all covariates of Model 2 plus total
physical activity, creatinine excretion, muscle strength, and white blood cell count. Because
at least one of the covariates in Model 3 and Model 4 had missing data for approximately
one third of the time points at which BMR was collected, the value of these covariates was
imputed after examining the pattern of the missing data in relationship with the other
covariates. The statistical procedure used for imputation was areglmpute in S-PLUS (version
6.2; Insightful, Seattle, WA), a method that uses a multiple imputation inference algorithm.
This algorithm generates values for missing data based on all the available data collected
longitudinally in each participant (Table 3) (34,35).

The nature of the relationship between BMR and mortality was explored by looking at the
functional form of the relationship of Martingale residuals and BMR. The Martingale
residuals from a proportional hazards model reflect the discrepancy between the observed
and expected mortality hazard, which corresponds to a measure of “excess mortality”
(Figure 2) (34). Risk proportionality was tested by plotting Martingale residuals according to
time. The statistical procedure used for this analysis was cox.zph in S-PLUS.

To explore the relationship between BMR and mortality, we grouped participants into four
BMR groups using the following cutoffs: 31.3, 33.9, and 36.4 kcal/m2/h. These cutoffs were
identified by looking at the functional form of the relationship between the Martingale
residuals and BMR. The distribution of BMR groups resembled the quartile distribution of
participants at baseline and fitted very well the critical thresholds for mortality. The
characteristics of participants according to BMR groups are reported in Tables 4 and 5.
Mortality risk ratios were estimated using a longitudinal time-dependent model according to
the survival functions developed by Therneau and Brambsch (34). The probability of death
for participants who were in the different BMR groups was estimated in comparison to the
second group (31.3-33.9 kcal/m2/h), which corresponds to the lowest age-adjusted mortality
risk. These analyses were conducted using all-cause mortality, cancer mortality, and
cardiovascular mortality. The mortality hazard ratio (HR) by specific cause was estimated
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particularly in participants with BMR > 36.4 kcal/m2/h. In all survival analyses, a time-to-
event approach was used. Time-to-event was estimated as the difference between the date of
death and the date of visit at baseline evaluation in participants who died during the follow-
up, and as the difference between date of visit of last updating of death index (which was
2000) in the data set and date of visit of baseline evaluation in those participants who were
still alive at the end of the follow-up period. A value of p < .05 was considered as the
threshold for statistical comparisons. All analyses were performed using S-PLUS version
6.2.

The baseline characteristics of participants according to final vital status are presented in
Table 1. Overall, 59.2% of men and 26.2% of women died over the follow-up period. A total
of 3141 evaluations over 24 years were performed in men and 380 evaluations over 4 years
were performed in women. On average, 4.8 £ 3.8 BMR evaluations were performed in male
participants who died and 4.1 + 3.2 BMR evaluations in those who survived. Only few
women had more then one BMR evaluation (Table 2).

The decedent participants were older at both the first and last evaluations, had lower
creatinine excretion and muscle strength, were less physically active, and had a significantly
higher waist circumference compared to those who were still alive at the end of the follow-
up period (Tables 1 and 2). As people got older, BMR declined in both sexes independently
of BMI (p < .0001). Nonetheless, men had higher BMR than did women across the life span
(p<.0001) (Figure 1A).

Longitudinal Age-Related Trend of BMR in Men

The longitudinal trajectory of BMR was evaluated only in men because women started the
study at a later stage. On average, the rate of BMR decline was 0.09 kcal/m?/h per year.
However, the rate of decline accelerated from 0.07 kcal/m2/h per year between the age of 40
and 50 years to 0.15 kcal/m?/h per year between the age of 70 and 80 years (Figure 1B).

Noteworthy, among participants who entered the study before the age of 65 years, those who
died had higher BMR than those who survived (Figure 1C), and such a difference became
progressively larger over the follow-up period. All participants who were enrolled after age
65 years died during the follow-up period, and the average slope of their BMR decline was
steeper than that in the younger groups (data not shown).

