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Highlights
e A new multi-scale chemo-mechanical model is presented in order to analyze
the role of Ca?t in muscle fatigue and to predict fatigue behavior.
e The output results of isometric simulations were &
tted with experimental data obtained for rabbit Extensor Digitoru'&

muscle.

e Varying the Ca?* concentration level and its kinetics in the tisste, the
model was able to predict the evolution of the active fo an experi-

mental fatigue protocol.
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Abstract

The Calcium ion Ca?* plays a eritical role as an initiator and preserving agent
of the cross-bridge cy¢le, in the force generation of skeletal muscle. A new multi-
scale chemo-mechanical model is presented in order to analyze the role of Ca?*
in muscle fatigue and to predict fatigue behavior. To this end, a cross-bridge
kinematie‘model was incorporated in a continuum based mechanical model, con-
sidering aythermodynamic compatible framework. The contractile velocity and
the generated active force were directly related to the force-bearing states that
were considered for the cross-bridge cycle. In order to determine the values
of the model parameters, the output results of an isometric simulation were
initially fitted with experimental data obtained for rabbit Fxtensor Digitorum
Longus muscle. Furthermore, a simulated force-velocity curve under concen-

tric contractions was compared with reported experimental results. Finally, by
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varying the Ca?* concentration level and its kinetics in the tissue, the model
was able to predict the evolution of the active force of an experimental fatigue
protocol. The good agreement observed between the simulated results and the
experimental outcomes proves the ability of the model to reproduce the fatigue
behavior and its applicability for more detailed multidisciplinary investigations
related to chemical conditions in muscle performance.

Keywords: Skeletal muscle, Fatigue, Chemo-mechanical model, Calcium

1. Introduction

When skeletal muscles are activated repeatedly Avith intensity, it is well
known that the force output declines. But the force is not the only feature
affected by fatigue in this tissue: shortening velocity and relaxation behavior
are also affected (Allen et al., 2002; Jones, 2010). Although the central ner-
vous system, motor nerves and the neuromuscular junctions can contribute to
this phenomenon, the main mechanisms aré-located in the muscle itself (Allen
et al., 2002). A variety of intracellular processes appear to be responsible for
fatigue, and these have beenmassessed and reported extensively in the literature
(Westerblad and Allen; 1991, 1993; Allen and Westerblad, 2001; Allen et al.,
2002, 2008). Although all of these experiments provide invaluable insights into
these mechanisms, according to Rohrle et al. (2012) computer simulations in
conjunction with experimental findings can be a powerful tool for evaluating
complex~hypotheses and conclusions.

Modeling/the behavior of skeletal muscle has typically been focused on sub-
cellular processes of a half-sarcomere or on simplified phenomenological rela-
tionships to simulate the whole muscle (Rohrle et al., 2012). Regarding the
first type of models, the interaction between actin and myosin filaments was
initially simulated using a two state model by Huxley (1957). Although this
model predicted good results under the mechanical point of view, it was later
suggested that the attachment of the cross-bridge occurred at different stages

to fulfill heat release outcomes (Huxley, 1973) and transient dynamic responses
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(Huxley and Simmons, 1971). The complexity of these models was also reduced
to achieve more accessible formulation to simulate macroscopic muscle dynam-
ics (Zahalak, 1981; Wu et al., 1997). Furthermore, new formulations inspired
by contractile processes appeared in order to consider dynamic contractions in
a half-sarcomere (Razumova et al., 1999, 2000).

Continuous reduction of intracellular Ca?T together with force deficit due
to fatigue condition have been proved by experimental investigations’on skeletal
muscles (Westerblad and Allen, 1991; Allen and Westerblad, 2001). Moreover,
the shortening velocity of the tissue is also affected by fatigue, which means a loss
of power production and poor performance. These changes insthe force-velocity
relationship could be caused by Ca?* deficit (Ruiter et al., 2000; Jones, 2010).
Since Ca?* is the initiator agent of active behayior imysarcomere, experimental
tests suggest a direct relationship between théidecay-of Ca?" and the functional
effects of fatigue (Allen and Westerblad, 2001; Jones, 2010).

