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Abstract 
 
 

The main goal for my research was to challenge the long held belief that the mechanical 
properties of maturing dystrophic compared to control skeletal muscle membranes are weaker, 
leading to onset of Duchenne muscular dystrophy (DMD).  We built on a previous report from 
our lab that suggested sarcolemmal membranes from dystrophic mice are not more susceptible 
to damage early in maturation (i.e., age 9-12 days) and determined if and when muscle 
mechanical properties change as the mice mature.  Across four studies, I have helped define the 
role of dystrophin-deficient skeletal muscle membranes in the onset of DMD. 

A linear viscoelastic muscle model was used to determine passive stiffness and damping 
in control and dystrophic muscles from maturing mice aged 14-35 days.  Results confirmed my 
hypothesis that there are no differences in passive mechanical properties between normal and 
dystrophic mice.  

Recognizing the limitations of the linear model, a nonlinear model was developed to 
determine the stiffness and damping of active and passive dystrophic muscles from maturing 
mice aged 21 and 35 days.  The nonlinear model achieved a significantly better fit to 
experimental data than the linear model when muscles were stretched to 15% strain beyond 
resting length.  Active and passive mechanical properties of dystrophic mice were not different 
than control at 14 and 28 days of age.  

The previously developed nonlinear model was used to determine a more complete time-
course (14-100 days of age) of dystrophic muscle mechanical properties.  There was no 
difference in passive stiffness between mdx and control muscles at each age.  However, the 
mdx:utrn-/- muscles showed increased stiffness compared to control and mdx muscles at 21 and 
28 days, suggesting a temporary change within the muscle that only occurs with a lack of both 
utrophin and dystrophin. 

Fast-twitch and slow-twitch muscle mechanical properties were compared in control and 
dystrophic mice aged 3, 5, and 9 weeks of age.  Dystrophic and control slow-twitch muscles 
did not have different mechanical properties, suggesting that a lack of dystrophin does not 
affect slow-twitch muscles during maturation (3-5 weeks) or well after maturation (9 weeks). 
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Glossary and Abbreviations 

 

A-D:  Analog-to-digital 

ANOVA: analysis of variance 

Concentric contraction:  a skeletal muscle contraction in which the muscle length shortens. 

CSA: cross sectional area 

DGC: dystrophin-glycoprotein complex 

DMA: dynamic muscle data analysis software  

DMC: dynamic muscle control software  

DMD: Duchenne muscular dystrophy 

Eccentric contraction:  a skeletal muscle contraction in which the muscle length increases.  
This type of contraction is associated with muscle injury. 

EDL: extensor digitorum longus 

Hydrolysis:  a chemical process in which a molecule is split into two parts by reacting with a 
molecule of water, H2O 

In situ:  to examine the phenomenon exactly in place where it occurs (without removing it to 
some special medium, etc.). Typically means something intermediate between in vivo 
and in vitro. 

In vitro:  refers to the technique of performing a given experiment in a controlled environment 
outside a living organism. 

In vivo:  experimentation done in or on the living tissue of a whole, living organism as opposed 
to a partial or dead one. 

Isokinetic contraction:  a skeletal muscle contraction in which the muscle length changes at a 
constant rate. 

Isometric contraction:  a skeletal muscle contraction in which the muscle length remains 
constant. 

Isovelocity contraction:  a skeletal muscle contraction in which the muscle length changes at a 
constant rate. 

TA:  tibialis anterior 



ix 
 

List of Figures 
 

FIGURE 1.1 – RESEARCH PLAN FOR DETERMINING MATURING DYSTROPHIC SKELETAL MUSCLE MECHANICS .............. 3 

FIGURE 2.1 – PHYSIOLOGICAL MUSCLE COMPONENTS 87.  USED WITH PERMISSION FROM EPSTEIN, M. AND W. 
HERZOG, ASPECTS OF SKELETAL MUSCLE MODELLING. PHILOS TRANS R SOC LOND B BIOL SCI, 2003. 
358(1437): P. 1445-52. .................................................................................................................................... 10 

FIGURE 2.2 – ELECTRON MICROGRAPH OF A LONGITUDINAL MUSCLE SECTION SHOWING A SARCOMERE.  THE SCALE 
BAR IN THE UPPER LEFT REPRESENTS 100 NM 200. USED WITH PERMISSION FROM MILLMAN, B.M., THE 
FILAMENT LATTICE OF STRIATED MUSCLE. PHYSIOL REV, 1998. 78(2): P. 359-91. .......................................... 11 

FIGURE 2.3 – THE SARCOMERIC FILAMENT LATTICE OF SKELETAL MUSCLE. (A) ELECTRON MICROGRAPHS OF 
TRANSVERSE SECTIONS OF SKELETAL MUSCLE SHOWING SARCOMERIC FILAMENT LATTICE.  IN EACH 
MICROGRAPH, TOP FIBRILS ARE FROM A REGION OF THICK AND THIN FILAMENT OVERLAP; BOTTOM FIBRILS 
ARE FROM A NON-OVERLAP REGION THAT CONTAINS ONLY THICK FILAMENTS.(B) DIAGRAM OF THE FILAMENT 
LATTICE IN AN OVERLAP REGION OF THE SARCOMERE.  THICK FILAMENTS ARE REPRESENTED BY A SOLID 
CIRCLE WITH AN OUTER CIRCLE FOR ‘‘CROSS-BRIDGE’’ REGION; THIN FILAMENTS ARE REPRESENTED BY A 
SMALLER SOLID CIRCLE 200. USED WITH PERMISSION FROM MILLMAN, B.M., THE FILAMENT LATTICE OF 
STRIATED MUSCLE. PHYSIOL REV, 1998. 78(2): P. 359-91. .............................................................................. 12 

FIGURE 2.4 – THE STRUCTURE OF A SKELETAL MUSCLE FIBER. REPRINTED BY PERMISSION FROM MACMILLAN 
PUBLISHERS LTD: [NATURE REVIEWS] (DAVIES KE, NOWAK KJ. MOLECULAR MECHANISMS OF MUSCULAR 
DYSTROPHIES: OLD AND NEW PLAYERS. NATURE REVIEWS 2006;7:762-773) 67, COPYRIGHT (2006) ............... 21 

