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Abstract

The interactive e�ects of length and stimulus frequency on rise and fall times and on sag were investigated in fast-
twitch feline caudofemoralis at normal body temperature. The length and stimulus frequency ranges studied were
0.8±1.2 L0 and 15±60 pps. Isometric rise times were shortest under two sets of conditions: short lengths + low
stimulus frequencies and long lengths + high stimulus frequencies. In contrast the isometric fall time relationship
showed a single minimum at short lengths + low stimulus frequencies. Velocity was shown to have an additional
e�ect on fall time, but only at higher stimulus frequencies (40±60 pps): fall times were shorter during movement in
either direction as compared to isometric. The e�ects of sag were greatest at shorter lengths and lower stimulus
frequencies during isometric stimulus trains. Potential mechanisms underlying this last e�ect were investigated by
comparing isometric twitches elicited prior to and immediately following a sag-inducing stimulus train. Post-sag
twitches produced less force, reached peak force earlier and initially decayed more quickly compared to pre-sag
twitches. However, the ®nal rate of force decay and the initial rate of force rise (during the ®rst 15 ms) were
una�ected by sag. We construct a logical argument based on these ®ndings to hypothesize that the predominant
mechanism underlying sag is an increase in the rate of sarcoplasmic calcium ion removal. All of the above ®ndings
were used to construct a model of activation dynamics for fast-twitch muscle, which was then extrapolated to slow-
twitch muscle. When coupled with a previous model of kinematic dynamics, the complete model produced accurate
predictions of the forces actually recorded during experiments in which we applied concurrent dynamic changes in
length, velocity and stimulus frequency.

Introduction

Mathematical models of muscle help us to understand
and develop strategies for motor control, both for basic
research (Gribble and Ostry, 1996; Krylow and Rymer,
1997; Loeb et al., 1999) and for clinical restoration of
movement to paralyzed limbs through functional elec-
trical stimulation (see Chizeck, 1992). Both of these
research directions require a muscle model that meets at
least three criteria: (i) it should be su�ciently generic to
be adaptable for many di�erent systems and circum-
stances; (ii) it should be as simple as possible; (iii) it
should predict accurately the force output of muscle
under physiological operating conditions. Most current
muscle models that attempt to meet these criteria (e.g.
Otten, 1987; Durfee and Palmer, 1994; Brown et al.,
1996) fall short of these goals because they assume that

muscle properties are independent of activation level
despite signi®cant evidence to the contrary (although see
Hatze, 1977). Over the physiologically relevant sub-
tetanic stimulus frequencies (Bigland and Lippold, 1954;
Bellemare et al., 1983; Ho�er et al., 1987b), important
intrinsic properties of muscle, including the force±length
(FL) and force±velocity (FV) relationships, have been
shown to change (Joyce et al., 1969; Rack and West-
bury, 1969; Stephenson and Wendt, 1984; Roszek et al.,
1994; Balnave and Allen, 1996). There is also evidence
that twitch and tetanic rise and fall times are length
dependent (Close 1972; Brown and Loeb, 1999), making
it likely that rise and fall times for intermediate
physiological frequencies are also length dependent.
Because the e�ects observed by these various researchers
are substantial, the next generation of muscle models
should be designed to account for these e�ects.
We have begun to build a `next generation' muscle

model that can account for many of these e�ects (Brown
et al., 1999). Our model is based primarily upon data
collected from feline caudofemoralis (CF), a hip exten-
sor/abductor composed exclusively of fast-twitch muscle
®bers. CF was chosen because of its ®ber composition
and because of its architecture: CF has a high ratio of
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fascicle length to aponeurosis length (�5:1) which
results in a whole-muscle preparation with very little
in-series compliance (Brown et al., 1998). Our model
currently accounts for the many complex interactive
e�ects of length, velocity and stimulus frequency for the
physiologically relevant sub-tetanic stimulus frequen-
cies. Using previously published data for slow-twitch
feline soleus (SOL), we have extrapolated our model to
account for slow-twitch muscle as well. Thus far,
however, the model and the data upon which it was
based have been limited to steady-state conditions of
activation, i.e. stimulus trains at a constant stimulus
frequency.
The main objective of this study was to collect

physiologically relevant data to model the dynamics of
activation/deactivation in potentiated fast-twitch muscle
so as to complete our model. For the activation
dynamics under study here, the modeling was completed
in a three step process: 1. conversion of stimulus pulse
trains into a continuous, normalized frequency enve-
lope; 2. computation of a history-dependent term for the
sag phenomenon; 3. conversion of the frequency
envelope into an `e�ective' frequency incorporating
neuromuscular delays and rise and fall times.
As in our previous studies (Brown and Loeb, 2000,

this issue; Brown et al., 1999) the potentiated state was
chosen as the base state for our model following earlier
work in which we concluded that the normal operating
state of fast-twitch muscle during repetitive tasks is, in
fact, the potentiated state (Brown and Loeb, 1998b). We
de®ne the potentiated state as the stable, near-maximal
state of potentiation that is reached following a few sub-
tetanic stimulus trains (Brown and Loeb, 1998b). This
stable level of potentiation can be maintained with low-
intensity, intermittent activation and disappears only
after a long period of inactivity.
Our general approach to modeling is to design

functions whose terms, where possible, have a one-to-
one correspondence with anatomical structures and
physiological processes within muscle. These functions
are then characterized one at a time and their e�ects
removed from the data to allow subsequent functions to
be isolated and characterized. This approach makes it
more straightforward to identify the key morphometric
and functional characterization data required to adapt
these models to di�erent muscles. It also facilitates the
use of these data and models to illuminate current issues
in muscle physiology (Brown and Loeb, 2000). A
preliminary account of these ®ndings has been published
(Brown and Loeb, 1998a).