BMR and Mortality in Men

The risk of death increased significantly as a squared function of BMR, expressed either as
kcal/m?/h or kcal/kg/h, and independent of age, date of visit, race, weight, and BMI (Table
3, Model 1). The excess risk of mortality associated with higher BMR was statistically
significant after further adjustment for smoking (Table 3, Model 2), total physical activity,
creatinine excretion (used as a measure of muscle mass), muscle strength, and white blood
cell count (Table 3, Model 3). The strength of the association between BMR and mortality
was substantially unchanged after adjustment for systolic and diastolic blood pressure,
diabetes, and cancer (Table 3, Model 4).
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The functional form of the relationship between BMR and mortality was nonlinear, and no
excess mortality was found in the range 25.0-35.0 kcal/m%/h (Figure 2). Independent of age,
participants with BMR in the range 31.0-33.0 kcal/m2/h had the lowest mortality, whereas
above the threshold of 33.0 kcal/m?/h the mortality risk increased linearly, and the
participants with BMR >36.0 kcal/m?/h experienced excess mortality compared to the
average mortality of the population. A slight and almost negligible increase of mortality was
observed for values <31.0 kcal/m?/h (Table below Figure 2). These findings remained
substantially unchanged after adjustment for visit date, race, BMI, physical activity, muscle
mass, smoking status, and white blood cell count (data not shown). Interestingly, the critical
thresholds identified in this analysis approximately divided the BMR distribution into groups
(Table below Figure 2, Table 4). Using baseline and longitudinal data analysis, the lowest
age-adjusted mortality rate was found in the second group (BMR within 31.3-33.9
kcal/m?/h), which was considered the reference group of BMR. Participants in the highest
and those in the lowest BMR groups had higher mortality risk compared to those in the
reference group (Table 4). Independent of age, race, calendar date, BMI, smoking status,
muscle mass, and white blood cell count, participants in the 33.9-36.4 kcal/m2/h BMR
group had 28% higher mortality (HR: 1.28; 95% confidence interval [CI], 1.02-1.61), and
those in the highest group of BMR (>36.4 kcal/m?/h) had 53% higher mortality (HR: 1.53;
95% Cl, 1.19-1.96) compared to those in the reference group (BMR within 31.3-33.9
kcal/m?/h) (Table below Figure 2).

Participants with BMR > 36.4 kcal/m2/h and high mortality risk were relatively younger
(49.5 + 13.2 years), had significantly higher BMI and white blood cell count, and were more
likely to be smokers than were those in the reference group (Table 5). The percentage of
cardiovascular and cancer deaths were similar across the BMR groups. However, based on a
time-to-event analysis, persons in the highest versus those in the reference BMR group had
significantly higher estimated HR values for cardiovascular mortality (HR: 1.23; 95% Cl,
1.00-1.52). Persons in the highest versus those in the reference BMR group tended to have a
higher HR value for cancer mortality (HR: 1.42; 95% ClI, 0.94-1.81). The exceeding risk of
death conferred by a BMR >36.4 kcal/m?/h versus the reference BMR (HR: 1.53; Cl, 1.19—
1.96) was greater than the excess risk of death associated with being a current versus never
smoker (HR: 1.26; 95% CI, 1.06-1.52).

Discussion

On the basis of data collected longitudinally from healthy community-dwelling persons who
participated in the BLSA, we found that BMR declined nonlinearly with age. Independent of
age, participants who died during the follow-up period tended to have a higher BMR
compared to those who survived. Accordingly, higher BMR was associated with increased
risk of mortality independent of age, weight, BMI, smoking status, total physical activity,
muscle mass and strength, white blood cell count, diabetes, blood pressure, and calendar
date. The relationship between BMR and mortality was curvilinear with minimum mortality
between 31.0 and 33.0 kcal/m#/h and with progressively rising mortality above 33.0
kcal/m2/h. These findings are the first evidence based on longitudinal data showing that a
blunted capacity to reduce BMR with age is a significant risk factor for mortality in the
general population.
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We confirmed that BMR declines with age (25,26,36,37) and showed that the rate of decline
accelerates at older ages (38). Interestingly, the age-related decline of BMR was blunted in
participants who died compared to those who were still alive at the end of the follow-up
period. These results are compatible with the notion that long-lived individuals are able to
preserve a low energy metabolism, perhaps reflecting good health status.

