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Abstract²Striated muscle represents a unique type of 

actuator in that it depends on living tissue.  Models of muscle 

have historically focused on the role of actuator, using 

properties that do not adapt over time.  This paper extends the 

foundation of Hill-based muscle models by considering muscle 

as a tissue composed of well-mixed composite materials (at the 

level of fascicle), and identifies three specific classes of protein 

families that occupy functional space functional space: 

excitation:activation; mechanical attachment/transmission, 

and myo-energy supply. Typically parameters describing 

nonlinear muscle properties have been estimated either directly 

or based on anthropometry and fiber composition.  Here we 

develop a framework for augmenting such estimation through 

mapping to the up/down-regulation of specific proteins and 

their transcripts.  While useful for establishing a framework 

IRU�³OLYLQJ´�PXVFOH�PRGHOV�WKDW�FDQ�HYROYH�� LW�DOVR�provides an 

attractive approach for helping interpret high-throughput 

systems biology data, especially muscle tissue biopsies from 

studies that target interventional tasks and/or myo-disorders.  

I. INTRODUCTION 

ODELS of striated muscle have focused on muscle as an 

actuator with specified properties that do not adapt 

over time.  These models typically include a 

neuromuscular signal transmission component and a 

mechanical actuator component. For muscle mechanics, 

models can be roughly classified into two types: 

1. ³6\VWHPV´�PRGHOV�WKDW�DUH rooted in controlled testing of 

isolated whole muscles.  The mechanical properties are 

usually formulated using structural models rooted in the 

pioneering work of A.V. Hill [1] that consist of three 

classic lumped-parameter elements (contractile element, 

CE; series element, SE; parallel element, PE) that are 

GULYHQ� E\� DQ� ³DFWLYH� VWDWH´� >�@� WKDW� LV� QRZ� XVXDOO\�

associated with ³FDOFLXP�DFWLYDWLRQ´�RI�Troponin C sites 

on the actin-based thin filaments.  These models aim to 

capture well-documented nonlinear phenomenological 

properties from animal and human studies [3], and are 

intended, ideally, to be reasonably task-independent [4] 

so that they can be used in larger musculoskeletal models 

to estimate muscle forces, and often other states such as 

calcium activation and end-point impedance [5].   

2. ³ReduFWLRQLVW´� PRGHOV� that target underlying 

mechanisms such as swinging cross-bridges that cycle 

(e.g., Huxley-type models [6]).  These models are 

narrower in scope, as the focus is on the behavior of one 

 
Manuscript received April 15, 2011.  

J. M. Winters is with the Department of Biomedical Engineering at 

Marquette University, Milwaukee WI, 53233 USA (phone: 414-288-6640; 

fax: 414-288-7938; e-mail: jack.winters@mu.edu).  

 

or a few proteins. Furthermore, there continue to be 

many challenges to core assumptions such as individual 

(vs collective) force generators [7], basic sources for 

force-velocity [8], and both the number of cycles per 

consumed ATP and of actins in contact with bridges [9].   

7KHUH�LV�D�WKLUG�³W\SH´�RI�PRGHO�- by far the most common 

± is what we will call WKH�³QXOO´�PRGHO. Here some aspects of 

experimental data (e.g., filtered EMGs, contact forces, 

instructions to subjects) are used to intuitively estimate 

muscle activity.  The interpretive challenge is that we know 

that muscle force is a strong function of, in addition to 

activation, its ongoing velocity and length.  Thus without 

using a muscle model, intuitive estimates of muscle force 

can be misleading and can even provide disinformation [5].   

It is in this context that the emerging field of high-

throughput systems biology has rapidly ³HQWHUHG´� into the 

world of muscle tissue evaluation. Reasons include the 

relative ease of extracting human and animal muscle tissue 

biopsies (especially from the vastus lateralis for humans), 

and the emerging focus on muscle tissue as an important 

window for studying diseases, disorders, and also the 

secondary consequences of dysfunction.  Indeed, as of 2010, 

national repositories now house, just for human skeletal 

muscle using Affymetrix microarray chips alone, over 800 

skeletal muscle tissue microarray datasets (nearly half 

sampling pathological muscle) contributed from over 30 

studies.  Many of these include both ³FRQWURO´� DQG�

³H[SHULPHQWDO´� GDWD that are obtained both before and after 

controlled interventions (e.g., resistance training sessions).  

Others target various pathological conditions such as 

muscular dystrophy (MD), often with age-match young 

controls.  Even in a genetic disorder involving a single gene 

product (e.g., dystrophin), we see changes in hundreds of 

transcripts that are consistent with observed morphology.   