FIGURE 2.5 – THE ELASTICITY OF TITIN PLAYS AN IMPORTANT ROLE IN MAINTAINING SARCOMERE LENGTH AS WELL 
AS PASSIVE RESISTANCE TO MUSCLE STRETCH 2.  SPRINGER AND (AGARKOVA, I., ET AL., M-BAND: A 
SAFEGUARD FOR SARCOMERE STABILITY? J MUSCLE RES CELL MOTIL, 2003. 24(2-3): P. 191-203) IS GIVEN TO 
THE PUBLICATION IN WHICH THE MATERIAL WAS ORIGINALLY PUBLISHED, BY ADDING; WITH KIND PERMISSION 
FROM SPRINGER SCIENCE AND BUSINESS MEDIA. ........................................................................................... 25 

FIGURE 2.6 – ELASTICITY AND SEGMENTAL EXTENSION OF SARCOMERE ASSOCIATED CYTOSKELETONS.  (A) 
PROPOSED STRUCTURAL CHANGES IN TITIN/MYOSIN COMPOSITE FILAMENTS UPON STRETCHING. (B) RESTING 
TENSION–SARCOMERE LENGTH RELATIONSHIP OF MYOFIBRILAR BUNDLES CONTAINING BOTH SARCOMERE 
MATRIX AND INTERMEDIATE FILAMENTS. (C) THE MECHANICAL UNFOLDING OR ‘‘YIELDING’’ OF TITIN 
PROTEINS ADJUSTS LENGTH AND SPRING CONSTANT OF THE TITIN MOLECULE. (D) THE EXTENSION OF THE 
INTERMEDIATE FILAMENTS THAT SURROUND THE SARCOMERES AND INSERT AT THE FORCE-BEARING 
STRUCTURES AT THE Z LINE AND M LINES 302  REPRINTED BY PERMISSION FROM WANG, K., ET AL., BIOPHYS J, 
1993. 64(4): P. 1161-77. .................................................................................................................................. 27 

FIGURE 2.7 – VARIOUS LAYERS OF THE SARCOLEMMA. ............................................................................................ 28 

FIGURE 2.8 – FOLDS IN THE SARCOLEMMA MEASURED WITH ATOMIC FORCE MICROSCOPY.  (A) FIBER IN LIVING 
TISSUE; (B) FIXED FIBER IMMERSED IN SOLUTION; (C) FIXED FIBER EXPOSED TO AIR 71.  REPRINTED BY 
PERMISSION FROM DEFRANCHI, E., ET AL., MICROSCOPY RESEARCH AND TECHNIQUE, 2005. 67: P. 27-35. .... 29 

FIGURE 2.9 – INTRACELLULAR CONNECTIVE TISSUE SHOWN BY SCANNING ELECTRON MICROGRAPHS.  EP, 
EPIMYSIUM; P, PERIMYSIUM; E, ENDOMYSIUM 215.  IMAGE COURTESY OF S KARGER AG, BASEL AND 
NISHIMURA T, HATTORI A, TAKAHASHI K: ACTA ANAT 1994;151:250-257 .................................................. 32 

FIGURE 2.10 – ARRANGEMENT OF COSTAMERES AND MYOFIBRILS WITHIN A MUSCLE FIBER.  (A) DIAGRAM OF 
COSTAMERES AS CIRCUMFERENTIAL ELEMENTS MECHANICALLY COUPLING PERIPHERAL MYOFIBRILS TO THE 
SARCOLEMMA AT THE Z DISKS; (B) COSTAMERES ARE VISIBLE ON THE INSIDE OF A MECHANICALLY SKINNED 
SARCOLEMMA 89.  REPRINTED WITH PERMISSION FROM ASBMB AND ERVASTI, J.M., J.BIOL.CHEM., 2003. 
278(16): P. 13591-13594.FOR USE IN A ACADEMIC DISSERTATION.  (C) .......................................................... 38 



x 
 

FIGURE 2.11 – THE DYSTROPHIN-GLYCOPROTEIN COMPLEX (DGC) LOCATED AT THE SARCOLEMMA .  REPRINTED 
WITH PERMISSION FROM BLOCH, R.J., ET AL., COSTAMERES: REPEATING STRUCTURES AT THE SARCOLEMMA 
OF SKELETAL MUSCLE. CLIN.ORTHOP.RELAT RES., 2002(403 SUPPL): P. S203-S210. .................................... 39 

FIGURE 2.12 – DYSTROPHIN-GLYCOPROTEIN COMPLEX AND ITS ASSOCIATION WITH SARCOMERES. INTERMEDIATE 
FILAMENTS ARE LABELED AS DESMIN ON THIS FIGURE. REPRINTED BY PERMISSION FROM MACMILLAN 
PUBLISHERS LTD: [NATURE REVIEWS] (DAVIES KE, NOWAK KJ. MOLECULAR MECHANISMS OF MUSCULAR 
DYSTROPHIES: OLD AND NEW PLAYERS. NATURE REVIEWS 2006;7:762-773) 67, COPYRIGHT (2006) ............... 40 

FIGURE 2.13 – INTERMEDIATE FIBER CONNECTIONS WITHIN THE MUSCLE FIBER.  IN THIS FIBER CROSS SECTION, THE 
INTERMEDIATE FIBERS CONNECT BETWEEN ADJACENT MYOFIBRILS AS WELL AS BETWEEN PERIPHERAL 
MYOFIBRILS AND THE SARCOLEMMA.  THIS FIGURE IS NOT TO SCALE, ITS PURPOSE IS TO SHOW THE GENERAL 
STRUCTURE OF INTERMEDIATE FILAMENT CONNECTIONS. ............................................................................... 41 