The discrepancy in BMR between individuals who died and those who survived may
indicate pathological conditions causing a homeostatic dysregulation that substantially
increase minimum energy requirements. Noteworthy, an increase of 200 kcal in BMR in a
normal individual (170 cm, 76 kg) with a baseline BMR of 32 kcal implied on average a
24% increased risk of mortality.

A potential clinical application of this concept stems from the hypothesis that an excessively
high BMR, such as one caused by uncontrolled inflammation, is an early index of the
perturbation of health status. As a consequence, BMR may help clinicians to monitor the
effectiveness of their interventions.

We acknowledge that the present study has limitations. The BLSA sample is not
representative of the general population because it mostly includes highly educated
individuals of high socioeconomic status who are considered healthy at study entry. Data
were collected from 1958 through 1982. Women were enrolled in the study only from 1978.
The longitudinal BMR evaluation based on the same methodology and performed in the
same clinical setting at the Gerontology Research Center in Baltimore over a period of
decades is a unique feature of the BLSA. However, we caution the readers about the
difficulty of detecting early thyroid dysfunction based only on physical examination. During
1958-1982, thyroid-stimulating hormone (TSH) radioimmunoassay or triiodothyronine (T3)
determinations were not available for the BLSA participants, and later they were measured
only in a subgroup.

However, to our knowledge this study is unique because of the open panel design and the
length of follow-up of the participants. Additionally, the BLSA is particularly suited to
address the scientific question of this manuscript, and our findings have important potential
scientific implications. By showing that BMR is independently related to mortality in
humans, and that persons who died had a blunted age-related BMR decline compared to
those who survived, our study may open new research perspectives to investigate the role of
energy expenditure in influencing both health status and duration of life.
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Figure 1.

Changes in basal metabolic rate (BMR) with aging. A, Data collected on BMR in all
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participants and at all time-points using nonparametric smoothing functions (dashed line for
men; solid line for women). B, Longitudinal trend of BMR by age decade (so/id /ines) and

limited to men. Longitudinal predicted values are from a fully adjusted mixed-effects

regression model. C, Longitudinal trend of BMR in men according to their final status and

stratified by age at study entry, respectively, at age <35 years (C1), 35-49 years (C2), 50-64
years (C3). Dashed lines, participants who were still alive at the end of the follow-up period;
solid lines, participants who died during the follow-up period.
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Excess Mortality

T T
20 25 30 35 40 45
Basal Metabolic Rate (kcal/m?/hr)

BMR, (groups)

31.3< 31.3-33.9 33.9-36.4 >36.4
Mortality Risk Ratio* 1.089 1 (Ref) 1.284 1.533
(0.896-1.325) (1.021-1.615) (1.194-1.967)

*Mortality risk ratio is adjusted for age, race, date of visit, BMI, smoking status, muscle mass and
white blood cell count.

Figure 2.
Functional form of the relationship between basal metabolic rate (BMR) and mortality in the

Baltimore Longitudinal Study of Aging (BLSA) male participants. Excess mortality reported
on the yaxis is defined as the absolute difference between the observed and the estimated
mortality hazard. Estimate (so/id line) and confidence intervals (dashed lines) were adjusted
for age, race, calendar date of visit, weight, body mass index (BMI), total physical activity,
smoking status, creatinine excretion, muscle strength, and white blood cell count. Note that
BMR between 31.0 and 33.0 kcal/m?/h is associated with lowest excess mortality, whereas
BMR = 36.4 kcal/m2/h corresponds approximately to the threshold above which excess
mortality increases steadily. Table shows the mortality risk ratio from longitudinal data
according to participant groups.
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Table 1