In this paper, a multi-scale continuum medel'that fulfills thermodynamic and
mechanical requirements is presented, tonsimulate skeletal muscle contraction
under fatigue conditions. First, theichemical phase involved in activation at the
sarcomere level is describéd and formulated in Section 2. The thermodynamic
basis that allows the/derivation of constitutive laws is presented in Section 3
and is particularizedyin Seetion 4. Finally, the assessment and validation of
the model using experimental tests is presented in Section 5. The ability of
the model¢to predict the fatigue response of the tissue is discussed in Section 6

togethér with the formulation proposed and the numerical results obtained.

2. Cross-bridge kinetics

Cross-bridge cycling is responsible for the movement and force production
in skeletal muscle cells. In conditions of relaxation, the tropomyosin-troponin
complex on the actin filament blocks the actin binding sites and avoids the for-
mation of the cross-bridge with the myosin head. When the Ca?* concentration

increases above a certain level or resting threshold, Ca?* binds to troponin and



52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76,

7

78

79

tropomyosin exposes the myosin binding sites to cross-bridge formation. Since
cross-bridges within a half-sarcomere are all in a parallel configuration (Razu-
mova et al., 1999), the generated force equals the sum of forces generated by
attached cross-bridges.

Although various models of chemical kinetics in cross-bridge cycling have
been suggested (Huxley, 1957; Razumova et al., 2000; Shorten et al., 2007), it
has been accepted that an appropriate model for studying the chemomechanical
force generation mechanism should have at least three contrasting-states (Wahr
and Metzger, 1999). The basis for modeling the subcellular level in this work is
the model developed by Razumova et al. (1999), which deseribes myofilament
regulation and cross-bridge cycling as a four-state process (Fig. 1). The Rog
state corresponds to the blocked position of thé€ myosin _binding sites by the
tropomyosin-troponin complex. As the Ca’¥4¢oncentration increases, at the D
state the regulatory unit unbinds the myesin sites but the cross-bridge is not
yet formed. Attachment occurs in A; and/As’states which represent the pre
and post-power stroke, respectively.

Transitions through the different states are governed by seven rates ko,
kom, f, [’y h, b’ and g. kg andbkog are the rates responsible for the conversion
between the “on” and““off? states of the regulatory unit proportional to the
available Ca?t concentration. The forward power stroke is governed by h and
detachment isfgoverned by g. The reverse reactions are designated with primes
(f" and h/) following/the same notation as that given by Razumova et al. (1999).

In spite of different types of muscle fibers depending on their metabolism, the
behavior of a sarcomere can be generalized to obtain a global muscle response.
Therefore in this model, every state represents a fraction of the cross-bridges or

a probability of being in one of the defined states fulfilling the constrain relation:

Roge(t) + D(t) + A1 (t) + As(t) = 1 (1)

Considering this constraint equation and the seven rates, the fraction of

chemical states can be obtained through solving three ordinary differential equa-
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Figure 1: Four-state chemical kinetics (Razumova et al., 1999): R,g regulatory unit in “off”
situationg D regulatory unit in “on” but detached situation, A; attached pre-power stroke

and Ag attached post-power stroke.
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tions:

%it) = (f' = kon) A1(t) + (9 = kon) A2(t) = (kon + kot + ) D(t) + kon
W) s = (0 + ) Aal0)

The rates which control switching between pre- and post-powen.stroke states,
h and A/, and f’ have been taken as constants. The rates ko, and) k.g as a

function of Ca?* concentration can be expressed as (Campbell et"al., 2001):

Ca+ "

kon = kou + (kG — k9 [ 3

n ( n 01’1) [Caga_]p + [Ca2+]p ( )
Ca2t]”

kot = kog + (kgél — kog) [Cns ] (4)

[Clags ¥+ [Ca+]?
in which k$ and kY, are the rate'comstants of the regulatory unit with and
without activation effect of Ca?*, xespectively and k5 and kO; have an equiv-

alent meaning in the “off” situation. [CaZl] is the Ca?* concentration level

needed for generating/60% of maximum force.

