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KEY POINTS SUMMARY
We used 31-phosphorus magnetic resonance spectroscopy to quantify in vivo skeletal
muscle metabolic economy (ME; mass-normalized torque or power produced per ATP
consumed) during three 24-s maximal-effort contraction protocols: 1) sustained isometric
(MVIC), 2) intermittent isokinetic (MVDCisok), and 3) intermittent isotonic (MVDCisot)
in the knee extensor muscles of young and older adults.
ME was not different between groups during the MVIC but was higher in young than
older adults during both dynamic contraction protocols. These results are consistent with
an increased energy cost of locomotion, but not postural support, with age.
The effects of old age on ME were not due to age-related changes in muscle oxidative
capacity or ATP flux.
Our results suggest there is an age-related increase in the energetic cost of developing,
but not maintaining, torque, which is consistent with a rightward shift in the force-pCa?*

relationship in older muscle.



ABSTRACT
Muscle metabolic economy (ME; mass-normalized torque or power produced per ATP
consumed) is similar in young and older adults during some isometric contractions, but less is
known about potential age-related differences in ME during dynamic contractions. We
hypothesized that age-related differences in ME would exist only during dynamic contractions,
due to the increased energetic demand of dynamic versus isometric contractions. Ten young (Y;
27.5£3.9, 6 men) and 10 older (O; 715y, 5 men) healthy adults performed three 24-s bouts of
maximal contractions: 1) sustained isometric (MVIC), 2) isokinetic (120°-s*, MVDCisok; 0.5
Hz), and 3) isotonic (load=20% MVIC, MVDCist; 0.5 Hz). 31-Phosphorus magnetic resonance
spectroscopy of the vastus lateralis muscle was used to calculate ATP flux (mM ATP-s?)
through the creatine kinase reaction, non-oxidative glycolysis, and oxidative phosphorylation.
Quadriceps contractile volume (cm®) was measured by MRI. ME was calculated using the
torque-time integral (MVIC) or power-time integral (MVDCisok and MVDCisor), total ATP
synthesis and contractile volume. As hypothesized, ME was not different between young and
older adults during the MVIC (0.12+0.03 vs. 0.12+0.02 Nm'scm3*mM ATP1, mean+SD,
respectively; p=0.847). However, during both MVDCisok and MVDCisot, ME was higher in
young than older adults (MVDCisok: 0.011+0.003 vs. 0.007+0.002 W'scm>mM ATP; p<0.001;
MVDCisot: 0.011£0.002 vs. 0.008+0.002; p=0.037, respectively), despite similar muscle
oxidative capacity and oxidative ATP flux in both groups. These results suggest an age-related
increase in the energetic cost of developing, but not maintaining, muscular torque and power,

potentially reflecting a rightward shift in the force-PCa?* relationship in older muscle.



INTRODUCTION

Old age is associated with an increased energetic cost of some daily activities such as
walking (Martin et al., 1992, Gaesser et al., 2017); an observation that could be explained, at
least in part, by higher metabolic economy (ME; mass-normalised torque or power produced per
unit ATP consumption) in young compared with older muscle. In contrast, in older adults the
energy cost of standing closely matches the normative values in the compendium of physical
activities (Knaggs et al., 2011), suggesting there is no age-related increase in the energetic cost
of postural activities. Therefore, developing an understanding of the potential age-related
differences in muscle ME during different contraction modes might provide a physiological
rationale for the lower energetic cost of dynamic, but not isometric, contractions in young
compared with older adults at the whole-body level.

Old age can be accompanied by multiple changes within the neuromuscular system
including slower maximal motor unit discharge rates and contractile properties (Narici et al.,
1991, Ng and Kent-Braun, 1999, Connelly et al., 1999, Kent-Braun et al., 2002, Kamen and
Knight, 2004, Klass et al., 2008, Callahan and Kent-Braun, 2011), declines in maximal torque
and power production (Lanza et al., 2003, Callahan and Kent-Braun, 2011, Dalton et al., 2012),
a rightward shift in the force-pCa?* relationship (Straight et al., 2018), slowed cross-bridge
kinetics (Miller et al., 2013), and atrophy of muscle fibers and fiber-type grouping (Lexell, J. et
al., 1988, Lexell, Jan and Downham, 1991). The greater maximal torque and power produced by
young compared with older adults is likely due to a loss of muscle mass (Callahan and Kent-
Braun, 2011, Hogrel et al., 2015), decreased Ca?* sensitivity (Straight et al., 2018), and slower
maximal contraction velocities (Valour et al., 2003, Lanza et al., 2003) with age. Structural
changes with old age, such as increased compliance of the muscle-tendon unit (Kubo et al.,
2003, Mademli and Arampatzis, 2008, Stenroth et al., 2015), may also affect maximal torque and
power production.

Most investigators have reported higher oxidative capacity in the knee extensor muscles
of young than older adults (Smith et al., 1998, Conley et al., 2000, Johannsen et al., 2012, Larsen
etal., 2012, Layec et al., 2015b), while others have found no difference (Sundberg et al., 2019).
Overall, our systematic review and meta-analysis found the capacity for producing ATP via
oxidative phosphorylation in the knee extensor muscles is lower in old age (Fitzgerald et al.,

2016). Coupled with the higher ATP demand of dynamic compared with isometric contractions



(Ryschon et al., 1997), a higher oxidative capacity in young compared with older muscle could
result in relatively greater non-oxidative ATP production in the aged during dynamic
contractions. Considering that oxidative phosphorylation produces more ATP per glucose
molecule than non-oxidative glycolysis, a greater reliance on non-oxidative ATP production in
aged muscle could potentially reduce in vivo skeletal muscle ME. Moreover, because ATP
consumption increases with contractions of short compared with long duration (Bergstrom and
Hultman, 1988, Hogan et al., 1998), due to the production of force being more costly than its
maintenance (Russ et al., 2002), the energetic demands of intermittent dynamic contractions may
amplify potential age-related differences in the pathways used for ATP production during
muscular work.

