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Summary

The force—velocity relationship has frequently been used
to predict the shortening velocity that muscles should use
to generate maximal net power output. Such predictions
ignore other well-characterized intrinsic properties of the
muscle, such as the length—force relationship and the
kinetics of activation and deactivation (relaxation). We
examined the effects of relative shortening velocity on the
maximum net power output (over the entire cycle) of mouse
soleus muscle, using sawtooth strain trajectories over a
range of cycle frequencies. The strain trajectory was varied
such that the proportion of the cycle spent shortening was
25, 50 or 5% of the total cycle duration.

A peak isotonic power output of 16 W kg~1 was obtained
at a relative shortening velocity ¥//Vmax) of 0.22. Over the
range of cyclical contractions studied, the optimaV/Vmax
for power production ranged almost fourfold from 0.075 to
0.30, with a maximum net power output of @W kg~1. The
net power output increased as the proportion of the cycle
spent shortening increased. Under conditions where the
strain amplitude was high (i.e. low cycle frequencies and
strain trajectories where the proportion of time spent
shortening was greater than that spent lengthening), the

effects of the length—force relationship reduced the optimal
V/Vmax below that predicted from the force—velocity curve.
At high cycle frequencies and also for strain trajectories
with brief shortening periods, higher rates of activation
and deactivation with increased strain rate shifted the
optimal V/Vmax above that predicted from the
force—velocity relationship. Thus, the force—velocity
relationship alone does not accurately predict the optimal
V/Vmax for maximum power production in muscles that
operate over a wide range of conditions (e.g. red muscle of
fish).

The change in the rates of activation and deactivation
with increasing velocity of stretch and shortening,
respectively, made it difficult to model force accurately on
the basis of the force—velocity and length—force
relationships and isometric activation and deactivation
kinetics. The discrepancies between the modelled and
measured forces were largest at high cycle frequencies.

Key words: muscle mechanics, skeletal muscle, power output,
shortening velocity, model, velocity-dependent activation, velocity-
dependent deactivation, stretch, length, force, mouse.

Introduction

The muscular generation of power is required by animaldoing work and is equal to the product of force and shortening
(including humans) during one-shot events, such as throwingelocity. The force that a muscle can generate is dependent on
and jumping, and during repetitive activities such as flyingthe rate at which it shortens, ford®) peing inversely related
swimming, cycling and rowing. How much power muscles aréo shortening velocity\). This association is described as the
able to produce may limit the performance of such movementforce—velocity relationship and is illustrated in Fld\. The
The maximum net power output of muscle (over completenuscle generates its maximum fordep)(when it is held
cycles of lengthening and shortening) is determined by itsometric and shortens at its maximum rafeaf) when the
intrinsic properties: the isometric stress, the force—velocityoad is zero. Consequently, the isotonic power output is zero
relationship and the kinetics of activation and deactivatiorat Po and Vmax and is maximal at intermediate forces and
(Josephson, 1993). These properties of muscle are readirglocities (Fig 1C,D). For example, typical/Vmax and P/Pg

measurd in vitro, enabling predictions about tha vivo

values at which maximum isotonic power output is generated

function of muscle to be made. However, the conditions undén mouse muscles are 0.22 and 0.38, respectively, for soleus
which the basic properties are measured influence the resu#ted 0.26 and 0.44, respectively, for the extensor digitorum

and make predictions abaiat vivo conditions more difficult.

longus (EDL) (Fig1; Askew and Marsh, 1997). It has been

A muscle generates work by shortening whilst it exerts auggested that power-generating muscles should operate,
force. The mechanical power output is defined as the rate dfiring natural activities, at shortening velocities corresponding
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Fig. 1. (A) lllustration of the isotonic force—velocity relationship of a typical mouse soleus muscle, determined usingdaitestiortening
contractions. A hyperbolic-linear equation has been fitted to the data (Marsh and Bennett, 1986). (B) Force, strain anetweliscitpm a
muscle shortening during an isotonic contraction. The muscle shortens whilst force is ‘clamped’, allowing the peak shaldeibmnig bhe
determined by differentiating strain with respect to time. (C,D) Peak power expressed as a poweinafoVinay), WhereWmaxis the

maximum isotonic power output, corresponds to a force of9.45) and a velocity of 0.28nax (D). The data presented are for a muscle with
a mass of 4.3 mg, a fibre length of 8.7mm, a maximum shortening velaeifyof 6.28L s71, whereL is muscle length, and a peak isometric
stressPp of 271 kN nT2. Force is expressed relative to maximum isometric sRgss

to those that yield maximum power output during isovelocityconcluded that the muscles in jumping frogs also shorten at a
contractions (Hill, 1950; Goldspink, 1977; Rome, 1994; Lutzsimilarly optimal V/Vmax but other data suggest that this
and Rome, 1996). Comparisondrof/ivoshortening velocities conclusion may not apply to all muscles used in jumping
with force—velocity curves determined vitro indicate that (Marsh, 1994).