Materials and methods

Experimental data collection

The experimental apparatus and procedures used in this
study are similar to those described previously for feline
CF muscle (Brown and Loeb, 1998b; Brown et al.,

1999). Experiments were carried out in 10 cats of either
sex (2.6±5.4 kg) under deep pentobarbital anesthesia as
determined by the absence of pedal withdrawal. Brie¯y,
the feline CF muscle was dissected free of surrounding
tissue with its origin, innervation and blood supply left
intact. It was maintained thermostatically at 37� 1�C in
a mineral oil pool. The length of the muscle fascicles was
controlled by clamping onto caudal vertebrae Ca2 and
Ca3 (CF origin) and onto the insertion tendon just at
the point where the distalmost ®bers terminate. This
eliminated virtually all series-compliance in the linkage.
The insertion clamp was attached to a computer-
controlled muscle puller via a force transducer. Electri-
cal stimulation was applied via platinum±iridium hook
electrodes on cut L7 and S1 ventral roots and monitored
by recording M-waves via two multi-stranded stainless
steel wire electrodes inserted transversely through the
muscle approximately 5 mm apart. Computer templates
controlled the length, velocity and stimulus patterns
simultaneously for long preprogrammed sequences de-
®ning entire experimental protocols in 1.667 ms steps.
During each step, the computer program recorded
values for both the force and a recti®ed, bin-integrated
representation of the M-waves. Force was digitally
®ltered after the experiment using a double-pass, sec-
ond-order Butterworth ®lter with a 3 dB cuto� frequen-
cy of 120 Hz to remove high-frequency resonant noise
(150±200 Hz) from our system.
To produce smooth contractions at sub-tetanic stim-

ulus frequencies, the ventral roots were split into ®ve
bundles that were stimulated asynchronously, analogous
to the experiments performed on feline SOL by Rack
and Westbury (1969). The maximal dispotentiated
twitch force produced by each individual bundle ranged
from 15±25% of the maximal dispotentiated twitch
force produced by the whole-muscle. In this study,
stimulus frequency always refers to the frequency
applied to each of the nerve bundles.
Near the beginning of each experiment a tetanic

force±length (FL) curve was collected in the dispoten-
tiated state. The dispotentiated state was maintained by
inserting 5 min passive intervals between each stimulus
train (Brown and Loeb, 1998b). Tetanic contractions
(120 pps, 15 p trains) were elicited at the lengths
estimated to correspond to 0.7, 0.8, 0.9, 0.95, 1.0, 1.05,
1.1 and 1.2 L0 based upon in situ anatomical lengths
(Brown et al., 1998). The `true' L0 was then chosen as
the fascicle length at which maximal tetanic isometric
force could be elicited (mean� SD L0 for CF is
5:6� 0:6 cm). Sarcomere length measurements collected
during these experiments demonstrated that the peak
of the tetanic FL relationship occurs reliably at
�2.4±2.5 lm, as expected based upon sliding ®lament
theory. These data have been published previously as
part of a survey of CF morphometry and innervation
(Brown et al., 1998).
All other stimulus paradigms in this series of exper-

iments were conducted while CF was potentiated. These
paradigms used stimulus trains that were always sepa-
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rated by 7 s. Potentiation was achieved by applying
twelve isometric 10 p trains at 60 pps at three successive
lengths (0.75, 0.95 and 1.15 L0) and maintained with
15±60 pps stimulus trains (8±11 p duration). This pro-
tocol has been shown previously to provide a stable and
apparently near-maximal level of potentiation in CF
(Brown and Loeb, 1998b). Unless otherwise stated only
one set of potentiated data of up to 45 stimulus trains
was collected from each experiment to avoid the e�ects
of low-frequency fatigue (Westerblad and Allen, 1991;
Westerblad et al., 1993) which can be quite strong in CF
(Brown and Loeb, unpublished observations). In all
paradigms stimulation voltage (0.2 ms rectangular puls-
es) was ®ve times higher than the threshold required to
elicit an M-wave. M-wave amplitude was monitored
continuously to ensure complete recruitment of the entire
muscle throughout the experiment. We applied single
isometric twitches at 1.0 L0 one second before speci®ed
stimulus trains so that peak twitch force could be used to
monitor potentiation (Brown and Loeb, 1998b).

The model

Details regarding the form of our muscle model have
been presented previously in Brown et al. (1999). Brie¯y,
the model contains anatomically distinct elements
shown schematically in Figure 1. A series-elastic element
(SE) represents the connective tissue at the muscle ends
whereas an active contractile element (CE) in parallel
with a passive elastic element (PE) represents the muscle
fascicles. This paper deals exclusively with continuing
our previous development of the CE (see Brown et al.,
1999, for PE and SE description). As discussed by Zajac
(1989), for a model to be adaptable to muscles with
di�erent architectures, the inputs and outputs of the
model elements need to be normalized. All forces are
therefore normalized to units of F0 (maximal potentiated
isometric force). All fascicle lengths and velocities are
scaled by L0 (fascicle length at which F0 is elicited). Note
that the length at which peak twitch force is elicited is
usually 10±30% greater than L0 and should not be used
in its place (Close, 1972; Roszek et al., 1994; Brown and

Loeb, 1998b). Last, as introduced in Brown et al. (1999)
all stimulus frequencies are normalized to units of f0:5
(stimulus frequency necessary to produce 0.5 F0 at 1.0 L0).
A mathematical description of our CE model is

provided in equations (1)±(3).

F � FCE � FPE �1�

FCE � R �Af � FL � FV �2�

FPE � FPE1 � R �Af � FPE �3�

A schematic description of these main elements and
their associated sub-elements as developed in this study
and previously in Brown et al. (1999) is discussed at the
end of this manuscript (see Figure 12). In equation (1),
F is the total force produced by the muscle fascicles
while FCE and FPE represent the forces produced by the
CE and PE respectively; all three forces have units of F0.
In equation (2) R is de®ned as the recruitment factor
which represents the active or recruited fraction of
muscle cross-sectional area and is a unitless quantity
(0 � R � 1). For the data collected in this study recruit-
ment was always equal to 1. Af is de®ned as the
activation±frequency relationship and is also unitless
(0 � Af � 1, Af = 1 for tetanic stimulation); Af de-
pends primarily upon stimulus frequency and provides a
measure of the fraction of available cross-bridges that
are cycling in all recruited muscle ®bers. FL and FV are
de®ned as the tetanic force±length and force±velocity
relationships and are described fully in Brown et al.
(1999). The PE, as modeled in equation (3), has two
spring-like components PE1 and PE2 as originally
proposed by Brown et al. (1996); these components are
described fully in Brown et al. (1999).
The main purpose of this study was to collect a data

set that could be used to determine appropriate equa-
tions and parameters for the various functions that still
needed to be developed for the CE. The procedure for
choosing the best-®t equations was the same for all the
functions modeled in this paper. Equations were ®t to
data using the Levenberg±Marquardt algorithm (Press
et al., 1986), a least-squares non-linear curve-®tting
technique. The convergence criteria set for this iterative
algorithm was a 0.01% improvement in the numerical
error of ®t. Unless speci®cally stated, data from all
relevant experiments were combined when ®tting an
equation. For each function, we developed and tested
many equations but present here only the results of
those that could ®t the data well with minimal com-
plexity and coe�cients.