FIGURE 2.14 – HIERARCHY OF STRUCTURE OF A TENDON (FROM PAGE 257 OF FUNG, BIOMECHANICS OF LIVING 
TISSUE, 1993) 103  WITH KIND PERMISSION OF SPRINGER SCIENCE AND BUSINESS MEDIA, THIS FIGURE WAS 
REPRINTED FROM FUNG, Y.C., BIOMECHANICS: MECHANICAL PROPERTIES OF LIVING TISSUES. 1993, NEW 
YORK, NY: SPRING-VERLAG NEW YORK, INC. ............................................................................................... 42 

FIGURE 3.1 – MUSCLE FIBER PREPARATION USED BY STREET TO DEMONSTRATE TRANSVERSE FORCE TRANSMISSION 
274 FIGURE ADAPTED FROM A REVIEW ARTICLE BY MONTI ET AL. 205  THIS FIGURE REPRINTED WITH 
PERMISSION FROM MONTI RJ, ROY RR, HODGSON JA, EDGERTON VR. TRANSMISSION OF FORCES WITHIN 
MAMMALIAN SKELETAL MUSCLES JBIOMECH 1999;32:371-380. .................................................................... 47 

FIGURE 3.2 – TWITCH FORCE RESPONSE FROM A MOUSE EDL MUSCLE.  MAXIMUM ACTIVE FORCE, FMAX; BASELINE 
MUSCLE FORCE, FBASE; TIME-TO-PEAK, TPEAK; HALF-RELAXATION TIME, TRELAX. ................................................... 50 

FIGURE 3.3 – TWITCH SUMMATION DUE TO INCREASING FREQUENCY OF STIMULATION.  THE LOWER LINE INDICATES 
THE ACTION POTENTIAL INITIATED BY THE ELECTRICAL STIMULATION 263. FROM *ACP HUMAN 
PHYSIOLOGY FROM CELLS TO SYSTEMS 6TH EDITION BY SHERWOOD. 2006. REPRINTED WITH 
PERMISSION OF BROOKS/COLE, A DIVISION OF THOMSON LEARNING: WWW.THOMSONRIGHTS.COM. FAX 800 
730-2215. ........................................................................................................................................................ 51 

FIGURE 3.4 – FORCE-FREQUENCY RELATIONSHIP IN MOUSE EDL AND SOLEUS MUSCLES ......................................... 52 

FIGURE 3.5 – PASSIVE LENGTH-TENSION RELATIONSHIP PERFORMED AT VARIOUS STRAIN RATES FOR A MOUSE EDL 
MUSCLE.  INCREASING THE STRAIN RATE RESULTS IN A HIGHER MUSCLE FORCE AT EACH LENGTH.................. 54 

FIGURE 3.6 – FORCE-LENGTH RELATIONSHIP OF A WHOLE FIBER AND INDIVIDUAL SARCOMERE 7  REPRINTED WITH 
PERMISSION FROM ALLINGER, T.L., W. HERZOG, AND M. EPSTEIN, FORCE-LENGTH PROPERTIES IN STABLE 
SKELETAL MUSCLE FIBERS--THEORETICAL CONSIDERATIONS. J BIOMECH, 1996. 29(9): P. 1235-40. ............... 55 

FIGURE 3.7 – A FORCE-VELOCITY PLOT FROM A MOUSE EDL.  VMAX IS FOUND BY EXTRAPOLATING THE CURVE TO THE 
VELOCITY AXIS WHERE THE LOAD IS ZERO....................................................................................................... 57 

FIGURE 3.8 – VISCOELASTIC MUSCLE RESPONSE TO A 5% STEP CHANGE IN LENGTH.  EXPERIMENTAL DATA FROM A 
MOUSE EDL MUSCLE AT 30°C. ........................................................................................................................ 59 

FIGURE 3.9 – THREE MECHANICAL MODELS OF VISCOELASTIC MATERIAL.  (A) THE SCHEMATIC REPRESENTATION. 
(B) THE FORCE RELAXATION RESPONSE TO A STEP CHANGE IN LENGTH.  Γ, THE DAMPING ELEMENT 
COEFFICIENT; K1 AND K2, THE ELASTIC ELEMENT COEFFICIENTS ...................................................................... 63 

FIGURE 3.10 -- VISCOELASTIC MATHEMATICAL MUSCLE MODEL WITH SERIES AND PARALLEL COMPONENTS.  F, 
MUSCLE FORCE; KSE, SERIES ELASTIC ELEMENT; KPE, PARALLEL ELASTIC ELEMENT; DE, DAMPING ELEMENT; 
CE, ACTIVE CONTRACTILE ELEMENT. .............................................................................................................. 63 



xi 
 

FIGURE 3.11 – DIAGRAM OF ELASTIC RACK FROM RHEOLOGICAL MUSCLE MODEL (FORCINITO ET AL.).  DIAGRAMS 
OF THE (A) CONTRACTILE ELEMENT, (B) ELASTIC RACK ELEMENT, AND (C) RHEOLOGICAL MODEL 
REPRESENTATION 96  REPRINTED WITH PERMISSION FROM FORCINITO, M., M. EPSTEIN, AND W. HERZOG, CAN 
A RHEOLOGICAL MUSCLE MODEL PREDICT FORCE DEPRESSION/ENHANCEMENT? J BIOMECH, 1998. 31(12): P. 
1093-9. ............................................................................................................................................................ 67 

FIGURE 3.12 – RHEOLOGICAL MUSCLE MODEL DEVELOPED BY TAMURA AND SAITO.  (A) M1, M2, AND M3 ARE THE 
MASSES; K1, K2, AND K3 ARE THE SPRING ELEMENTS; C1, C2, AND C3 ARE THE VISCOUS ELEMENTS.  THE FORCE 
GENERATOR, P, PRODUCES A STEP FORCE CHANGING FROM ZERO TO F.  THE RATE FUNCTIONS APPLIED TO THE 
MOTOR ARE D1 AND D2 (B) PLOTS OF THE RATE FUNCTION OF LENGTH, Y1(L), AND THE RATE FUNCTION OF 
LOAD, Y2(W). 277  REPRINTED WITH PERMISSION FROM TAMURA, Y. AND M. SAITO, A RHEOLOGICAL MOTOR 
MODEL FOR VERTEBRATE SKELETAL MUSCLE IN DUE CONSIDERATION OF NON-LINEARITY. J BIOMECH, 2002. 
35(9): P. 1273-7. .............................................................................................................................................. 70 