some muscles operate\d/max ratios close to those that yield  In the present investigation, the effects of cycle frequency and
peak power output from the force—velocity curve. For examplestrain trajectory on the optim&fVmax for maximum net power
during fish swimming, the active fibres shorten ¥f\&naxthat  output in mouse soleus muscle were examined. We hypothesized
corresponds to a value producing approximately peak isotontbat factors in addition to the force—velocity relationship, such
power output on the basis of the force—velocity curve (Romas the length—force relationship and changes in the kinetics of
et al. 1988, 1992; Rome, 1994). Lutz and Rome (1996kctivation and deactivation, would produce a shift in the optimal
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VI/VVmaxunder different conditions. The mouse soleus muscle wgsoduction (Askew and Marsh, 1997). Typicallyp was
selected for these experiments as it provides a convenient modgproximately 7 % less thdnw.
in which the effects 0¥/Vmaxon power output can be examined. Isometric twitches were characterized by measuring the
We used sawtooth cycles in which velocity was held constamétency of activation, time to half-peak force, time to peak
during most of the shortening and lengthening periods. Sudborce, time from peak force to half-relaxation and time to 90 %
cycle shapes are realistic for some muscles (Girgenrath anelaxation at_w. Tetani were characterized by measuring the
Marsh, 1997); however, we do not suggest that any of théme to half-force from the last stimulus, lag. A period of
experimental protocols used here reflect the conditions undémin was allowed between each twitch, and 5min was allowed
which the soleus muscle is used in the mouse. between each tetanus for metabolic recovery. The maximum
isometric tetanic forceRp), the mean fibre length.££0.89¢;
Askew and Marsh, 1997), the wet mass (determined at the end
Materials and methods of the experiment using an electronic balance, having blotted
Female white mice (ICR, Taconic) aged between 4 and @ff excess Ringer’s solution using filter paper) and the density
weeks were killed by cervical dislocation. The skin wasof muscle (1060 kg n$; Méndez and Keys, 1960) were used
removed from the hind limbs, which were subsequentlto calculate the maximum isometric stress.
removed at the hip and placed in oxygenated Ringer’s solution
at room temperature (approximately 23°C). The composition Force-velocity properties
of the Ringer (in mmoft) was: NaCl, 144; sodium pyruvate, The force—velocity properties of the first muscle were
10; KClI, 6; MgCh, 1, NabbPQs, 1; MgSQ, 1; Hepes, 10; determined using after-loaded isotonic tetanic contractions,
CaCb, 2; pH7.4 at room temperature, adjusted using Trizmdlustrated in Fig. 1. The starting length of the muscle was set
base (after Daut and Elzinga, 1989). The soleus muscle frotn 5% abovelg such that, when the muscle shortened, the
each leg was carefully dissected out, and small aluminium fohortening took place across the plateau region of the
clips (Fordet al. 1977) were attached to the distal tendons atength—force relationship. The muscle was tetanically
closely as possible to the fibres without causing damage. Osémulated at the fusion frequency of the muscle, allowing
muscle was used immediately, whilst the other was left pinnefibrce to rise to a predetermined level. The force was ‘clamped’
out in a Petri dish in oxygenated Ringer at room temperaturand the muscle allowed to shorten (Fig. 1B). Force and length
at approximately its resting length. signals were amplified (model LPF-202, Warner Instruments,
The same arrangement was used throughout th€orp.) and recorded using a 12-bit A/D converter with a
experiments. The muscle was suspended vertically in sampling frequency of 5kHz. Muscle length was converted to
Perspex, flow-through experimental chamber, circulated witimuscle strain (musclelengttiLo)/Lo. The strain trace was
oxygenated Ringer's solution at 37 °C. The proximal tendonlifferentiated with respect to time, and the peak shortening
was secured to the base of the experimental chamber usingelocity was measured. Fig. 1B shows force, strain and
stainless-steel clip. The aluminium clip on the distal tendowelocity traces for a typical contraction. The process was
was used to attach the muscle to the lever of an ergometespeated for loads ranging from approximately B@®o
(Cambridge Technology Inc., series 300R3 a lightweight  0.01Pg, allowing 5 min between each contraction for metabolic
silver chain. The ergometer was mounted on a stage that coukecovery. An isometric tetanus was performed.gbetween
be raised and lowered above the experimental chamber usiagery four isotonic measurements, allowing correction for any
a fine vertical adjustment, allowing the muscle’s length to belecline in muscle performance. Velocity was plotted against
adjusted in increments of 0.01 mm. The initial length of thehe corrected force, and a hyperbolic—linear curve was fitted to
muscle was set to approximately resting length, and a peridtle data (Marsh and Bennett, 1986) using the non-linear curve-
of approximately 30 min was allowed for recovery from thefitting procedures in the application Igor (Version 3.0,
dissection and for thermoequilibration. WaveMetrics), allowing the maximum velocity of shortening
(Vmax) to be estimated by extrapolation to zero force.
Isometric properties and optimization of starting length
Following the recovery period, the length of the muscle was Cyclical contractions at differert/V max
adjusted to that yielding the maximum twitch force using a The second muscle was used to measure the mechanical
series of isometric twitchey). The muscle was stimulated power output during cyclical contractions. Initially, the starting
using a pair of parallel platinum electrodes, which ran the fullength of the muscle was setlto using a series of isometric
length of the muscle to ensure uniform activation.tetani, as described above. The work loop technique (Josephson,
Supramaximal stimuli, with a pulse width of 0.25ms, werel985) was used to impose cyclical length changes upon the
amplified using a direct current amplifier and delivered to thenuscle whilst it was phasically stimulated. The ergometer
muscle. The optimum length of the muscle for the productiogontrolled the length of the muscle using a computer-generated
of isometric tetani was determined using a series of fused tetamave in the application SuperScope Il (Version 2.1) which was
(stimulation frequency 150Hz) and was defined_asThis  converted into an analogue signal by a 16-bit A/D converter. A
length was used in the cyclical work studies, having been fourstimulation wave was synchronized to the length wave, but could
previously to correspond to the optimum length for workbe offset by using a phase shift. Force and length outputs were
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amplified (LPF-202, Warner Instruments, Corp.) and recordedf 23.8+0.7 g N=15). The muscle mass and mean fibre length
on a Macintosh lici computer using a 12-bit A/D converter withwere 5.2+0.3 mgN=15) and 9.1+0.1 mnN=15), respectively.
a sampling frequency of 5kHz. The muscle was subjected to fivEBhe mean isometric stress was 342.5+8.3 KRl fiN=15),
cycles of work at 5 and 9Hz, but to only two cycles at 1 Hz tavhich is somewhat higher than has been previously reported
limit fatigue. The instantaneous power output of the muscle wg@11-269 kN m?2, e.g Luff, 1981; Brookset al. 1990; James
calculated as the product of force and velocity; the net powest al. 1995; Askew and Marsh, 1997). The explanation for this
output was the instantaneous power output averaged over ttiscrepancy is unclear, although it is possible that there were
whole cycle, using an average of the work generated in looplfferences in architecture between these muscles and those
3-5 (work generated in the first loop was used at low cyclased in a previous study using the same age, sex and strain of
frequencies). The net work performed was the product of nehouse (Askew and Marsh, 1997). The value of the tatie
power output and cycle duration (frequerdyWork loops were  from this earlier study was used to estimate fibre length in the
generated by plotting force against strain. present investigation, and fibre length influences the
Initially, a series of four control work loops was performedcalculation of cross-sectional area. However, these differences
at a cycle frequency of 5Hz. These were carried out usingwill not alter the conclusions of the paper. An isometric
sinusoidal length trajectory and an optimal phase, stimulatiotwitch:tetanus ratio of 0.11 was obtained. The latency between
duration and strain amplitude for maximizing work productionthe stimulus and the start of force rise was 1.8 ms. The twitch
(typically: phase 11ms before the start of shorteningkinetics were as follows: time to half-peak force, 4.5+0.2ms
stimulation duration 65-70ms, i.e. 10 or 11 stimuli at 150 Hz(N=15); time to peak force, 18.2+0.6 mN=15); time from
strain amplitude +6 % dfg). A period of approximately 5min peak force to half-relaxation, 24.1+0.7 ni¢=(5); time from
was allowed between each set of work loops for metabolipeak force to 90% relaxation, 29.3+2.4 né=15). Tetanic
recovery. Control loops were carried out throughout the courdealf-relaxation time was 37.1+1.2 ms<15).
of the experiment (usually every five or six runs, but after every The isometric tetanic force varied considerably with starting
run at low frequencies) in order to monitor any decline in théength (Fig. 2). There was a range of starting lengths
muscle’s performance. Any decline was corrected by assumir(@4.5 %_o) across which force was approximately constant (at
a linear decline between consecutive controls. Théeast 0.98), above and below this region force rapidly
experimental run was terminated if the muscle’s control powedeclined. The passive force was low at starting lengths below
output fell below 80 % of the initial measurement. Lo, but rapidly increased abolg, exceeding the active force
Cycle frequencies of 1, 5 and 9Hz were investigated, andt lengths above approximately 0g3Fig. 2).
three different length trajectories were imposed on the muscle The maximum shortening velocityay estimated from the
at each frequency: saw25% (sawtooth strain with 25% of the
cycle spent shortening and 75% of the cycle lengthening), N
saw50% and saw75% (abbreviated using similar terminology; 1.0 — /