Converting spike trains to frequency envelopes

As explained more fully in the discussion, we chose to
use a continuous frequency envelope function as the
input to our model rather than a pulse train. The
advantage of this approach is that such a model can be
driven easily by signals from either the envelope of the

Fig. 1. Schematic of muscle model elements (based on model from

Zajac, 1989 and presented previously in Brown et al., 1996, 1999). The

contractile element (CE) operates in parallel with the parallel elastic

element (PE) to represent the fascicles. The series-elastic element (SE)

represents the combined tendon and aponeurosis.
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whole-muscle electromyogram or by net descending
commands to the motor nucleus (see Discussion). Our
method for converting pulse trains to continuous
frequency envelopes is similar to methods used in
neuroscience when converting such all-or-none events
to continuous spike probability density functions: we
convolute the spike train with a ®ltering function. But
what shape and size should our ®ltering convolution
function be? Part of this question can be answered by
considering the force traces shown in Figure 2A and the
spike trains associated with them in Figure 2B. The
three traces were produced using the same stimulus
frequency (15 pps) but di�er in the number of asyn-
chronous stimulus channels: 2, 5 or 20. The force traces
are aligned in time only because we have purposely
shifted the spike trains to be aligned at their mid-point.
Because the force traces are aligned in time, the
frequency envelopes produced from the spike trains
should also be aligned in time. The only way for such an
alignment to occur is to choose a convolution function
that is symmetrical about t � 0; this is the ®rst criterion
for our convolution function.

The second criterion we have chosen for our ®ltering
convolution function is that the frequency content of the
resulting envelope function should be limited to those
frequencies that can be represented reliably in the spike
train. Consider a single motoneuron and the manner in
which a pulse of current input might a�ect that
motoneuron's ®ring behavior. In order to ensure that
a given pulse will have a consistent e�ect on the
motoneuron's output, the pulse's duration must be
equal to or greater than the motoneuron's current inter-
spike interval. If not, then the pulse could potentially
begin and end entirely during an inter-spike interval and
thus have no e�ect on the ®ring frequency. It follows
from there that to determine the minimal duration
required to ensure a consistent e�ect under all condi-
tions one needs to know what the maximal inter-spike
interval is during normal patterns of recruitment. We
can extrapolate this logical argument to n asynchro-
nously ®ring motoneurons sharing the same input, in
which case the minimal pulse duration decreases by a
factor of 1=n. In terms of frequency response, if the
minimal pulse duration that can be used to elicit a
response reliably is [maximal inter-spike interval]/n, then
the maximal frequency that the system can reliably
represent is the reciprocal, or n � fmin (where fmin is the
minimal normal ®ring frequency). Our frequency enve-
lope thus should be limited to these frequency charac-
teristics. For the triangular convolution function shown
in the inset ®gure of Figure 2C, we can approximately
®lter our spike train to frequencies less than n � fmin by
choosing a triangle with a base width of 2=�n � fmin�
(equation (4)). For feline fast-twitch muscle the minimal
normal ®ring frequency is �15 pps (Ho�er et al.,
1987b), so using equation (4) below for our 5-channel
stimulus system we calculated a convolution triangle
with a base width of 26.67 ms and a height of 15 pps to
produce our frequency envelopes. (Note that the choice
of a triangular shaped function was arbitrary, any shape
function with similar frequency characteristics would be
equally as good).

fenv�t� � spike train�t� � g�t�;

g�t� � D base � 2

nch � fmin
; height � fmin

� � �4�

Results

Sag

Force records during isometric, constant-frequency
stimulus trains typically reached a peak shortly after
stimulus onset after which there was a slow decline in
force during the remainder of the stimulation. The size
of this slow decline in force, commonly known as sag,
was found to be strongly dependent upon frequency and
weakly dependent upon length. Relatively more sag was
seen at lower stimulus frequencies and at shorter

Fig. 2. Spike train to frequency envelope conversion. A ± Normalized

force pro®les of 4 p stimulus trains at 15 pps with 2, 5 or 20 channels

of asynchronous stimulation. The force pro®les are aligned with the

middle of the spike trains shown in B. B ± spike trains showing spikes

on all channels for the three cases described in A. C ± Frequency

envelopes for the three spike trains shown in B. Frequency envelopes

were produced by convoluting the spike trains with the convolution

triangles shown in the inset ®gure. These convolution triangles were

produced using equation (4).
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lengths. Figure 3A and B show examples of this e�ect
from one animal. Forces were normalized to t � 133 ms
to remove the e�ects of the FL and Af relationships
(Brown et al., 1999). The amount of sag shown in
Figure 3A and B represents one extreme; in most
animals the amount of sag observed at lower stimulus
frequencies was somewhat less. Mean� SD forces from

six experiments are shown in Figure 3C and D over an
expanded time scale to further clarify the sag e�ect
(force traces begin at the time of peak force).
To determine how best to model sag, we decided to

explore its underlying mechanisms. We chose to use a
single twitch as our probe based upon the observation
that the mechanisms underlying sag exert their greatest

Fig. 3. The e�ect of sag on stimulus trains. A, B ± Sample force traces showing the e�ect of frequency (20, 40 and 60 pps data shown in A) and

length (0.8, 0.95 and 1.1 L0 data shown in B). Forces were normalized to t � 133 ms to remove the e�ects of the Af relationship (Brown et al.,

1999). More sag was observed at lower stimulus frequencies and at shorter lengths. The large amount of sag observed at 20 pps in A represents

the large extreme. C, D ± The e�ects of stimulus frequency and length on the mean � SD values of sag are shown in C and D respectively on an

expanded time scale. E, F ± The predicted mean � SD values from the model for the data plotted in C and D. G, H ± The predicted forces from

the complete model, which includes both sag e�ects and rise and fall time e�ects as described subsequently, for the data trials plotted in A and B

are shown here. The e�ects of stimulus frequency (20, 40 and 60 pps) are shown in G and the e�ects of length (0.8, 0.95, 1.1 L0) are shown in H.

