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Abstract

Objectives—To assess the associations among age, health status, and resting metabolic rate
(RMR) in a large population of older adults.

Design—Cross-Sectional Analysis

Setting—Community-dwelling volunteers from the Baltimore Longitudinal Study of Aging
(BLSA)

Participants—Four hundred twenty persons aged 40 — 96 (mean 68.2 £+ 11.0) who underwent a
comprehensive physical examination, cognitive assessment, resting metabolic rate testing, body
composition assessment, and physical function testing during a three-day clinic visit.

Measurements—~Participants were assigned to “IDEAL” (Insight into the Determination of
Exceptional Aging and Longevity) or “non-IDEAL” categories based on health status. IDEAL
participants were defined by the absence of: physical and cognitive impairments, chronic
conditions/comorbidities and blood profile alterations. A three-stage linear regression model was
used to assess the relationship between RMR and age, using IDEAL classification as a predictor,
adjusting for sex and body composition.

Results—RMR averaged 1512.4 (+ 442.9) kcal/day and was lower with advancing age (f =
-8.55, p < 0.001). After adjusting for age, sex, and body composition RMR was 109.6 kcals/day
lower in IDEAL than non-IDEAL participants (p < 0.005).

Conclusions—Individuals who are fully functional and free of major medical conditions have
lower RMR than those affected by disease and functional impairments. These findings suggest
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that health status plays a role in energy utilization and regulation independent of age and body
composition and that elevated RMR may be a global biomarker of poor health in older persons.

Keywords
Aging; Resting Metabolic Rate; Comorbidities

INTRODUCTION

Resting metabolic rate (RMR) is the minimal energy required for life (1). In 1908, Rubner
proposed his “rate of living theory” based on the observation that a slower rate of
metabolism was associated with greater longevity in animals (1). Rubner’s theory has been
at the center of discussions for more than a century and conflicting views continue to emerge
(2). In 2000, Brand proposed the “uncoupling to survive” hypothesis, which postulates that
greater mitochondrial uncoupling (and greater metabolic rate) leads to lower reactive oxygen
species (ROS) and longer lifespan (3). In conflict with this view, recent studies have shown
that higher RMR is a risk factor for mortality in humans (4, 5) although the true mechanism
of this association is not well understood.

Previous studies have found that RMR is highest at one year of age and declines rapidly
after word, with the rate of decline slowing after puberty (6). This decline is explained
partially by a decline in lean body mass (7). Conversely, there are also many reasons to
believe the energetic requirement for maintaining life may increase with age. Aging is
characterized by agradual loss of physiologic reserve, impaired response to stress and
unstable homeostasis (8), which contribute to disease susceptibility and impaired recovery
from disease and injury (9). Comorbid conditions common with aging may challenge
biological homeostasis and trigger counteracting responses that require extra energy (10).
Eventually this chronic elevation of metabolic rate may contribute to organ damage at the
cellular level and, especially in older persons with comorbidities and frailty, attenuate the
well-documented age-related decline in resting metabolic rate as the body works harder to
maintain the biological processes that sustain life (11-13). Over time, this chronic elevation
may contribute to the increased risk of mortality observed in recent studies (4, 5).

Assessing the separate contributions of aging and morbidity to changes in RMR is complex
as the concept of “healthy aging”, as originally defined by Rowe and Kahn in 1987 (14), and
expanded upon by multiple researchers (15, 16), is difficult to operationalize. In recent
years, the Baltimore Longitudinal Study of Aging (BLSA) has developed an operational
definition of “IDEAL aging” using an extensive assessment of physical and cognitive
function, health status and medical history to investigate the separate effects of aging and
disease. These criteria comprise the inclusion criteria to enroll new participants into the
BLSA, are highly standardized, and encompass both objective and subjective measurements.
In simple terms, participants are considered IDEAL if they have no physical or cognitive
impairments, no chronic diseases except controlled hypertension, and no abnormal blood
tests.

The aim of this paper is to shed light on the association between RMR and aging by health
status, and to understand whether common age-related comorbidities and conditions may be
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associated with elevated RMR in mid-to-late life. We hypothesize that disease burden (non-
IDEAL status) will be associated with higher metabolic rate as the body attempts to repair
itself and return to homeostasis.