¢

see Askew and Marsh, 1997). For each combination of i i
frequency and length trajectory, the phase and duration of Active force \* /
stimulation were optimized to yield the maximum power 08— N i
output. The muscle strain amplitude} as a fraction ofowas ' 0 R
selected which corresponded to a particMi&fmax, USiNngVmax P

estimated from the first muscle and the following formula: 0.6

_ (VIVmax)VmaxS

of ’ @)

La

Force P/Po)

0.4 —

whereV/Vmax ranged from 0.025 to 0.¥max is the maximum
velocity of shortening estimated from the contralateral muscle
(Ls™, wherelL is the resting length of the muscl§js the 0.2 /

proportion of the cycle spent shortening, &nid the cycle
frequency. For example, foN@Vmax0f 0.2 at a cycle frequency

. & ' A a4
Passive force/d,"*

of 5Hz using a saw50% length trajectory, for a muscle with 0 — B e otk T E T
T

Vmax=6.5Ls™, La=%0.0630. Strain amplitudes exceeding I I I I

+25% of Lo were not used to avoid damaging the muscle. 0.6 0.8 1.0 12 14
Length (/Lo)

Results Fig. 2. The length—force relationship of three mouse soleus muscles
. . . . as determined during tetanic stimulation. Both active and passive
Isometric and isotonic properties : , : : ,
force are shown. Force is expressed relative to maximum isometric
A!' data are prgsented as mears.&eM. (N = number of  stressPy, and muscle length is expressed relative ta, the optimal
replicates). The mice used in the experiments had a mean miength for the production of isometric tetani.
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100 — Table 1.Maximum net power output and optimV@N max for
different strain trajectories
80 Cycle Maximum
. frequency Strain power output Optimal
2 (Hz) trajectory (Wkg?) V/Vmax
2 60 . 1 Saw25% 35.3+3.2 (5) 0.15
5 saw75% 1 Saw50%  60.7+3.2 (5) 0.10
£ 1 Saw75% 61.0+5.2 (5) 0.075
© 40 5 Saw25% 24.1+1.9 (5) 0.25
g saws0% 5 Saw50% 64.443.5 (5) 0.25
2 5 Saw75% 93.7+7.2 (5) 0.20
20 - 9 Saw25% 17.3+1.7 (5) 0.30
Saw25% 9 Saw50% 44.3+3.5 (5) 0.25
9 Saw75% 65.2+4.3 (6) 0.20
0
(') !2 |4 IG |8 TO V, shortening velocity¥max maximum shortening velocity.