The f rate/intEqgs. (2) depends on myofilament distortions and cooperative

effects as follows (Razumova et al., 1999):

= [1 WAL (L) (exp (Z;l)(v - 1)) - 1) + As(t) <exp (Z(v - 1)) - 1>r (5)

where f; and v are constant parameters. v > 1 accounts for the effect
of nearest-neighbor cross-bridges in the force-bearing state contribution. The
unit value of this parameter represents a zero neighboring effect while a larger
number indicates a greater cooperative impact. x; (¢ = 0, 1,2) represents the

dimensionless distortion of myofilaments.



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

The irreversible detached rate is also affected by the distortions as:

g= goeg(”’m) (6)

in which gg is a constant coefficient and p is a parameter which grades(the
impact of 5.

During contraction, elastic deformations or distortions of cross<bridges oc-
cur. This average distortion induced by the power stroke during-an isometric
contraction of a half-sarcomere is denoted by xo. The average elastic deforma-
tions in A; and A states induced through filament sliding,during non-isometric
contractions are denoted by 1 and x3, respectively (the readeris referred to the
work of Heidlauf and Rohrle (2014) for a graphical interpretation of these defor-
mations). Considering these distortions as dimensionless and averaged for the
whole tissue, their evolution can be written.modifying those initially proposed

by Campbell et al. (2001):

W) (7 g BP0+ D ) ) 4 (D)
dua(t)) | Ai(t) Na
;t = —hAQ(t) (22(t) = (@1(t) +w0)) + 5 (8)

where A, igthe velocity of the sliding between thick and thin filaments.

3. Thermodynamic model

The deformation associated with muscle activity can be modeled as two
fietitious steps (Stalhand et al., 2008; Herndndez-Gascén et al., 2013). The first
corresponds to the relative motion of the myosin with respect to actin, while
the second relates to the elastic deformation of cross-bridges. Mathematically,

it can be expressed as a multiplicative decomposition of the tissue stretch as:

A= Ao 9)



116 where )\, defines the deformation associated with the contractile response

7 provoked by the filament sliding, and A, represents the deformation due to the

=

us  cross-bridges elasticity.

e 3.1. Balance laws

120 Balance laws for the contracting skeletal muscle are derived by means of
121 the principle of virtual power. This principle states that the extermal power
122 equals the internal power, denoted by &, plus the change of kinetic energy
s (Stalhand et al., 2008). By disregarding the temperature, the internal power
12 can be written as the product of so-called forces and first time derivatives of the

s state variables. In this context, the principle of virtual pewer_can be written as:

P = FA+ F,hg + Fouf3 (10)

126 F, F, and Fg, are the forces related\to X, A\, and 8 = [Ca?"] the cal-
127 cilum concentration, respectively. Considering the Clausius-Planck inequality

s and ignoring thermal effects (Holzapfel; 2002):

U< (11)

129 where V¥ is thefreeyenergy that coincides with the internal energy and is a
1 function of the state and internal variables s = [Rog, D, A1, AQ]T.

U =T\, s,0) (12)

13 Introducing Egs. (10) and (12) into Eq. (11):

v\ . VY i OV v\ .
F—— X Fo—— | Ao — — 8 Foo — — >0 13
( m) +< aAa> ;asf*(C 8B>ﬂ (18)
132 To observe the thermodynamic compatibility, all evolutions of admissible

113 state and internal variables should satisfy the above inequality. The simplest



1w and most common choice for constitutive equations which satisfy Eq. (13) is to

135 consider the non-dissipative relation for first and third terms:

ov ov
F=— «==—- 14
oy Foa= 3 (19
136 The second term in Eq. (13) is forced to be non-negative as:
ov :
F,— —=C)\, 15
o (15)
137 where C' > 0 is an arbitrary function. Following Stalhand.et al./(2008), a

s thermodynamic force associated with the chemical statesiecan be defined as:

ov
881'
139 with a as an arbitrary multiplier (Stalhand, et al., 2008). Taking the con-

S =

+a (16)

1o straint Z?:l s; = 1 into account that is equivalent to Z?:l 3, =0:

4 ov 4
_;T&éi = les (17)

141 On the other hand, it is“pessible to introduce a linear relation for the ther-

12 modynamic force S;:

4
Zl“z'jéj =5 (18)
j=1

143 Considering Eq. (17) and Eq. (18), inequality (13) will be satisfied for the
us  thirdderm.if proposed matrix X with components x;; satisfies the subsequent

us  condition:

$-X5>0 (19)
146 and the related constitutive equation can be derived combining Eqgs. (18)
1w and (17):
4
. ov
;xijsj = _8751-_‘_01 (20)

10



148 Finally, by suggesting appropriate functions for F,, Fr, and matrix X in
1o terms of the state variables, it is possible to find 5 from Eq. (14).b, A\, from Eq.
o (15) and the internal variables, s;, from Eq. (20). Using Eq. (14).a the force F'

151 could be obtained for a given stretch .

12 4. Model specialization

153 As mentioned in the previous section, different functions have tobe proposed
14 to obtain the response of the tissue under different levels of agtivation induced
155 by the calcium concentration. First, the following form ofathe strain’ energy is

16 considered:

v = ‘Ije()\) +N()\a)qja(>‘6a si) + \IJXB (Sz) + \pc(ﬁ) (21)

157 where the total energy has been decomposedijinto several terms related to
158 the energy associated with the passive behagior'of the muscle ¥, ()\), the elastic
10 energy in the cross-bridge attachment We(A., s;), the energy in the chemical
1o phase Uxp (s;) and the energy associated with the calcium concentration W.(3).
161 A specific 1D form of’the free energy in Grasa et al. (2016) is selected for

12 the passive muscle behavior:

2
U, =c1 (N + T3+ 4 (22)
0 _
= (exp [ea(A* = N)] — ea(N* = X) — 1) A> A
Cq
169 whete, ¢1, ¢z and ¢4 are material constants and A defines the transition

164 from the linear to the exponential behavior common in collagen fiber reinforced
s materials. The energy in the cross-bridge attachment is scaled in Eq. (21) by
166 the overlapping function 0 < N'()\,) < 1 defined as:

_(/\opt _ )\a)Q

11



167 here AP represents the stretch of the tissue where the overlapping between
s the actin and myosin filaments is optimum, that is, muscle develops the max-
1o imum force. The parameter £ governs the band-width of the function. The

o elastic energy in cross-bridge attachment ¥, can be defined as:

1
U, = (E1s3 + E234)§()‘e —1)? (24)
m where F; and Es are material constants and (E;s3 + Fas4)sacts asystiffness
2 of the cross-bridges.
173 Specific forms of F}, and C functions in Eq. (15) are suggested as follows:

F - _m(%)mw (25)

max(s3)

C= i(flsg $ Pas K (A) (26)

174 where v, u, fi and fo are constants of the model. F, can be interpreted
s as the mechanical force avhich is generated by the transition of chemical energy
we during the power stroke. Alternatively, F,, can be considered as the equivalent
w7 mechanical friction forece Between filaments (Gestrelius and Borgstrom, 1986;
ws  Stalhand et_al., 2008). In both ways, more cross-bridge connections develop
s  greater forces,/hence s3/ max(ss) is considered to scale the active force according
180 to thé number of connections.

181 Substitarting Eqs. (21-26) into Eq. (15), the evolution law for A, is obtained:

y _ M
ot = (f183 + f254) @7

[_m (maf(s?,)> t (Evss + Ezsa) GZ(AE - %(Ae - 1)2”

182 The explicit statement of total stress in skeletal muscle is achieved by intro-

s ducing Egs. (21) and (9) in Eq. (14).a as follow:

12
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F=55 e O

(28)

Regarding the chemical phase, the third term in Eq. (21), Uxp(s;) is associ-
ated with cross-bridge free energy and can be additively decomposed assuming
no coupling between the states (Stalhand et al., 2008). To find the chemical
states s;, in addition to assigning the ¥xg(s;) function, it would bé necessary
to find matrix X which can be a function of \,, A\ and 8. Therefore, specifically
designed experiments would be required to find the coefficients for ¥xg(s;) and
components of X. To the best of the authors’ knowledge;.no.such investigation
which measures the chemical and mechanical coupling in,_sareomeres has been
reported in the literature. However, Stalhand et dl. (2008) proved that a system
of differential equations like Eq. (2) is a spe€ifieform of Eq. (20). Therefore,
in this study s; have been obtained solving Eq. (2).

