
2262

Journals of Gerontology: Biological Sciences
cite as: J Gerontol A Biol Sci Med Sci, 2020, Vol. 75, No. 12, 2262–2268

doi:10.1093/gerona/glaa071
Advance Access publication March 23, 2020

Published by Oxford University Press on behalf of The Gerontological Society of America 2020.  
This work is written by (a) US Government employee(s) and is in the public domain in the US.

Original Article

Greater Skeletal Muscle Oxidative Capacity Is Associated 
With Higher Resting Metabolic Rate: Results From the 
Baltimore Longitudinal Study of Aging
Marta Zampino, MD,1,  Richard  D. Semba, MD,2 Fatemeh Adelnia, PhD,3  
Richard G. Spencer, MD, PhD,1 Kenneth W. Fishbein, PhD,1 Jennifer A. Schrack, PhD,4,  
Eleanor M. Simonsick, PhD,1 and Luigi Ferrucci, MD, PhD1,*,

1National Institute on Aging, National Institutes of Health, Baltimore, Maryland. 2Wilmer Eye Institute, Johns Hopkins University School of 
Medicine, Baltimore, Maryland. 3Institute of Imaging Science, Vanderbilt University, Nashville, Tennessee. 4Center on Aging and Health, 
Johns Hopkins Bloomberg School of Public Health, Baltimore, Maryland.

*Address correspondence to: Luigi Ferrucci, MD, PhD, National Institute on Aging, National Institutes of Health, 251 Bayview Boulevard, Suite 
100, Baltimore, MD 21224. E-mail: ferruccilu@grc.nia.nih.gov

Received: December 10, 2019; Editorial Decision Date: March 13, 2020

Decision Editor: David Le Couteur, MBBS, FRACP, PhD

Abstract

Resting metabolic rate (RMR) tends to decline with aging. The age-trajectory of decline in RMR is similar to changes that occur in muscle 
mass, muscle strength, and fitness, but while the decline in these phenotypes has been related to changes of mitochondrial function and 
oxidative capacity, whether lower RMR is associated with poorer mitochondrial oxidative capacity is unknown. In 619 participants of the 
Baltimore Longitudinal Study of Aging, we analyzed the cross-sectional association between RMR (kcal/day), assessed by indirect calorimetry, 
and skeletal muscle maximal oxidative phosphorylation capacity, assessed as postexercise phosphocreatine recovery time constant (τ PCr), 
by phosphorous magnetic resonance spectroscopy. Linear regression models were used to evaluate the relationship between τ PCr and RMR, 
adjusting for potential confounders. Independent of age, sex, lean body mass, muscle density, and fat mass, higher RMR was significantly 
associated with shorter τ PCr, indicating greater mitochondrial oxidative capacity. Higher RMR is associated with a higher mitochondrial 
oxidative capacity in skeletal muscle. This association may reflect a relationship between better muscle quality and greater mitochondrial 
health.
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Mitochondrial dysfunction is considered a major hallmark of aging 
(1). Mitochondria provide the majority of energy for biological pro-
cesses in the form of adenosine triphosphate (ATP), which can be 
dephosphorylated causing release of free energy. In skeletal muscle, 
mitochondrial density, O2 consumption at peak exercise, and tricarb-
oxylic acid cycle enzyme activity decline with aging (2). Such decline 
is associated with dysfunction of the electron transport chain and 
decreased ATP production, leading to energetic deficits (3,4). This 
age-related reduction of oxidative capacity in skeletal muscle, due in 
large part to mitochondrial dysfunction, is considered an important 
factor driving muscle aging and sarcopenia (2,5). In vivo studies 
utilizing phosphorus magnetic resonance spectroscopy (31P-MRS), a 

technique that measures postexercise mitochondrial oxidative cap-
acity in skeletal muscle, have generally reported a downward trend 
in mitochondrial function with aging, although substantial vari-
ability across individuals of the same age also has been observed 
(6–9). Lower skeletal muscle oxidative capacity is associated with 
slower gait speed (10), lower muscle strength and muscle quality 
(11), and insulin resistance (12).