Values for power output are means.em. (N).

Cycle frequency (Hz)

Fig. 3. The effects of cycle frequency and strain trajectory on power For a given cycle frequency and strain trajectory, there was
output. Data are shown for cycles in which the fraction of the cycl@n optimal V/Vmax at which the net power output was
spent shortening was 25% (saw25%), 50% (saw50%) and 75%haximized (Fig. 4). The optimalM/Vmax increased with
(saw75%) (see Materials and methods). Values are meamsvt,  increasing cycle frequency (for a given strain trajectory) and
N=5-6. decreased as the proportion of the cycle spent shortening
increased (for a given cycle frequency) (Table 1; Fig. 4). For
force—velocity relationship was 6.4+Q.21 (N=15). There example, the optimalM/Vmax ranged from 0.075 at 1Hz,
was no statistically significant relationship between mouse aggaw75%, to 0.30 at 9 Hz, saw25% (Table 1; Fig. 4).
and eithemax (correlation coefficient;=0.02) or the shape of
the force—velocity curve as indicated by the power ratio . ,
(correlation coefficienty<0.01) over the age range studied. Discussion
Values for the constants in the Marsh—Bennett force—velocity Optimal V/Vmaxduring cyclical contractions
equation weréd=0.11+0.01 N=15), B=0.59+0.06 N=15) and Numerous workers, starting with A. V. Hill (eldill, 1950;
C=1.01+0.12 K=15). The power ratio Wma/PoVmay Was  Goldspink, 1977; Rome, 1994), have predicted that skeletal
0.08+0.003 KI=15), whereWmax is the maximum isotonic muscle operating to produce povireivo should operate at a
power output. The maximum isotonic power output,relative shortening velocity{Vmax) that matches that at which
167.4+9.1 Wkg! (N=15), was obtained at a force and velocitythe muscle can produce peak isotonic (or isovelocity) power.
corresponding to 0.36+0.0N£15) and 0.22+0.0IN=15) of  Testing this prediction is complicated by the fact that many
the maximum isometric forceP§) and maximum shortening muscledn vivodo not shorten at a constant velocity (Maesh
velocity (Vmax), respectively. The maximum isotonic power al. 1992; Marsh, 1994). However, some measurements of
output was higher than has been previously measured on thmiscles operating in repeated cycles of contraction appear to
mouse soleus (Luff, 1981; Askew and Marsh, 1997), which iagree with the prediction, at least approximately (Rema.
consistent with our higher isometric stress. The valuéak 1988, 1992). From the data presented here, we suggest that this
was similar to that reported for the same strain, sex and age $imple prediction based on the isotonic force—velocity curve

mouse (Askew and Marsh, 1997). (Fig. 1) may not hold for cyclical contractions under varied
. . _ conditions.
Power output during cyclical contractions Our results clearly show that the optim@NVmax is not

The maximum net power output of the muscles ranged froroonstant during cyclical contractions, but depends on the
17.3+1.7 Wkg! (N=5), obtained using a 9 Hz saw25% strainconditions under which the muscle contracts. For simplicity,
trajectory, to 93.7+7.2Wkg (N=5), using a 5Hz saw75% we used a sawtooth strain trajectory that holdsonstant
strain trajectory (Fig. 3). At a given cycle frequency, the netluring shortening and we optimized stimulus phase and
power output increased with increasing proportion of the cyclduration to produce the maximum net power output at each
spent shortening, except for 1Hz where the maximum nethortening velocity. We found that the optimé@Nmax for
power output during saw50% cycles was approximately equahouse soleus muscle increased with increasing cycle
to that developed during saw75% cycles. This influence dfequency and decreased as the proportion of the cycle spent
strain trajectory on power output has been discussed previoudiiortening increased (Fig. 4; Table 1). Over the range of
for mouse soleus and extensor digitorum longus muscleonditions that we tested, the optiméNmax varied almost
(Askew and Marsh, 1997). fourfold, from 0.075 to 0.30. Maximum isotonic power
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Fig. 4. Mechanical power output at cycle
frequencies of 1Hz (A), 5Hz (B) and
9Hz (C), using different strain
trajectories, are plotted against relative
shortening velocity//Vmax. The value of
V/Vmax that yielded peak power output on
the basis of the force—velocity
relationship is illustrated by the vertical
dashed lined. Fourth-order polynomials
have been fitted to the data for each strain
trajectory. Data represent means£.Mm.

for five muscles (except for 9Hz
saw75%, where six muscles were used).
The symbols and lines used to indicate
the different strain trajectories are
labelled in C.V, shortening velocity;
Vmax Maximum shortening velocity. V/Vmax

occurred at &/Vmaxof 0.22. These results could be importantpower the animal over a substantial range of frequencies
in vivo for muscles that operate over a substantial range ¢Bone, 1966; Davisoat al. 1976; Romeet al. 1984; Jayne and

