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Abstract

Background: Aerobic fitness and muscle bioenergetic capacity decline with age; whether such declines explain age-related slowing of walking

speed is unclear. We hypothesized that muscle energetics and aerobic capacity are independent correlates of walking speed in simple and
challenging performance tests and that they account for the observed age-related decline in walking speed in these same tests.

Methods: Muscle bioenergetics was assessed as postexercise recovery rate of phosphocreatine (PCr), k

, Ry using phosphorus magnetic resonance

spectroscopy (*'P-MRS) in 126 participants (53 men) of the Baltimore Longitudinal Study of Aging aged 26-91 years (mean = 72 years). Four

walking tasks were administered—usual pace over 6 m and 150 seconds and fast pace over 6 m and 400 m. Separately, aerobic fitness was

assessed as peak oxygen consumption (peak VO,) using a graded treadmill test.

Results: All gait speeds, &

PCr?

and peak VO, were lower with older age. Independent of age, sex, height, and weight, both k, and peak

VO, were positively and significantly associated with fast pace and long distance walking but only peak VO, and not k, was significantly

associated with usual gait speed over 6 m. Both &k,
but the least stressful walking task of 6 m at usual pace.

and peak VO, substantially attenuated the association between age and gait speed for all

Conclusion: Muscle bioenergetics assessed using *'P-MRS is highly correlated with walking speed and partially explains age-related poorer

performance in fast and long walking tasks.

Keywords: Lower extremity performance—Walking speed—Bioenergetics—Muscle—Magnetic resonance spectroscopy

Walking is a complex task of fundamental importance for func-
tional independence (1). Age-related decline in gait speed is associ-
ated with mobility impairment and strongly predicts adverse health
outcomes, including disability in activities of daily living, and death
(2-4). Walking requires integration and co-ordination of multiple
physiological systems, including the central and peripheral nervous
systems, the cardiopulmonary system, musculoskeletal system, and
sensory systems (1). Although many risk factors for mobility loss
have been previously described, the extent to which each of these
systems contributes independently to age-related mobility loss is not
fully understood. Recent data from longitudinal studies suggest that
neuromuscular impairments and aerobic fitness both play prominent

Published by Oxford University Press on behalf of The Gerontological Society of America 2016. This work is written by (a) US Government

employee(s) and is in the public domain in the US.

roles (5,6). The relationship between muscle function and walking is
of particular interest, because effective muscle contraction is essen-
tial for walking, and aging is associated with a decline in both mus-
cle strength and mass; the decline in muscle strength exceeds that
expected by changes in muscle mass (7-9). The causes of decline
in muscle mass and strength remain the subject of active investiga-
tion. One leading hypothesis attributes the decline in strength to a
primary defect in energy metabolism, possibly linked to impaired
mitochondrial function. Under this hypothesis, parameters of muscle
bioenergetics and of fitness should be more strongly related to per-
formance in more demanding walking tasks (10). Indeed, Bohannon
(11) and Ko and colleagues (12) reported that the age-related decline
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of gait speed measured at maximum pace is steeper than for gait
speed measured at normal pace. In addition, Cunningham and col-
leagues found that aerobic capacity is more strongly associated with
gait speed measured at a faster pace than at normal pace (13).