Resting metabolic rate (RMR) represents the amount of energy 
expended under resting conditions and accounts for 60%–70% 
of daily energy expenditure, while physical activity represents  
15%–30%, and diet-induced thermogenesis about 10% (13). RMR 
is largely determined by the most metabolically active tissues, that 
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is, skeletal muscle, heart, brain, kidney, and liver, but in obese indi-
viduals, adipose tissue also plays an important role (14,15). Because 
of its size, skeletal muscle mass is the major correlate of RMR and, 
therefore, measures of RMR need to be referenced to specific body 
composition parameters (16,17). RMR is also consistently lower 
in women than men independent of body composition (18). RMR 
steadily declines with aging, more steeply in the first three decades of 
life and more gradually throughout adulthood until death (18,19). 
This age-related decline is partially but not completely explained by 
changes in body composition, reduction of lean mass in particular 
(20,21). In persons with impaired health, the relationship between 
RMR and age is more complex, as decline due to muscle loss may 
be offset by increased metabolic demands associated with homeo-
static dysregulation (22). Specifically, independent of age, sex, body 
composition, and physical activity, higher RMR has been associated 
with a greater number of chronic diseases (23,24), frailty (25), and 
higher mortality (26,27). Thus, elevated RMR relative to age, sex, 
body composition, and physical activity may be a global marker of 
poor health (28).

However, while the level of physical activity was used as a po-
tential confounder in evaluating RMR as a biomarker of health, the 
relationship between mitochondrial function and RMR in vivo has 
not been fully investigated. Better mitochondrial function requires 
higher mitochondrial mass and number, as well as greater meta-
bolic rate for conversion of substrates to ATP, which likely results 
in greater demand for oxygen and substrate even at rest, translating 
into higher RMR. Conversely, better mitochondrial health/function 
is likely associated with better oxidative capacity, namely higher 
ATP production for each unit of oxygen consumed, possibly be-
cause of lower production of reactive oxygen species (ROS) and a 
consequent lower need for oxidative phosphorylation uncoupling. 
However, whether one of the two mechanisms is more important 
than the other in tilting the balance toward a positive or a negative 
relationship between RMR and mitochondrial function has not been 
fully investigated. To begin to address mitochondrial function and 
oxidative capacity, we characterized the association between RMR, 
as assessed by indirect calorimetry, and skeletal muscle mitochon-
drial oxidative capacity, as measured by 31P-MRS, in participants of 
the Baltimore Longitudinal Study of Aging, a well-characterized co-
hort of community-dwelling adults. Furthermore, we determined the 
presence of chronic diseases and evaluated whether they affected the 
association between RMR and oxidative capacity.

Materials and Methods

Participants
The study participants included 619 men and women aged 
24–97  years, from the Baltimore Longitudinal Study of Aging 
(BLSA), who were seen between April 2013 and June 2019. The 
BLSA is a prospective open cohort study of community-dwelling 
volunteers primarily from the Baltimore, MD and Washington, DC 
area. Since 1958, the study has been continuously enrolling parti-
cipants, who were free of major chronic conditions and functional 
impairments at enrollment, and following them for life regardless of 
changes in health and functional status, as described in detail else-
where (29).

This study characterized the cross-sectional association of mito-
chondrial oxidative capacity with RMR. Assessments were per-
formed at the Clinical Research Unit of the Intramural Research 
Program of the National Institute on Aging during an on-unit clinic 
visit that consisted of 2.5–3.5 days of medical, physiological, and 

psychological exams. Certified nurse practitioners and certified tech-
nicians conducted all assessments according to standardized proced-
ures. The study protocol was approved by the Institutional Review 
Board of the National Institute of Environmental Health Sciences 
(NIH, North Carolina) and was conducted in accordance with the 
1964 Helsinki Declaration. At every visit, after receiving a detailed 
description of the scope, procedures, and related risk of participating 
in the study, all participants consented to participate in the study.

Demographic and health characteristics of the population were 
determined according to self-reported questionnaires or using 
standard criteria and algorithms (30). Physical activity was deter-
mined through the administration of a standardized questionnaire 
about activities of different intensities performed during a regular 
week, and then transformed into an estimate of energy expenditure 
(kcal/week) using standard conversion factors (31).