Phosphorus magnetic resonance spectroscopy (*!P-MRS) can be used to non-invasively
quantify ATP synthesis during muscle contractions (Boska, 1991, Lanza et al., 2005, Christie et
al., 2014, Bartlett, Fitzgerald, Nagarajan, Hiroi et al., 2020), and thus allow in vivo estimates of
both ATP cost of contraction (torque or power per ATP) and ME (ATP cost normalized to
muscle mass) in working muscle. The ATP cost of contraction during a sustained 24-s MVIC of
the knee extensor muscles was not different between young and older muscle (Layec et al.,
2015b). In contrast, the ATP cost of dynamic contractions was lower in young than older muscle
during submaximal (Layec et al., 2014, Layec et al., 2018) and supramaximal contractions of the
plantar flexor muscles (Layec et al., 2015a). Further, ATP cost increases with contraction
intensity, and is positively associated with both motor unit discharge rate (Christie et al., 2016)
and twitch contractile properties (Tevald et al., 2010) in vivo; variables that can change with age

However, given the potent loss of fat-free muscle mass that occurs in aging, potential
changes in ATP cost per unit power need to be adjusted to the available muscle mass in order to
evaluate ME. Studies in both human (Christie et al., 2014) and rat (De Haan et al., 1993, Hepple
et al., 2004) skeletal muscle have demonstrated age-related differences in ME. Christie et al.
reported no difference in ME between young and healthy older adults during brief submaximal
and maximal voluntary isometric contractions (MVIC), but lower ME in mobility-impaired older
adults during contractions at 20% and 50% MVIC (Christie et al., 2014). The extent to which
ME is altered in older muscle during dynamic contractions remains unclear.

To address this knowledge gap, we compared age-related differences in muscle ME during

maximal isometric, isokinetic, and isotonic contractions of the knee extensor muscles of healthy



young and older men and women. We hypothesized that ME would be similar in young and
older adults during a 24-s MVIC, but higher in young than older adults during both isokinetic
contractions at 120°s and isotonic contractions against a load equivalent to 20% MVIC. Our
hypotheses were primarily based on 1) the higher energy demand of dynamic compared with
isometric contractions (Ryschon et al., 1997), which could exacerbate a deficit in energetic
capacity in the old (Fitzgerald et al., 2016); 2) a downward shift in the torque-velocity
relationship with age (Lanza et al., 2003, Callahan and Kent-Braun, 2011) that indicates a
progressive impairment in torque production with increasing velocities, and 3) the rightward
shift in the force-pCa?* curve of single muscle fibers from the vastus lateralis muscle with age
(Straight et al., 2018). By evaluating both isokinetic contractions (which emphasize torque
production) and isotonic contractions (which emphasize velocity), we also addressed emerging
evidence that velocity plays an important role in the lower muscular and physical function of
older adults (Petrella et al., 2005, Callahan and Kent-Braun, 2011, Pojednic et al., 2012).

METHODS

Ethical approval. The experimental procedures in this study were approved by the
University of Massachusetts Amherst Institutional Review Board (IRB # 2017-4208) and
conformed to the standards set by the Declaration of Helsinki, except for registration in a
database. Ten young (24-35 y; n=6 men) and 10 older (66-80 y; n=5 men) adults gave their
written, informed consent after having all of the study procedures, risks, and benefits explained
to them in detail. Physician’s consent to participate was obtained for all older volunteers.
Participants were sedentary by self-report, defined as completing less than two 30-min sessions
of structured exercise per week. They also reported being healthy, as evaluated by a health-
history questionnaire, and were not taking any medications known to affect physical or muscle
function. Those with significant arthritis in their lower extremities, symptoms upon exertion,
metal implants, or claustrophobia were excluded from the study prior to enrollment. Participants
answered ‘no’ to all questions on the Physical Activity Readiness Questionnaire (Thomas et al.,
1992), and were thus suitable for performing the contraction protocols.

Experimental design. Participants reported to the University of Massachusetts Amherst for
3 visits. At visit 1, physical function was measured and participants were familiarized with the

contraction protocols to be completed at visits 2 and 3, and a physical activity monitor was



dispensed. At the beginning of visit 2, magnetic resonance images of the thigh on the dominant
leg were obtained and participants completed 2 of the 3 contraction protocols (described in detail
below), with at least 10 min of rest between each. The third contraction protocol was completed
at visit 3, which was at least 3 days after visit 2. The order of the contraction protocols was
randomized.

Physical function and activity. Measures of mobility and physical activity were obtained in
order to characterize the study groups. Mobility was measured using the Timed-Up-and-Go
(TUG; (Podsiadlo and Richardson, 1991)) and an advanced version of the short physical
performance battery (SPPB-A; (Simonsick et al., 2001)). Participants completed the TUG test
twice at their usual walking speed, with 1 min of rest between each trial, and the fastest trial was
used for analysis. Participants then completed the SPPB-A, which combines chair-rise time,
balance time with 3 different foot positions, and gait speed over a 4 m path (Simonsick et al.,
2001). The time taken to complete each mobility test was recorded with a stopwatch and the
SPPB-A score was calculated.

At the end of visit 1, participants were asked to wear a uniaxial accelerometer (Actigraph,
Pensacola, FL) for 7 days. Accelerometers were worn over the right hip, and data were recorded
with a 60-s epoch. Participants wore the accelerometer for a minimum of 10 hours per day on at
least 4 days (3 weekdays and 1 weekend day). Average daily activity counts and minutes spent
in moderate-to-vigorous physical activity were determined using ActiLife v6.13 software
(ActiGraph, Pensacola, FL) and established cutpoint thresholds (Freedson et al., 1998).

Familiarization. Participants were seated on a dynamometer (Biodex System 4, Biodex
Medical Systems, Shirley, NY), with hip and knee angles of 135° and 110°, respectively. These
joint angles were selected to approximate the position used for the contraction protocols in the
MR system at visits 2 and 3. Each participant completed 2-3 maximal voluntary isometric
contractions (MVIC) of their dominant leg, followed by two 40-s trials of maximal voluntary
dynamic contractions (MVDCs, 1 every 2s) to familiarize them with the protocols to be
completed at visits 2 and 3. Participants were instructed to ‘kick their leg out as hard and fast as
possible’ for all contractions. Each contraction was cued by a metronome, all contractions were
performed over a 30° range of motion (110-140°), as in the MR system, and visual and verbal

feedback about performance were given.