In a sample of young- and middle-aged individuals, Fleischman
and colleagues demonstrated that mitochondrial function assessed
by phosphorus magnetic resonance spectroscopy of muscle declines
with age. These authors did not find any independent association
between mitochondrial function and muscle maximal voluntary con-
traction and did not investigate walking performance (14). In previ-
ous small studies, both whole-body aerobic capacity (13,15) assessed
as peak oxygen consumption (peak VO,) and skeletal muscle bio-
energetics assessed by 31-phosphorus magnetic resonance spectros-
copy (*'P-MRS) have been associated with walking speed. VO, and
3P-MRS can be conceptualized as measures of aerobic capacity that
globally assess oxygen transport to the tissues and the mitochon-
drial rate of oxidative phosphorylation (15). However, performance
on a treadmill test for measuring peak VO, is strongly affected by
additional factors such as osteoarthritis and balance impairment. In
contrast, assessing the rate of maximum iz vivo oxidative capacity
of skeletal muscle by 3'P-MRS in not affected by postural stability
or balance, and therefore represents a more direct measure of mus-
cle mitochondrial function (16,17). Our implementation of *'P-MRS
bioenergetic assessment consists of a brief period of forceful alter-
nating knee flexion and extension exercise that significantly depletes
PCr, followed by a postexercise rest period during which the rate
of recovery of PCr is assessed. There are minimal energy demands
during this rest period, so that this rate largely reflects the maximal
capacity of muscle mitochondria to synthesize ATP (18-21).

The primary objectives of this study were to evaluate the sepa-
rate and combined associations of muscle bioenergetics and global
fitness with walking speeds at usual and fast pace over short and
long duration and to determine the extent to which energetics and
fitness explain age-related slowing of walking. We hypothesized that
»,) and peak VO, would be
associated with walking speed independent of age, sex, height, and
weight, (ii) the associations would be stronger for more challenging
walking tasks, (iii) k., would contribute independently to challenging

(i) recovery rate of phosphocreatine (k

walking, and (iv) after accounting for k. and peak VO,, the associa-

tion between age and gait performance would be largely attenuated.

Methods
Participants

Data on *'P-MRS postexercise recovery rate (k,.) were collected

PCr)
in 181 Baltimore Longitudinal Study of Aging (BLSA) participants
from April to December 2013. Of these, 126 had complete data
from a physical examination, a completed health history question-
naire, whole-body aerobic capacity (peak VO,) measurement, and
gait speed measurement for the four walking tasks considered here.
Trained technicians administered all assessments following stand-
ardized protocols. Height and weight were objectively assessed using
a stadiometer, and the average of three measures was used in the
analysis. The institutional internal review board approved the study
protocol (BLSA - 03-AG-0325), and all participants provided writ-
ten informed consent.

Gait Speed Metrics
The usual and rapid short-course gait speed measurements were per-
formed over a 6-m course with participants asked to walk at their

“normal walking pace” and “as fast as possible” for two trials each,
with the fastest trial used in the analyses. The longer usual and rapid
pace walks were modeled after the Long Distance Corridor Walk
(22,23) where the participant walks back and forth over a 20-m
course in an uncarpeted corridor. The first walk (UGS-150s) is per-
formed at the participant’s “usual, comfortable pace” for 2.5 minutes
(150 seconds). The second walk (RGS-400m) follows immediately

and covers 400 m and was performed “as quickly as possible.”

3'P-MRS

In vivo *'P-MRS measurements of phosphorus-containing metabo-
lites were obtained from the quadriceps muscles using a 3T Philips
Achieva MR scanner (Philips, Best, The Netherlands). Participants
were positioned supine upon the bed of the scanner, with a foam
wedge placed underneath the knee to maintain slight flexion, and
with ankles, thighs, and hips secured with straps to reduce move-
ment during exercise. After placement of the participant within the
bore of the magnet, participants performed a rapid and intense bal-
listic knee extension exercise, similar to that described by Coen
and colleagues (15). A series of pulse-acquire *'P-MRS acquisitions
were obtained before, during, and after this exercise protocol,
using a 10-cm *'P-tuned, flat surface coil (PulseTeq, Surrey, United
Kingdom) secured over the vastus lateralis muscle of the left thigh.
Spectra were obtained using adiabatic radio frequency (RF) exci-
tation pulses with a 90° flip angle, 1.5-second repetition time,
and four signal averages, resulting in an effective time resolution
of 6 seconds between measurements. A total of 75 spectra were
obtained over a total acquisition time of 7 minutes 30 seconds. All
spectra were visually examined and were found of acceptable qual-
ity. Example of spectra used in the analysis is shown in Figure 1.
The duration of exercise was controlled to achieve depletion in
PCr signal amplitude to a value within 33% to 67% of the rest-
ing amplitude. Participants practiced the exercise before entering
the magnet. Spectra were processed using jMRUI (version 5.0) and
quantified using a nonlinear least square algorithm (AMARES)
(24-26).
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Figure 1. Representative 3P spectra with inorganic phosphate (Pi),
phosphocreatine (PCr), and ATP resonances indicated in panel B. Panels
(A) and (B) show example baseline and postexercise spectra representing
a typical level of exercise-induced PCr depletion (APCr). Panels (C) and (D)
show example baseline and postexercise spectra representing a minimally
acceptable level of PCr depletion, with APCr ~ 33%.
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Skeletal Muscle Oxidative ATP Resynthesis Rate
Determined by *'P-MRS

