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Abstract

Astronaut biomechanical performance depends on a wide variety of factors. Results from computational modelling suggest that
muscle function—a key component of performance—could be modulated by compliance of the contractile filaments in muscle,
especially when force is low such as transient Ca2+ activation in a twitch, reduced activation in muscle fatigue encountered
during EVA, or perhaps atrophy during prolonged space flight. We used Monte-Carlo models to investigate the hypotheses that
myofilament compliance influences muscle function during a twitch, and also modulates the effects of cooperative interactions
between contractile proteins on force generation. Peak twitch force and the kinetics of force decay were both decreased, while
tension cost was increased, when myofilament compliance was increased relative to physiological values. Both the apparent
Ca2+ sensitivity and cooperativity of activation of steady-state isometric force were altered by myofilament compliance even
when there were no explicit interactions included between binding sites. The effects of cooperative interactions between adjacent
regulatory units were found to be greater than either the effect of myofilament compliance on apparent cooperativity of activation
or that due to myosin cross-bridge-induced cooperativity. These results indicate that muscle function may be “tuned” at the
molecular level, particularly under conditions of reduced Ca2+ activation.
© 2006 Published by Elsevier Ltd.
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1. Introduction

Human biomechanical performance, in space and
on Earth, depends on a wide variety of factors, both
intrinsic and extrinsic to the work-performing muscles.
Performance is affected acutely by factors internal to
muscle such as changes in metabolite concentrations
and Ca2+ release/uptake that contribute to muscle
fatigue [1–7]. Over the long term, performance can
be affected by changes in the quantity (e.g., atrophy)
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and quality (e.g., fast versus slow muscle isoforms) of
proteins in the myofilament lattice [8,9].

Performance can also be impacted, positively or
negatively, by the material properties of tools and
other objects and surfaces [10,11] that astronauts
interact with. Numerical simulations are a crucial
means for evaluating the significance of material
properties—particularly compliance—of the protein
filaments that constitute the microscopic structure of
muscle and comprise the molecular mechanism of con-
traction [12–14]. Modelling indicates that altering com-
pliance of the myofilament lattice—which is difficult
to vary experimentally—can modulate steady isometric
tension, and this modulation is greatest when the thin
(actin) filaments of the sarcomere are less than fully
activated by Ca2+ [12]. This molecular phenomenon
parallels biomechanical “tuning” at the organismal
level [10,11]. The modelling results further imply that
modulation of force would be most significant dur-
ing muscle twitch activity, during fatigue, when force
and power output are depressed, and possibly also for
atrophied muscle [15].

In this study, we extend our computational studies
to investigate (i) the influence of myofilament compli-
ance on twitch dynamics, and (ii) the interplay between
myofilament compliance and cooperative activation of
the thin filament. Our simulations indicate that (i) peak
twitch force and the kinetics of force decay are both
decreased, while tension cost is increased, when myo-
filament compliance is increased relative to physiolog-
ical values, and that (ii) the activation dependence of
isometric force appears to be affected less by coopera-
tive effects of myosin cross-bridges on thin filament ac-
tivation than by altered (reduced) filament compliance,
although cooperative interactions along the thin fila-
ment have a greater influence than either.

2. Methods

2.1. Twitch modelling: multifilament model

Actin and myosin interactions produce force in the
muscle [16]. In striated muscles, myosin and actin are
present in thick and thin filaments, respectively. Ca2+

controls actin–myosin interactions through thin fila-
ment regulatory proteins troponin (Tn) and tropomyosin
(Tm). Structurally, a thin filament regulatory unit (RU)
consists of one Tn associated with one Tm and seven
actin monomers [17]. Neuronal stimuli induce Ca2+

release from the sarcoplasmic reticulum (SR) into the
myoplasm; a single stimulus results in a Ca2+ transient
because released Ca2+ is actively transported back into

the SR [18]. Myoplasmic Ca2+ binding to Tn causes
motion of the adjacent Tm and thus exposes myosin-
binding sites, i.e., a portion of the actin monomers
in an RU. Myosin molecules in the appropriate ori-
entation can then form cross-bridges (XBs) by strong
binding to actin, producing a contraction. Myofilament
compliance alters the probability of myosin binding
to available actin monomers through force-dependent
changes in the spacing of myosin-binding sites on actin
relative to the spacing of myosin in the thick filament
[19,20]. We refer to this phenomenon as compliant
realignment of binding (CRB) sites [13].