Forces were normalized to t � 133 ms (as per Brown et al., 1999) to remove the e�ects of the Af relationship.
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e�ect on low-frequency stimuli (Figure 3A). Immedi-
ately before and after sag-inducing stimulus trains we
applied single isometric twitches, hereafter referred to as
pre-sag and post-sag twitches. This approach allowed us
to probe the contractile state of the muscle at various
times following a stimulus train. Single isometric
twitches were elicited 1000 ms prior to a stimulus train
and at various times from 100±800 ms afterwards. The
combined data from ®ve such trials collected during one
experiment are shown in Figure 4A. Post-sag twitches
initially produced less force compared to pre-sag twitch-
es, but this force decrement recovered quickly. Using
peak force, the time constant for the rate of recovery of
this force de®cit was estimated at �80 ms by ®tting an
exponential curve to data from three such experiments
(combined data and curve-®t not shown).
The above paradigm was repeated at 0.8 and 1.2 L0

with qualitatively similar results (data not shown). In
Figure 4B±D we compare more directly the force
pro®les of pre-sag and post-sag twitches at the three
di�erent lengths (post-sag twitches collected 150 ms
after the end of stimulation in each example). At all
three lengths post-sag twitches produced less force,
reached peak force earlier and initially decayed more
quickly compared to pre-sag twitches. The initial rate of
force rise during the ®rst 15 ms and the ®nal rate of
force decay, however, were una�ected by sag. These
®ndings are summarized statistically in Table 1.
To determine if either the length at which sag is

measured or the length at which sag is induced has an
e�ect on sag, we repeated the above paradigm but
inserted a length change between the sag-measuring

twitches and the sag-inducing trains. Two protocols
were run in this manner. Both protocols elicited sag-
measuring twitches at 1.0 L0 before and after sag-
inducing stimulus trains at either 0.8 or 1.2 L0. A
summary of the e�ects of length on sag during these
paradigms in conjunction with the previously collected
data is shown in Figure 5. Mean� SD percent decreases
of peak twitch force from pre-sag to post-sag conditions
are plotted for three experiments. Using partial corre-
lations, length during sag-inducing stimulus trains was
found to be positively correlated with decreases in twitch
force (r � 0:65, P < 0:01) whereas length during sag-
measuring twitches was found to be negatively correlat-
ed with decreases in twitch force (r � ÿ0:70, P < 0:01).

Modeling sag

As is explained in the Discussion, the di�erences
between pre- and post-sag twitches can be explained
most easily via an increase in the rate of sarcoplasmic
calcium removal. More importantly, this mechanism is
su�cient to explain the dynamic properties and kine-
matic dependencies of sag shown in Figure 3. An
increase in the rate of sarcoplasmic calcium removal
during a stimulus train results in a decreasing mean
concentration of sarcoplasmic calcium. From a model-
ing perspective a decreasing mean calcium concentration
is equivalent to a decreasing mean stimulus frequency.
We incorporated this e�ect into our model by multiply-
ing stimulus frequency by a new `S' factor, which decays
during a stimulus train. This new addition is shown
below in equation (5) (original Af equation published
and described previously in Brown et al., 1999; Leff is
de®ned as the e�ective fascicle length, which is a time
delayed version of fascicle length, and Y is de®ned as the
yielding factor). The relationship between this sub-
element `S' and the other sub-elements in the model is
shown schematically in Figure 12 in the Discussion.

Af�f ; Leff; Y ; S� � 1ÿ exp ÿ YSf
af nf

� �nf
� �

; �5�

nf � nf 0 � nf 1
1

Leff
ÿ 1

� �
;

new form Af equation

The e�ect of this S factor can be seen in Figure 6. The
mean � SD forces plotted in Figure 3C and D were
inverted through equations (2) and (5) to estimate values
for S, which are shown in Figure 6A and B. As can be
seen in these ®gures, the e�ects of stimulus frequency
and length on force largely disappear when the data are
plotted in terms of estimated S. Stimulus frequency and
length accounted for 33% and 30% of the variance in
force at t � 100 ms and t � 110 ms respectively (these
were the earliest times at which all trials had data
points). In contrast, stimulus frequency and length
accounted for only 0.2% and 2.5% of the variance in
S at those same times. These decreases in variance when

Fig. 4. The e�ect of sag on twitches. A ± Sample force data from ®ve

trials superimposed on each other. In each trial a single `pre-sag' twitch

was elicited 1000 ms prior to an 11 p, 30 pps stimulus train followed

by a second `post-sag' twitch at one of ®ve times ranging from 150 to

800 ms after the last stimulus pulse of the train. All data were collected

at 1.0 L0. Twitches initially produced less peak force post-sag, but this

force decrement recovered quickly. B, C, D ± The paradigm described

in A was repeated at 0.8 and 1.2 L0. Force pro®les of pre-sag and post-

sag twitches collected from the three di�erent lengths are shown. Post-

sag twitches were collected 150 ms post-stimulus.
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changing from force to S were both signi®cant (F -ratios
of 141 and 11.8 respectively for stimulus frequency and
length; P < 0:001). As a ®rst approximation for our
model we assumed that S decayed independently of

length and stimulus frequency and modeled its decay
with a simple exponential (equation (6)). Under steady-
state conditions S approaches one of two values: aS1

when the stimulus frequency is zero and aS2 when it is
non-zero. A minimal, non-zero threshold (arbitrarily
chosen as 0.1 f0:5) de®nes the cross-over point between
these two values. Approximately 60 trials from six
experiments ranging from 15±60 pps and 0.8±1.3 L0 are
plotted together in Figure 6C along with a best-®t
exponential from the time of peak force to t � 250 ms
(or the end of stimulation if earlier). Because the forces
used to create the original Af relationship were mea-
sured at t � 133 ms (Brown et al., 1999), we forced
S � 1 at t � 133 ms. In addition the curve-®tting algo-
rithm was set to minimize predicted force error and not
predicted S error. The best-®t constants for equation (6)
are listed in Table 2 in the Discussion. Although our
twitch data in Figure 4 suggest that recovery from sag
has a time constant twice as long as that for sag
development (�80 ms vs. �40 ms), for simplicity in our
model we assumed a single time constant. The ranges of
predicted forces based upon this model for the data
plotted in Figure 3C and D are shown for comparison in
Figure 3E and F.