Chronic Diseases
Participants underwent an in-depth clinical evaluation, and the 
presence versus absence of major chronic conditions was estab-
lished based on standard clinical, laboratory, and anamnestic cri-
teria. A range of 15 conditions that occur with higher frequency 
and are associated with high disability and mortality risk in the 
aging population was selected “a priori” and included: chronic 
heart failure, myocardial infarction, cerebrovascular accidents, 
hypertension, Type 2 diabetes mellitus, anemia, peripheral ar-
tery disease (PAD), cognitive impairment, depression, Parkinson’s 
disease, chronic kidney disease (CKD), cataract, chronic ob-
structive pulmonary disease (COPD), cancer, and osteoarthritis. 
Multimorbidity was defined as the co-occurrence of multiple dis-
eases and computed as the sum of all diseases present at the same 
visit (multimorbidity index: range 1–15).

Resting Metabolic Rate
RMR was determined using indirect calorimetry (Cosmed K4b2, 
Rome, Italy) (32,33). RMR was assessed first thing in the morning, 
after an overnight stay in the clinic, in a quiet, thermoneutral envir-
onment for 16 minutes. Participants were in a fasting, resting state. 
Before testing, the analyzer was warmed-up for 20 minutes and cali-
brated using a 3.0-L flow syringe and gases of known concentra-
tions. The analyzer collects gas-exchange data on a breath-by-breath 
basis averaged over 30-second intervals to reduce variability. RMR 
was collected in milliliters per minute and then transformed into 
kilocalories per day using the Weir equation (1949) (34). The first 
5 minutes of data were discarded to allow adaptation to the testing 
procedures, and the remaining 11 minutes were averaged to obtain a 
single measure of RMR (35).

Body Composition
Total body dual-energy x-ray absorptiometry (DXA) was performed 
using the Prodigy Scanner (General Electric, Madison, WI) and ana-
lyzed with version 10.51.006 software. DXA uses tissue absorption 
of x-ray beams to identify different components of the human body 
(bone mineral content, lean body mass, and fat mass) and to provide 
quantitative data on body composition (36,37).

Muscle density was assessed by computed tomography (CT; 
Somatom Sensation 10; Siemens, Malvern, PA) in a 10-mm thick 
slice of the thigh acquired at mid-femur, and was quantified by 
customized software with manual checking for quality control 
(GEANIE software, version 2.1; BonAnalyse, Jyvaskyla, Finland). 
The muscle outline was traced manually, excluding subcutaneous 
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fat, intermuscular fat macroscopically detectable, and bone, by a 
trained and certified study coordinator. The mean attenuation co-
efficient values of muscle within the regions outlined on the images 
were determined by averaging the CT number (pixel intensity) in 
Hounsfield units (HU).

Phosphorus Magnetic Resonance Spectroscopy
In vivo 31P-MRS measurements of the concentrations of the 
phosphorus-containing metabolites phosphocreatine (PCr), in-
organic phosphate (Pi), and ATP, were obtained from the vastus 
lateralis muscle of the left thigh using a 3T MR scanner (Achieva, 
Philips Healthcare, Andover, MA), following a standardized protocol 
described previously (10,38). Briefly, spectra of phosphorous-
containing metabolites were acquired before, during, and after a 
rapid ballistic knee extension exercise performed by the participants 
for an average duration of 30 seconds. Before, during, and after the 
exercise, a series of pulse-acquire 31P spectra were obtained with a 
repetition time of 1.5 seconds, with a 10-cm 31P-tuned surface coil 
(PulseTeq, Surrey, UK) fastened above the middle of the left thigh. 
The muscle group of interest was the same previously described as 
the focus of CT assessments. Signals were averaged over four succes-
sive acquisitions for signal-to-noise ratio enhancement, so the data 
consisted of 75 spectra obtained with a temporal resolution of 6 
seconds. To standardize the measure of oxidative function across dif-
ferent subjects, the duration of exercise was carefully optimized by 
consistently requiring a reduction in PCr peak height of 33%–67% 
compared with initial baseline values, and avoiding intramuscular 
acidosis, defined as intracellular pH lower than 6.8 (39). The pH was 
determined according to the chemical shift of Pi relative to PCr (40). 
Spectra were processed with jMRUI software (MRUI Consortium, 
version 5.2), and metabolite concentrations were calculated by 
nonlinear least squares fitting implemented through AMARES 
(41,42).