It would seem useful, both for systems biologists/ 

bioinformatists and for movement/rehabilitation scientists, to 

map strategic muscle properties (and underlying model 

parameters) to key protein/transcript levels from 

proteome/transcriptome data. Yet to date, I am not aware of 

any prior systematic effort to do so for muscle tissue.   

In terms of the most appropriate type of model for such 

mapping, consider that the approaches of modern high-

throughput systems biology tend to diverge from the narrow 

aims found in reductionist science studies.  In contrast, 

lumped parameter ³V\VWHPV´�models aim to capture all of the 

key properties and behavior of muscle actuators [3], which 

are composed of a muscle tissue that includes various types 

of cells as well as extracellular matrix.  Such mapping has 

mutual benefits: proteome/transcriptome changes over time 

can help guide approaches for adapting parameters within 
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³OLYLQJ´�muscle models as a function of use history or other 

factors, while such models can help estimate strategic 

internal task-specific states (force, calcium activation) for 

key interventions that are  presumed to drive signal-

transduction and transcriptional networks.   

In this paper we develop a framework for mapping key 

proteins-transcripts to muscle properties.  In particular, we 

will partition muscle into three fundamental families, and 

then define a manageable set of ³FDSDFLW\�SDUDPHWHUV´ that 

are naturally adaption-ready, i.e. time-varying parameters 

that in a few cases adjust over short times (e.g., fatigue), but 

in all cases adapt over longer times (e.g., weeks) as tissues 

remodel as a function of use �LQFOXGLQJ�³GLVXVH´��history.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1:  0RGHO� IUDPHZRUN� IRU� ³Ueal-WLPH´�PDQDJHPHQW of muscle activity 

and ongoing demands�� EDVHG� RQ� D� ³PL[HG� SKDVH´�PXVFOH� IDVFLFOH�PRGHO: 

([FLWDWLRQ:$FWLYDWLRQ��WRS�OHIW, ~4-5% of space), Mechanical Attachment/ 

Transmission (bottom, ~60-80% of space), and the mostly slower-acting 

Myo-Energy Supply (top right, ~10-25% of space, very muscle and training 

specific).  The remaining 5-25% of tissue space relates to other support 

functions (e.g., myo-nuclei, myo-production apparatus, cells such as 

fibroblasts and endothelial) and dysfunction such as fatty infiltration.       

II. MAPPING FRAMEWORK 

A. Overall Model Structure and Key Properties 

We tie the duality of muscle as actuator and tissue by 

viewing muscle as a collection of muscle fascicles, each 

consisting of well-mixed components shown in Fig 1, 

similar to the mixed phases concept of Fung [10].  We also 

assume orderly recruitment of small-to-large motoneurons 

(MNs) that map to a well-mixed collection of muscle fibers 

within fascicles (recruited slow:Lntermediate:fast), and 

shear forces between fibers that enable a fascicle to be 

treated like a continuum with lumped properties.   

The classic Hill-based model structure is provided in the 

bottom part of Fig 1, with the standard structures of the CE, 

SE and PE augmented by a second PE (PEat) for reasons that 

will become evident. This model is transiently driven in real-

time by ([FLWDWLRQ:Activation signal transmission 

apparatus (top left).  The Myo-Energy Supply (top right) 

apparatus, which transiently operates at a slower time scale 

of seconds to minutes, includes scattered mitochondria as 

well as distributed sarcoplasmic energy storage and 

metabolite transmission capacity.  

For a given muscle actuator, inputs are the MN drive (top 

left) and the ongoing muscle length that is prescribed by the 

skeletal configuration.  Muscle outputs an ongoing force 

(also impedance and power) that operates on the skeletal 

attachment sites. Many tasks are repetitive (e.g., walking, 

resistance training), with the ongoing performance a 

function of the capacity to supply ATP, manage 

sarcoplasmic calcium, and manage mechanical transmission. 

Each of these three ³IDPLOLHV´� differ functionally in how 

they PDS� EHWZHHQ� GHVFULELQJ� ³FDSDFLW\´� SDUDPHWHUV and 

strategic proteins/transcripts. 