The last term of Eq. (21), U () i§ the free energy related to the calcium ion
concentration in the skeletal muscle cell:yConsidering Eq. (14).b, the simplest

function for this chemical free energy (Stalhand et al., 2008) is:

Vo= 55 (29)

The chemical“force, F,, can be evaluated for a non-dissipative chemical

state by imtroducing’Eqgs. (29) and (21) in (14) giving the result:

Fea=p (30)

With the information about Ca?T, assigning initial values to the four cross-
bridge states, the two myofilament distortions and assuming that at the be-
ginning of force generating A, = 0, it would be possible to solve Egs (2), (7),
(8) and (1). The initial values of [Rog, D, A1, Ag, 21, 22] have been chosen as
[0.999997,107°,107°,107°,0,1072/1.6], respectively. With these levels, the ac-

tive velocity of contraction Aa can be updated using Eq. (27). Therefore, active

13
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and elastic stretches can be computed using A, along with Eq. (9). Finally,
the muscle force will be determined using Eq. (28). The solving process can be

summarized with the equation system as follows:

Z?zl si=1
[$i] = Aij (Ca,x)s; +B; i=2—4
[#i] = Cij (Ca,8)x; + D; i=1-2 @1)
A= E (x,8, Aas Ae)
F=F(s,AAc)

5. Model assessment and results

To study the ability of the model to prediet, muscle fatigue, different as-
sumptions for the parameters that define its®behawvior were established due to
the lack of experimental results for identigal animal species. Initially, as shown
in the following section, the unfatiguéd behavior of the muscle was analyzed to
reproduce a single tetanic contraction ‘andithe force-velocity relationship. Then,
the effect of the C'a?t concentration was assessed in the force/stress response.
Finally, the model was adjusted to reproduce the results reported by Sierra et al.
(2017) for the rabbit Extensor Digitorum Longus (EDL) muscle, which provided

the muscle force evolution during repeated isometric contractions.

5.1. Model€onfiguration and validation

As sientioned, Ca®" release from the sarcoplasmic reticulum is the input of
theamodel which starts the cross-bridge cycling and the production of muscle
force. In’ this work, the Ca®T evolution has been taken from experimental
dataTteported in the literature (Calderén, 2013) avoiding the definition of a
mathematical expression for § and consequently for ¥ and Fp,. However, in
(Calderén, 2013) the maximum level of the steady-state calcium concentration
for the EDL muscle was not reported. Therefore, a single Ca?* transient signal

has been scaled following data reported in Stephenson and Williams (1982).

14



228 Furthermore, other calcium properties ([CaZl] and p in Egs. (3) and (4))
29 have been obtained from the F-pCa curve of the EDL muscle reported in
20 Stephenson and Williams (1982) (pCa = —log([Ca®*]) and pCasy = —log([Caz{]),
s see Table 1). The calcium signal for maximal (tetanic) or submaximal contrac-
22 tions was obtained by the summation of the twitch signal according to/the
23 stimulation time and frequency.

23

235 A Matlab nonlinear least-squares curve fitting program wag-used to adjust
236 the simulation result with the experimental isometric contraction of rabbit EDL
2 muscle (Sierra et al., 2017). This fitting allowed all the parameters involved in
28 the model to be obtained using as initial seeds those proposed-by’Razumova et al.
20 (1999) for the rates related to cross-bridge dynamicsy The passive mechanical
20 behavior was taken from the literature (Calvowetwal., 2010). A summary of
2 the final parameter values is presented ingTable Ihdistinguishing between those
22 related to cross-bridges, macroscopicdnechanical behavior and calcium kinetics.
23 The simulated isometric stress for a\0.2,s contraction stimulated at 100 Hz
aa together with the experimental contraction of the unfatigued EDL muscle is
us  represented in Fig. 2. The isometric stress reaches the maximum value (0.433
26  MPa) at 0.14 s, remajns at this Jevel for a short time and starts to decrease with
27 slow and then fast rates.