frequencies; for example, the muscles of fish. In fish, the slowauder, 1994). As the animal swims faster, these muscles
red muscles are first recruited at slow swimming speeds amdntinue to be active along with the fast white muscles to
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power burst swimming. The white muscles are also active ovéorce—velocity effects. Using the term ‘deactivation’ to describe
a range of frequencies as the animal swims faster above #gents that occur after the stimulation has ended is potentially
critical speed (Bone, 1966; Daviseh al. 1976; Romeet al.  confusing because this term is also used to describe events that
1984; Jayne and Lauder, 1994). Note that, in this example, tloecur in skeletal muscle during continuous stimulation, e.g.
muscles perform symmetrical cycles of contraction. Theshortening-dependent deactivation, and these events probably
optimal V/Vmaxincreases with cycle frequency in symmetricalrely on separate mechanisms (see below). However, in cardiac
as well as asymmetrical cycles (Fig. 4). muscle, because of the inherently phasic contraction pattern,
The variation in optimaWV/Vmax with cycle frequency and shortening-dependent deactivation refers to events following the
shape results from the influences of other factors that hekingle stimulus (Landesberg, 1996). In our opinion, using the
determine the power output during cyclical contractions. Thesalternative term ‘relaxation’ for events occurring during cyclical
effects can be described most effectively after describing eontractions is not without problems, because it is defined in
simple model of muscle function during cyclical contractionsisometric contractions by measuring force, and force during
cyclical contractions is determined by multiple factors, including
Modelling force during cyclical contractions on the basis of |ength—force and force—velocity effects.
the muscle’s intrinsic properties At low cycle frequencies, equation 2 accurately predicted
There have been a number of attempts to relate the intringice force generated during cyclical contractions (Fig. 5). The
properties of skeletal muscle ito vivo performance (e.g. van only noticeable discrepancy was at the start of shortening,
Leeuwenret al. 1990; Askew, 1995). These models assume thawvhen the predicted force was slightly lower (approximately
the mechanical properties measured under steady-stat® %) than that observed during experimental work loops.
conditions apply during cyclical contractions. We similarly However, at high cycle frequencies, large discrepancies were
based a model on the measured steady-state properties of solebiserved (Fig. 6). Shortly after the onset of stimulation, force
muscle. Using parameters normalized relativePgp it was  started to rise, and the discrepancy between the calculated and
assumed that the total for€eotal generated during a cyclical experimental forces was minimal as the muscle was stretched.
contraction was the product of three forces. (i) The forcédowever, as stretching slowed and the muscle started to
generated at a given velocity based on the force—velocitghorten, the calculated force was much lower than that actually
relationship, Fpy. We used our force—velocity data for measured (Fig. 6C,G). Towards the end of shortening, the
shortening velocities and used an equation from Otten (1988) fpredicted and measured forces converged, only to diverge
lengthening velocities. (ii) The force generated at a given lengthgain as the muscle started to deactivate. Equation 2
based on the length—force relationstipr (Fig. 2). (iii) The  overestimated force throughout the end of shortening and into
mechanical activation based on the time course of force durirtge lengthening phase (Fig. 6C,G). The work loops calculated
an isometric tetanug;act. Thus, we obtained the equation:  in this way were unrealistic and underestimated the net power
output considerably (Fig. 6B,F). The calculated positive work
was lower and the negative work was higher than those
The third factor in equation 2 deserves special comment hemseasured experimentally. The potential mechanisms
and is discussed further below. We have referred to this term aaderlying these results are described in the following sections.
the ‘mechanical activation’ and have defined it in terms of the
development and relaxation of force that occurs under isometrfeffects of the length—force relationship on the opti&max
conditions. During force development, the mechanical activation The length at which a muscle generates its maximum
term is determined by the €ainding events and by subsequentisometric stress is often definedlas This same stress can be
events related to the establishment of a steady state in cycliggnerated over a range of lengths a few percent above and below
crossbridges (Bagmit al. 1988). Current evidence suggests thatlLo (Fig. 2; Woledgeet al. 1985). At lengths above and below
the C&* release is rapid and does not limit the rate of activatiothis plateau region, force declines. The mechanical causes for
(Caputoet al. 1994). The effect of diffusive limitations is not this relationship are related to the degree of overlap between the
entirely clear (Holly and Poledna, 1989; Poledna andctin and myosin filaments, i.e. the number of crossbridges that
Simurdova, 1992). A considerable portion of the delay in forcean be formed (Gordogt al. 1966). The distinct regions of the
development is due to crossbridge events (Bagmil. 1988).  length—force curve observed in single-fibre studies are less
For convenience, we refer below to all of these processes thettarply defined in our whole muscles (e.g. Fig. 2), presumably
lead to changes in the ability of the muscle to produce force arnmbcause of small differences in the relative length of different
to shorten as ‘activation’. During the decline in forcefibres at a given muscle length.
(relaxation), the events that underlie the mechanical activation At low cycle frequencies and strain trajectories, where the
term include C& removal from the sarcoplasm, ©€a proportion of the cycle spent shortening was greater than that
dissociation from troponin (a process that is sensitive to thepent lengthening, the length—force relationship resulted in a
mechanical state of the muscle, see below) and crossbridghift in the optimalV/Vmax below that yielding the maximum
release. For convenience, we refer to these events @®tonic power output (Fig. 4). For a given strain trajectory and
‘deactivation’ and discuss the mechanical events that influend#Vmax, strain amplitude decreases with increasing cycle
the ‘rate of deactivation’ after accounting for length—force andrequency (for example, WVmax of 0.2 is obtained at a strain

Frotai= Fpv X FLF X FacT. 2



1534 G. N. Askew AND R. L. MARSH

Force P/Po)

amplitude of approximately +16.
9Hz, for a saw50% strain trajectory). At strain amplitude
greater than £3%, the length—force relationship will play a rol

1.5+

1.0

[ Force (measurE(D\\ bt

A saw25%

Length—force

Force (predicted)