Postexercise PCr recovery rate was calculated by fitting time-
dependent changes in PCr peak area to the monoexponential re-
covery function:

PCr(t) = PCr(0) + ∆PCr×
(
1− exp

(
− t
PCr

))

where PCr(0) is the end-of-exercise PCr signal area (ie, the PCr signal 
area at the beginning of the recovery period), ΔPCr is the decrease 
in signal area from its pre-exercise baseline value to PCr(0) resulting 
from in-magnet exercise, and τ PCr is the PCr exponential recovery 
time constant, measured in seconds (10). This time constant is in-
versely proportional to the maximum in vivo oxidative capacity of 
skeletal muscle. Hence, a longer τ PCr reflects slower recovery and 
hence lower oxidative capacity, while a shorter τ PCr is a sign of a 
more rapid capacity for PCr resynthesis (43). There are minimal en-
ergy demands during postexercise PCr resynthesis and, thus, 1/τ PCr 
reflects the maximum mitochondrial ATP production rate (8,10,44).

Statistical Analysis
Variables were described as mean values and standard deviations or 
proportions as appropriate. The cross-sectional association between 
τ PCr and RMR was assessed using bivariate and multivariable linear 
regression analysis. Covariates considered in the model (Model 
1) were sex (encoded as 1 = male, 0 = female), age, total body fat 
mass, total body lean mass, and self-reported physical activity, as 
all these variables are known to contribute to resting energy metab-
olism. A second set of covariates that included the multimorbidity 

index was included in Model 2.  The analyses were performed 
using RStudio version 1.1.453. p < .05 was considered statistically 
significant.

Results

The demographic and health characteristics of the 619 study parti-
cipants are given in Table 1. The majority were Caucasian (66.7%), 
and slightly more than half were women (55.6%). Nearly all par-
ticipants had completed high school. Only 10 participants (1.6%) 
were active smokers. Besides the high prevalence of hypertension 
(34.6%), the prevalence of chronic diseases in this study population 
was moderately low, with a mean multimorbidity score of 2.14.

A scatterplot of the relationship between τ PCr and RMR is shown 
in Figure  1. Univariate relationships of RMR with other charac-
teristics are reported in Table 2. Higher RMR was associated with 
younger age (p < .0001), male sex (p < .0001), higher lean body mass 
(p < .0001), higher fat mass (p < .0001), higher physical activity  
(p < .0001), and shorter τ PCr (p < .0001).

The independent relationship between skeletal muscle mito-
chondrial oxidative capacity (τ PCr) and RMR was estimated from 
the multivariable linear regression model given in Table 3 (Model 
1). τ PCr was inversely and significantly associated with RMR, after 
adjusting for age and sex, physical activity, and body composition. In 
additional analyses, we included interaction terms for “age*τ PCr” and 
“sex*τ PCr” in the models predicting RMR, but neither interaction 
term was significant (p = .58 and p = .84, respectively) and did not 
improve the model fit. Since DXA cannot discriminate the metabol-
ically active, contractile component of muscle mass of detect infiltra-
tion of small lipid droplets, in additional analysis, we adjusted for 
muscle density, as estimated from the CT scan of the middle thigh. 
In this regression model, muscle density was not a significant pre-
dictor of RMR (p = .37) and the other parameters in the model re-
mained substantially unchanged (Supplementary Table 1). In Model 
2, Table 4, we evaluated whether the presence of multiple chronic 
pathological conditions, as measured by the multimorbidity index, 
was affecting the association between τ PCr and RMR. Multimorbidity 

Table 1. Demographic and Health Characteristics of 619 Adults 
From the Baltimore Longitudinal Study of Aging

Characteristic Mean (SD) or %

Age, years 67.7 (14.8)
Race, %  
 White 66.7
 Black 24.1
 Other 9.2
Sex, % female 55.6
Education <12 years, % 0.81
Smoking status, %  
 Never 67.7
 Former 30.7
 Current 1.6
Physical activity, kcal/week 8,192 (6,358)
Body mass index, kg/m2 26.92 (4.23)
Lean mass, kg 46.17 (10.09)
Fat mass, kg 26.06 (9.95)
Muscle density, Hounsfield units 50.02 (4.48)
τ-PCr, s 50.28 (11.62)
Resting metabolic rate, kcal/d 1,226 (319)
Multimorbidity index (1–15) 2.14 (1.78)
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contributed significantly to the model (p = .0002, β = 26.22), but the 

association of RMR with τ PCr persisted (p = .03).