218 The ability of the model to reproduce concentric contractions was also eval-
29 uated. Aet of different load levels was introduced to obtain the well-known
0 force-velocity relationship. In Fig. 3 the simulation results are compared to the
1 experimental data of EDL rat muscle at 35°C' (Ranatunga, 1984)). The muscle
2 responsg 1s presented as the shortening velocity against different percentages
53 of the maximum isometric stress. With increasing the resistance tension stress
s Arom 5% to 50% of maximum isometric stress, the shortening velocity was de-

25 creased from 125.2 to 29.9 mm/s.

15
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Figure 2: Isometric contraction for unfatigued EDI/musele 6frabbit (the dashed line shows

the experimental data (Sierra et al., 2017) and the solid line the model simulated result)

Cross Bridge Parameters

KO (1/s) 0 fon(l/s) ) 123.623 | go (1/s) 1.001
ko (1/s)  51.937 | f' (fs) 477470 | o () 1
Koy (1/s) 12115 [ \h(1/s) 8213 | wv(-) 1001
kSe. (1/s) 174.778/) 1/ (1/s)  50.626 zo (-)  0.006
Mechanical Parameters
E/(N) 143815 | v (N) 51 ¢ (N) 0.001
By (N)  567.842 | p(-) 2.229 | ¢s (N)  0.054
71 (Ns) 9.113 & (-) 0.164 cs (N) 0.783
fo (N's)  13.058 | Aopt () 1 A(-)  1.254
Calcium Properties
pCamaz 4.975 pCasg 5.816 P 4

Table 1: Model parameters determined for the EDL rabbit muscle.

The parameters were

obtained fitting the passive and active behavior characterized experimentally.

16
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Figure 3: Experimental (Ranatunga, 1984) and simulated force-velocity relationship for rat

EDL muscle.

5.2. Fatigue simulation

Once the potential of the model has‘been assessed for isometric and concen-
tric contractions, in this section, the role of calcium is evaluated during fatigue.
As mentioned, this phenomenon has a distinctive effect on the mechanical per-
formance of musclés and is associated with a depression in both the [Ca?T] level
and the myofibrillar sensitivity. However, the [Ca?*] binding cooperatively re-
mains the game (Chin and Allen, 1998; Debold et al., 2006; Fitts, 2008). In fact,
an ingrease imythe level of [C'aZf], requires more [Ca®*] to produce the same
level of forces Experimental results of the [CaZd ] increment in fast skeletal mus-
cle fiber reported by Chin and Allen (1998) have been extrapolated according
to the intensity of the fatigue test (stimulating the muscle with 100 Hz every 10
second for one hour (Sierra et al., 2017)). Tt has also been assumed that [CaZ]]
will change linearly at different levels of fatigue as well.

Fig. 4 represents the experimental evolution of maximal repetitive isomet-
ric contractions of rabbit EDL muscle (Sierra et al., 2017). The tissue was

stimulated under tetanic conditions for 0.2 s every 10 s during one hour. As

17
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Figure 4: Four experimental and the equivalent simulated isometric contractions of rabbit
EDL muscle fatigue tests. (Top panel) Continuous tetanic contraction; each vertical line
shows a tetanus which is simulated for 0.2 s with 100 Hz after 10 s rest. (Bottom panel) Four
extracted contraction-relaxation cycles of rabbit EDL in (a) unfatigued muscle, (b) 16%, (c)

53% and (d) 72% reduction of maximum force due to fatigued conditions.
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pCa pCasg
Contraction a  4.9748 5.8158
Contraction b  5.7017 5.8111
Contraction ¢ = 5.9111  5.8004
Contraction d  5.9807 5.7949

Table 2: Ca?t concentration levels for the four simulated contractions (at 30 s, 400 s, 800 s

and 1200 s) considered in the fatigue processes.

indicated in the figure (vertical arrows) four contractions have been considered
to fit with the model. The first contraction (a) was selected’at the beginning of
the test when the maximum isometric stress is reached. In the second selected
contraction, the muscle developed approximately 84% (b); in the third 47% (c)
and in the last 28% of its maximum stress. The fitting results for these four
contractions can be observed in the same figure with the experimental contrac-
tions. Estimated levels of pCa and pCasg for these simulated contractions are
presented in Table 2, varying from pCa = 4.9748 and pCasy = 5.8158 in the
unfatigued contraction to pCa = 59807 and pCasg = 5.7949 for the highest
fatigue level. As can bedobserved, [Ca?t] has to decrease to fit the maximum
level of force.