15+

Strain

Fig. 5. Examples of work loops for mouse soleus at 1 Hz during (A)
saw25%, (B) saw50% and (C) saw75% length trajectories (see
Materials and methods). Predicted work loops (dotted line) have
been calculated on the basis of the force—velocity relationship, the
length—force relationship and the kinetics of activation and
deactivation based upon isometric measurements using equation 2.
The force as a function of strain is plotted on the basis of each of
these relationships. The force—velocity and the activation
relationships are different during shortening and lengthening and
thus form loops. The activation loop is traced anticlockwise, whereas
the force—velocity loop is clockwise because greater force is
predicted during lengthening. The experimentally obtained work
loop is shown with a solid black line. The experimental and
predicted work loops are anticlockwise and represent net positive
work. Force is expressed relative maximum isometric sSR@ss

simple mathematical model of muscle contraction including
force—velocity and length—force effects (but not activation
events), arrived at the same conclusion, that the optifaakhx
(nemax€o in Weis-Fogh and Alexander, 1977) decreased with
decreasing cycle frequency.

Effects of the kinetics of activation and deactivation on the

optimalV/Vmax

At high cycle frequencies and also during asymmetrical
cycles dominated by lengthening at lower frequencies, where
the strain amplitude is low, the effects of the length—force
relationship are necessarily small. Under these conditions, the
optimal V/Vmax is actually higher than that predicted from the
force—velocity relationship (Fig. 4). We believe that this results
from changes in the kinetics of activation and deactivation at
different rates of lengthening and shortening. Activation and
deactivation (see above for definitions) represent an increasing
proportion of the duty cycle as both cycle frequency and
lengthening duration increase. Thus, any changes in the rates
of activation and deactivation will have greatest effects on
work during such contractions.

The large discrepancies that we observed at high cycle
frequencies between the force calculated from equation 2 and
that measured provide evidence for changes in the rates of
activation and deactivation. To estimate the changes in the
kinetics of activation and deactivation during cyclical
contractions compared with isometric conditions, we calculated
an apparent mechanical activation comporfesit Ve made the
assumption that the force—velocity relationship and length—force
relationship were applicable at all cycle frequencies. Any
difference between the observed force and that predicted from
these two relationships was ascribed to activation. The apparent

1% at 1Hz and at +1.8% a?ctivation component was thus calculated by dividing the force

Sobtained experimentally Ff by that predicted from the

éorce—velocity and length—force relationships:

in reducing the force obtained during shortening. This dramati F

reduction in force with increasing strain primarily causes the fact=
reduction in the optimal/Vmaxat low cycle frequencies and also

©)

FpvxFLF -~

at higher cycle frequencies, when the proportion of time spet high frequencies, the measured force early in shortening
shortening is high. Weis-Fogh and Alexander (1977), using was much higher than expected from isometric activation
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Fig. 6. Measured and predicted forces during cyclical contractions at 5Hz saw50% (A-D) and 9Hz saw50% (E—H) (see Matathatxahd m

(A,E) The strain and timing of stimulation. (B,F) Experimental and predicted (calculated) work loops. (C,G) The measuesdl ftivab
calculated from the muscle’s intrinsic properties (equation 2). (D,H) The mechanical activatioffef¢e(edicted from the isometric tetanus

on the basis of the timing of stimulatidicT is the activation curve used in equation 2 to predict force. Also shown is the apparent mechanical
activation force facp from equation 3, which represents the activation that would be required to explain the discrepancy between the modelle
and the measured forces. Force is expressed relative maximum isometrigsthessvheads indicate the direction of work loops.

kinetics and, conversely, the measured forces late in shortenifigig. 6C,G). Therefore, using equation 3, we estimated that
and during lengthening were much lower than predictedluring cyclical contractions the apparent activation rose and
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A was independent of stretch velocity up to approximately
-0.2V/Vmax At 5 and 9Hz, the rate of apparent activation
120 4 9Hz increased with stretch velocity and was always higher at 9Hz
than at 5Hz. The increase in the rate of activation with
100 - increasing cycle frequency at equal stretch velocities could be
related to the amplitude of the active stretch. If this is the case,
then smaller stretches are actually more effective than larger
ones as strain during these optimized cycles decreases with
5Hz increasing frequency. Surprisingly, the apparent activation
60 — diverges most sharply from the isometric values after most of
the stretch has been completed, but this effect requires further
40 - Isometric investigations that include the effects of elasticity.
Our model does not include the effects of series elasticity,
20 - A&(A d which should be included in future models (Cuetiral. 1998),
T T T T T T 1 but elastic effects are not able to explain the observed effects
-06 -05 -04 -03 -02 -01 O of stretch. When the muscle is activated during lengthening,
V/Vmax the force developed will stretch series elastic structures, such
as the tendon, in proportion to the force developed. During
0o— B stretch, this effect would reduce the velocity of stretch of the
contractile elements and thus reduce the observed force below
that predicted by our model (Curthal.1998). Actually, force
. 1Hz during the stretching phase agreed well with our model.
P A Inclusion of significant elasticity in the model would thus
=40 — require that the rate of activation during the stretching phase
b be greater than we have predicted on the basis of our current
model. Therefore, elastic effects might eliminate the
discontinuity in our predictions of apparent activation
(Fig. 6D,H) by shifting more of the effect to the stretching
phase, but these effects would not influence our conclusion that
stretching enhances activation. Decreases in muscle force
during subsequent shortening would allow the series elastic
elements to shorten, thus decreasing the velocity of filament
' ! ' ' ' ' I sliding for a given rate of muscle shortening. This elastic recoil
0 005 010 015 020 025 0.30 would result in a higher force than predicted by our model.
VIVimax Actually, elasticity can account for little of the discrepancy in
Fig. 7. Maximum apparent rate of activation (A) and deactivation (8f0rc€ and work during shortening because in many cases the
relative to full activation plotted against lengthening velocity andforce drops little during shortening until deactivation begins
shortening velocity, respectively. These plots are based on tH&ig. 6C,G). During the major drop in force at the end of
differential of the predicted apparent mechanical activatiorshortening, when elastic recoil is expected to take place, the
component fae) calculated using equation 3 for optimized work measured force is actually considerably smaller than the
loops at the relative shortening velock§Vmax for maximum net  predictions of the model. Part of the enhancement of force at
power output for each cycle frequency and strain trajectory studied.the start of shortening could be due to elastic strain energy
released from the tendon. However, the effects of elastic strain
energy release during the initial shortening phase would be to
declined more rapidly than activation as predicted fromincrease the instantaneous power output, but not the net work
isometric conditions (Fig. 6D,H). This method was used twr net power output, because negative work is performed on
determine the time course d#ct for each of the cycle the elastic elements during active lengthening. In contrast, our
frequencies and strain trajectories examined in the study. Thesults show that net work is considerably increased by the
resultingfact curves were used to estimate the maximum ratapparent increase in the rate of activation (Fig. 6B,F).