FIGURE 3.13 – QLV MODEL PREDICTION OF STRESS RELAXATION FOR GOAT MEDIAL COLLATERAL LIGAMENT.  QLV 
THEORY DEMONSTRATED AN ACCURATE DESCRIPTION OF EXPERIMENTAL DATA 1.  REPRINTED WITH 
PERMISSION FROM ABRAMOWITCH, S.D., ET AL., AN EVALUATION OF THE QUASI-LINEAR VISCOELASTIC 
PROPERTIES OF THE HEALING MEDIAL COLLATERAL LIGAMENT IN A GOAT MODEL. ANN BIOMED ENG, 2004. 
32(3): P. 329-35. .............................................................................................................................................. 73 

FIGURE 3.14 – MECHANICAL SARCOMERE MODEL DEVELOPED BY DENOTH ET AL.  VISCOELASTIC MODEL 
COMBINING TWO HALF-SARCOMERES TO A SYMMETRIC MECHANICAL UNIT WITH A MUSCLE TENSION OF FEXT.  
FORCE COMPONENTS INCLUDE AN ACTIVE FORCE FAM , A SERIES ELASTIC FORCE, FSE (Y), AND PARALLEL 
VISCOELASTIC ELEMENT IS TERMED FTI   

74  THIS FIGURE WAS PUBLISHED IN THE JOURNAL OF THEORETICAL 
BIOLOGY.  (DENOTH, J., ET AL., SINGLE MUSCLE FIBER CONTRACTION IS DICTATED BY INTER-SARCOMERE 
DYNAMICS. J THEOR BIOL, 2002. 216(1): P. 101-22.)  COPYRIGHT ELSEVIER 2002. ........................................ 74 

FIGURE 3.15 – COMPARISON OF THE MEASURED (―) AND CALCULATED INDENTATION FORCES USING THE PLANE 
STRESS MODEL (×) AND THE THREE-DIMENSIONAL FE MODEL (○) DURING THE LOADING (A) AND RELAXATION 
PHASE (B) 39. REPRINTED FROM JOURNAL OF BIOMECHANICS,( BOSBOOM, E.M., ET AL., PASSIVE TRANSVERSE 
MECHANICAL PROPERTIES OF SKELETAL MUSCLE UNDER IN VIVO COMPRESSION. J BIOMECH, 2001. 34(10): P. 
1365-8.), COPYRIGHT (2001), WITH PERMISSION FROM ELSEVIER ................................................................... 78 

FIGURE 3.16 – MECHANICAL MUSCLE MODEL USED BY GORDON AND STEIN TO DESCRIBE STIFFNESS OBSERVATIONS 
IN THEIR STUDIES 270.  ELASTIC ELEMENTS KB AND KP ARE IN SERIES AND IN PARALLEL WITH THE CROSS-
BRIDGES THAT GENERATE FORCE (ARROW) WITHIN THE MUSCLE.  OTHER SERIES ELASTIC ELEMENTS (E.G., 
TENDONS) WITH STIFFNESS KS ARE FURTHER REMOVED FROM THE CROSS-BRIDGES BUT AFFECT EXTERNAL 
MUSCLE FORCE F.  REPRINTED WITH PERMISSION FROM STEIN RB, GORDON T. NONLINEAR STIFFNESS--FORCE 
RELATIONSHIPS IN WHOLE MAMMALIAN SKELETAL MUSCLES. CAN J PHYSIOL PHARMACOL 1986;64:1236-
1244 ................................................................................................................................................................ 79 

FIGURE 3.17 – BASIC FUNCTION OF AN ATOMIC FORCE MICROSCOPE.  THE SAMPLE IS LOCATED UNDERNEATH THE 
CANTILEVER. ................................................................................................................................................... 84 

FIGURE 3.18 – MICRONEEDLE NANOMANIPULATION APPARATUS.  SCHEMATIC DIAGRAM OF THE APPARATUS USED 
TO MEASURE STIFFNESS OF A SINGLE ACTIN FILAMENT BY IN VITRO NANOMANIPULATION WITH NEEDLES 152.  
REPRINTED BY PERMISSION FROM MACMILLAN PUBLISHERS LTD: [NATURE] (KISHINO, A. AND T. YANAGIDA, 
FORCE MEASUREMENTS BY MICROMANIPULATION OF A SINGLE ACTIN FILAMENT BY GLASS NEEDLES. NATURE, 
1988. 334(6177): P. 74-6.), COPYRIGHT (1988) ............................................................................................... 86 

FIGURE 3.19 – MANIPULATION OF A SINGLE ACTIN FILAMENT AS IT IS DRAGGED ACROSS A MYOSIN COATED 
SURFACE 146  REPRINTED BY PERMISSION FROM MACMILLAN PUBLISHERS LTD: [NATURE] (ISHIJIMA, A., ET 
AL., SUB-PICONEWTON FORCE FLUCTUATIONS OF ACTOMYOSIN IN VITRO. NATURE, 1991. 352(6333): P. 301-
6.), COPYRIGHT (1991) .................................................................................................................................... 87 



xii 
 

FIGURE 3.20 – OPTICAL LASER TRAP TECHNIQUE FOR MEASURING ACTIN AND MYOSIN PROPERTIES 295.  REPRINTED 
WITH PERMISSION FROM VEIGEL, C., ET AL., THE STIFFNESS OF RABBIT SKELETAL ACTOMYOSIN CROSS-
BRIDGES DETERMINED WITH AN OPTICAL TWEEZERS TRANSDUCER. BIOPHYS J, 1998. 75(3): P. 1424-38. ....... 88 