Contractile volume. Upon arriving for Visit 2, participants completed an MRI safety
questionnaire and walked through an upright metal detector to ensure removal of any magnetic
objects. They were then positioned supine inside a Skyra 3T MR scanner (Siemens Medical
Systems, Erlangen, Germany), and inelastic straps were fastened over the participant’s lower leg
and hips. A multi-echo (6-point), 2D gradient-echo fat-water Dixon sequence was applied with
the following parameters: TR=35 ms, FOV=230, TE pairs=2.46 and 6.15 ms, 3.69 and 7.38 ms,
and 4.92 and 8.61 ms, matrix=192 x 144, GRAPPA factor=2, flip angle=15°, 1 average. These
images were acquired using an 18-channel flex coil and a 32-channel spine coil. Axial slices (6
mm) were obtained from the greater trochanter to the lateral epicondyle of the femur, and slices
in which all four quadriceps muscles were visible were analysed for muscle and fat content.
Water and fat images were reconstructed offline using the MatLab Fatty Riot algorithm (David et
al., 2013). A region of interest was drawn around the quadriceps muscle group on each slice.
Fat-free muscle cross-sectional area (CSA, cm?) and fat fraction (%) were quantified using a
custom-written MatLab program (MathWorks, Natick, MA), and contractile volume was
estimated as the sum of all CSAs, multiplied by the slice thickness. The same investigator
analyzed all MR images.

Muscle oxidative capacity. Muscle oxidative capacity was measured both to characterize the
mitochondrial capacity of the muscles as well as for use in calculating ATP flux. Participants
were positioned inside the MR scanner with a dual-tuned 3!P/*H surface coil (8 x 10.5 cm)
fastened over the vastus lateralis of their dominant leg using a bandage and velcro straps. The
knee and ankle of the dominant leg were strapped to a custom MR-compatible ergometer (Jaber
et al., 2020). An additional strap was fastened over the hips to prevent unwanted movement.
Gradient scout images were obtained to ensure correct placement of the surface coil and
positioning in the isocenter of the scanner. The homogeneity of the magnetic field was then
optimized by localized shimming on the proton signal.

Next, participants completed three 5-s MVICs, 3 sets of 6 maximal isokinetic contractions at
120°s? (MVDCisok), and 3 sets of 6 maximal isotonic contractions at 20% MVIC (MVDCisot),
with 2 min of rest between each set of contractions. These contractions were performed to
obtain baseline measures of knee extensor torque and power and to ‘warm-up’ the muscles.
Participants then completed 24 s of MVDCisok (1 every 2 s). Phosphorus spectra were acquired

for 60 s before (plus 15 dummy pulses), 24 s during, and 10 min following the contraction



protocol with a 0.1 ms hard pulse, 60° flip angle, 4,000 Hz bandwidth, 2,048 complex points, 2 s
repetition time and 0.15 ms echo time. This 24-s protocol was used as one of the three
contraction protocols to determine ME (see contraction protocols below).

All free induction decays were analyzed using JMRUI v6.0beta (Naressi et al., 2001).
Spectra were zero-filled (2,048 points), followed by applying a 1 Hz Lorentzian filter before
being Fourier-transformed. Spectra were then phased manually and the spectrum was referenced
to the PCr peak at 0 ppm. The spectra were line-fit using the AMARES algorithm and the area
under the peaks corresponding to phosphomonoesters, Pi, phosphodiesters, PCr, a- and y-ATP
were quantified (Vanhamme et al., 1997). Concentrations of Pi and PCr were calculated
assuming that [Pi] + [PCr] = 42.5 mM in resting muscle (Harris et al., 1974). Intracellular pH
was calculated based on the chemical shift (o) of Pi relative to PCr (Moon and Richards, 1973).

The first 15 resting spectra (30s) were discarded as dummy pulses. Spectra were averaged to
achieve 60- and 4-s resolution at rest and during the contraction protocols, respectively. For the
recovery period, spectra were averaged to achieve the following temporal resolution: 4 s for the
first 20 s, 8 s for the next 280 s, and 30 s for the remaining 5 min. Once [PCr], [Pi], [ATP], and
pH were determined, the repletion of PCr during the 10-min recovery period was fit with a
mono-exponential function and the rate constant (krcr) determined:

PQt=APL-e Pct)y+ P Gy gq [Eq. 1]
where APCr is the amplitude of PCr recovery, kecr is the rate constant of PCr recovery, which
reflects the capacity for oxidative phosphorylation under these conditions (Kent-Braun et al.,
1995), and PCrend is [PCr] at the end of the contraction.

Contraction protocols. The three contraction protocols were: 1) a 24 s maximal voluntary
isometric contraction (MVIC), 2) 24 s of maximal isokinetic contractions (MVDCisok), and 3) 24
s of maximal isotonic contractions (MVDCisor) against a load equivalent to 20% of their MVIC.
For each contraction protocol, the knee and ankle of the dominant leg were strapped to a custom
MR-compatible ergometer (Jaber et al., 2020). An additional strap was fastened over the hips to
prevent unwanted movement. A dual-tuned 3P/*H surface coil (8 x 10.5 cm) was fastened over
the vastus lateralis of the participant’s dominant leg using a bandage and velcro straps.
Phosphorus spectra were collected for 60 s prior to and throughout each 24-s protocol, as

described above. The 24-s MVDCisok protocol was used to determine muscle oxidative capacity.



Subsequently, participants completed one of the other 2 contraction protocols in a randomized
order, with the final contraction protocol completed at visit 3.

Position, torque, and velocity data were sampled at 500 Hz using a custom MatLab user
interface, and post-processed offline using MatLab (Jaber et al., 2020). Power was calculated as
the product of the instantaneous torque and velocity signals, and the torque-time (TTI, Nm-s) and
power-time (PTI, W-s) integrals were determined for each contraction. The PTI for the dynamic
contraction protocols was calculated using only the concentric phase of each contraction.