To test the prediction that CRB could modify twitch
dynamics, we utilized a spatially explicit, Monte-Carlo
model for the muscle half-sarcomere that consists of 13
thin filaments and three (half) thick filaments [12]. The
three-state XB cycle (State 1 = unbound, State 2 = low
force, weakly attached, and State 3=high force, strongly
attached; Fig. 1) and two states of an RU (unavail-
able (off) and available (on) for XB binding; Fig. 1)
were the same as described previously; transitions be-
tween all states were Monte-Carlo processes [12]. In this
model, there was no explicit cooperativity between RUs
[12]. Availability of myosin-binding sites on actin was
described by an activation probability (Pa) which is
formally equivalent to [Ca2+]kon/koff (Fig. 1).

To simulate Ca2+ transients, the time-dependent sin-
gle twitch activation probability (Pa(t)) was generated
using the following equations that were based in part on

Fig. 1. Model kinetics. Thin filament regulatory unit (RU) kinetics are
Ca2+ dependent and binary, such that RUoff or RUon makes an actin
site unavailable or available, respectively, for myosin binding. The
cross-bridge cycle is the same as described [13] with the exception
that the forward transition of actin and myosin binding (States 1–2)
is constrained by requiring that there is a Ca2+-activated, available
actin.
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Fig. 2. Example simulations of single twitches using the multifila-
ment model [12]. Average model (A) force and (B) cumulative ATP
hydrolysis (N =15) with actin filament stiffness Ka =10%, 100% or
1000% of that measured in frog skeletal muscle (Ka = 5230 pN/nm
with a rest length a0 = 12.33 nm) [12,19,20], XB stiffness was
1 pN/nm. (C) Maximum activation probability (Pa) of 10% was
used for these simulations. Note that peak force was substantially
depressed with reduced Ka (increased filament compliance).

Ca2+ transients from rat flexor digitorum brevis fibers
[21] (Fig. 2C).

Pa(t)=
{0; t < 5 (a)

exp0.25(t−5)/518; 5! t !30 (b)

(exp−38.565(t−30)/1000) + 0.0001; t > 30 (c)

}

.

(1)

There is an initial 5 ms delay (Eq. (1a)), after which
Pa(t) increases exponentially with a rate of 0.25 ms−1

and a scaling factor of 1
518 (Eq. (1b)) which makes Pa ≈

1 at t = 30 ms. For t > 30 ms, Pa(t) decreases expo-
nentially with a rate of 38.565 s−1 (Eq. (1c)). The peak
value of Pa(t) in Eq. (1) is 1, that is, all RUs are ac-
tivated. To obtain curves with submaximal peak values
(30%, 10%, or 5% of maximum), Eq. (1) was multiplied
by 0.3, 0.1, and 0.05, respectively (Fig. 2C).

Each Monte-Carlo simulation corresponded to 1000
steps with step time (dt) of 1 ms. Fifteen simulations
were run with each set of parameters. The initial value
for stiffness of actin filaments (Ka; note that stiffness is
the inverse of compliance) was assigned to be equal to
that measured in frog skeletal muscle (spring constant
Ka = 5230 pN nm−1 and a rest length a0 = 12.33 nm)
[19,20]. ATP hydrolysis was evaluated by equating one
ATP hydrolyzed for each cross-bridge transition from
the strongly attached to the detached state.