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

PCr(t)=PCr, + APCr(1—-¢™"),

where PCr,, the PCr signal amplitude immediately following in-
magnet exercise, is the initial condition for the recovery phase of
the protocol, APCr = (PCr
nal amplitude observed during in-magnet exercise from the base-

- PCr,) is the decrease in PCr sig-

baseline

line value PCr to the end-exercise value PCrj, 7 is the PCr

baseline

recovery time constant, and R, is the PCr recovery rate constant

determined as 1/7. [PCr, . 1,
ascline

rest, was estimated using a fully relaxed *'P MR spectrum through

the initial concentration of PCr at

normalization of the PCr peak by y-ATP, under the assumption that
[ATP] = 5.5 mmol/kg wet weight at rest. From this, ATPmax, a meas-
ure of mitochondrial capacity largely independent of exercise inten-
sity, was estimated as [PCr, . 1%k, (27).

In addition, we estimated the initial slope of the recovery of PCr post
exercise from a linear fit of the three initial postexercise values of PCr
signal amplitude, representing data acquired over the first 12 seconds
after the cessation of exercise. This slope was then normalized by the
percent decrease in PCr (28). Note that for the ideal exponential model,
the resulting value would be equal to k,; estimation of initial slope
therefore accounts for a possible deviation of the PCr recovery curve
from the ideal monoexponential model. The corresponding ATPmax
estimate was again calculated from these derived values of k.

In light of work suggesting a significant influence of resting
creatine concentration on mitochondrial respiration (29), we esti-
mated [Cr] using a method similar to that described in (28), which
is based on the resting concentration of PCr and the proportion of
unphosphorylated creatine to total creatine. Given the wide range of
reported values for this proportion (30), we performed our analysis
using the value of 15% (28), as well as values of 30% and 45% in
order to examine the sensitivity of the relationship between walking
speed and mitochondrial function to this parameter.

Peak VO,

Whole-body aerobic capacity was determined by continuous meas-
urement of oxygen consumption using a modified version of the
Balke protocol (31). Treadmill speed was determined by age and sex
and did not vary during testing. The initial grade was 0% and was
progressively increased by 3% at each stage until voluntary exhaus-
tion. The first incline change was implemented at 45 seconds, and all
subsequent increases occurred every 3 minutes. Expired O, and CO,
concentrations were measured with an O, and CO, analyzer (Ultima
C2, MedGraphics, St. Paul, MN). Oxygen consumption was calcu-
lated every 30 seconds with the highest value determining peak VO,,
expressed in milliliters per kilogram per minute (mL/kg/min). Collected
peak VO, was the measure of aerobic capacity used in this study.