ATP flux. ATP production can be reasonably assumed to equal ATP consumption when
there is no net change in [ATP] (Taylor et al., 1986, Boska, 1991). We calculated rates of ATP
production through the creatine kinase reaction (ATPck), non-oxidative glycolysis (ATPcLy),
and oxidative phosphorylation (ATPox) during the MVIC, MVDCisok, and MVDCisot
contraction protocols. The rate of PCr breakdown by the CK reaction was calculated as the rate
of decline in PCr at each 4 s time point:

AP C
ATR= - (5 [Eq. 2]

Oxidative ATP synthesis was quantified with the assumptions that the resting concentration
of ATP is equal to 8.2 mM (Harris et al., 1974), and the cytosolic phosphorylation potential
([PI][ADP])/[ATP]) is regulated with a Km of 0.11 (Walter et al., 1999), as follows:

BT 1IN R VIR (=a-3]
where Vimax (MM ATP's), the theoretical maximal muscle oxidative capacity, was calculated as
the product of the rate constant of PCr recovery following the MVDCisok trial (kecr) and [PCr] at
rest (Meyer, 1989). [ADP] was calulcated assuming that free creatine and Pi are equal (Walter et
al., 1999), as follows:

[ATIP]
KcdP gr
where K’ck is the equilibrium constant of the CK reaction, which was corrected for changes in

[ADJP= [Eq. 4]

cytosolic pH according to an exponential equation derived from experimental data (Golding et
al., 1995). Intracellular pH was calculated based on the chemical shift (o) of Pi relative to PCr,
in parts per million, as follows (Moon and Richards, 1973):

0-327

p H= 6.7 5+ | ozg—— [Eq. 5]
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Broadening and splitting of the Pi peak can occur due to the development of 2 distinct pH
pools during contractions (Park et al., 1987). When Pi splitting was visibly evident, the pH
corresponding to each Pi pool was calculated separately (based on the chemical shift of each Pi
pool relative to PCr), and the weighted average of the total Pi amplitude was determined (Lanza
et al., 2005):

ar e, ol %2 [Eq. 6]

pH= pH (totPaaIrea t otPalr e a
Glycolytic ATP synthesis was calculated based on changes in pH and PCr during each 24-s

contraction protocol (Lanza et al., 2005). Proton consumption by the CK reaction and
intracellular buffering were also taken into account for ATPcLy calculations during the
MDVCisok and MVDCisot contractions:

AP Cr
AT v 15((- B( )) (8(—F%))) [Eq. 7]

where B represents the total buffering capacity; calculated as the sum of inherent buffering and
buffering from PME, and Pi (Kemp and Radda, 1994, Bartlett, Fitzgerald, Nagarajan, Hiroi et
al., 2020). Because there was minimal difference in pH between rest and the end of each
contraction protocol, the pH-dependent rate of H* efflux (Ves) was not included in these
calculations. The proton stoichiometry of the CK reaction coupled with ATP hydrolysis, 6, was

calculated, as follows:
1

0= T E T [Eq. 8]

To calculate ATPcLy during the MVIC, proton production by oxidative phosphorylation was also

taken into account:

AT v+ 1.5((- B( )) (9( ))— ATPo x  [Eq.9]

where 3 and 0 are the same as for Eq. 7 and m represents a correction factor for the number of

protons produced during aerobic metabolism (Kemp and Radda, 1994, Walter et al., 1999):
_ 0.1 6

[1+ 1 ¢l-PH]

The total rate of ATP production (mM-s?) was calculated as the sum of ATPck, ATPcLy and

ATPox (Christie et al., 2014). Absolute quantities of ATP production (mM) were determined by

[Eq. 10]
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multiplying the average rate of ATP production (mM-s) by the duration of the contraction (i.e.,
24 s).

Metabolic economy. The ATP cost of contraction was calculated using the TT1I for the
MVIC protocol, and the sum of all the PTI’s (ZPTI) for the MVDCisox and MVDCisot
contraction protocols. To determine the ATP cost of contraction for the MVIC, the total ATP
synthesis (MM ATP) was divided by the TTI (mM ATP-Nm's?), as we have reported recently
(Bartlett, Fitzgerald, Nagarajan and Kent, 2020). For both the MVDCisok and MVDCisot
contraction protocols, the ATP cost of contractions was calculated by dividing the total ATP
synthesis by ZPTI (mM ATP-W-s™).

ME was determined using the TTI for the MVIC protocol, and XPTI for the MVDCisok and
MVDCisot contraction protocols. To determine the ME for the MVIC protocol, the TTI was
normalized to contractile volume and ATP production (Nm-scm®mM ATPY), as previously
reported (Christie et al., 2014). For both the MVDCisok and MVDCisot protocols, ME was
calculated as the ZPTI normalized to contractile volume and ATP production (Wscm>mM
ATPY).

Statistical analyses. Statistical analyses were performed with an alpha level of 0.05 using
GraphPad Prism 8 (GraphPad Software, San Diego, CA). All data were checked for normality
prior to any statistical comparisons using the Shapiro-Wilk test. Differences in group descriptive
characteristics, muscle contractile volume, maximal torque and power, and oxidative capacity
were determined using unpaired two-tailed Student’s t tests. Group differences in
intramyocellular metabolites and ATP flux during each 24-s contraction protocol were evaluated
using a 2-way ANOVA (group x time). Where significant effects were observed, post-hoc
analyses using pairwise comparisons with Holm-Sidak adjustments were used. Group
differences in TTI or ZPTI, total ATP synthesis, ATP cost of contraction, and ME were
evaluated for each contraction protocol using unpaired two-tailed Student’s t tests. If data were
not normally distributed, group differences were evaluated using a Mann-Whitney U test. Data
are presented in the Tables and text as mean = SD, with precise p-values and 95% confidence

intervals; and mean + SE in the Figures.

RESULTS
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Baseline measures. Group characteristics are reported in Table 1. There were no
differences in height, body mass, or BMI between groups. Likewise, measures of physical
activity and physical function were similar in young and older.

Maximal contractile CSA and volume were larger in young than older adults (p<0.025; Table
2), whereas fat fraction was similar between groups (p=0.340). Similar proportions of the femur
were analyzed in each group. At baseline, maximal isometric torque (MVIC) and power during
the MVDCisok and MV DCisot trials were greater in young compared with older adults (Table 2).
Peak contraction velocity attained was higher in young than older adults during the MVDCisot
protocol (Table 2). Specific isometric torque (i.e., maximal isometric torque normalized to
contractile volume) was similar between groups (Table 2). In contrast, maximal specific power
during the MVDCisok and MVDCisot contractions were ~25 and ~35 % greater in young
compared with older adults, respectively (Table 2). The rate constant of PCr recovery (kpcr) was
not different between young and older groups (Table 2), indicating no difference in the capacity
for oxidative ATP synthesis.