Materials and Methods

Participants

The BLSA is a study of human aging, established in 1958 and conducted by the National
Institute on Aging Intramural Research Program. A general description of the sample and
enrollment procedures and criteria has been reported (17). Briefly, the BLSA continuously
enrolls healthy individuals aged 20 years and older to maintain an adequate balance of active
participants across age groups, sex and ethnicities. All participants are community
volunteers who must pass a comprehensive health and functional screening evaluation and
be free of major chronic conditions and cognitive and functional impairment at enrollment.
Participants are followed for life regardless of the development of comorbidities and
conditions and undergo extensive testing every one to four years depending on age. In 2007,
highly standardized criteria for excellent or “IDEAL” (Insight into the Determinants of
Exceptional Aging and Longevity) health were established for the BLSA study enrollment.
IDEAL criteria, are based on physical and cognitive function, absence of major diseases
(except controlled hypertension and cancer that has been clinically silent for more than 10
years), and laboratory blood values. At the end of each week, the BLSA research team
reviews pertinent data collected on each BLSA participant to adjudicate the “IDEAL” status.

The sample for the current study consists of 420 men and women who visited the BLSA
between July 2007 and December 2011 and underwent a comprehensive health history and
physical examination, physical performance testing, cognitive testing, and RMR assessment.
The Internal Review Board of the Med star Research Institute approved the study protocol
and all participants provided written informed consent.

Measurements

Participants were examined at the National Institute on Aging Intramural Research Program
Clinical Research Unit in Baltimore, Maryland over three days of testing. Certified nurse
practitioners and specialized technicians administered all assessments following
standardized protocols. Consistent with previous concepts of successful aging (14, 16),
IDEAL aging status was defined using a combination of subjective and objective measures
designed to assess presence of specific health conditions and functional limitations.
Participants were classified as IDEAL if they met all of the following criteria: no reported
difficulty completing activities of daily living (ADLSs) or independent activities of daily
living (IADLs) and a short physical performance batter score (SPPB) of 12 if younger than
age 80, 11 if aged 80-89, or 10 if aged 90 or over; no reported mobility limitation defined as
difficulty walking 400 meters, climbing 10 steps, or shortness of breath after climbing one
flight of stairs; no reported medical history of cardiovascular disease, congestive heart
failure, stroke, bypass surgery, kidney disease, diabetes, or cancer within the past ten years;
measured systolic blood pressure of <145 mmHg and diastolic blood pressure of <90
mmHg; a Blessed Mental score of <4 and a Mini-Mental State Examination score 0f>26;
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measured hemoglobin of = 11.0 g/dL for men or = 10.5 g/dL for women; measured albumin
of = 3.2 g/dL, and no history of medical condition(s) requiring an absolute need for long-
term treatment with antibiotic, antiviral, corticosteroids, immunosuppressants, or pain
medications.

Certified examiners administered the SPPB (18) in a dedicated area of the clinic. The gait
speed component was conducted over 6 meters and two trials were performed with the faster
used for scoring. Time to complete 5 repeated chair stands used the faster of the first or
second split of 5 out of 10 stands for scoring. Standing balance score was derived from
performance on three progressively more difficult positions - side-by-side and semi- and
full-tandem stands and the ability to hold each for up to 10 seconds.

A detailed health examination and interview was administered by a nurse practitioner during
the physical examination. Information from the interview was used to derive functional
status and history of chronic conditions. Blood pressure was assessed in the supine position
and measured three times on each arm, alternating right and left with one minute in between
each measurement. Mean overall blood pressure value was used to define hypertensive
status.

Screening for cognitive impairment was performed by the nurse practitioners using the
Blessed Dementia Rating Scale (19) and by certified cognitive testers using the Mini-Mental
State Examination (20). Laboratory values were assessed using blood samples collected
after an overnight fast. Albumin and hemoglobin were determined using Vitros-Dye Binding
BCG, Vitros-enzymatic, and SYSMEX XE-2100 methods, respectively.

RMR was assessed first thing in the morning for 16 minutes in a quiet, thermo-neutral
environment, in a fasted, rested state via indirect calorimetry (21, 22), using a Cosmed k4b2
portable metabolic analyzer (Cosmed, Rome, Italy). Prior to testing, the Cosmed was
calibrated using a 3.0 liter flow syringe and gases of known concentrations. The Cosmed
collects gas-exchange data on a breath-by-breath basis averaged over 30 second intervals to
reduce variability. The first five minutes of data were discarded and the remaining minutes
were averaged to arrive at a single measure of resting metabolic rate.