B. Excitation-Activation 

This subsystem addresses the design challenge of 

distributing the MN drive that crosses the neuromuscular 

junction (NMJ) throughout a spatial volume to reach 

troponin C sites on thin filaments, and to do so nearly 

simultaneously in time. Critical to subsystem design are: i) 

use of membranes to transmit the signal axially and 

internally, and ii) use of diffusion of small Ca
++

 ions to 

transmit within the local nano-space. Pumps and exchangers, 

requiring energy in the form of ATP, are used to 

FRQWLQXRXVO\� ³UHSULPH´� WKLV� VXEV\VWHP�� 3HUIRUPDQFH�

depends on an appropriate surface density of specialized 

transmembrane receptors and pumps, composed of protein 

complexes exhibiting high-quality operational parts. While 

each is composed of 2-7 subparts that come from separate 

gene products, transcription data strongly suggests that often 

1-2 subparts have higher turn-over rates (presumably 

UHIOHFWLQJ�WKH�KLJKHU�³ZHDU´�RI�subparts with moving parts).   

Table I summarizes key parameter-protein mapping.   

1a. NMJ Time Delay.  This will be about 1 ms with 

excellent synaptic transduction, assuming an appropriate 

high-quality NMJ structure maintained by specialized 

scaffolding proteins and an appropriate density of 

acytylcholine receptors on the post-synaptic surface 

(supported by a local collection of myonuclei).  But 

performance can gradually diminish for various conditions 

(e.g., spinal cord injury, amyotrophic lateral sclerosis).   

1b. Sarcolemma transmission.  This should be about 2-5 

mm/ms in either direction from the NMJ region, both axially 

along the sarcolemma shell (up to ~8 cm for long fibers) and 

inwardly via the honeycomb-like t-tubule meshwork (up to 

50 �m), assuming an appropriate density of high-fidelity 

transient ion gate ³receptor´ structures composed of 

specialized protein  subparts (e.g., for Na
+
, K

+
, Ca

++
, Cl

-
).  

1c. Transduction causing Ca
++

 bolus from SR. This takes 

~1 ms with a high Ca
++

 gain, assuming an appropriate 

density of DHPR voltage sensors and matching RYRs from 

the SR (for skeletal muscle there is DHPR-RYR mechanical 

latching), and adequate stored SR Ca
++

 (mostly depending 

on CALSQ) ready to be released as a bolus through RYR.  

There are also regulatory agents that can affect the gain. 
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TABLE I: ([FLWDWLRQ:$FWLYDWLRQ�Papping of key parameters to a finite 

³WRS���´�OLVW�RI�SURWHLQ�FRPSOH[HV�SOXV���JHRPHWULF�IDFWRUV * 

Stage  Parameter Protein complex or geometric factor 

1. Forward signal transmission:  

a. NMJ: 

b.Sarcolemma: 

c. Ca++ release: 

97'nmj��;*nmj ;>$&K5] 

9TDmem ;*mem ;>1D+@�;>.+@��;>&D++]; VOLfib 

;*volt-ryr ;>'+35@��;>5<5@� ;>1D+/K+] 

2. Ca++ spatial activation:  

Diffusion:  92act��;*act 9',$SR; ;[CaM]   

3. Ca++ deactivation:  

Ion pumps and 

exchangers: 

92deact; ;*deact 9>6(5&$slow@��;>6(5&$fast];   

;[CALSQ],  [SLN] 

* TD: time delays; G: quality of gain signal; DIASR: average myofibril 

diameter defining SR shell (range of 1-���P); VOLfib: average volume of 

a fiber within a fascicle; Na: sodium; K: potassium; AChR: acetylcholine 

receptor DHPR: dihydropyridine receptor; RYR: ryanodine receptor; 

SERCA: sarco/endoplasmic reticulum Ca++-ATPase; CALSQ: 

calsequestrin; [SLN]: sarcolipin; [CaM]: camodulin. 

 

2. Ca
++

 ions then diffusion to Troponin C sites. As 

diffusion time is strongly length-dependent, certain 

regulatory and structural proteins maintain 1-���P dia range 

of myofibrils during hypertrophy/atrophy processes (e.g., 

ankryins). For most skeletal muscle where functional 

demands imply small time constants (2activation) on the order 

of 5-25 ms, there are 2 t-tubules per sarcomere for a given 

myofibril, shortening the distance to troponin C sites.  As the 

chances of binding decreases if there are fewer available 

troponin sites without Ca
++

, the 2 is commonly considered to 

be variable (e.g., Michaelis-Menten, or M-M, kinetics [5]).  

For cardiac muscle 2�a15-40 ms since Ca
++

 bolus demands 

are less (at most 3/sec), there is only one t-tubule per 

sarcomere and a lower density of cardiac DHPR-RYRs. In 

Table 1 CaM is one example of a Ca
++

-managing protein. 