Discussion

In a relatively healthy community resident cohort of largely older 
adults, we found postexercise muscle phosphocreatine recovery rate, 
an indirect measure of mitochondrial maximal oxidative capacity, to 
be associated with RMR independent of age, sex, lean body mass, 
and self-reported level of physical activity. This is in line with pre-
vious work that reported similar results in a smaller population (45).

In highly energetically demanding tissues, such as muscle, heart, 
and brain, energy in the form of ATP is accumulated and released 

through the phosphocreatine shuttle system. ATP generated by 
mitochondria is used to bind a high-energy phosphate to a creatine 
molecule, therefore producing phosphocreatine. The high energy 
phosphate can be rapidly mobilized and anaerobically donated to 
ADP, to form new ATP and provide energy for contraction as well 
as for many other metabolic activities occurring in muscle fibers. 
The possibility of performing rapid ATP resynthesis as the demand 
for energy rises is critically important, since the pool of ATP readily 
available as a source of energy in the cytoplasm of myocytes is rela-
tively small and, in the absence of this system, a rapid drop in ATP 
concentrations with increasing energy demand would be unavoid-
able. Both during exercise and, especially, at rest, ATP produced by 
mitochondria “recharges” the phosphocreatine. In fact, the phospho-
creatine recovery rate after exercise is considered a good biomarker 
of mitochondrial oxidative capacity (8,44).

In resting muscle, energy demand is correlated with the meta-
bolic activity of myocytes, with the greatest energy required by the 
sodium–potassium pump that maintains the outward sodium and 
inner potassium transmembrane gradients necessary to maintain cell 
function and excitability (46,47). As mentioned previously, the pro-
duction of ATP is tightly regulated to maintain a stable intracellular 
concentration and depends mostly on cellular metabolic activity ra-
ther than mitochondrial quantity or function. However, there are at 
least two mechanisms by which RMR and mitochondrial function 
may be correlated, directly or inversely (Figure 2): (i) More efficient 
mitochondrial function is likely associated with better mitochon-
drial health, more efficient oxidative phosphorylation and lower 
production of ROS. When mitochondria become dysfunctional, the 
flow of electrons between complexes is slowed, leading to the pro-
duction of ROS. In this situation, mitochondria offset the produc-
tion of ROS by “leaking” a portion of the protons accumulated in 
the intermembrane space to the mitochondrial matrix. Since these 
electrons do not pass through the complex V ATPase, the amount 
of ATP produced per electron moved through the electron transport 
chain is lower. Thus, lower mitochondrial function could hypothetic-
ally cause both slower PCr recovery after exercise and higher RMR, 
as part of the oxygen consumption would not be used to generate 
ATP. (ii) Alternatively, healthy mitochondria are likely associated 
with high quality muscle tissue, which is characterized by higher cel-
lularity and smaller or absent deposition of fat, collagen, or other 
noncontractile proteins. It is conceivable that such muscle requires 
more energy even at rest, which translates into higher RMR. Of 
note, although our analysis was adjusted for muscle mass, residual 
confounding is likely present because DXA cannot discriminate dif-
ferences in muscle composition that may imply different energetic 
demands. Muscle density measured by CT may contribute to a 
better approximation of the true mass of metabolically active tissue. 

Table 2. Relationship of Demographic and Other Characteristics 
With Resting Metabolic Rate in 619 Adults From the Baltimore 
Longitudinal Study of Aging, Using Univariate Linear 
Regression Models

Variable Beta Coefficient Standard Error p Value

Age, years −5.29 0.85 <.0001
Sex (male = 1, female = 0) 327.5 22.24 <.0001
Body mass index, kg/m2 20.73 2.78 <.0001
Lean mass, kg 20.69 0.97 <.0001
Fat mass, kg 5.22 1.28 <.0001
Physical activity, kcal/week 0.008 0.002 <.0001
τ PCr −4.64 1.09 <.0001

Table 3. Multivariable Linear Regression Model of the Relationship 
of τ PCr (s) With RMR (kcal/day) After Adjusting for Covariates 
(Model 1)