Statistical Analysis

Exploratory analyses

We performed several exploratory regression models with walking
speed as outcome in order to compare the alternative metrics of
mitochondrial function estimated either by the exponential fit of the
ATPmax_ . .) or by fitting the first
three points of the recovery curve (k ATPmax,_ . ). We also

PCr,3points 3points

full recovery curve (k

PCrexponential?

included %PCr depletion during exercise and estimated [PCr__ . ]|
and [Cr] as additional independent variables in the regression analy-

sis. For all four walking tests, k,. provided a marginally better fit than

PCr
ATPmax. In addition, regressioil models that used estimates from the
full recovery curve provided a nonsignificantly better fit compared
with those that used estimates from the initial slope, except for the
task of walking 6 m at usual pace where the parameters estimated
from the initial slope performed slightly, although nonsignificantly,
better than those estimated from the full recovery curve. Including
%PCr depletion as an additional independent variable in the model
led to a slight improvement of the fit to the model, whereas the intro-
duction of [PCr, . ] and [Cr] had no substantial effect. Therefore,
in regression models that included k., as one of the independent
variables, we also included %PCr depletion. Possible nonlinearity in
the relationship between mitochondrial function and walking speed
was excluded by adding to the final models a quadratic term for k,;
this quadratic term was not found to be statistically significant in

any of the analyses.

Main analyses

Descriptive population characteristics are reported as means (SD) or
values (percentages by age < 65 years vs > 65 years). p Values were
computed using 7 tests or chi-square tests as appropriate. In addition,
we computed Pearson correlation coefficients and corresponding p
values between age, k, ., and peak VO,.

We fit four hierarchical linear regression models testing the rela-
tionship of muscle energetics and fitness with outcomes from each
of the four gait tasks, with additional adjustment for sex, height,
and weight. Model 1 estimated the coefficient linking age to walking
speed for the different walking tasks; Model 2 also incorporated age,
k,» and %PCr depletion. This model tested whether mitochondrial
function is a significant independent correlate of walking speed and,
when compared with Model 1, whether changes with age in mito-
chondrial function account for the decline of walking speed with
aging; Model 3 added peak VO, to Model 1 and tests whether aero-
bic fitness is an independent correlate of walking speed and, when
compared with Model 1, whether changes with age in aerobic fit-
ness account for the decline of walking speed with aging; Model 4
v 70PCr depletion, and peak VO, to test whether
mitochondrial function estimated by MRS and fitness estimated by

included age, k

treadmill testing are independent correlates of walking speed. A sen-
sitivity analysis did not find strong evidence for interactions of sex
with age, peak VO,, and &, for any of the four gait measures (p >
.25 for all). Covariate-adjusted associations between age and gait
speed were displayed graphically using adjusted variable plots. The
y-axis of the adjusted variable plot was computed as the residual
of a linear regression of gait speed on covariates, excluding age,
which was added to the sample mean of gait speed. The x-axis of
the adjusted variable plot was computed as the residual of a linear
regression of age on covariates, which was added to the sample mean
of age. The resulting slope of the best-fit regression line is equivalent
to that between age and gait speed, adjusted for the corresponding
covariates included in Models 1-4. A p value less than .05 was con-
sidered statistically significant for all analyses.

Results

Baseline characteristics, including sex, average height, and weight, did
not significantly differ by age group. Average k,, peak VO,, and speed
for all four gait tasks were significantly lower in older versus younger
adults (p value < .005 for all) (Table 1). Figure 2 further shows that
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Table 1. Characteristics of the 126 Participants From the Baltimore
Longitudinal Study of Aging Evaluated inThis Study

Age <65y, Age =265y,

(n =30) (n=96)

Mean (SD) Mean (SD)
Characteristic or No. (%) or No. (%) p Value
Female sex 9 (63.3) 4 (56.2) .64
Height, cm 168 9(9.9) 165.7 (8.3) 12
Weight, kg 78.5 (17.2) 73.6 (15.2) 17
kpeps 87! 0.029 (0.008) 0.023 (0.006) .001
%PCr depletion 26.67 (8.27)  29.31(9.33) .166
Initial PCr 24.61 (4. 88) 20.81 (4.73) <.001
Peak VO,, mL/kg/min 26 6 (5.6 20.0 (4.3) <.001
Usual gait speed (6 m), m/s 3 (0. 2) 1.2 (0.2) .001
Usual gait speed (150s), m/s 3(0.1) 1.2 (0.1) .002
Rapid gait speed (6 m), m/s 0 (0.3) 1.7 (0.3) <.001
Rapid gait speed (400 m), m/s 7(0.2) 1.4(0.2) <.001

Notes: k.
v
p values were derived using ¢ tests for continuous variables and using chi-

= phosphocreatine recovery rate; VO, = oxygen consumption.

square tests for binary variables.
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Figure 2. Scatterplots of relationships between phosphocreatine recovery
rate (k,. ), peak oxygen consumption (peak VO,), and age.