_S�t; f � � aS ÿ S�t�
TS

; aS � aS1; f �t� < 0:1
aS2; f �t� � 0:1

�
�6�

Table 1. E�ects of sag on isometric twitch contractile properties

Fascicle length at which stimuli were elicited

0.8 L0 1.0 L0 1.2 L0

Pre-sag Post-sag Pre-sag Post-sag Pre-sag Post-sag

Force at t = 15 ms (F0) 0.06 � 0.03 0.06 � 0.02 0.15 � 0.05 0.14 � 0.04 0.17 � 0.05 0.17 � 0.05

t0Ð100 (ms) 25.7 � 5.1 23.8 � 3.8 26.9 � 4.5 24.9 � 3.8 30.3 � 5.7 27.8 � 4.1

t100±50 (ms) 13.5 � 3.9 12.9 � 3.2 20.1 � 3.9 18.6 � 3.7 27.7 � 5.0 26.9 � 4.1

t40±10 (ms) 10.2 � 1.8 9.9 � 1.0 13.7 � 2.0 13.6 � 2.0 18.4 � 3.4 18.8 � 2.4

Peak force (F0) 0.09 � 0.01 0.08 � 0.02 0.23 � 0.05 0.19 � 0.05 0.27 � 0.03 0.24 � 0.04

Force-time integral (F0 �ms) 2.5 � 0.5 2.0 � 0.4 8.1 � 2.2 6.2 � 1.9 12.1 � 0.8 10.5 � 0.7

All values are mean � SD (n = 3). Isometric twitches were collected either 1 s prior to a 11 p, 30 pps stimulus train (pre-sag) or 150 ms after the

last stimulus (post-sag). Twitches and stimulus trains were elicited at the same length for each trial. Peak force, the force-time integral, t0±100 and

t100±50 were all signi®cantly decreased by sag as determined by comparing the ratio of post-sag to pre-sag characteristics to 1.0 (data from all lengths

combined [n = 9],P < 0.02, t > 2.9). In contrast both the Force at t = 15 ms and t40±10 were not signi®cantly a�ected by sag (P > 0.2, t < 0.9).

Fig. 5. The e�ect of fascicle length on sag. The percent decrease in

peak twitch force 150 ms post-sag compared to pre-sag is plotted as a

function of the length at which sag was measured (twitch length) and

the length at which sag was induced (stimulus train length).

Mean � SD data for three experiments are plotted. Signi®cant partial

correlations were found between the size of the sag e�ect and both

measures of length. The length at which sag was induced was

correlated positively with the size of the sag e�ect and the length at

which sag was measured was correlated negatively with the size of the

sag e�ect.

Fig. 6. The e�ect of sag on `S'. A, B ± The force data plotted previously in Figure 3C and D were inverted through equations (2) and (5) to

estimate the sag factor `S'. The e�ects of stimulus frequency and length on S are shown in A and B respectively. C ± Data (crosses) from all lengths

and stimulus frequencies were combined and curve ®t with a single exponential (thick gray line).
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Rise and fall times

The same isometric trials that were used to demonstrate
the e�ects of sag were also used to examine rise and fall
times. In Figure 3A and B, the sample force records
show that rise and fall times are both frequency and
length dependent. These e�ects are summarized more
clearly in Figure 7, where the complex and interactive
e�ects of length and frequency are plotted using data
from six experiments. Rise time and fall time were
de®ned as t0±50 (time from stimulation to 50% of peak
force) and t100±50 (time from end of stimulation to 50%
of the force that was present at the end of stimulation).

Longer lengths resulted in longer rise times at lower
stimulus frequencies, but this e�ect reversed as stimulus
frequency increased. At f0:5, which probably re¯ects the
mid-range of physiological activity, the rise time is
almost independent of fascicle length. In contrast, fall
times increased with length at all stimulus frequencies.
The e�ects of velocity on fall time were also examined.

To avoid damage from active lengthening (Brown and
Loeb, 1995), stretching was stopped 20±25 ms after the
end of stimulation such that t100±75 had to be examined
instead of t100±50. Sample data trials are shown in
Figure 8A and B and again in Figure 8C and D on an
expanded time scale and with force normalized to the

Table 2. Summary of model equations and best-®t constants

Curve Constants for fast-twitch muscle Constants for slow-twitch muscle

fenv�t� � spike train�t� � g�t�; g�t� � D base � 2

nch � fmin
; height � fmin

� �
fmin(pps)

15
fmin(pps)

4

_fint�t; fenv; L;Af� � fenv�t�ÿfint�t�
Tf

_feff�t; fint;L;Af� � fint�t�ÿfeff�t�
Tf

; Tf �
Tf 1L2 � Tf 2fenv�t�; _f eff�t� � 0
Tf 3 � Tf 4Af

L
; _f eff�t� < 0

8<:
Tf 1(ms)
12:1

Tf 2(ms)
8:0

Tf 3(ms)
16:6

Tf 4(ms)
8:9

Tf 1(ms)
48:4

Tf 2(ms)
32:0

Tf 3(ms)
66:4

Tf 4(ms)
35:6

Af�feff;Leff; Y ; S� � 1ÿ exp ÿ YSfeff
af nf

� �nf
� �

; nf � nf 0 � nf 1
1

Leff
ÿ 1

� �
af nf 0 nf 1 af nf 0 nf 1

0:56 2:11 3:31 0:56 2:11 5

_S�t; feff� � aS ÿ S�t�
TS

; aS � aS1; feff�t� < 0.1
aS2; feff�t� � 0:1

�
aS1 aS2 TS(ms) aS1 aS2 TS(ms)

1:76 0:96 43 1:0 1:0 ÿ

The basic form of the model is summarized in equations (1)±(3) and is not repeated here. The relationships between the various elements and sub-

elements are shown schematically in Figure 12. Only those elements with new equations are listed here. The triangular convolution function g�t� is
symmetrical about t=0. The input spike train represents spikes at the level of the muscle ®ber so an appropriate delay to account for nerve ®ber,

neuromuscular junction and muscle ®ber conduction times should be added to any applied stimulus train. For the present experiments we

estimated 1.0 ms + 0.5 ms + 1.0 ms conduction times respectively. All fast-twitch parameters were based upon the results of this study using

feline CF. The best-®t constants for Af were published along with a previous version of the Af in Brown et al: (1999). Slow-twitch muscle does not

exhibit sag (Cooper and Eccles, 1930; Burke et al., 1973) so appropriate constants were chosen to re¯ect this. The minimal ®ring frequency (fmin)

for feline slow-twitch SOL was estimated by assuming that fmin scales in proportion to f0:5. The slow-twitch rise and fall time constants were

calculated based on the assumption that rise and fall times are proportion to 1=f0:5 (using f0:5=34 pps for fast-twitch CF and 8.5 for slow-twitch

SOL).