Variable Beta Coefficient Standard Error p Value

τ PCr −2.26 0.97 .019
Age −2.80 0.85 .001
Sex 38.99 40.94 .34
Lean body mass (kg) 17.78 2.09 <.0001
Fat body mass (kg) 3.04 1.12 .007
Physical activity (kcal/week) −0.004 0.002 .035

Table 4. Multivariable Linear Regression Model of the Relationship 
of τ PCr (s) With RMR (kcal/day) After Adjusting for Covariates, 
Including Multimorbidity (Model 2)

Variable Beta Coefficient Standard Error p Value

τ PCr (s) −2.04 0.99 .03
Age −7.38 0.89 <.0001
Sex (male = 1, female = 0) 237.6 30.15 <.0001
Lean body mass (kg) 0.002 1.27 <.0001
Fat body mass (kg) 1.25 1.10 .26
Physical activity (kcal/week) −0.002 0.002 .24
Multimorbidity 26.22 7.05 .0002

Figure 1. Scatterplot of τ PCr (s) versus resting metabolic rate (kcal/day) with 
the regression line.
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However, adjusting for muscle density did not change the results of 
our analysis. It is also possible that the larger number of mitochon-
dria in healthy, fit individuals may require higher oxidative capacity 
at rest, simply for maintaining their background metabolism, con-
tributing to higher RMR in fit individuals.

The measurements adopted in this study do not allow to def-
initely distinguish between a higher RMR due to mitochondrial 
inefficiency and a higher RMR due to better muscle quality, a dif-
ferentiation that would have required invasive biopsy sampling and 
assessment of ETC function and mitochondrial mass and number.

Although we cannot exclude that both these mechanisms may 
be at play, by showing a direct correlation between mitochondrial 
oxidative capacity and RMR, our study suggests that the second 
mechanism, namely better mitochondrial oxidative capacity associ-
ated with high-quality muscle tissue, prevails over the first one in 
this cross-sectional analysis, performed in a relatively old but healthy 
population. However, it is plausible that the balance between the 
two hypothesized mechanisms may shift with aging and with the 
development of chronic morbidity. Specifically, declining health and 
progressive mitochondrial impairment may cause higher ROS pro-
duction compensated by uncoupling, which results in higher RMR. 
This would contribute to the lack of decline of RMR with aging 
observed in subjects whose health declines (23,24). According to 
this hypothesis, the relationship between mitochondrial function 
and RMR would change over time, as people age and their health 
deteriorates. Our cross-sectional study as reported here provides 
strong evidence of a relationship between mitochondrial function 
and RMR, strongly motivating further longitudinal studies of the 
potentially dynamic, age-dependent, nature of that relationship.

Our data suggest that individuals with high mitochondrial func-
tion, likely those with better fitness, have higher RMR. Thus, im-
provement of fitness and muscle oxidative capacity is followed by 
increased needs for energy expenditure at rest.

This study has limitations. First, because of the exceptional 
healthiness of the BLSA participants included in this study, our 
findings may not directly apply to a less healthy population. 
Second, the ethnic distribution of the study population does not 
reflect that of the general U.S. population, and racial differences in 
mitochondrial function and energy expenditure have been previ-
ously described (48).

Moreover, while our measure of mitochondrial function targets 
a specific muscle group, RMR is a summary of the RMR of multiple 
body tissues, among which highly metabolically active tissues such 
as brain, liver, or other muscle groups. It is also possible that mito-
chondrial function in skeletal muscle is different from mitochondrial 
function in other tissues. In addition, RMR and τ-PCr are different 
measurements obtained during two very different conditions: the 
former is assessed at rest and reported as a 24-hours value, while the 
latter follows an intense exercise and is expressed in seconds.

Finally, our measure of muscle mass was based on DXA, which 
cannot discriminate the contractile, metabolically active component 
of muscle tissue as opposed to other molecules, mainly of connective 
tissue, that tend to accumulate with aging. Utilization of other, more 
precise and reliable techniques, such as dilution of deuterated cre-
atine, should be considered in future studies (49).

Further longitudinal research is needed to better understand the 
relationship between energy metabolism at rest and mitochondrial 
function in the aging population. Evaluating this association in a 
longitudinal study would provide substantial further insight into po-
tential mechanisms and trajectories.
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