 3. Energy-consuming pumps/exchangers ³re-SULPLQJ´ 

gradients. Functional demands strongly influence 

pumps/exchanger density and, in the case of SERCA pumps, 

isoforms.  The most rate-limiting, under healthy normal 

operation, are the workhorse Ca
++

 pumps are located near 

the SR (SERCA).  The rate of these ATP-consuming pumps 

depends on a number of factors: i) type of pump (there are 

GLIIHUHQW� SXPS� LVRIRUPV�� ZLWK� ³IDVW� PXVFOH´� SXPSV� EHLQJ�

faster but less efficient), ii) average local density of pumps, 

which varies dramatically (highest in highly-conditioned 

athletes), iii) availability of ATP in the local region of the 

pump; and iv) local availability of Ca
++

 to be pumped 

(implying M-M kinetics). The end result is that 2 deactivation  

(~25-80 ms, ~40-60 ms most�� LV�PRUH� WKDQ� GRXEOH� 2activation 

and rate-limited more by the capacity of the pump than by 

diffusion; it is lowest for a high density of SERCAfast.  

C. Mechanical Attachment and Transmission Mapping 

Each of the lumped elements has properties that depend 

on the relevant protein-based composite material and 

geometry (mostly ³VHW´� E\� up/down regulation of key 

proteins), and can be viewed as mixtures that span the 

fascicle space [10]. But in terms of interpreting 

proteome/transcriptome data, certain components span most 

of the volume (e.g., actin and myosin, and their supporting 

members), while others span smaller subsets (e.g., circular 

slices for z-disc cross-linking members, surface area shells 

for transmembrane scaffolding proteins, a mesh for 

extracellular matrix that envelopes fibers and fascicles.  

 1. CE properties. This includes CE force-length (part of 

DFWLYDWLRQ: attachment mapping) and CE force-velocity. A 

critical parameter is the maximal isometric force (Fmax): 

(àÔë L êàÔë#ãÛìæÜâßâÚÜÖÔß?Öåâææ?æØÖçÜâáÔß?ÔåØÔ  (1) 

where the peak stress capacity 1max is a function of many 

proteins and factors (Table II). Two other key capacity 

parameters are included in Fig 2: 

x CE optimum length for peak force production (Lo-max), 

which is mostly a function of the number of sarcomeres in 

series, but at the local sarcomere level depends in part on  

nebulin, which spans the thin filament that adds strength; 

muscles operating under sustained shortening/lengthening 

will gain/lose series sarcomeres, causing changes in Lo-max.  

x Unloaded maximum shortening velocity (Vmax), as 

reflected in the following form of the Hill equation for 

shortening velocities [3]: 

ce
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where here fce < fisometric  during shortening of vce, and fce 

=0 at Vmax. Vmax can vary from ~2 Lo/sec for purely slow 

muscle to ~8-10 Lo/sec for purely fast [3]; most fascicles 

are a mix. Vmax behavior is most commonly associated 

with the classic 3 isoforms of myosin heavy chains 

(MHC, e.g., MHC1 defines the Type IIx) whose estimates 

dominate the literature. However, as seen in Fig 2, there 

are also 2-3 functional isoforms for each of myosin light 

chain (MLC), and thin filament regulatory troponin 

subunits C, T and I and tropomyosin. Of note is that low 

activation rates recruit mostly slow muscle fibers, and 

assuming shear between fibers, for simulations Vmax-instant 

scales between Vmax-slow and Vmax [4].  There is not always 

a perfect mapping between the MHCs and troponin 

isoforms, nor with oxidative vs glycolytic staining [11].  

 
TABLE II. )DFWRUV�GHFUHDVLQJ�1max (material stress production capacity). 

99 myo-volume of  

stored energy 

2-5% lipids and glycogen is normal, but above this 

reduces (e.g., fatty muscle can be >20%)  

9  mal-aligned  

filaments  

If not well-packed and aligned lattice of f-actin & 

myosin myo-filaments, lower capacity 

;� muscle actin, 

myosin, titin  

3RRU� TXDOLW\� DQG� FDSDFLW\�� WUDQVLWLRQ� WR� ³K\EULG´�

tissue (e.g., embryonic, smooth musc. isoforms) 

;  desmin Without, stress capacity only ~80% 

;�G\VWURSKLQ Without, suboptimal transmembrane force 

transmission, gradually reducing capacity 

 

2. PE Properties. This includes the usual path through the 

collagen mesh (PEpar) that provides cavities contractile 

material (endomyosium encompasses fibers; perimysium 

defines fascicles; epimysium envelops collection of 

fascicles), which also involves passive pathways through the 

muscle fiber cytoskeleton (here represented by integrin focal 

adhesions and non-muscle actins). PEpar compliance in 

highest for skeletal muscle, then cardiac, then smooth; but 

with many diseases, skeletal muscles become less compliant, 

with transcripts for collagen and scaffolding proteins 

providing excellent markers for parameter adjustment.   
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Fig 2. Summary of mapping between  key capacity parameters and various 

proteins/transcripts or proportions, for each lumped element.  See text. 