Fig. 7. The e�ect of stimulus frequency and fascicle length on isometric force rise and fall times. A ± Isometric force rise times from six

experiments are plotted as a function of fascicle length and stimulus frequency. Rise time was de®ned as the time from the beginning of

stimulation to 50% of peak force (t0±50). The surface mesh was produced using the `griddata' command in Matlab 5.0 (Mathworks Inc.) which

forces the mesh through all data points. Rise time increased with length at lower stimulus frequencies but this relationship reversed at higher

stimulus frequencies. Similarly, rise time increased with stimulus frequency at shorter lengths but this relationship reversed at longer lengths. B ±

As in A but with fall times instead. Fall time was de®ned as the time from the end of stimulation to 50% of the force measured at the end of

stimulation (t100±50). Fall times increased with length at all stimulus frequencies and increased with stimulus frequency at all lengths.
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force measured at the end of stimulation. At lower
stimulus frequencies (15±30 pps) velocity had little e�ect
on the rate of force decay, whereas at higher stimulus
frequencies (40±60 pps) force dropped more quickly
during both shortening and lengthening as compared to

isometric conditions. These e�ects are summarized for
six experiments in Figure 8E and F. Fall times (t100±75)
during high speed movements in either direction at
40±60 pps appear to be similar to those at 15±30 pps
at any velocity.

Fig. 8. The e�ect of stimulus frequency and velocity on fall times. A, B ± Sample force and length traces from experiments at 30 and 60 pps

respectively. Velocities ranged from approximately ÿ2 to +2 L0=s. C, D ± The data in A and B were re-plotted on an expanded time scale, with

force normalized to the force recorded at the end of stimulation. The isometric data traces are indicated. At 60 pps, isometric force decayed more

slowly than during either shortening or lengthening trials. E, F ± Summary data of the e�ect of velocity on fall time from seven experiments at

15±30 pps and 40±60 pps respectively. Fall times (t100±75) were calculated as the time from the end of stimulation to 75% of the force that was

recorded at the end of stimulation. t100±75 was used instead of the more common t100±50 because active stretches were often stopped �25 ms after

the end of stimulation to avoid damage from active lengthening (Brown and Loeb, 1995) so t100±50 could not be measured properly. At lower

stimulation frequencies velocity had little e�ect on fall time, whereas at higher stimulus frequencies fall time was maximal at isometric, decreasing

with motion in either direction.
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Modeling rise and fall time

We chose to model activation dynamics as a 2nd order
system as a compromise between previous models that
used 1st order dynamics (e.g. Otten, 1987; Zajac, 1989)
and others that used much higher order dynamics (e.g.
Hatze, 1977). So as to be compatible with our previous
modeling work, we placed these dynamics prior to the
frequency input to the Af relationship. Thus the fre-
quency envelope produced from the spike train was put
through 2nd order dynamics prior to being input into the
Af relationship. We called the output of our 2nd order
activation dynamics the e�ective frequency, feff. This
new variable feff replaces f as the frequency input to the
Af relationship as shown in equation (7). (Note that feff
also replaces f in equation (6) as shown in Table 2).

Af�feff; Leff; Y ; S� � 1ÿ exp ÿ YSfeff
af nf

� �nf
� �

; �7�

nf � nf 0 � nf 1
1

Leff
ÿ 1

� �
;

new form of equation (5)

(Y ; S and Leff described above).
Because our 2nd order activation dynamics a�ect

force indirectly through feff, for modeling purposes we
needed to consider the e�ects of length and stimulus
frequency on the rise and fall times of feff, and not of
force. The sample force data plotted in Figure 3A and B
were inverted through equation (7) to estimate feff and
re-plotted in Figure 9A and B. Summary feff rise and fall
time data from six experiments are plotted in Figure 9C
and D to show the interactive e�ects of length and
stimulus frequency. Note that the e�ects of length and
stimulus frequency on feff rise and fall times are di�erent
and simpler than the e�ects on force rise and fall times
plotted previously in Figure 7. Higher stimulus frequen-
cies and longer lengths both resulted in longer feff rise
times. Longer lengths were accompanied by longer fall
times at lower stimulus frequencies, whereas this e�ect
reversed somewhat at higher stimulus frequencies. These
interactive e�ects were modeled using equation (8). The
variable fint in equation (8) is simply an intermediate
frequency variable for the model. As is explained in the
Discussion, we chose not to model the e�ects of velocity
on fall time. Predicted force error was minimized when
curve ®tting this equation rather than predicted feff
error. We de®ned the frequency envelope input to this
equation to represent the envelope observed at the level
of the muscle ®ber, so an appropriate delay to account
for nerve ®ber, neuromuscular junction and muscle ®ber
conduction times was added to our applied stimulus
trains. We estimated 1:0ms� 0:5ms� 1:0ms conduc-
tion times respectively. The best ®t constants for this
equation are listed in Table 2. The relationship between
this sub-element and the other sub-elements in the
model is shown schematically in Figure 12 at the end of
this manuscript.

_fint�t; fenv; L� �
fenv�t� ÿ fint�t�

Tf

_feff�t; fint; L� �
fint�t� ÿ feff�t�

Tf
;

Tf �
Tf 1L2 � Tf 2fenv�t�; _feff�t� � 0

Tf 3 � Tf 4Af

L
; _feff�t� < 0

8<:
�8�

The ability of the model to predict correctly the e�ects
of sag and of rise and fall times is shown earlier in
Figure 3G and H (corresponding to force data from
Figure 3A and B and feff data in 9A and B).

Testing the model

To test the model's true predictive powers we collected a
number of trials whose sole purpose was to test our
complete model ± these trials were not used to build the
model. In contrast to the data that were used to build
the model, which involved only constant lengths, veloc-
ities and stimulus frequencies (plus sudden onsets/o�sets
of constant stimulus frequencies) these `test' data were
collected using dynamically changing lengths, velocities
and/or stimulus frequencies. To mimic natural patterns
of recruitment (Bigland and Lippold, 1954; Bellemare
et al., 1983; Ho�er et al., 1987b), stimulus trains began
and ended at a relatively low ®ring rate (15±20 pps) in
®ve of the test trials. Three of these test trials were based
loosely upon common patterns of muscle usage and
motoneuron activity published previously from awake,
unrestrained, treadmill-walking cats (Ho�er et al.,
1987a, b). A summary of the complete model is seen
in the Discussion (Table 2 and Figure 12). As can be
seen in Figure 10, the model does a remarkably good
job of predicting the force data for all of the conditions
tested.