FIGURE 3.21 – NANOFABRICATED CANTILEVER ARRANGEMENT FOR DETERMINING MYOSIN ELASTICITY.  F, 
CANTILEVER FORCE; L, FILAMENT LENGTH; K, LEVER STIFFNESS; X, SPACING BETWEEN LEVER TIPS 78. 
REPRINTED WITH PERMISSION FROM DUNAWAY, D., M. FAUVER, AND G. POLLACK, DIRECT MEASUREMENT 
OF SINGLE SYNTHETIC VERTEBRATE THICK FILAMENT ELASTICITY USING NANOFABRICATED CANTILEVERS. 
BIOPHYS J, 2002. 82(6): P. 3128-33. ................................................................................................................ 89 

FIGURE 4.1 – MUSCLE SECTIONS FROM DYSTROPHIC AND CONTROL 24 WEEK OLD MICE STAINED BY H&E 
(HEMATOXYLIN AND EOSIN) 57.  REPRINTED FROM NEUROMUSCULAR DISORDERS (CONNOLLY, A.M., ET AL., 
THREE MOUSE MODELS OF MUSCULAR DYSTROPHY: THE NATURAL HISTORY OF STRENGTH AND FATIGUE IN 
DYSTROPHIN-, DYSTROPHIN/UTROPHIN-, AND LAMININ ALPHA2-DEFICIENT MICE. NEUROMUSCUL DISORD, 
2001. 11(8): P. 703-12.) WITH PERMISSION FROM ELSEVIER. ........................................................................... 96 

FIGURE 4.2 – DIAGRAM SHOWING DAMAGE CAUSED BY ECCENTRIC CONTRACTION.  THE SOLID DOTS REPRESENT 
CALCIUM IONS.  (A) MUSCLE FIBER STRAIN RESULTS IN AN INCREASED INTRACELLULAR CALCIUM ION.  (B) 
INCREASED CALCIUM LEADS TO DISRUPTION OF THE INTERMEDIATE FILAMENT NETWORK.  (C) DAMAGE TO 
THE INTERMEDIATE FILAMENTS CAUSES DISRUPTION OF THE MYOFIBRILAR APPARATUS DURING REPEATED 
MUSCLE ACTIVATION 177.  REPRINTED WITH PERMISSION FROM LIEBER, R.L. AND J. FRIDEN, MECHANISMS OF 
MUSCLE INJURY GLEANED FROM ANIMAL MODELS. AM.J.PHYS.MED.REHABIL., 2002. 81(11 SUPPL): P. S70-
S79. ................................................................................................................................................................. 99 

FIGURE 4.3 – DIAGRAM SHOWING THE SARCOMERE “POPPING” PHENOMENA.  ILLUSTRATED ARE TWO ADJACENT 
SARCOMERES THAT ARE OF SLIGHTLY DIFFERENT STRENGTHS.  (A) SARCOMERES ARE SLIGHTLY DIFFERENT 
STRENGTHS DUE TO DIFFERENCES IN SARCOMERE LENGTH OR DUE TO INTRINSIC STRENGTH DIFFERENCES. (B) 
DUE TO WEAKNESS, THE SARCOMERE ON THE RIGHT IS LONGER AND NO MYOFILAMENT OVERLAP OCCURS. (C) 
THE SARCOMERE WITHOUT MYOFILAMENT OVERLAP “POPS” TO A LONGER LENGTH WHERE TENSION IS BORNE 
BY PASSIVE MUSCLE ELEMENTS 177.  REPRINTED WITH PERMISSION FROM LIEBER, R.L. AND J. FRIDEN, 
MECHANISMS OF MUSCLE INJURY GLEANED FROM ANIMAL MODELS. AM.J.PHYS.MED.REHABIL., 2002. 81(11 
SUPPL): P. S70-S79. ....................................................................................................................................... 100 

FIGURE 4.4 – DIAGRAMS INDICATING THE SARCOLEMMAL MEMBRANE FORCES DURING EXPERIMENTS BY (A) 
PASTERNAK ET AL. AND (2) HUTTER ET AL.  THE BLUE BLOCKS REPRESENT ELEMENTS OF THE SARCOLEMMA 
AND THE YELLOW ARROWS REPRESENT THE DIRECTION OF THE FORCES ACTING ON EACH ELEMENT.  
PASTERNAK ET AL. PROBED MYOTUBES GROWN AND DIFFERENTIATED ON GLASS COVERSLIPS 227.  HUTTER ET 
AL. SUCTIONED SARCOLEMMAL VESICLES THAT DO NOT CONTAIN CONTRACTILE ELEMENTS 139. .................. 111 

FIGURE 5.1 – IMPROVED NONLINEAR MUSCLE MODEL.  CE, CONTRACTILE FORCE THAT IS A FUNCTION OF MUSCLE 
LENGTH; DE, NONLINEAR DAMPING ELEMENT; KPE, PARALLEL ELASTIC ELEMENT; KSE, SERIES ELASTIC 
ELEMENT; FM, MUSCLE FORCE AT THE TENDONS. .......................................................................................... 120 

FIGURE 5.2 – REPRESENTATION OF FORCE-LENGTH RELATIONSHIP FOR THE WHOLE MUSCLE ................................. 122 

FIGURE 5.3 – FORCE-VELOCITY RELATIONSHIP USED FOR ESTIMATING THE PARAMETERS OF F2,CE.  Β1, THE MINIMUM 
PARAMETER VALUE; Β2, DESCRIBES THE RATE OF CHANGE OF THE PARAMETER AS IT APPROACHES Β1. ......... 123 

FIGURE 5.4 – FORCE-FREQUENCY RELATIONSHIP USED FOR ESTIMATING THE PARAMETERS OF F3,CE. .................... 123 

FIGURE 5.5 – STRATEGY FOR CHOOSING AN APPROPRIATE DAMPING FACTOR, Λ, AT EACH ITERATION OF THE 
LEVENBERG-MARQUARDT ALGORITHM. ....................................................................................................... 130 



xiii 
 

FIGURE 5.6 – R-SQUARED GOODNESS-OF-FIT EXAMPLE.  NOTICE THAT THE MODELS FIT THE EXPERIMENTAL DATA 
BETTER IN SOME AREAS THAN OTHERS.  IT IS IMPORTANT TO CONSIDER CRITERIONS OTHER THAN JUST ONE R-
SQUARED VALUE WHEN EVALUATING THE FIT OF A MODEL. .......................................................................... 133 