80 —

Maximum rate of activation (3)

Maximum rate of deactivation®

_lm —

of apparent activation and deactivation by differentiafing We also found that the predicted maximum rate of
with respect to time (Fig. 7). These rates are expressed dsactivation increased with increasing cycle frequency and
multiples of full activation per second. increasing V/Vmax during shortening and this enhanced

The predicted rate of activation required to explain theleactivation was essential to maintaining power output at high
experimental data increased with both cycle frequency and thigequencies (Fig. 6). To illustrate this effect clearly, we have
velocity of stretch (Fig. 7A). At a cycle frequency of 1 Hz, theplotted data in which frequency, stimulus phase and stimulus
rate was similar to that measured during isometric tetani anduration were held constant Btftymaxwas varied by changing
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strain (Fig. 8C,E). These data indicate that the time required
for deactivation decreased with increasMymax In cycles
optimized for net power output, reducing the time taken for the
muscle to relax at a highef/Vmax coupled with a lower
shortening force (force—velocity effects) allows the muscle to
be stimulated for longer and to remain more fully activated
later in the shortening period (Figs 6, 8D,F). The effect of
shortening velocity on deactivation resulted in a shift in the
optimal V/Vmaxat high cycle frequencies to a value above that
predicted by the force—velocity relationship (Fig. 4). More
rapid relaxation of force increases the positive work performed
during shortening without increasing the negative work during
lengthening. Thus, the net power output is increased.

As with the activation events discussed above,
differentiating the curve resulting from equation 3 resulted in
a prediction of the maximum rate of apparent deactivation
required to account for the observed force during optimized
cycles. We found that the rate of deactivation was velocity-
dependent. The rate of deactivation at low value¥/@fax
during 1Hz cycles was essentially the same as during an
isometric tetanus (Fig. 7B), as would be predicted from the
high degree of similarity between experimental and calculated
work loops (Fig. 5). At values o¥/Vmax above 0.15, using
frequencies of 5 and 9Hz, the rate of deactivation increased.
These changes appear to be related to velocity and not to the
amount of shortening. The rate of deactivation is actually
slightly faster at the sam¥/Vmax during 9Hz cycles than
during 5Hz cycles that have higher strains.

Other workers have found that length changes produce
changes in activation and deactivation during continuous
stimulation, but the relevance of many of these studies to
cyclical contractions with phasic stimulation is unclear. Active

Force,F (P/Po) Velocity (V/Vimay Strain

Force,F (P/Pq)

Power (Wkg?)

? lengthening of a fully stimulated muscle results in an
= enhancement of force. The increase in force is separable into
5} an effect during stretch (the negative force—velocity effect) and
§ a prolonged effect sometimes termed stretch enhancement
| ' | | : (Edmanet al. 1978; Takarad&t al. 1997). The mechanism
0.225 0.250 0.275 0.300 0.325 for the effects of stretch on fully stimulated muscle and its
Time (s) significance for muscle performance are controversial

) ) _ ) (Cavagnaet al. 1994; Edman and Tsuchiya, 1996; Edman,
F'%,S-the tthlrg f'yde f“l)m eXpsr'me”tS "5"3;5‘ TOQSetSO,'e“tS m”(SC'f997). In insect asynchronous muscles, stretch activation plays
subjected to z cycles and a saw50% strain trajectory (s ntial role in bower aeneration (Pringle. 197 nd thi
Materials and methods) at three different values (0.05, 0.20 and O.ngroeite rtnaz:\ gee enpeorale a?i:ine i;to?n t(he ngne-,lin(gars),rg grttiess
of relative shortening velocity/Vmax (A) The strain to which the pf E y g'd 9 Th ’ gd Thornhill. 1996 SF;] P .
muscle was subjected; the corresponding velocity is given in & the CI’OSS. ridges (Thomas an ornhitl, ; ) orter'u.ng

&f a fully stimulated muscle causes a reduction in the ability

(C) The force produced at each strain using a constant stimulati
phase of 12ms before the start of shortenirg0¢) and a Of the muscle to produce force, an effect that has been termed

stimulation duration of 20ms. The stimulation period is represente@ force deficit or depression (Edman, 1980; Granzier and
by the bar below the force records. (D) The force produced usinBollack, 1989). The magnitude of this effect is negatively
optimal stimulation parameters for each of the strains illustrated igorrelated with shortening velocity and positively correlated
A. In each case, a phase-6f0° was used (marked by an upward- with the amount of work done (Granzier and Pollack, 1989).
pointing arrowhead), but the stimulation duration ranged from 20ms \ych less effort has been directed towards understanding
(for V/Vma,=0.05) to 40 ms (fow/Vimax=0.35). The end of stimulation  the mechanisms involved when length changes are in phase
is marked W'th a downward-pointing arrowhead. The pOWer oUutbUish the beginning and end of stimulation. Investigators have
corresponding to each of the force traces in C and D is shown in .