Analysis: The result of first 65–75 ms of each 1000 ms
simulation of force development was fit using nonlinear
least-square regression (SigmaPlot ver. 8.0, SPSS Inc.)
to a three-parameter Chapman equation:

F(t) = a(1 − exp−bt )c. (2)

Due to the variability in exponent c, the half-time (t1/2)

for the tension rise was determined using this equation,
and then the apparent rate of tension rise was calculated
according to

− ln 0.5
t1/2

. (3)

The tension decay portion of each simulation (65–75
ms–1000 ms) was fit using nonlinear least-square
regression to a three-parameter exponential decay
function:

F(t) = F0 + a(e−kt ), (4)

where k is the rate of tension decay.

2.2. Thin filament RU cooperativity modelling:
two-filament model

Our second goal of this study was to compare the
effects of various types of cooperative interactions
between myofilament proteins on force production
using a model that has compliant filaments.

Under constant intracellular [Ca2+], force reaches
an average steady-state value (F ). Experiments using
demembranated muscle fibers show a sigmoidal varia-
tion in F with respect to pCa (pCa = −log10[Ca2+],
where [Ca2+] is in molar):

F

Fmax
= 1

1 + 10n(pCa−pCa50)
. (5)

In Eq. (5), pCa50 is the pCa at which F/Fmax = 0.5
and is a measure of Ca2+ sensitivity. Parameter n is
the slope of this force–pCa relationship around pCa50,
and is a measure of cooperativity; n > 1 suggests
there are cooperative processes that influence force
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production. The molecular mechanisms responsible for
cooperativity in muscle allow for rapid and greater force
production over a small change in intracellular [Ca2+].

Mechanisms of cooperativity may arise through (i)
neighboring RUs, when a Ca2+-activated RU increases
the likelihood of adjacent RU activation through inter-
actions between overlapping Tm molecules (termed
RURU cooperativity); (ii) strongly bound, high-force
bearing myosin heads in Ca2+-activated RUs increas-
ing the likelihood of adjacent RU activation through
a myosin-induced displacement of the Tm that is
translated along neighboring Tms (termed XBRU
cooperativity); and (iii) strongly bound, high-force
bearing myosin heads that increase the probability of
neighboring myosin binding via a favorable realign-
ment of the compliant myofilament lattice (termed
XBXB cooperativity) [13,17,22]. Each mechanism
of cooperativity has an inherent spatial component
that must be addressed when investigating coopera-
tive contributions to force production. Our modelling
platform [12,13] allows us to examine the effects
of each cooperative mechanism independently to
see whether one has a dominant influence on force
production.

Kinetics of Ca2+ regulation: Because this portion of
the modelling adds several new parameters, described
in detail below, we utilized a single actin filament
interacting with a single myosin filament to reduce
computational complexity and thus time, as described
earlier [13,14]. As described above, the Ca2+ regula-
tory scheme that controls availability of an actin site for
binding a proximal myosin head can take on either of
two states, available or unavailable. We now introduce
kinetics for transitions between these two states, with a
Ca2+ association equilibrium Keq=kon/koff =106 M−1,
where kon and koff are the Ca2+ on and off rates
from Tn, respectively, convolved with conformational
changes in the RU (Fig. 1). koff was set to 0.2 s−1, and
kon becomes the product of Keq and koff . As above, the
simulation uses Monte-Carlo stochastics with a time
step, dt = 1 ms. The transition probability of activating
a RU (pf) and making an actin site available for myosin
binding becomes pf = kon[Ca2+]dt . Whether an actin
site is available to bind affects the cross-bridge cycle at
the unbound to bound transition (States 1–2 in Fig. 1).

Cooperative feedback: We simulate increased activa-
tion (i.e., greater exposure of myosin-binding sites on
actin) of a RU in either RURU or XBRU cooperativ-
ity by increasing pf by the scalar multiplier m, where
m is our feedback factor. In these simulations m was
set to 100. m affects pf when a neighboring actin site
is available to bind myosin (RURU cooperativity), or

a high-force bearing myosin head is strongly bound to
the site (XBRU cooperativity). Simulating both RURU
and XBRU cooperative feedback combines each type
of cooperativity, such that pf increases by m whether
any neighboring actin site is available for binding or
is occupied by a strongly bound, high-force bearing
myosin head. The XBXB cooperativity is innately built
into the model through filament compliance. The sim-
ulations for XBXB cooperativity modify both the thick
and thin filaments by a scalar factor X, where X is
set to either 10 or 0.1. This creates a stiffer or more
compliant filament lattice, respectively, without drasti-
cally exceeding the range of reported values for lattice
stiffness.