FIGURE 6.1 – VISCOELASTIC MATHEMATICAL MUSCLE MODEL WITH SERIES AND PARALLEL COMPONENTS.  THE 
STRETCH RELAXATION EDL MUSCLE RESPONSE WAS FIT TO THIS MODEL TO DETERMINE THE STIFFNESS AND 
DAMPING PROPERTIES.  F, MUSCLE FORCE; KSE, SERIES ELASTIC ELEMENT; KPE, PARALLEL ELASTIC ELEMENT; 
C, DAMPING; A, ACTIVE CONTRACTILE ELEMENT........................................................................................... 142 

FIGURE 6.2 -- EXAMPLE OF AN EDL FORCE RESPONSE TO THE STRESS RELAXATION PROTOCOL.  MUSCLE LENGTH 
WAS INCREASED TO 1.05 L0 DURING THIS PASSIVE STRETCH. ........................................................................ 142 

FIGURE 6.3 – MAXIMAL TETANIC STRESS OF MATURING DYSTROPHIC EDL MUSCLES.  FOR EACH GENOTYPE AND 
AGE, THERE WAS NO DIFFERENCE IN EDL MAXIMAL TETANIC STRESS AFTER COMPARED WITH BEFORE THE 
TWO STRETCH PROTOCOLS.  FOR AGES 14, 21, AND 28 DAYS, THERE WAS NO DIFFERENCE IN MAXIMAL 
TETANIC STRESS FOR CONTROL COMPARED TO MDX EDL MUSCLES.  *THE PRE- AND POSTMAXIMAL TETANIC 
STRESSES FOR MDX MICE WERE LESS THAN CONTROL AT AGE 35 DAYS (P<0.05). .......................................... 151 

FIGURE 6.4 – STIFFNESS AND DAMPING OF MATURING DYSTROPHIC EDL MUSCLES.  THERE WAS NO DIFFERENCE IN 
THE PARALLEL (A) OR SERIES (B) MODULUS OF ELASTICITY FOR CONTROL COMPARED TO MDX EDL MUSCLES 
AT EACH AGE (N=7), NOR IN THE DAMPING VALUES FOR CONTROL COMPARED TO MDX EDL MUSCLES AT EACH 
AGE (C).  THERE WAS ALSO NO DIFFERENCE IN THE MODULUS OF ELASTICITY (D) FROM REPEATED PASSIVE 
STRETCHES AT A STRAIN OF 0.5 L0 AND A RATE OF 1.5 L0/S FOR CONTROL COMPARED TO MDX EDL MUSCLES 
AT EACH AGE.  * MEAN VALUE WAS LESS THAN VALUES AT YOUNGER AGE GROUPS WITHIN SAME GENOTYPE 
(P<0.05).  † MEAN VALUE WAS HIGHER THAN VALUES AT ALL OTHER AGE GROUPS WITHIN THE SAME 
GENOTYPE (P<0.05).  ‡ MEAN MODULI OF ELASTICITY VALUES FOR THE CONTROL MUSCLES AT 28 AND 35 
DAYS WERE LESS THAN THE YOUNGER AGE GROUPS (P<0.05). ...................................................................... 152 

FIGURE 7.1 – EXPERIMENTAL PROTOCOL.  THE FORCE AND POSITION PLOTS ARE NOT TO SCALE.  THE NUMBER OF 
TIMES A PROTOCOL IS REPEATED IS INDICATED BELOW EACH SET OF PLOTS. ................................................. 161 

FIGURE 7.2 – IMPROVED NONLINEAR HILL MUSCLE MODEL.  CE, CONTRACTILE ELEMENT THAT PRODUCES FORCE AS 
A FUNCTION OF MUSCLE LENGTH; DE, NONLINEAR DAMPING ELEMENT; KPE, PARALLEL ELASTIC STIFFNESS; 
KSE, LINEAR SERIES ELASTIC STIFFNESS; FM, MUSCLE FORCE AT THE TENDONS. ............................................ 163 

FIGURE 7.3 – TYPICAL FORCE CURVES SHOWING COMPARISONS BETWEEN LINEAR AND NONLINEAR MUSCLE MODEL 
SIMULATED AND EXPERIMENTAL DATA.  A, PASSIVE STRESS RELAXATION PROTOCOL; B, ACTIVE ECCENTRIC 
CONTRACTION PROTOCOL.  NOTE THAT TWO ACTIVE STRETCHES OF DIFFERENT STRAIN RATE WERE JOINED 
INTO ONE CONTINUOUS SET OF DATA FOR PARAMETER ESTIMATION. ............................................................. 166 

FIGURE 7.4 – MAXIMUM TETANIC STRESS OUTPUT BEFORE AND AFTER THE PASSIVE AND ACTIVE STRETCH 
PROTOCOLS.  * MEAN VALUE IS DIFFERENT THAN THE MEAN VALUE TAKEN BEFORE THE STRETCH PROTOCOLS 
AT THE SAME AGE AND GENOTYPE; † MEAN VALUE IS DIFFERENT THAN THE WT MEAN VALUE AT THE SAME 
AGE AND CONDITION (P < 0.05). .................................................................................................................... 167 

FIGURE 7.5 – STIFFNESS VALUES DETERMINED BY FITTING THE NONLINEAR MUSCLE MODEL TO THE EXPERIMENTAL 
DATA.  PASSIVE PARALLEL (A) AND SERIES (B) ELEMENT MODULI OF ELASTICITY VALUES WERE DETERMINED 
BY THE STRESS RELAXATION PROFILES.  ACTIVE PARALLEL (C) AND SERIES (D) ELEMENT MODULI OF 
ELASTICITY VALUES WERE DETERMINED BY THE ECCENTRIC STRETCH PROFILES.  THERE WAS NO DIFFERENCE 
IN MEAN PASSIVE AND ACTIVE STIFFNESS VALUES BETWEEN DYSTROPHIC AND CONTROL MUSCLES AT BOTH 
AGES (P < 0.05). ............................................................................................................................................. 168 