. . ) . ; often assumed that the effects of stretch and shortening that
and F, respectively. Force is expressed relative maximum isometric . . . ) .
stressPo occur in fully activated muscle also apply in partially activated
muscle (Josephson and Stokes, 1989; Altringbaual. 1993;
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Takaradaet al. 1997a). However, the mechanisms may be muscle shortening and lengthening, there is very little increase
quite distinct (Edmaret al. 1993). in force (Fig. 6); instead, deactivation proceeds at a rapid
Earlier work of A. V. Hill and others examined the effectsrate. As pointed out above the effects seen here appear to
of stretch in the period immediately following stimulation be velocity-dependent and not shortening-dependent, but
(Hill, 1970). These experiments make it clear that a muscldistinguishing these possibilities will require further
stretched early in the stimulation period readPesiuch more  experiments.
quickly than the same muscle held isometric. Of course, the In conclusion, we have clearly shown that factors in addition
original interpretation of these experiments exclusively ino the force—velocity relationship are important in determining
terms of stretching the series elastic elements is no longdre optimalV/Vmax during cyclical contractions at different
tenable, but the underlying mechanism has never been fultycle frequencies and during different strain trajectories. A
elucidated. Possibly, the effect is mediatean influence on fourfold range of optimaV/Vmax was found over the range of
the rate of development of the steady-state level of crossbridgenditions examined (Fig. 4). At low cycle frequencies and
attachment. Because in most models of crossbridge functiarsing strain trajectories in which the proportion of time spent
the rate of detachment is position-dependent (Huxley, 195%hortening was greater than that spent lengthening, the
Eisenberget al. 1980), bridges stretched during the activationreduction in work due to the effects of the length—force
phase will be held in a zone of low detachment rate. Decreasimglationship at large strain amplitudes (Fig. 2) resulted in a
the detachment rate while keeping the attachment rate highduction in the optimaV/Vmax below that predicted from the
would enhance the rate of increase in the net number ébrce—velocity relationship (Fig. 4). Conversely, at high cycle
attached bridges. This increase in net attachment would Weequencies and using strain trajectories with brief shortening
particularly true in comparison with isometric contractions thaperiods, the optimaV/Vmax was greater than that predicted
actually involve some internal shortening of the contractildrom the force—velocity relationship. Velocity-dependent rates
elements at the expense of series elastic elements. Whatewéactivation and deactivation at high strain rates allowed more
the mechanism, the data presented here make it clear thatwairk to be performed during shortening without increasing the
high contractile frequencies enhanced activation with stretcivork during lengthening (Figs 7, 8). These effects account for
can result in a substantial augmentation of work output durinthe increase in optimal/Vmax Thus, for muscles that operate
subsequent shortening (Fig. 6). over a range of shortening velocities (e.g. fish red muscle)
A mechanism for the velocity-dependent deactivation notednd/or strain trajectories, the force—velocity relationship alone
in the present study can be postulated with somewhat mooannot simply be used to estimate the optiifehaxfor power
certainty than the effects of stretch. First, it should be notegdroduction.
that the effects of shortenimgr seon the number of attached A simple model based upon the force—velocity and
crossbridges is expected to be modest. The highest velocitiesgth—force relationships and rates of force rise and relaxation
we used (0.¥/Vmax) would be expected to decrease the numbedetermined from isometric tetani accurately predicted force
of crossbridges by approximately 40% compared withduring cyclical contractions at low cycle frequencies.
isometric conditions (Fordt al. 1985). This effect is included However, at high cycle frequencies, changes in the kinetics of
in our model as part of the force—velocity effect duringactivation and deactivation caused large discrepancies between
shortening. The dramatically lower than predicted forces at theredicted and measured forces (Fig. 6). Similar models
end of shortening (Figs 6, 8) can only be explained if thettempting to predict force during cyclical contractions on the
number of crossbridges is substantially reduced below thétasis of a muscle’s intrinsic properties have fallen short of
predicted from isometric deactivation. The effect of shorteningeproducing what actually occurs. The greatest discrepancy has
during isometric relaxation has been examined by Gordon arigken in predicting force during deactivation (Sandercock and
Ridgway (1987) and Caputtd al. (1994). They measured the Heckman, 1997; Curtiret al. 1998), but we also found
effects of shortening on the myofibrillar €&oncentration, as differences during activation (Fig. 6). To develop such models
estimated using Céspecific photoproteins. Shortening further, a better quantitative understanding of the responses of
causes extra Gato be released from the €abinding proteins  partially activated muscle to length changes is required.
(Gordon and Ridgway, 1987; Capugb al. 1994), with the
amount of C&" released being proportional to the rate of This work was supported by a grant from the NIH to
shortening and inversely related to the number of attache®.L.M. (AR39318).
crossbridges (Gordon and Ridgway, 1987). Apparently,
filament movement decreases the affinity of troponin for
tropomyosin, an effect that can also explain the transition from References
Fhe Ilnegr to the .pseudo-exponentlal phase of relaxation dur”ﬂTmNGHAM, J. D. WARDLE, C. S.AND SwitH, C. I (1993).
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