Responses to 24-s contraction protocols. Changes in PCr, pH, and ATP throughout the
MVIC, MVDCisok, and MVDCisor protocols are illustrated in Figures 1, 2, and 3, respectively.
There were no main effects of group and no group X time interactions for changes in PCr during
any of the 3 contraction protocols (p>0.283), although there was a main effect of time for each
protocol (p<0.001). We observed no group x time interactions for changes in pH during any of
the protocols (p>0.132). However, there was a main effect of group on changes in pH during the
MVIC and MVDCisok contractions (p<0.002), but not the MVDCisot contractions (p=0.092).
Post-hoc analyses revealed group differences in pH at 20 and 24 s during the MVIC protocol.

No group differences in pH were observed at any time point during the MVDCisok protocol.
There was a main effect of time on changes in pH for each of the 3 contraction protocols
(p<0.001). We observed no group x time interaction or main effects of group or time on changes
in [ATP] during the MVIC, MVDCisok, or MVDCisot COntractions (p>0.101), indicating that the
assumption of unchanging [ATP] necessary for ATP flux calculations was appropriate in this
study (Taylor et al., 1986, Boska, 1991).

We observed no age-related differences in TTI during the MVIC, regardless of whether data
were expressed in absolute terms (young: 4,754.8+1,723.0 vs. older: 3,624.1+1,084.6 Nm's;

p=0.190) or normalized to muscle volume (young: 4.37+1.33 vs. older: 4.51+0.37 Nmscm™;
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p=0.739; Figure 4). In contrast, XPTI was greater in young than older during the MVDCisox
contractions both in absolute terms (young: 418.7+161.4 vs. older: 211.6+94.4 W's; p=0.003)
and when normalized to muscle volume (young: 0.377+0.113 vs. older: 0.263+0.088 W-scm™;
p=0.022; Figure 4). During the MVDCisot contractions, XPTI was greater in young than older in
absolute terms (young: 381.5+106.7 vs. older: 235.1+79.8 W's; p=0.003), but no difference was
observed between groups when XPTI was normalized to muscle volume (young: 0.346+0.060 vs.
older: 0.296+0.076 W-scm; p=0.124; Figure 4).

ATP flux during MVIC. There was a main effect of time (p<0.001) for changes in ATP
flux through the creatine kinase reaction and oxidative phosphorylation (p<0.001; Figure 1), but
no group X time interactions and no main effects of group (p>0.785). There was a main effect of
group (p=0.018), but no main effect of time and no group x time interaction for glycolytic ATP
flux (p>0.542). However, post-hoc analyses revealed no group differences in glycolytic ATP
flux.

ATP flux during MVDC sk contractions. There was a group % time interaction (p=0.018)
for changes in ATP flux through the creatine kinase reaction (Figure 2). Post-hoc analyses
revealed PCr breakdown was lower in young than older adults during the first 4 s (p=0.018), but
not different between groups at any other time points (p>0.541). There was no group x time
interaction (p=0.079) or main effect of group (p=0.922), but there was a main effect of time
(p<0.001) on changes in glycolytic ATP flux. Similarly, there was no group X time interaction
(p=0.998) or main effect of group (p=0.415), but there was a main effect of time (p<0.001) on
changes in ATP flux through oxidative phosphorylation.

ATP flux during MVDC,set contractions. There was no group x time interaction (p>0.806)
and no main effect of group (p>0.593) for changes in ATP flux through the creatine kinase
reaction, non-oxidative glycolysis, or oxidative phosphorylation (Figure 3). However, main
effects of time were observed for the contributions from each bioenergetic pathway (p<0.001).

Metabolic economy. Total ATP synthesis and ME for the MVIC, MVDCisok, and MVDCisot
contractions are shown in Figure 4. Total ATP (mM) was not different between young and older
adults during the MVIC (young: 39.1+£14.9 vs. older: 36.7+6.7 mM; p=0.656), MVDCisok
(young: 35.0+6.0 vs. older: 34.7£4.7 mM; p=0.876), or MVDCisot (young: 33.7+7.4 vs. older:
33.2+6.4 mM; p=0.869) protocols. There was no group difference in the ATP cost of contraction
during the MVIC (young: 0.009+0.003 vs. older: 0.011+0.004 mM ATP-Nm's?; p=0.1056)
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protocol, but the ATP cost of contraction was lower in young than older adults during both the
MVDCisok (young: 0.10+0.05 vs. older: 0.19+0.08 mM ATP-W's%;p=0.0017) and MVDCisot
(young: 0.10+0.04 vs. older: 0.16+0.08 mM ATP-W's*;p=0.025) protocols. The ME was not
different between young and older adults during the MVIC protocol (young: 0.12+0.03 vs. older:
0.12+0.02 Nmscm>mM ATP?; p=0.085). However, ME was markedly higher in young than
older during the MVDCisok (young: 0.011+0.003 vs. older: 0.007+0.002 W-scm®mM ATP;
p<0.001) and MVDCisot (young: 0.011+0.002 vs. older: 0.008+0.002 W'scm=>mM ATP?;
p=0.0369) protocols.

DISCUSSION

This study was designed to evaluate age-related differences in muscle ME during 24 s of
maximal isometric, isokinetic, and isotonic contractions. Our hypotheses were based on known
differences in the energy demand of isometric and dynamic contractions (Ryschon et al., 1997),
as well as age-related changes in the torque-velocity and force-pCa?* relationships (Callahan and
Kent-Braun, 2011, Straight et al., 2018). These hypotheses were supported, as we observed no
age-related differences in in vivo muscle ME during the isometric contraction, but higher in vivo
muscle ME in young compared with older adults during the isokinetic and isotonic contractions.
These results extend previous work examining age-related differences in muscle ME in the
dorsiflexors (Christie et al., 2014), and ATP cost of contraction in the plantar flexors and knee
extensors (Layec et al., 2014, Layec et al., 2015b) to evaluate ME directly during isometric and
dynamic contractions that uniquely emphasize the production of torque (isokinetic) and velocity
(isotonic). Overall, our results highlight a deficit in muscle ME in vivo, even in the muscles of
healthy older adults with no deficit of energetic capacity, during two types of dynamic
contractions that are relevant to activities of daily living.

Group characteristics and baseline muscle function. Our groups were well-matched for
body mass index, physical activity, and measures of mobility (Table 1), indicating that the older
adults were of normal physical function. Muscle fat-free maximal CSA and volume were greater
in young compared with older adults (Table 2), consistent with the majority of the literature in
this area (Callahan and Kent-Braun, 2011, Hogrel et al., 2015). In contrast to some studies

(Callahan and Kent-Braun, 2011, Hogrel et al., 2015), we observed no age-related differences in
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fat fraction in the VL muscle, potentially reflecting the similar health and physical activity levels
of our groups.