Modeling slow-twitch muscle

Extending the model to slow-twitch muscle was rela-
tively simple. Previous work has demonstrated that
twitch rise and fall times are approximately proportional
to 1=f0:5 (Kernell et al., 1983; Botterman et al., 1986).
As a ®rst approximation, we assumed this same rela-
tionship for rise and fall times of intermediate stimulus
frequencies. Sag was assumed to be negligible in slow-
twitch muscle based on previous studies (Cooper and
Eccles, 1930; Burke et al., 1973). Using these assump-
tions, we compared our slow-twitch model's predictions
to previously published data from feline soleus (SOL),
as shown in Figure 11. Unfortunately only rise time
data from a whole-muscle preparation were available for
comparison. Based on morphometric data published in
Scott et al. (1996), we assumed a ratio of tendon-
aponeurosis length to fascicle length of 1.8/1.0 for our
model and used the SE and PE models published in
Brown et al. (1996, 1999). The model predicts the rising
phase of force production reasonably accurately under
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Fig. 9. The e�ect of stimulus frequency and fascicle length on isometric feff rise and fall times. A, B ± Sample data traces of feff during isometric

trials plotted previously in Figure 3A and B. feff was estimated by inverted the force data through equation (7). Note that this inversion removes

the e�ects of sag. C, D ± Isometric feff rise and fall times are plotted as a function of fascicle length and stimulus frequency using the same data

plotted in Figure 7. Rise time was de®ned as the time from the beginning of stimulation to 50% of peak force (t0±50). Fall time was de®ned as the

time from the end of stimulation to 50% of the force measured at the end of stimulation (t100±50). The surface meshes were produced using the

`griddata' command in Matlab 5.0 (Mathworks Inc.) which forces the meshes through all data points. feff rise times increased with length at all

stimulus frequencies and increased with stimulus frequency at all lengths. feff fall times increased with length at lower stimulus frequencies but this

relationship reversed at higher stimulus frequencies. Similarly feff fall time increased with stimulus frequency at shorter lengths but this

relationship reversed at longer lengths. Note that the e�ects of fascicle length and stimulus frequency on feff rise and fall times are di�erent than

the e�ects on force rise and fall times plotted in Figure 7.

Fig. 10. Testing the model with dynamically changing inputs. Six data trials were collected using dynamically changing inputs. These data trials

were not used to build the model, instead they were used solely to test the model. Length, velocity, stimulus frequency envelopes (fenv), actual
force and predicted force are plotted for each of the six trials. Note that the time of each spike on each of the ®ve stimulus channels is plotted

within the frequency envelope. The ®rst three trials were loosely based upon previously published patterns of activation from awake,

unrestrained, treadmill walking cats (active spring based upon vastus lateralis example shown in Figure 2B of Ho�er et al., 1987a; positive and

negative work based on the two sartorius bursts shown in Figure 3 of Ho�er et al., 1987b). For the conditions tested here, the model does a

remarkably good job of predicting the measured forces.

43



both isometric and isotonic conditions, but errs during
the latter settling phase of the extended isotonic con-
tractions (Figure 11B), which shows an e�ect similar to
stretch activation.

Discussion

The data and model presented here provide an accurate
description of the force produced by potentiated fast-
twitch muscle during dynamic changes in activation and
deactivation. We provide new details about the interac-
tions among length, velocity and stimulus frequency with
activation/deactivation dynamics and in addition we pro-
vide evidence for a possible mechanism underlying sag.

Sag

Despite observation of the sag phenomenon over 60 years
ago (Cooper andEccles, 1930), surprisingly little is known
about possible mechanisms. We present here a logically
simple argument to suggest that sag occurs due to an
increase in the rate of sarcoplasmic calcium ion uptake.

This hypothesis was used as the basis for our incorpora-
tion of sag into our model of activation dynamics.
The drop in force observed during post-sag twitches

can be explained most easily as a decrease in the fraction
of attached cross-bridges. We can eliminate changes in
force per cycling cross-bridge as a plausible mechanism
by noting that the post-sag twitch is not simply a scaled
down version of the pre-sag twitch: for the ®rst 15 ms
the force pro®les are identical (Figure 4B±D). Within
the framework of a standard Huxley-style 2-state model
of cross-bridge dynamics (Huxley, 1957; Brenner, 1988;
Brown and Loeb, 1999) the fraction of attached, force-
producing cross-bridges is determined by four factors:
the amount of Ca2� released, and the rate constants for
calcium uptake, cross-bridge attachment and cross-
bridge detachment. The fact that sag-inducing stimulus
trains did not a�ect the initial rate of force rise during
subsequent twitches (Table 1) implies that neither the
amount of calcium released nor the rate constant for
cross-bridge attachment was a�ected. The fact that the
®nal rate of force decay was una�ected implies that the
rate constant for cross-bridge detachment is also unaf-
fected. By process of elimination we are left with the
hypothesis that the predominant mechanism responsible
for the changes in twitch force pro®les is an increase in
the rate of sarcoplasmic calcium ion removal.
If our hypothesis is correct then the next logical

question to ask is what e�ect would this mechanism
have as it presumably develops during a stimulus train?
Obviously, one would expect a phenomenon not unlike
sag. Is this mechanism su�cient to explain all of the
dependencies of sag? A given decrease in calcium has
been shown previously to have less of an e�ect on force
both at longer sarcomere lengths and at higher stimulus
frequencies because of the shape of the force-length-pCa
relationship (Stephenson and Wendt, 1984). Our hy-
pothesis thus predicts the length and frequency depen-
dencies of sag that were, in fact, observed in this study
(Figure 3). Direct testing of this hypothesis could be
achieved, perhaps, by measuring sarcoplasmic free
calcium concentration during sag.

Rise and fall times

Isometric rise and fall times both appear to be a�ected
by both stimulus frequency and fascicle length in a
complex interactive manner. Unfortunately, because our
data were collected with asynchronous stimulation it is
di�cult to di�erentiate possible mechanisms underlying
the stimulus frequency e�ects; the rate of summation
between asynchronous groups of muscle units contrib-
utes to the rise and fall times in addition to the actual
rate of stimulation. We can, however, use these data to
di�erentiate possible mechanisms underlying the length
dependent e�ects. Candidate mechanisms have been
proposed previously for the e�ects of fascicle length on
twitch and tetanic rise and fall times (Brown and Loeb,
1999); we refer the reader to that study for a complete
explanation.