Baseline Characteristics of BLSA Participants According to Final Status

Page 13

Women

Survivors (N =188) Decedents (N = 67)

Men

Variables Survivors (N =396)  Decedents (N = 576)
Basal metabolic rate (mean + SD), kcal/m?h 348+36" 331+417
Weight (mean + S0), kg 79.6+11.07 77141077
Height (mean + SD), cm 17824677 1752+ 6.4~
BMI (mean = SD), kg/m? 25.0 +2.9% 25.1+3.0%
Waist circumference (mean + SD), cm 87.1+89% 905+91%
Smoking status, /7 (%)

Never smoker 143 (36.1)% 214 (37.2)%

Former smoker 121 (30.5)% 188 (32.7)%

Current smoker 132 (33.3)% 173 (30.1)%
Total physical activity (mean + SD), 2167 + 394~ 1907 +377 7
METmin/24 h

Low intensity 1697 + 2507 1629 + 2837

Moderate intensity 303+ 2267 204 + 2077

High intensity 167 +194° 73.4+126™

White blood cell count (mean + SD), cells/mm?3 6894 + 1724 7520 + 1963~

Creatinine excretion (mean + SD), mg/24 h

1814 +290 ™ 1578 335~

Muscle strength (mean + SD), kg

428+617 3814647

322+327 309297
63.0+10.57 63.3+12.3%
163.9+6.1% 160.1£6.17
234377 247457
76.4+837" 807977
99 (52.9)% 38 (58.5)%
55 (29.4)% 15 (23.1)%
99 (17.6)% 12 (18.5)%
2275+ 3257 2153+ 3017
1912 + 2837 1847 + 2507
264 + 1807 222 +170%
99.4 + 1347 83.9 + 2207
6326 + 1607 * 6750 + 1616~
1071 +223% 838 £ 2127
202 + 417 181 +1037%

Notes. Survivors are participants who were still alive at the end of the follow-up; decedents are those who died during the follow-up. Differences
among censored and participants who died have been estimated using the Student ¢or chi-square test, as adequate.

*
p<.0001;

fp< .05;

¢p> .05.

BLSA = Baltimore Longitudinal Study of Aging; SD = standard deviation; BMI = body mass index; MET = metabolic equivalent.
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Table 2

Characteristics of Follow-Ups on BLSA Participants According to Final Vital Status

Men Women
Characteristics Survivors (N =396) Decedents (N=576) Survivors (N =188) Decedents (N = 67)
Observations per participant [median (IR)], 7 3 (4-16) 4 (5-20) 1(1-3) 1(1-3)
Follow-up (mean + SD), y 29.7+7.6 19.0+£10.7 203+1.2 149+6.2
BMR evaluations, 77 1054 2087 271 110
Age at first visit (mean + SD), y 38.9+8.9 60.2 £ 13.6 47.4+13.0 67.1+11.2
Age at final status (mean = SD), y 68.6 £ 11.7 79.2+16.7 67.7+13.1 82.0+10.8

Notes. Survivors are participants who were still alive at the end of the follow-up; decedents are those who died during the follow-up. BLSA =
Baltimore Longitudinal Study of Aging; IR = interquartile range; SD = standard deviation; BMR = basal metabolic rate.
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Table 3

BMR and Mortality Risk Estimated From Longitudinal Data in Male BLSA Participants

Model 1 Model 2 Model 3 Model 4
Observations, 77 3139 3139 3139 3139
Deaths, n 575 575 575 575
Variables

BMR, kcal/m?/h

BMR?, kcal/m?/h

Age,y

Date of visit, y

Race (other vs Caucasian)