PCr
age was negatively correlated with k, (r = -.56, p value < .001) and
peak VO, (r = -.40, p value < .001) and that &,
positively correlated with each other (r = .51, p value < .001).

After adjustment for sex, height, and weight, older age was sig-
nificantly associated with slower UGS-6m, RGS-6m, and RGS-400m

. and peak VO, were

irrespective of adjustment for k. and %PCr depletion or peak VO,
(p value < .05) (Table 2). Older age was additionally associated with
slower UGS-150s with and without adjustment for k,. (p value
< .005; Models 1 and 2) but not after adjustment for peak VO,
(p value = .66, Model 3; p value = .70, Model 4). Additionally, higher
k,, was associated with faster UGS-150s, RGS-6m, and RGS-400m
after adjustment for age, sex, height, weight, and %PCr depletion
(p value < .05; Model 2) but not with UGS-6m. After adjustment
for peak VO, k,.
(p value = .02; Model 4) and approached significant association
with RGS-400m (p value = .059; Model 4). As expected, because
peak VO, is measured during treadmill exercise, higher peak VO,
was significantly associated with faster speed for all gait tests
(p value < .05). However, after adjustment for k.., peak VO,

remained significantly associated with RGS-6m

remained independently associated with walking speed only in the
long-distance tasks (UGS-150s and RGS-400m). Inclusion of k,,
after adjustment for peak VO, (Model 4 vs Model 3) resulted in a
negligible impact on R? except for RGS-6m (.36 vs .33).

Figure 3 shows the attenuation of the relationship of age with

gait speed after adjustment for k,. or peak VO,. The slopes in

PCr
Model 4 were less steep than the slopes for the corresponding gait
test in Model 1, especially for UGS-150s (slope = -0.005, Model 4

vs slope = -0.047, Model 1).

Discussion

We investigated the relationship between a direct MR spectroscopy-based
measure of muscle bioenergetics (k) and several measures of walking
speed in a population ranging in age from 26 to 91 years. Independent
of age, sex, height, and weight, this measure was associated with walking
tasks performed at fast speed or covering relatively long distances but not
with a short (6 m) walking test at usual speed. As expected, aerobic fit-
ness was a dominant correlate of walking speed, because it was measured
as peak VO, consumption during a treadmill protocol, that is, during a
stressful walking task. Peak VO, was expected to, and in fact did, account
for a substantial portion of the association between age and walking
speed in most tests. Overall, these results suggest that muscle bioenerget-
ics is a limiting factor for walking performance in more challenging tasks
but not for shorter walking tasks at usual pace.

Our findings are consistent with those of Coen and colleagues
who reported that k.
ferred gait speed as well as aerobic capacity in a small number
(n = 30) of older adults (15). In the current study, we performed
a similar analysis in a larger cohort (7 = 126) spanning a greater

. in the quadriceps was associated with pre-

age range (26 to 91 years). Further, we incorporated four gait speed
metrics, representing a more extended and varied range of mobility
assessments. In particular, this permitted us to evaluate the contribu-
tors to walking speed across a range from a brief, slow walking task
to a much more challenging walking task.