For the two-filament geometry used in this portion
of the modelling, the fraction of actin sites available
is directly proportional to the number of RUs that are
Ca2+-activated (RUon). RUon is defined in time (t) by
the differential equation:

dRUon

dt
= koff{Keq[Ca2+] − RUon(1 + Keq[Ca2+])},

(6)

which has the analytical solution

RUon(t) = RUon(∞){1 − e−t/!Ca }, (7)

where RUon(∞) is the value of RUon(t) as t → ∞
and !Ca is the time constant for RUon development. The
explicit parameters for RUon(∞) and !Ca are:

RUon(∞) = Keq[Ca2+]
1 + Keq[Ca2+] (8)

and

!Ca = 1

koff(1 + Keq[Ca2+]) . (9)

To be conservative, we used simulation durations that
lasted 5!Ca s, which provides enough time-steps for the
thin filament to reach greater than 95% of the final,
steady activation level. Based on our past simulations
[13], we found that 40,000 data points provided suf-
ficient numeric accuracy for calculations of F and its
standard deviation. To accomplish this, we varied the
number of runs for each [Ca2+] such that we (i) satisfy
the simulation duration outlined above, and (ii) assure
that we gather no fewer than 40,000 samples from the
last 10% of each simulation to calculate F .
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3. Results

3.1. Effects of filament compliance on Ca2+-activated
twitches: multifilament model

Averages of 15 simulations of twitch force and
ATP hydrolysis during a Ca2+ transient (Eq. (1)) are
shown in Fig. 2 for the multifilament model (Meth-
ods). Peak Pa for the Ca2+ transient was 0.1 in the
records shown. Results from simulations using three
values of Ka are shown: 5230 pN/nm (100% of phys-
iological for the multifilament model); 52,300 pN/nm
(1000% of physiological); and 523 pN/nm (10% of
physiological). For the latter, which corresponds to
increased filament compliance (compliance being
the inverse of stiffness), peak force was decreased
by 30% relative to physiological stiffness values
while cumulative ATP hydrolysis was essentially
unchanged.

Twitch simulations equivalent to those shown in
Fig. 2 were obtained using as input Ca2+ transients
(Eq. (1)) with peak Pa over the range of 0.05–1.0 (Meth-
ods). Peak twitch force was lower at all values of peak
Pa with Ka =10% of physiological (high filament com-
pliance) compared with higher values of Ka (Fig. 3A),
which is qualitatively consistent with decreased Ca2+

sensitivity of steady-state force when filament compli-
ance is increased (decreased Ka) in the multifilament
model [12]. Fig. 3B shows that there was no significant
effect of twitch amplitude on tension cost. Tension
cost increased, however, at all twitch amplitudes when
filament compliance increased. As implied by the sim-
ulations in Fig. 2, this increase in tension cost is pri-
marily due to the overall decrease in tension when Ka
was decreased. Thus, filament compliance can modu-
late not only the mechanics, but also the energetics of
muscle [14].

The kinetics of twitch tension rise and decay, ana-
lyzed as described in Methods, are shown in Fig. 4.
There was little or no effect of filament compliance (or,
conversely, Ka) on the rate of tension rise (Fig. 4A). The
rate of tension rise exhibited a slight increase as the am-
plitude of the Ca2+ transient was increased (Fig. 4A).
An increased rate of tension rise with increased Ca2+

is expected, based on steady-state Ca2+ data and mod-
elling [12,23,24] although both the extent of increase
with Ca2+ activation level and the effect of filament
compliance were less than anticipated. Careful analysis
of the model output showed that the rate of tension rise
was dominated by the kinetics of the Ca2+ transient,
which is of course not a consideration for conditions
with steady Ca2+ levels.
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Fig. 3. Analysis of twitch (A) peak force and (B) tension cost.
Each point represents the average of 15 simulations (as shown in
Fig. 2) and error bars represent S.E. (A) Each averaged force for
Ka = 523 pN is significantly different (P < 0.05) from the other
two points at the same maximum Pa value. (B) Tension cost was
calculated by dividing the total number of ATP hydrolyzed by the
area under the force–time curve (Fig. 2A). Lines represent the mean
tension cost for each value of Ka, which are significantly different
from each other (P < 0.05).