 

The lumped PEattachment refers to the passive PE pathway 

that transmits through the thick filaments, via connection 

with very compliant titin macromolecules to z-disks; while 

recently viewed as a major passive force pathway by many 

muscle biologists, at least at shorter muscle lengths, the 

importance of the primary collagen-based PEpar path remains 

undeniable.  A common approach for fitting the overall PE 

includes assuming a low-stiffness component (ksl; think 

PEattachment and titin) plus the standard exponent shape (think 

PEp and collagen), with PEsh being a dimensionless shape 

factor [2], that dominates at longer lengths (with PEl-max 

typically defined as the extension at Fmax): 

BÉ¾ L �Gæß:H F Hâ5;E BÉ¾·7ØÌã

ØÁ¶ÞÓ?5
C FAl Á¶ÞÓ

|q�7���

pß F Hâ6G â �Hâ6 P Hâ5    (3) 

where the key capacity parameters (Fig 2) are ksl and PEl-max. 
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Fig. 3.  SE contributions include all proteins in the serial mechanical 

transmission pathway since all H[KLELW�VWUDLQ��0i) as a function of attachment 

(att) and/or force (f), from thick-thin filament attachment through 

transmembrane skeletal insertion sites, here shown for 3 elements (right).  

 

3. SE compliance. The key distinction of the SE is that 

extensions and series compliances add (Fig 3): if all of the 

mechanical transmission components could be treated as 

rigid pipes, there would be no SE.  But it turns out that all of 

the proteins within the series pathway exhibit notable 

extension at loads of Fmax.  A few have an attachment-

dependent (vs force-dependent) compliance (Fig 3).  The 

overall average series strain at Fmax (SEe-max) is ~3-5%, with 

relative contributions depending on relative lengths (e.g., 

some muscles have long tendons,  RU�GLIIHUHQW�WHQGRQ�³IDFWRU�

RI� VDIHW\´� WR� VHOI-injury, as tendons fail at about 6%) [12]. 

Note that muscle biopsies typically sample the muscle SE 

contributions, with tendon not part of the extracted sample. 

D. Myo-Energy Supply 

This family, only briefly summarized here, addresses real-

time myo-energy consumption demands for ATP. This 

involves metabolic processes, with temporary short-term 

demands met mostly via anaerobic (glycolytic) pathways 

and sustained demands via aerobic (oxidative) pathways.  

The latter use specializHG�³PXVFOH´�PLWRFKRQGULD�WKDW�RIWHQ�

take the shape of a lattice that includes the muscle-specific 

COX7A1 protein, as well as a various transporter proteins 

that operate on materials such as oxygen and fuels. Many 

protein members have very high transcripts, suggesting high 

turnover.  Of special note is that dynamic ATP supply 

capacity, as measured via mitochondria volume, can change 

dramatically EDVHG�RQ�FKDQJLQJ�GHPDQGV��³XVH�KLVWRU\´�, 

even within one week.  Capacity is higher for slower 

³R[LGDWLYH´�muscles, often transitioning in tandem with 

slower isoforms for SERCA and mechanics (e.g., MHC).  
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¨/ musc(att)  + ¨/ musc(f)  +  ¨/ tendon(f)   

CE: 

Fmax (see Eq 2,Table 2) 

9�Lo-max: 

- 9�series-sarcomeres 

9 Vmax: 

- 9�>�MyosinHC-fast]  

- 9�>�MyosinLC-fast]  

- 9�>�TroponinC/T/I-fast]  

- 9�>�Tropomyosin-fast]  

 

SE: 

;SElength-max  

- 9 F-Actin.   

- 9 .-Actininz-disk 

- 9 Dystrophin  complex 

- 9 Integrin complex   

- 9 Collagen I (tendon) 

 

PEattached: 

;PElength-max  

- 9�Titin  

- 9�Spectrin 

PEparallel: 

;PElength-max & PEshape 

- 9 Collagen  

- 9 Laminin  

- 9 Integrin  

- 9 Actin (non-muscle)  

 f     Fmax            f      Fmax          f      Fm     

 

 ¨/att                ¨/mus                ¨/tend       
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