FIGURE 7.6 – PERCENT OF FIBERS IN MUSCLE SECTION TAKING UP PROCION ORANGE DYE AT 14 (A) AND 28 (B) 
DAYS. ............................................................................................................................................................ 169 



xiv 
 

FIGURE 8.1 – EXPERIMENTAL PROTOCOL.  THE FORCE AND POSITION PLOTS ARE NOT TO SCALE.  THE NUMBER OF 
TIMES A PROTOCOL IS REPEATED IS INDICATED BELOW EACH SET OF PLOTS. ................................................. 178 

FIGURE 8.2 – IMPROVED NONLINEAR HILL MUSCLE MODEL.  CE, CONTRACTILE ELEMENT THAT PRODUCES FORCE AS 
A FUNCTION OF MUSCLE LENGTH; DE, NONLINEAR DAMPING ELEMENT; KPE, PARALLEL ELASTIC STIFFNESS; 
KSE, LINEAR SERIES ELASTIC STIFFNESS; FM, MUSCLE FORCE AT THE TENDONS. ............................................ 180 

FIGURE 8.3 – TETANIC STRESS BEFORE AND AFTER STRETCH PROTOCOLS.  A, 14 DAY MICE; B, 21 DAY MICE; C, 28 
DAY MICE; D, 35 DAY MICE. .......................................................................................................................... 185 

FIGURE 8.4 – PASSIVE STIFFNESS OF CONTROL AND DYSTROPHIC EDL MUSCLES DETERMINED WITH NONLINEAR 
MODEL.  PARALLEL (A) AND SERIES (B) ELASTIC STIFFNESS DETERMINED FROM 15% STRAIN PASSIVE STRESS 
RELAXATION PROTOCOL. * MEAN STIFFNESS VALUE IS DIFFERENT THAN WT (P<0.05).  † MEAN STIFFNESS 
VALUE IS DIFFERENT THAN MDX (P<0.05). ..................................................................................................... 186 

FIGURE 8.5 – ACTIVE STIFFNESS OF CONTROL AND DYSTROPHIC EDL MUSCLES DETERMINED WITH NONLINEAR 
MODEL.  ACTIVE STIFFNESS OF MUSCLES DETERMINED FROM 10% STRAIN ECCENTRIC STRETCH PROTOCOL. * 
MEAN STIFFNESS VALUE IS DIFFERENT THAN WT (P<0.05).  † MEAN STIFFNESS VALUE IS DIFFERENT THAN MDX 
(P<0.05) ........................................................................................................................................................ 187 

FIGURE 9.1 – EXPERIMENTAL PROTOCOL.  THE FORCE AND POSITION PLOTS ARE NOT TO SCALE.  THE NUMBER OF 
TIMES A PROTOCOL IS REPEATED IS INDICATED BELOW EACH SET OF PLOTS. ................................................. 196 

FIGURE 9.2 – IMPROVED NONLINEAR HILL MUSCLE MODEL.  CE, CONTRACTILE ELEMENT THAT PRODUCES FORCE AS 
A FUNCTION OF MUSCLE LENGTH; DE, NONLINEAR DAMPING ELEMENT; KPE, PARALLEL ELASTIC STIFFNESS; 
KSE, LINEAR SERIES ELASTIC STIFFNESS; FM, MUSCLE FORCE AT THE TENDONS. ............................................ 197 

FIGURE 9.3 – MAXIMUM TETANIC STRESS BEFORE (A) AND AFTER (B) THE STRETCH PROTOCOLS. * MEAN EDL 
VALUE IS DIFFERENT THAN THE MEAN SOLEUS VALUE AT THE SAME AGE AND GENOTYPE; † MEAN MDX VALUE 
IS DIFFERENT THAN THE MEAN WT VALUE OF THE SAME MUSCLE TYPE AND AGE (P < 0.05). ......................... 203 

FIGURE 9.4 – PASSIVE STIFFNESS VALUES DETERMINED BY FITTING THE NONLINEAR MUSCLE MODEL TO 
EXPERIMENTAL DATA.  PASSIVE PARALLEL (A) AND SERIES (B) ELEMENT MODULI OF ELASTICITY VALUES 
WERE DETERMINED BY THE STRESS RELAXATION PROFILES.  THERE WAS NO DIFFERENCE IN MEAN PASSIVE 
STIFFNESS VALUES BETWEEN DYSTROPHIC AND CONTROL MUSCLES FROM EACH MUSCLE TYPE AND AGE (P < 
0.05).     * MEAN EDL VALUE IS DIFFERENT THAN THE MEAN SOLEUS VALUE AT THE SAME AGE AND 
GENOTYPE (P<0.05). ..................................................................................................................................... 204 

FIGURE 9.5 – ACTIVE STIFFNESS VALUES DETERMINED BY FITTING THE NONLINEAR MUSCLE MODEL TO 
EXPERIMENTAL DATA.  ACTIVE MODULI OF ELASTICITY VALUES WERE DETERMINED BY THE ECCENTRIC 
STRETCH PROTOCOLS. * MEAN EDL VALUE IS DIFFERENT THAN THE MEAN SOLEUS VALUE AT THE SAME AGE 
AND GENOTYPE; † MEAN MDX VALUE IS DIFFERENT THAN THE MEAN WT VALUE OF THE SAME MUSCLE TYPE 
AND AGE (P < 0.05). ....................................................................................................................................... 204 

FIGURE 9.6 – EFFECTIVE DAMPING VALUE DETERMINED BY FITTING THE NONLINEAR MUSCLE MODEL TO THE 
PASSIVE STRESS RELAXATION PROFILE. * MEAN EDL VALUE IS DIFFERENT THAN THE MEAN SOLEUS VALUE AT 
THE SAME AGE AND GENOTYPE; † MEAN MDX VALUE IS DIFFERENT THAN THE MEAN WT VALUE OF THE SAME 
MUSCLE TYPE AND AGE (P < 0.05). ................................................................................................................ 205 