The rate of twitch tension decay was not significantly
affected by amplitude of the Ca2+ transient, but was
significantly decreased when Ka was reduced to 10% of
physiological (or, equivalently, when filament compli-
ance was increased) at all levels of peak Pa (Fig. 4B).

3.2. Effects of thin filament RU cooperative interactions
on steady-state isometric force: two-filament model

Simulations of force over time show that unregulated
(all actin sites available) force reached 17.4 pN in the
two-filament model (Methods), with a time constant of
force development (!F) ∼ 6 ms. This steady-state F

for unregulated filaments was used as the normaliza-
tion factor for all subsequent simulations (Fig. 5A). In
simulations with regulated thin filaments, steady-state
F increased with increasing [Ca2+] and the rate of
force development increased (conversely, !F decreased;
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Fig. 4. Kinetic parameters of single twitch simulations. Rate of (A)
tension rise and (B) tension decay were calculated as described in
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(A) second-order polynomial fits, or (B) linear regressions for each
value of Ka. The slopes in panel B are not significantly different
from zero.

Fig. 5). The basal parameter set without any coop-
erative feedback yielded n = 1.43 and pCa50 = 6.45
(Figs. 5B and 6) when fit with the Hill equation (Eq. (5)).
While the current model produces a somewhat greater
Ca2+ sensitivity of force regulation (pCa50) than val-
ues reported in the literature for skeletal muscle fibers,
the sigmoidal relationship between pCa and F , and the
Ca2+ dependence of the rate of force development sim-
ulate experimental results in fibers quite well [17,23,24].
The parameter n (Eq. (5)) is expected to be close to
1 in simulations without any cooperative feedback. We
also observed that the standard deviation of steady-
state F increased as [Ca2+] decreased (pCa increased).
This is because fewer force-producing events occur at
lower levels of [Ca2+], such that each incident has
an increased relative contribution to simulated force at
low [Ca2+].

Simulations of cooperative feedback (Fig. 6) sug-
gest that the myofilament lattice is slightly more sen-
sitive to RURU cooperativity than the other forms of
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Fig. 5. Ca2+-regulation of force in the two-filament model. (A) The
mean force over a single run (black lines) for unregulated and a sub-
set of Ca2+-regulated (pCa levels 7.5, 6.5, 5.5) simulations. All force
traces are normalized to the unregulated, steady-state F (17.4 pN).
XB stiffness was 5 pN/nm. Force traces were fit using a rising ex-
ponential function (thick white line) F(t) = Fss(1 − exp(−t/!F)),
where F(t) is force as a function of time, Fss is the steady-state
value of F , and !F is the time constant of force development. (B)
Ca2+-regulated Fss as a function of pCa. Error bars on the data
are S.D. of 40,000 time steps used to calculate Fss. The line is the
nonlinear least-squares regression on the Hill equation (Eq. (5)).

cooperativity. RURU cooperativity also has a dramatic
influence on pCa50 that is not seen in the XBRU or
XBXB simulations. XBRU cooperativity, however, ap-
pears to increase force production at low [Ca2+] and its
contribution is diminished at higher [Ca2+]. This sug-
gests that XBs have a greater influence on force pro-
duction when the thin filament is less activated, i.e., at
submaximal pCa levels. The minimal contribution from
XBRU cooperativity may result from small numbers of
XBs bound to actin. With cooperative feedback (basal),
the number of myosin heads bearing a high level of
force does not exceed two or three, which translates into
10–15% of the population. Numerically, this low popu-
lation of bound cross-bridges may be biasing our XBRU
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Fig. 6. Cooperative contributions to the steady-state isometric
force–pCa relationship are shown using Hill fits (Eq. (5)) to each
simulation (data are similar to that of Fig. 5). Each panel shows
lines for basal regulation (no cooperative interactions) as well as co-
operativity in the form of: (A) RURU, XBRU, and the combination
of both RURU and XBRU; or (B) XBXB cooperativity by varying
compliance of both the thick and thin filament.