As expected (Allman and Rice, 2004, Callahan et al., 2009, Callahan and Kent-Braun, 2011),
maximal isometric torque was ~30 % higher in our young group compared with the older group,
although these differences were abolished after normalising to contractile volume. In contrast,
the higher peak power in young compared with older adults during the isokinetic and isotonic
contractions persisted even after normalisation to contractile volume (Table 2), indicating that
the decline in muscular power with age was not exclusively due to the age-related loss of muscle
mass. Indeed, this weakness at baseline indicates a problem in muscle function that is
independent of muscle energetics.

ATP flux. Resting [PCr] and pH were not different between groups for the 3 contraction
protocols (Figures 1, 2, and 3), indicating a similar intracellular milieu in young and older
muscle prior to each contraction protocol, as has been reported previously (Larsen et al., 2012,
Layec et al., 2015b, Sundberg et al., 2019). Likewise, oxidative capacity (Table 2) and PCr
breakdown during the three 24-s contraction protocols were similar in young and older muscle.
However, pH at the end of the 24-s MVIC was lower in young than older adults (Figure 1),
consistent with previous work in which older muscle remains more alkalotic than young muscle
during sustained isometric contractions (Kent-Braun et al., 2002, Lanza et al., 2005, Layec et al.,
2015b). In contrast, no age-related differences were observed in pH throughout either the
MVDCisok or MVDCisot protocols (Figures 2 and 3, respectively).

With the exception of the first 4 s during the MVDCisok protocol, we observed no age-

related differences in the contribution to ATP flux from the creatine kinase reaction during the 3
protocols (Figures 1, 2, and 3). This observation is consistent with previous reports during
isometric contractions in the tibialis anterior (Lanza et al., 2005, Lanza et al., 2007, Christie et
al., 2014), plantar flexor (Layec et al., 2015a), and knee extensor (Layec et al., 2015b) muscles.
These results indicate that PCr breakdown is able to meet the immediate energy demands in
young and older muscle and, given that resting [PCr] was similar between groups for all
conditions, is consistent with reports that creatine kinase activity is unchanged with age (Horska
et al., 2000).

In the present study, we observed a main effect of group on glycolytic ATP flux during the
MVIC protocol (Figure 1) such that, overall, the young group had greater glycolytic ATP flux
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than the older group over the course of this protocol. Likewise, Lanza et al. reported a faster rate
of non-oxidative glycolysis in young compared with older men during a 60-s MVIC of the
dorsiflexors (Lanza et al., 2005), a result that was replicated during intermittent MVICs under
free-flow conditions (Lanza et al., 2007). Together, those results indicated a decreased reliance
on this bioenergetic pathway with age. Notably, under ischemic conditions the rate of non-
oxidative glycolysis did not differ in young and older muscle during the intermittent MVICs,
suggesting that there is no age-related impairment in the use of non-oxidative glycolysis when
needed (Lanza et al., 2007). In contrast to the results during our isometric protocol, we observed
no age-related differences in glycolytic ATP flux during the MVDCisok or MVDCisot protocols
(Figures 2 and 3, respectively), suggesting that the energy demand of these protocols was met in
a similar manner by both groups. Overall, our data reveal no age-related deficits in glycolytic
ATP flux during the dynamic contraction protocols, suggesting that the higher in vivo ME of
young compared with older muscle during dynamic contractions is not due to a greater reliance
on non-oxidative glycolysis in the aged.

There was no difference by age for rates of oxidative ATP synthesis during any of the 3
contraction protocols. This finding is consistent with a previous report, which showed no effect
of age on oxidative ATP synthesis during both continuous and intermittent MVICs of the knee
extensor muscles (Layec et al., 2015b). Our data showing no age-related differences in oxidative
ATP synthesis during maximal isometric, isokinetic, and isotonic contractions are important in
the context of ME because oxidative phosphorylation yields more ATP per glucose molecule
than non-oxidative glycolysis.

Overall, based upon our measures of ATP flux, the age-related differences in muscle ME in
vivo cannot be explained by deficits in any of the bioenergetic pathways with age. Notably, in
this regard, we found no difference between our study groups in the maximal capacity for
oxidative ATP synthesis (Table 2), consistent with a recent study that also demonstrated no age-
related difference in muscle oxidative capacity of the knee extensor muscles (Sundberg et al.,
2019). Overall, the literature indicates muscle-specific, age-related changes in muscle oxidative
capacity, such that it is higher in the knee extensors, unchanged in the plantar flexors and elbow
flexors, and lower in the dorsiflexors of young compared with older adults (Fitzgerald et al.,
2016). However, an important result of that meta-analysis was the impact of physical activity on

mitigating the effect of age-related deficits in muscle oxidative capacity; even low amounts of
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physical activity have beneficial effects on muscle oxidative capacity in vivo. Moreover,
moderate-to-vigorous physical activity is positively associated with the rate constant of PCr
recovery (Larsen et al., 2012), highlighting the need to match groups for physical activity in
studies evaluating age-related differences in muscle bioenergetics. Thus, one potential reason for
the lack of age-related differences in muscle oxidative capacity in the present study is the
relatively large amount of moderate-to-vigorous physical activity in both groups (Table 2).

Metabolic economy. The TTI for the 24-s MVIC was not different between groups, whether
normalised to contractile volume (Figure 4) or not. Likewise, total ATP synthesis, the ATP cost
of contraction, and ME did not differ by age during this protocol (p>0.05; Figure 4). Normalising
YPTI to contractile volume had mixed effects for the dynamic protocols in that age-related
differences were abolished for the MVDCisot protocol but not the MVDCisok protocol. Total
ATP synthesis was not different between groups during the dynamic protocols, but the ATP cost
of contraction and ME were markedly higher in young than older muscle under these conditions
(p<0.05; Figure 4). Further, this was the case whether the dynamic contraction mode
emphasized the production of torque (MVDCisok) or velocity (MVDCisot). Thus, our results
support our hypothesis that age-related differences in ME in vivo would only be observed during
dynamic, but not isometric, contractions. Potential explanations for the age-related differences
in muscle ME in vivo include: 1) a relatively lower energetic cost of developing, but not
maintaining, force in young compared with older muscle, 2) age-related changes in cross-bridge
kinetics, 3) a rightward shift in the force-pCa?* relationship with age, 4) changes in muscle fiber
composition with age, and 5) a less compliant (i.e., stiffer) muscle-tendon unit in young
compared with older adults.