Using the [Ca®*] and [Ca2]] levels determined for the four selected fatigued
contractions in Figa4, the force-velocity relationship has been reproduced for a
set of external loads from 5% to 80% of the maximum generated force in each
condition(Fig,”'5). In Fig. 5, the predicted velocity has been normalized by
the maximum velocity of the unfatigued condition. As can be observed, the
results of the model show that along with the increase in the fatigue level, the
contractile velocity of the muscle decreases, that is, the most fatigued condition
has the lowest shortening velocity. Moreover, the velocity reduction has a non-

linear behavior looking at fixed levels of the resistance force reached.
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Figure 5: Simulated force-velocity curve in unfatigued and fatigued conditions. Ca properties
in each condition are reported in Table 2. Velocity data has been normalized to the maximum

value of the unfatigued contraction.

6. Discussion

The multi-scale model developed in this work, using the [Ca?*] level as an
input governing parameter of the skeletal muscle contraction, is able to repro-
duce the most important characteristic features of fatigue such as force deficit,
reduction in shortening’ velocity and alterations in the contraction-relaxation
cycle. In previous studies related to muscle fatigue, it has been accepted that
this force.decreasing phenomenon is a consequence of a lower number of connec-
tions. in‘post* and pre-power stroke states (Fitts, 2008; Place et al., 2009; Jones,
2010). JAlthough the variation in other chemical factors could influence the
characteristics of the Ca?*t signal and functional features of the muscle (Allen
and Westerblad, 2001; Godt and Nosek, 1989; Debold et al., 2016; Allen et al.,
2008), they have not been considered in this model. This limitation could be
responsible of the differences in the fitting of the relaxation phase and in the
fatigued states in Figs. 2 and 4.

Cross bridge cycling starts after an increase in the Ca?* concentration level,
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and the proportion of connections in the force bearing states (A; and As) are
determined according to different transition rates. The available experimental
information for these rates is limited to just two states (attached or detached)
of the actin and myosin filaments (Brenner, 1988; Metzger et al., 1989; Sweeney,
and Stull, 1990; Rome et al., 1999). The initial data in the model has béen
taken from Razumova et al. (1999) which corresponds to a proposed feasible
group of rate coefficients and those in Campbell et al. (2001) and/Rice et al.
(2008) relating to cardiac muscle fibers. The final rates found<in the present
model by fitting the experimental rabbit EDL results are slightly different from
those mentioned and in general very similar to other musclessand species. For
example, the detachment rate (g = 1.0004 s~!) is,in the range of previously
reported experimental measurements for rabbit fast-twitch psoas (Rome et al.,
1999).

It has also been shown that these rates depend on various factors such as
calcium concentration (Metzger andMoss)1990), myofilaments distortion, co-
operation effects (Razumova et_al., 2000) and temperature (Stephenson and
Williams, 1981; Rice et al., 2008) Although the dependency on temperature
has been neglected, the effects of other parameters have been considered, even
if in a simple form. According to Egs. (3) and (4), the ko, and kog rates change
their rest value (k3 and k%%) depending on the Ca®* concentration. As the XB
kinematics cy¢le starts according to the ko, and kg values, all four states of
the XB cyéle will be affected by [Ca®"] (Razumova et al., 2000). As mentioned
before{ the v parameter in Eq. (5) models the effect of the XB neighboring con-
tribution.on/f rate. Consequently, fo in Eq. (5) is equivalent to the f rate when
none of the neighboring XBs are in force bearing condition (pre- and post-power
stroke - Ay and As) (v=1= f = fy). On the other hand, myofilaments distor-
tion will change the space between contiguous XBs and accordingly their level
of contribution to the force bearing status. Therefore, in the f rate the nearest
neighbor influence has been scaled with respect to the myofilament distortion
(z1,22) (Razumova et al., 1999). Moreover, the detachment rate g depends on

the myofilament distortion in the post-power stroke condition (x2). Accord-
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ing to Eq. (6), go can be interpreted as the detachment of XBs in isometric
condition (Razumova et al., 1999).