Body composition was determined using dual-energy x-ray absorptiometry (DEXA) and
computed tomography (CT). Total body DEXA was performed using a Prodigy Scanner
(GE, Madison, WI) and analyzed with version 10.51.006 software. Total nonbone,
nonadipose tissue and adipose tissue at midfemur were obtained from a cross-sectional
10mm CT image using a Somatom Sensation 10 computed tomography scanner (Siemens,
Malvern, PA) and quantified using Geanie software version 2.1 (BonAlyse Oy, Jyvaskyla,
Finland). Although DEXA provides a global assessment of lean and fat mass distribution, it
is not sensitive to variations in muscle density caused by fat infiltration. In contrast, CT
provides an indicator of muscle density but is limited to a few regional assessments to
minimize radiation exposure in a research setting. To take advantage of the benefits of these
two methods, we calculated “adjusted lean mass” by multiplying the lean mass of the right
leg (grams, DEXA) by the muscle density of the right thigh (CT scan) to more accurately
account for the age-related fat infiltration of lean mass (23, 24). A similar calculation was
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performed to adjust fat mass (fat mass of the right leg (DEXA) x fat density of the right
thigh (CT scan)) to maintain fat mass and lean mass on the same scale in the analysis.

Statistical Analysis

All analyses were performed using Stata MP, version 10 (Statacorp, College Station, TX)
and p-values <.05 were considered significant. Participants were classified as IDEAL or
non-IDEAL and T-tests and chi-square tests were used to evaluate differences in continuous
and categorical variables, respectively between groups. Unadjusted relationships between
variables were explored using scatter plots and locally weighted regression smoothers, and a
histogram was used to assess the distribution of RMR. Based on these results, the cross-
sectional relationship between RMR and age was modeled using linear models with the
IDEAL classification as a predictor and sex, CT-adjusted lean body mass and CT-adjusted
fat mass as covariates. Interactions between variables were not significant and not included
in the final models.

Participant characteristics are detailed in Table 1. Of the 420 participants in the analyses,
218 qualified as IDEAL and 202 as non-IDEAL. IDEAL participants tended to be younger
and female, and had lower BMI, lower Blessed Mental score, higher MMSE score, higher
hemoglobin, and higher albumin (p <0.05). There were seven IDEAL participants self-
reporting ADL disability and one self-reporting IADL disability however because the
IDEAL criteria use a combination of subjective and objective measures of physical function,
they were classified as IDEAL based on high SPPB performance and absence of any chronic
conditions.

Consistent with prior research, unadjusted RMR averaged 1512.4 (+ 442.9) kcal/day, was
lower with advancing age (p =-8.55, p<0.001), and higher in men than in women (p
=348.86, p <0.001) (11, 12). Adjusted lean mass was negatively associated with age (r=
-0.31, p <0.001) and adjusted fat mass was positively associated with age (r=0.23, p
<0.001).

To model the association between IDEAL status and RMR, we performed a three-stage
linear regression model (Table 2). Stage one modeled the unadjusted relationship between
IDEAL status and RMR. This revealed a non-significant trend towards lower RMR in
IDEAL participants (p = 0.08) of 75.4 kcals/day. Stage two expanded the model to account
for age (B =—-12.56, p <0.001) and sex (B = 374.11, p <0.001), which increased the
difference between IDEAL and non-IDEAL participants to 123.59 kcals/day (p = 0.002).
Finally, stage three added covariates for lean mass (f = 0.001, p <0.001) and fat mass (f =
-0.0004, p <0.001) to account for differences in body composition. These additions
decreased the difference between IDEAL and non-IDEAL participants to 109.6 kcals/day,
but the association between RMR and IDEAL status remained highly significant (p = 0.005).
When stratified by sex, the difference in RMR between IDEAL and non-IDEAL participants
was 125 kcals/day in men (n=232, p = 0.03) and 99 kcals/day in women (n=188, p = 0.05).
Although the interaction between IDEAL status and sex was not significant, there appeared
to be a trend towards a survival bias in the oldest non-IDEAL males (Figure 1B).
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DISCUSSION

These findings demonstrate that individuals aged 40 to 96 who are fully functional and free
of major medical conditions have significantly lower RMR than those affected by disease
and/or functional impairments. This supports previous research examining the metabolic and
energetic cost of disease and expands on it to include age-related comorbidities and
conditions (4, 25). Further, these findings emphasize the important role health status plays in
energy utilization and regulation throughout mid-to-late life independent of age and body
composition.