Our finding of similar ME between young and older adults during the MVIC, but not during
MVDCisok or MVDCisot protocols, extends a previous report in the knee extensor muscles that
showed no age-related difference in the ATP cost of contraction during a sustained 24-s MVIC,
but a lower ATP cost of contraction in young than older muscle during intermittent MVICs
(Layec et al., 2015b). The authors of that report suggested there was an age-related increase in
the cost of developing, but not maintaining, force that was evident during isometric contractions.
Our observation of a lower ATP cost and higher ME in the young compared with old during the
(intermittent) dynamic contraction protocols and not the (sustained) isometric protocol is

consistent with this concept. Although the mechanism for an increased energetic cost of
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developing force with age is not clear at this time, ATP consumption by myosin ATPase in rat
diaphragm muscle has been shown to be ~3-fold greater when myofibers are contracting at 33%
maximal shortening velocity compared with an isometric contraction (Sieck et al., 1998).
Notably, the absolute cost of ion pumping (i.e., Na*™-K* and Ca?*-ATPase) is similar regardless
of whether the muscle is lengthening (Curtin and Davies, 1973), isometric (Barclay et al., 2008),
or shortening (Lewis and Barclay, 2014). However, during concentric contractions the rate of
ATP hydrolysis by myosin ATPase is greater than during an isometric contraction (He et al.,
2000), such that the energy cost from ion pumping relative to total ATP consumption is reduced.
These findings, along with others (Ryschon et al., 1997), emphasize that the striking difference
in the energetic cost of dynamic compared with isometric contractions stems from increased
myosin ATPase demand. Nonetheless, whether or not there is an age-related increase in the cost
of developing, but not maintaining, torque is unclear at this time and warrants further
investigation.

Studies in rats (Lowe et al., 2002) and humans (Miller et al., 2013) have revealed age-related
changes in cross-bridge kinetics that might contribute to the lower ME of older muscle in vivo.
Where age-related differences in ME were observed in the present study, total ATP synthesis
was not different between groups (Figure 4). However, the work done per muscle volume, as
measured by the specific £PTI, was substantially greater in young than older adults. A similar
observation has been made in type I1B/11X muscle fibers from rats, where maximal specific
tension was higher in young than older animals despite no differences in myosin ATPase activity
with age (Lowe et al., 2002). Those authors noted that the apparent rate constant for the
dissociation of strongly-bound myosin from actin was ~30 % lower in young than older muscle,
consistent with slower cross-bridge kinetics in young compared with older muscle. However,
work in single human muscle fibers from the vastus lateralis has shown faster cross-bridge
Kinetics, characterized by a shorter myosin-actin attachment time, in young than older muscle
(Miller et al., 2013). The extent to which age-related differences in cross-bridge kinetics may
explain the lower specific ZPTI yet similar total ATP synthesis observed here during dynamic
contractions is unclear at this time.

Recent work has shown that the force-pCa?* relationship shifts rightward with age, leading to
a decreased activation threshold and Ca?* sensitivity in older compared with young human

skeletal muscle (Straight et al., 2018). Notably, this change in Ca?* sensitivity with age was
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observed in type I, /1A, and 1A fiber types. Thus, the force produced for a given [Ca?"] is
higher in young than older muscle at submaximal [Ca?*], while the energy cost of resequestering
Ca?" and restoring the resting membrane potential are presumably unchanged. Recently, a small-
molecule, fast skeletal troponin activator, CK-2066260, was shown to increase myofibrillar Ca?*
sensitivity, thereby amplifying submaximal force production for a given cytosolic [Ca®"] (Hwee
etal., 2017). CK-2066260 also has been shown to reduce the metabolic cost of force generation
in isolated single mouse muscle fibres (Cheng et al., 2019). Together, these studies suggest that
a rightward shift in the force-pCa?* relationship with age may explain, at least in part, our finding
of a higher specific ZPTI in young than older muscle, despite similar total ATP synthesis during
dynamic contractions, with a net effect of lower ME in the old.

Type | muscle fibers are more economical than type Il fibers (He et al., 2000, Han et al.,
2003), likely due to their lower myosin ATPase activity, and so a lower abundance of type |
fibers in young compared with older muscle would be expected to resulted in higher, not lower,
ME in older adults. Moreover, the results of studies evaluating age-related differences in skeletal
muscle fiber type are mixed; some studies show a shift toward a slower phenotype (Lexell, J. et
al., 1988), others a faster phenotype (Frontera et al., 2000), and many find no change in fiber
type with age (Miller et al., 2013). Part of this discrepancy may be due to the method used to
determine muscle fiber composition (see (Purves-Smith et al., 2014) for review) or a greater
population of hybrid fibers in older muscle (Rowan et al., 2012). Although fiber-type
composition was not evaluated in this study, age-related changes in muscle fiber type seem
unlikely to account for the deficit in ME of older muscle during isokinetic and isotonic
contractions observed here.

Finally, a potential explanation for the higher ME of young compared with older muscle
during dynamic, but not isometric, contractions could include a more compliant muscle-tendon
unit in the aged (Danos et al., 2016). With a more compliant muscle-tendon unit, power- or
torque-amplification is lower (Roberts, 2016). During short, repeated contractions such as the
dynamic contractions performed here, low power-amplification could arise from a less stiff
muscle-tendon unit in the older group. This concept is consistent with the low specific power-
but not isometric torque- observed in the older group at baseline. Importantly, during a sustained
isometric contraction, the elasticity of the muscle-tendon unit is largely irrelevant to the