Fig. 11. Slow-twitch muscle model predictions. Using an estimated f0:5
of 8.5 pps we compared our model to previously published data. A ±

E�ects of stimulus frequency on rise times for whole-muscle isometric

contractions at approximately 1.05 L0 (from Figure 6B of Rack and

Westbury, 1969). B ± E�ects of length on rise times for whole-muscle

isometric-isotonic contractions (isometric for ®rst 1.5 s followed by

isotonic; from Figure 4 of Joyce and Rack, 1969).

44



New to this data set was the observation that fall
times appear to be a�ected by fascicle velocity. Short-
ening and lengthening velocities both decreased fall
times relative to isometric at higher stimulus frequencies.
In terms of a simple Huxley-style 2-state model of cross-
bridge attachment/detachment (Huxley, 1957; Brenner,
1988; Brown and Loeb, 1999) we suggest that motion in
either direction could increase the net rate of cross-
bridge detachment as cross-bridges move away from
their attachment position. At higher stimulus frequen-
cies where fall times are relatively slow this e�ect shows
up as a decrease in fall time. At lower stimulus
frequencies this e�ect could be masked by the already
short fall times. This tentative hypothesis awaits more
direct testing.

The model

The model of activation/deactivation dynamics present-
ed here represents a substantial improvement over all
previous models of this nature. In our ®rst version of the
model (Brown et al., 1999) we accounted for numerous
kinematic e�ects that had never been quanti®ed before.
The present version extends the model's predictive
power to include the complex e�ects of length and
stimulus frequency on activation/deactivation dynamics
for the sub-tetanic frequencies at which motor units

normally operate (Bigland and Lippold, 1954; Bellemare
et al., 1983; Ho�er et al., 1987b). Furthermore, the
model is scalable to motor units of di�erent speeds (i.e.
slow-twitch vs. fast-twitch). The only substantial prob-
lem with our slow-twitch model appears to be that it
overestimates force during the latter settling portions of
extended isotonic contractions. It is not clear what the
cause of this discrepancy is. Other minor discrepancies
could perhaps be eliminated by collecting a better data
set for ®tting all aspects of the slow-twitch model, such
as the yielding element which has e�ects not only during
sudden changes in velocity, but also on rise times.
The model's form and the relationships between its

various sub-elements are shown schematically in Fig-
ure 12 along with the elements and sub-elements of the
rest of our model presented previously (Brown et al.,
1999). The equations and best-®t constants for the new
model elements presented here for both fast- and slow-
twitch muscle are summarized in Table 2. The major
limitations of the model only become apparent under
extreme conditions ± non-physiological tetanic stimuli
and non-physiological synchronous stimuli (compari-
sons between model and data not shown). The model
does a poor job of modeling rise and fall time dynamics
during tetanic stimulation because of the dependence of
rise and fall time in equation (8) upon stimulus
frequency. The model does a poor job of predicting

Fig. 12. Schematic of model elements and sub-elements. Elements described previously in Brown et al. (1999) are shaded in gray. The equations

associated with each of the new sub-elements are listed in Table 2. Ftotal ± total force produced by muscle fascicles. FPE ± total passive force

produced by parallel elastic element PE (see Figure 1). FCE ± total active force produced by contractile element CE (see Figure 1). FPE1 ± passive

elastic force produced when stretched. FPE2 ± passive elastic force resisting compression produced when fascicles are short. R ± recruitment. FL ±

Tetanic Force±Length relationship. FV ± Tetanic Force±Velocity relationship. Af ± Activation±frequency relationship. S ± Sag factor. Y ±

Yielding factor. L ± fascicle length. Leff ± e�ective fascicle length. V ± fascicle velocity. fenv ± stimulus frequency envelope. feff ± e�ective stimulus

frequency
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the force ripple that occurs during synchronous sub-
tetanic stimulation because our method of converting
spike trains to frequency envelope ®lters out most of the
ripple inherent in the original spike train. Neither of
these shortcomings is relevant to physiological patterns
of usage but they would result in errors if the model
predictions were compared to data from some common
experimental paradigms.
The main kinematic e�ect that we have not incorpo-

rated into our model is that of stretch-induced force
enhancement and shortening-induced force depression
resulting from changes in fascicle velocity (Brown and
Loeb, 2000, this issue). It was not included because we
hypothesized in that previous study that this e�ect
would likely be relatively small for most physiological
conditions of use. The success of the complete muscle
model under all dynamic conditions shown in Figure 10
appears to justify this simpli®cation.
The main activation/deactivation e�ect that we have

not incorporated into our model is the e�ect of velocity
on fall times, and any as-yet-unknown e�ects of velocity
on rise time. The velocity e�ects on fall time observed in
this study did not appear to be particularly strong and
only occurred during a small subset of possible condi-
tions ± at high stimulus frequencies and high velocities.
Once again, the general success of the complete muscle
model shown in Figure 10 suggests that such omissions
are not a major shortcoming.
The main anatomical component that we have not

incorporated into our model is the series elasticity that is
thought to reside in the myo®lament and/or the cross-
bridges. Although some previous models have incorpo-
rated this intra-sarcomeric series elasticity (e.g. Hatze,
1977) in addition to tendon series elasticity, Zajac (1989)
argued that it would only be important in muscles with
little or no tendon. The success of our current model
(Figure 10) suggests that even in muscles with little or
no tendon such as CF, omission of this additional series
elasticity is not problematic (although discrepancies are
likely to arise if the model were compared to ``quick
release'' experiments).
As was mentioned previously, we chose to use a

continuous frequency envelope as the input to our
model. Although one might consider the motoneuronal
spike train to be the natural input to a muscle model
(e.g. as used by Hatze, 1977), there is a distinct
advantage to using a frequency envelope function of
the motoneuronal spike train instead. Ho�er et al.
(1987b) demonstrated that the frequency envelope of a
motoneuron's spike train during natural patterns of
recruitment is linearly related both to the whole-muscle
electromyogram (EMG) and to the net depolarization of
its motoneurons. A CE model that uses a frequency
envelope as its input avoids the unnecessary step and
uncertain mechanisms associated with spike generation
in individual motoneurons (Powers and Binder, 1996).
Such a model can also be driven directly by an excitation
function derived through envelope extraction of a
typical EMG recording.

The model in its current form describes accurately the
force producing properties during physiologically rele-
vant conditions for feline fast- and slow-twitch muscle,
as represented by the two muscles CF and SOL. We
have provided a simple mechanism to extrapolate rise
and fall times to motor units of any speed. What
remains to be done is to provide a sound method to
extrapolate the FV relationship published previously
(Brown et al., 1999) to motor units of any speed, and to
provide a way to extrapolate the parameters of this
model to muscles of di�erent species.
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