The derivation of constitutive equations from balance laws (Stalhand et al.,
2008; Herndndez-Gascon et al., 2013) has resulted in a good performance in nus
merical simulations of living tissues (Stalhand et al., 2011; Grasa et al., 2016).
The incorporation of cross-bridge cycling at the micro level to the elastic‘energy:
function has required some additional approximations. Although”Razumoya
et al. (1999) considered a fixed value of stiffness for the cross-bridgestattached
states (A; and As), the model assumed different stiffnesses|(F; and Es, re-
spectively). These macroscopic stiffnesses are actually the preduct of the cor-
responding state stiffness in the sarcomere level by the tetalaumber of related
attachments in the whole muscle. The larger valae of \E/; compared to Ej is re-
lated to the hypothesis that the post-power strokesattachment is stronger than
the pre-power stroke (Jones, 2010; Fitts;,2008).\Moreover, there is some ex-
perimental evidence that during fatigue cowdition the stiffness per cross-bridge
decreases (Fitts, 2008; Place et al., 2009; Nocella et al., 2017). However, this
variation has been ignored.

Data recorded from calcium, distribution signals in single fibers of skeletal
muscle under fatigue €onditions have confirmed that [Ca®*] declines along with
the fatigue phenomenon (Westerblad and Allen, 1993, 1991). Moreover, under
fatigue conditionsy the resting threshold of Ca?* rises as a consequence of a
decrease in calcium sensitivity. This circumstance is accompanied by a [Cagar ]
increase. It has been shown that with decreasing [Ca®t] and increasing [Ca2]],
the'presented model is able to predict different levels of fatigue. However, exper-
imental studies of fatigue have demonstrated that in addition to the intracellular
Ca®" variation, the rate of sarcoplasmic reticulum (SR) Ca?* uptake also varies
(Westerblad and Allen, 1993). This SR environment and its chemical kinetics
has not been considered in the present model. Furthermore, according to the
literature (Westerblad and Allen, 1993; Rome, 2006), one of the effective factor
in skeletal muscle relaxation is Ca?t uptake. Differences between the experi-

mental data and simulated results in the relaxation part of the contraction cycle
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could be due to neglecting these effects.

The shortening velocity against constant resistive forces in concentric con-
ditions has also been simulated after fatigue (Fig. 5). Similar to experimental
findings (Haan et al., 1989; Curtin and Edman, 1994; Ruiter et al., 2000), the
model is able to predict the decreasing effect on the velocity of contraction along

with the increase in fatigue level.

7. Conclusions

A multi-scale chemo-mechanical model for predicting“the activé behavior
of skeletal muscle under both unfatigued and fatigued<conditions has been pre-
sented. The constitutive framework of the model adheres to,the thermodynamic
laws so that it is suitable to be applied in 3D simulations. A comparison of the
computational results with experimental data“demonstrates the ability of the
model to simulate isometric and concentric ¢ontractions and the force-velocity
relationship in skeletal muscles. Due toithe lack of experimental results to deter-
mine the whole set of parameters forthe same animal species, slightly differences
counteracting effects in the _proposedyvalues could provide the same model out-
come. Thereby, the selection was made carefully always in the range of the
parameters available in the literature.

The chemical features”of the model make it appropriate for investigating
chemically dependent.-phenomena such as fatigue. Good agreement was found
between. theysimulated and experimental results in the force development of
fatigued ,muscle. Moreover, it has been shown that the model can predict the
reduction of contractile velocity as a consequence of fatigue inefficiency. As the
modelis activated by the calcium ion transient signal, it would be possible to
predict different levels of muscle activation (twitch summation) based on the
calcium signal accumulation. Therefore, when defining the relation between
electrical stimulation and released intracellular calcium ion, the model could be

useful for simulating techniques such as Functional Electrical Stimulation.
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