maintenance of torque as the muscle is operating on the steep part of the force-extension
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relationship and thus, any age-related changes to muscle-tendon unit stiffness would have little
impact under isometric conditions. Although the evidence for a stiffer muscle-tendon unit in
young compared with older adults is equivocal (Kubo et al., 2003, Mademli and Arampatzis,
2008, Hasson et al., 2011, Stenroth et al., 2015, Stenroth et al., 2016), computer simulations
using physiologically-relevant modeling parameters from young and older rat muscle
demonstrated a compromised ability of older muscle-tendon units to store elastic energy and
produce positive work (Danos et al., 2016). Therefore, the effects of old age on the relationship
between in vivo muscle ME and muscle-tendon unit stiffness is worthy of investigation.
Conclusion. This study adds important new information regarding the magnitude and
direction of age-related changes in muscle ME, the conditions under which these differences in
ME are present, and the potential sources of these differences. We have shown that ME is
similar in young and older muscle during a sustained MVIC, but higher in young compared with
older muscle during isokinetic and isotonic contractions. Further, our data indicate that this
effect on ME is due not to age-related alterations in muscle oxidative capacity or ATP flux, but
rather in a substantially lower specific power, despite similar total ATP synthesis, during
dynamic contractions in the old compared with the young. Of note, the distinction between
contraction modes (isometric vs. dynamic) with regard to the ME results mirrors the reports of
elevated energy cost of daily activities involving movement (Martin et al., 1992, Gaesser et al.,
2017), but not stationary postural support (Knaggs et al., 2011), thus supplying novel evidence
for the concept that a portion of the greater energy cost of walking, for example, may be due in
part lower muscle ME in older adults. Overall, the results of this study suggest there is an age-
related increase in the energetic cost of developing, but not maintaining, force which is
consistent with a rightward shift in the force-pCa?* relationship with age. The implications for
muscle ME as an important contributor to increased energy cost and fatigability during daily

activities bears further investigation.
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Table 1. Group characteristics

Young (n=10) Older (n=10) 95% ClI P
Age (yrs) 27.5+3.9 71.2+5.0 - -
Height (m) 1.69 +0.10 1.64 +0.11 -0.15, 0.05 0.286
Body mass (kg) 75.3+14.0 67.8+124 -19.9,4.9 0.221
BMI (kgm) 26.0+2.7 249+2.2 -3.4,1.3 0.344
PA (counts-d10%) 238.7 £102.0 238.6 £99.5 -94.7,94.7 0.999
MVPA (mind?) 38.3+17.8 27.2+ 233 -30.6, 8.4 0.247
Chair rise time (s) 16.1+£4.0 19.7+£5.2 -0.8,7.9 0.105
TUG (s) 9.0+15 95+0.8 -0.5, 1.7 0.280
SPPB-A 2.82+0.28 2.57+0.28 -0.51, 0.02 0.068

Values are mean+SD. 95% ClI, 95 % confidence intervals for the difference between group
means; BMI, body mass index; PA, physical activity; MVPA, moderate- to vigorous-intensity
physical activity; TUG, timed up-and-go; SPPB-A, advanced short physical performance

battery.
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Table 2. Muscle characteristics

Young (n=10)  Older (n=10) 95% ClI P

Muscle morphology

Maximal contractile CSA (cm?) 68.7 £ 18.0 51.2+13.1 -32.2,-2.6 0.023

Contractile volume (cm?) 1125.6 £347.5 803.5+228.7 -5984,-45.7 0.025

Fat Fraction (%) 84+11 88+34 -0.8,2.2 0.340

Femur length analysed (%) 46.1+4.9 45057 -6.1, 3.9 0.651
Peak torque and power

MVIC (Nm) 252.0 £ 64.6 187.9+629 -124.0,-4.2 0.037

MVDCisok (W) 238.5+96.5 133.5+62.1 -181.3,-28.7 0.010

MVDCisot (W) 367.7+1354 178.1+845 -2956,-83.6 0.001

MVDCisot (°s?) 266.2 +18.9 203.1+451  -95.6,-30.6 0.001
Specific torque and power

SMVIC (Nmcm3) 0.232+0.051 0.232+0.034 -0.04,0.04 0.996

SMVDCisok (W-cm) 0.218+0.070 0.161+0.040 -0.12,-0.004 0.037

SMVDCisot (W-cm3) 0.328+0.075 0.219+0.072 -0.18,-0.04 0.004

Muscle oxidative capacity

kecr (s 0.021 +0.004 0.022 £0.004 -0.003,0.005 0.497

Values are meanzSD. 95% ClI, 95 % confidence intervals for the difference between group
means; MVIC, maximal voluntary isometric contraction; MVDCisok, maximal voluntary
isokinetic contraction at 120°s™; MVDCisot, maximal voluntary isotonic contraction at 20%
MVIC; sMVIC, specific MVIC; sMVDCisok, specific isokinetic power; SMVDCisor, specific

isotonic power; kecr, rate constant of PCr recovery.
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LIST OF FIGURES

Figure 1. Changes in metabolites and ATP flux during the MVIC. ATPck, ATP flux through the
creatine kinase reaction; ATPcLy, non-oxidative glycolysis; ATPox, oxidative phosphorylation.
There was a main effect of group on pH (p=0.001) and ATPcLy (p=0.018) during the 24-s
MVIC. However, there was no main effect of group on PCr breakdown, [ATP], ATPck, or

ATPox throughout the protocol. *, p<0.05.

Figure 2. Changes in metabolites and ATP flux during the MVDCisok protocol. ATPck, ATP
flux through the creatine kinase reaction; ATPcLy, non-oxidative glycolysis; ATPox, oxidative
phosphorylation. There was a main effect of group on pH (p=0.002) during the 24-s MVDCisok
protocol. However, there was no main effect of group on PCr breakdown, [ATP], ATPck,

ATPacLy, or ATPox throughout the protocol. *, p<0.05.

Figure 3. Changes in metabolites and ATP flux during the MVDCisot contractions. ATPck, ATP
flux through the creatine kinase reaction; ATPcLy, non-oxidative glycolysis; ATPox, oxidative
phosphorylation. There was no main effect of group on PCr breakdown, pH, [ATP], ATPck,

ATPaLy, or ATPox during the MVDCisot protocol (p>0.05).

Figure 4. Specific torque-time integral (TTI) and sum of power-time integrals (XPTI), total ATP
synthesis, and ME during the MVIC, MVDCisok, and MVDCisot contractions. Specific MVIC,
total ATP synthesis, and metabolic economy (ME) were not different between groups during the
MVIC protocol. Specific ZPTI was lower in older than young during the MVDCisok, but not
MVDCisot, protocol. Total ATP synthesis was not different between groups during the
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MVDCisok or MVDCisot protocols. However, ME was lower in older than young muscle during
both the MVDCisok and MVDCisot protocols. MVIC, maximal voluntary isometric contraction;
MVDCisok, maximal voluntary dynamic isokinetic contractions; MVDCisot, maximal voluntary

dynamic isotonic contractions. Symbols representing men (m) and women (o) are shown.
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