cooperativity results in comparison with RURU coop-
erativity because there is always higher population of
activated RUs (which approaches 100% above pCa 6).
Interestingly, the simulations containing both RURU
and XBRU cooperativity appear to have a synergistic ef-
fect on n, suggesting that it requires more than one form
of cooperativity to approach the n values (3–6) most of-
ten reported in the literature [17]. Simulations of XBXB
cooperativity appear to have little effect on n, however
there are some shifts ((!pCa50) in the F–pCa relation-
ship. This is greatest in the more compliant filament lat-
tice, where the slope (n), Ca2+ sensitivity (pCa50), and
F are damped from the basal level. Force production
in the simulation with Ka = 1000% physiological val-
ues shows that increased lattice stiffness increases force
production at lower [Ca2+] levels.

4. Discussion

Taken together, the results of this modelling study
suggest that increases in compliance (decreases in

stiffness) of the myofilaments in a muscle sarcomere
have the potential to substantially alter contractile per-
formance, and confirm that the greatest effects would
occur at low force levels. Physiologically, the twitch
simulations demonstrate that aspects of magnitude,
energetics, and kinetics of force production may all be
affected by the fact that myofilaments are not infinitely
rigid. This suggests that aspects of muscle function
may be “tuned” at the level of protein mechanics, just
as biomechanical performance may be “tuned” by the
external environment [10,11].

4.1. Filament compliance and cooperative activation
of the thin filament

The physiological representation of the myofilament
lattice and the multidirectional force between the fila-
ments is improved in the multifilament model (Figs. 3
and 4) [12] from the earlier two-filament model [13].
However, for computational simplicity we reverted to
the two-filament model for this investigation of Ca2+-
regulation and cooperative activation of force produc-
tion (Figs. 5 and 6). This was done to improve upon our
earlier models by explicitly requiring the availability of
each myosin-binding site on actin to depend on [Ca2+]
and the Ca2+-binding kinetics of Tn, in addition to
introducing different forms of cooperative thin–thick
filament interactions. Understanding the impact of these
model improvements on force between two filaments
is a necessary precursor to understanding their influ-
ence in the more complex multifilament model system.
We simulated cooperativity by increasing the activation
probability of a RU (Methods; Fig. 1). Our simulations
suggest that RURU cooperativity has a greater influ-
ence on Ca2+-sensitivity of force development and a
slightly greater effect on the cooperativity in the system
(Fig. 6). However, the greatest increase in cooperative
force production arises from a synergistic contribution
from both RURU and XBRU cooperativity (Fig. 6).

4.2. Implications for manned space flight

Our simulations of muscle biomechanics at the
level of assemblies of hundreds of macromolecules are
being constructed as a component of the digital as-
tronaut, a central tool for the health and well-being
of humans during long-term space flight [25,26]. Our
first long-term goal is to incorporate sufficient knowl-
edge into the model to make it physiologically and
biophysically accurate so that we can test novel physi-
ological circumstances encountered in muscles under-
going atrophy (e.g., during prolonged space flight) or
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hypertrophy (e.g., in response to exercise). The spa-
tially explicit, macromolecular model is uniquely suited
for computational investigation of muscles that contain
multiple protein isoforms [8] or sarcomeres that have
variable filament lengths [9]. This goal is important for
using simulations in conjunction with experiments to
evaluate potential countermeasures against muscle atro-
phy. Secondly, we anticipate that multiscale modelling
approaches will be useful for achieving the additional
goal of capturing key features of the detailed macro-
molecular model for simulations of whole muscles or
groups of muscles, while gaining substantial reduction
in the time required for simulations of higher order
physiological systems.
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