Although transient increases in metabolic rate due to physical activity are beneficial (25,
26), persistently elevated metabolic rate due to chronic diseases and conditions may be
harmful and lead to accelerated disease progression and early mortality (4, 5, 9). The
mechanisms for these effects are not completely understood and may include increased
oxidative stress, a shifting of energetic needs for other homeostatic mechanisms, a rising
catabolic state associated with weight loss, and chronic fatigue. Alternatively, high RMR
may simply be a biomarker; a bystander of impending deterioration of health that eventually
results in adverse outcomes.

Previous research on the health effects of aging and metabolic rate has been limited to
smaller samples with younger participants or confined to a single health related condition (4,
27). Our study examined the relationship between metabolic rate and both mobility and
common disease-driven health-related factors over a wide age spectrum. Accordingly, this
approach provides a more comprehensive analysis of the multitude of factors associated
with the energetic cost of life. Finally, we employed a widely accepted method of measuring
RMR (21, 22) rather than group equation estimates to increase accuracy and minimize bias
(13, 28).

This study has several potential limitations. First, due to the demands of attending a clinic
visit and enduring performance testing the study population is healthier than the general
population and may underestimate the difference in metabolic rate between IDEAL and non-
IDEAL persons. The true relationship may indeed exceed 109 kcals/day, which suggests that
disease and co-morbidities may confer even greater energy costs. Further, the trend of a
survival bias among males may indicate that men who are non-IDEAL in midlife may not
survive into older age. Because of sample size limitations, we could not establish the
contribution of specific diseases, functional or cognitive limitations, or medications but
believe this an important next step for future research. Second, although this study employed
two highly accurate measures of body composition to minimize the confounding effects of
body mass on RMR, residual confounding and/or measurement error may still exist, as body
composition was only assessed using the right leg. Finally, this study uses cross-sectional
data to estimate age-related change and our findings should be confirmed in a longitudinal
design. Previously published data from the BLSA indicates the relationship between age and
RMR predicts longevity (5) and warrants further exploration by IDEAL aging status to
further clarify the relationship among RMR, comorbidities, and longevity.

J Am Geriatr Soc. Author manuscript; available in PMC 2015 April 01.
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A fundamental component of living is the ability to access and utilize energy. Theoretically,
individuals who are most efficient at utilizing energy should survive the longest, which may
explain the previously established association between RMR and longevity (4, 5, 29).
Although the 109 kcal/day difference between IDEAL and non-IDEAL participants may
seem modest, it is important to note that 100 kcals is roughly equivalent to the energy it
takes an average sized individual (150 Ibs) to walk one mile. In older individuals, this may
translate to shortages in the energy available for physical tasks, as energy is directed
elsewhere to regulate comorbid conditions. An important next step in this area of research is
to understand the individual contributions of diseases and impairments to energetic
efficiency, as they may provide novel targets for intervention. Further, the findings from this
research indicate RMR may be a possible candidate biomarker for global health status, a tool
that could be useful in clinical practice, particularly for early diagnosis or monitoring the
effects of treatments in older persons with complex comorbidities. These questions should
be addressed in future studies performed in larger samples and with longitudinal design.

Elevated RMR signals metabolic inefficiency as more energy is required to maintain life.
This sustained disease-driven metabolic inefficiency may contribute to accelerated aging,
increased disability, and death as energy reserves cease to meet daily needs. The current
study supports these hypotheses and emphasizes the importance of healthy aging in the
compression of morbidity and promotion of longevity.
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Adjusted RMR by IDEAL: Females

2000
1
°

=
1]
3
5
[
£
i
S8
@~
8
w
e
o
587
1] .
o
w
0
1]
=20

8 T T T T T T

40 50 60 70 80 90
Age (years)
————— Non-ldeal Female Ideal Female
° Non-ldeal Female . Ideal Female

Figure 1.
RMR (kcal/day) stratified by IDEAL status and adjusted for age, sex, and body composition

in (A) all participants, (B) males and (C) females.
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