An additional finding was that muscle oxidative capacity is cap-
tured in large part by tests of aerobic capacity. In fact, after adjusting

for peak VO,, the size of the regression coefficient for k. was sub-

PCr
stantially reduced and statistically significant only for the RGS-6m
test. This finding can be readily interpreted in view of the fact that a
walking-based measure of peak VO, captures a multitude of factors
such as pain, co-ordination, proprioception, pulmonary function
and balance in addition to muscle bioenergetics, and all these factors
affect gait speed; in other words, the treadmill test is itself a test of
walking capacity. Therefore, its correlation with walking speed is
to be expected. In contrast, our measure of k.
enced by factors other than muscle oxidative capacity. These findings

. is minimally influ-
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Figure 3. Covariate-adjusted associations between age and gait speed displayed graphically using adjusted variable plots (see statistical analysis for explanation).
The slopes in Model 4 were less steep than the slopes for the corresponding gait test in Model 1, especially for UGS-150s.

highlight the importance of noninvasive, nonwalking, measures of

muscle bioenergetics such as those provided by *'P-MRS.
Understanding the mechanisms by which decline in physical func-

tion with aging often manifests as slower gait speed is a central focus

of aging research. Although it is generally accepted that the causal
pathway leading to mobility loss in older persons is multifactorial,
identifying the specific causal contributions of particular mechanisms
remains a challenge. In this study, we evaluated muscle oxidative
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capacity by measuring k. with *'P-MRS. Our findings are consistent
with the concept that early-stage impairments in specific physiologi-
cal systems may become evident only under challenging conditions.
Specifically, the role of mitochondrial function in mobility may become
manifest primarily during the performance of more challenging tasks,
reflecting a decline in bioenergetic reserve (32). Indeed, with the excep-
tion of usual gait speed over 6 m, the least demanding walking task,
the independent associations between gait speed and k., were robust.

The present work represents the largest study to date in which 3'P-
MRS outcome measures, aerobic capacity, and several tests of walking
speed were assessed in well-characterized individuals covering a broad
age range. The use of several walking tests representing different degrees
of challenge provides a dynamic range of functional outcomes that per-
mits inferences regarding the role of muscle oxidative capacity and asso-
ciated mitochondrial function on walking performance in aging.

This study has certain limitations. First, the BLSA cohort comprises
relatively healthy and educated volunteers and may not accurately rep-
resent the general population of a similar age range. However, although
inclusion of less functionally robust individuals may have broadened
our findings, these individuals would have been excluded from several
of the core measures used, especially assessment of peak VO,. Further,
our analysis did not consider thigh muscle mass as one of the pos-
sible mediators (or confounders) of the relationship between muscle
bioenergetics and walking speed. An MRI-based measure of muscle
mass was introduced later in the BLSA and was not available for most
of the participants considered in this study. The effect of muscle mass
will be incorporated into future analyses as more measurements are
obtained. In addition, in our analysis, we did not adjust for chronic dis-
eases that may independently contribute, in a particular individual, to
the causal pathway from reduced aerobic capacity to mobility loss with
aging. Indeed, it would be of significant interest to explore the role of
specific chronic diseases, such as diabetes, on muscle oxidative capac-
ity and mitochondrial function. In addition, factors aside from mus-
cle bioenergetics may impact overall muscle quality and performance;
muscle performance is only one of several elements affecting walking.
However, in spite of this complexity, we have demonstrated that mus-
cle oxidative capacity emerges as a strong predictor of walking speed;
our findings suggest that age-related decline in oxidative phosphoryla-
tion has observable functional consequences. Finally, because this study
was cross-sectional, the possibility of reverse causality, namely low
mobility leading to reduced muscle oxidative capacity, cannot be ruled
out. Establishing underlying causal relations would require additional
performance of longitudinal studies testing the hypothesis that poor
muscle oxidative capacity predicts future loss of mobility with aging.

Opverall, our results indicate that, in a large, well-characterized study
population, intrinsic muscle bioenergetics is an important determinant
of mobility and may exert its impact early in the pathway leading to
mobility loss. Interventions that potentially improve muscle mitochon-
drial function are currently available. Testing whether these interven-
tions may improve mitochondrial function in older persons and, in turn,
prevent mobility loss may represent an important further line of research
in an effort to maintain functional status in the aging population.
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