Weight, kg

BMI, kg/m?2
Smoking

Former vs never smokers

Current vs never smokers
Total physical activity, MET min/24 h
Creatinine excretion, mg/24 h
Muscle strength, kg
White blood cells, 72 cells/mm3
Systolic blood pressure, mmHg
Diastolic blood pressure, mmHg
Cancer, n

Diabetes, 1

1.032 (1.011-1.053)
1.004 (1.002-1.007)
1.095 (1.086-1.103)
0.938 (0.925-0.952)
0.902 (0.533-1.524)
0.997 (0.982-1.012)
1.002 (0.953-1.054)

1.024 (1.003-1.045)
1.003 (1.001-1.006)
1.098 (1.090-1.107)
0.938 (0.925-0.952)
0.819 (0.470-1.427)
0.995 (0.980-1.010)
1.012 (0.962-1.065)

1.152 (0.976-1.361)
1615

1.023 (1.002-1.044)
1.003 (1.001-1.006)
1.093 (1.084-1.102)
0.943 (0.929-0.957)
0.851 (0.479-1.510)
0.998 (0.982-1.014)
1.016 (0.966-1.069)

1.138 (0.962-1.347)
1.488

1.000 (1.000-1.000)

0.999 (0.999-1.000)

1.000 (0.999-1.001)

1.060 (1.018-1.103)

1.019 (0.998-1.041)
1.003 (1.001-1.006)
1.088 (1.078-1.098)
0.941 (0.926-0.955)
0.821 (0.469-1.436)
1.001 (0.985-1.018)
1.002 (0.952-1.055)

1.110 (0.934-1.319)
1.451
1.000 (1.000-1.000)
0.999 (0.999-1.000)
1.000 (0.999-1.002)
1.056 (1.013-1.101)
1.003 (0.997-1.008)
1.003 (0.994-1.012)
1.111 (0.930-1.327)
1.111 (0.930-1.327)

Page 15

Notes. In Model 3, missing data for total physical activity, creatinine, and muscle strength, and in Model 4, missing data for systolic and diastolic
blood pressure, cancer, and diabetes were imputed using multiple imputation inference (34,35).

BMR = basal metabolic rate; BLSA = Baltimore Longitudinal Study of Aging; BMI = body mass index; MET = metabolic equivalent.
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Table 4

Mortality Rates and Relative Risks for Mortality According to BMR Groups at Baseline and Using
Longitudinal Data in Male BLSA Participants

BMR (Groups*)

31.3<BMR 31.3<BMR<339 339<BMR<364 BMR>364

Baseline
Participants, 7 245 242 244 241
Visits, n 245 242 244 241
Age first visit (mean + SD)y ~ 58.6 + 16.2 54.8 +15.7 484 +14.4 440125
Age at death (mean + SD) y 81.9+104 82.3+10.3 76.8+12.3 73.2+11.9
Deaths, n 184 149 134 109
Persons-years, n 5245 5758 6186 6404
Rate/1000 persons-years 35.0 25.8 21.6 17.0
Age-adjusted mortality rate 24.6 184 24.7 253
Age-adjusted relative risk " 1.3 1 (Ref) 13 14

Longitudinal
Visits, n 1004 811 692 634
Age first visit (mean + SD)y ~ 63.8+15.3 58.8 + 14.6 535+ 143 49.4+£132
Age at death (mean = SD) y 81.8+10.3 79.6 +10.8 755+12.0 72.4+11.3
Deaths, 1 217 140 115 104
Persons-years, 7 5755 5836 5561 5535
Rate/1000 persons-years 37.7 23.9 20.6 18.7
Age-adjusted mortality rate” 245 213 239 291
Age-adjusted relative risk 114 1 (Ref) 1.09 138

Notes.

*
Groups were obtained using the cut-offs derived from the shape of relationship between excess mortality and BMR.

fMortaIity rate and relative risk were adjusted by age according to mortality rate from the overall population.

BMR = basal metabolic rate; BLSA = Baltimore Longitudinal Study of Aging; SD = standard deviation.
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