FIGURE 10.1 – DISRUPTION OF COSTAMERIC ORGANIZATION IN MDX MUSCLE LEADS TO REDUCED FORCE OUTPUT.  
(A) RELAXED MUSCLE; (B) CONTRACTING SARCOMERES; IN NORMAL MUSCLE, CONTRACTING FIBERS PULL 
ADJACENT NON-CONTRACTING FIBERS DUE TO ORGANIZED COSTAMERIC LATTICE. IN DYSTROPHIC MUSCLE, 
SARCOMERE SPACING BECOMES INCREASINGLY HETEROGENEOUS FOLLOWING CONTRACTION, LEADING TO 
REDUCED CONTRACTILE FORCE.  (C)  CONFOCAL MICROSCOPE IMAGE OF COSTAMERIC ORGANIZATION 245.  
THE IMAGES SHOWN IN (C) WERE REPRINTED FROM AN ARTICLE PUBLISHED IN NEUROMUSCULAR DISORDERS 



xv 
 

(REED P, BLOCH RJ. POSTNATAL CHANGES IN SARCOLEMMAL ORGANIZATION IN THE MDX MOUSE. 
NEUROMUSCUL DISORD 2005;15:552-561.) COPYRIGHT ELSEVIER 2005. .................................................... 218 

FIGURE 10.2 – THE DYSTROPHIN-GLYCOPROTEIN COMPLEX (DGC).  THE PROTEINS HIGHLIGHTED IN RED COMPRISE 
THE CORE OF THE DGC AND ARE IN LOW ABUNDANCE IN MDX MUSCLE.  THE PROTEINS HIGHLIGHTED IN BLUE 
ARE OVEREXPRESSED IN MDX MUSCLE, POSSIBLY TO COMPENSATE FOR A LACK OF DYSTROPHIN 90.  THIS 
FIGURE WAS PUBLISHED IN BIOCHIMICA ET BIOPHYSICA ACTA (REED P, BLOCH RJ. POSTNATAL 
CHANGES IN SARCOLEMMAL ORGANIZATION IN THE MDX MOUSE. NEUROMUSCUL DISORD 2005;15:552-561.) 
COPYRIGHT ELSEVIER 2005. ......................................................................................................................... 221 

FIGURE 10.3 – SARCOLEMMAL FOLDING IN NORMAL AND DYSTROPHIC MUSCLE DURING (A) REST, (B) CONCENTRIC 
CONTRACTION, AND (C) PASSIVE STRETCH.  THE BLACK ARROWS INDICATE THE DIRECTION OF Z-DISC 
MOVEMENT DURING CONTRACTION OR STRETCH.  THE YELLOW ARROWS INDICATE LONGITUDINAL FORCES 
(ACTING ON ADJACENT Z-DISCS) AND LATERAL FORCES (ACTING ON THE SARCOLEMMA/ECM).  THE ORANGE 
STARS INDICATE AREAS OF THE SARCOLEMMA UNDER HIGH MECHANICAL STRESS ........................................ 223 



xvi 
 

List of Tables 
 

TABLE 2.1 – GENERAL CHARACTERISTICS OF MOTOR UNITS ..................................................................................... 23 

TABLE 3.1 – DEFINITION OF SYMBOLS IN THE FORCE-FREQUENCY DIFFERENTIAL EQUATIONS 75 .............................. 53 

TABLE 3.2 – SUMMARY OF MATHEMATICAL MUSCLE MODELS .................................................................................. 81 

TABLE 4.1 – SUMMARY OF DYSTROPHIC MUSCLE STIFFNESS RESULTS FROM THE LITERATURE. .............................. 115 

TABLE 6.1 – MORPHOLOGICAL DATA FOR CONTROL AND MDX MICE ....................................................................... 147 

TABLE 6.2 – PEAK STRESS DATA FOR CONTROL AND MDX MICE .............................................................................. 148 

TABLE 7.1– MORPHOLOGICAL DATA FOR CONTROL AND MDX MICE ....................................................................... 167 

TABLE 8.1 – MORPHOLOGICAL DATA FOR CONTROL, MDX, AND MDX:UTRN-/- MICE ................................................. 183 

TABLE 8.2 – PEAK STRESS DATA FOR CONTROL, MDX, AND MDX:UTRN-/- MUSCLES ................................................. 184 

TABLE 9.1 – MORPHOLOGICAL AND CONTRACTILE DATA FOR WT AND MDX EDL AND SOLEUS MUSCLES ............... 201 



 1

Chapter 1 Introduction 

1.1 Motivation 

Muscular dystrophies are genetic disorders that cause microscopic changes in muscle and 

lead to progressive muscle weakness and wasting.  Duchenne muscular dystrophy (DMD), the 

most severe muscular dystrophy, was first described by Edward Meryon and Guillaume 

Benjamin Amand Duchenne in the 1860s.  DMD becomes clinically apparent between ages 2 

and 3, after which the disease progresses with muscle weakness and wasting, contractures of 

the ankles and hips, and scoliosis.  Usually by the age of 20 years, a DMD patient succumbs to 

premature death due to failure of their diaphragm or heart muscles. 

DMD is characterized by the lack of dystrophin, a protein localized to the muscle cell 

membrane of healthy muscle.  Dystrophin is part of a larger group of proteins, called the 

dystrophin-glycoprotein complex (DGC), which is thought to be partly responsible for the 

structural integrity of the muscle during contraction and elongation.  Although the genetic 

differences between healthy and dystrophic muscle is known, the mechanism(s) initiating the 

onset of DMD (e.g., muscle wasting) have not been defined.  One current hypothesis is that the 

absence of dystrophin causes the muscle cell membrane to be more susceptible to injury.  

Another hypothesis is that disrupted cell signaling due to the lack of dystrophin may lead to the 

onset of DMD.  The majority of animal DMD research focuses on mature dystrophic mice after 

the onset of the disease (i.e., onset occurs at age ~21 days).  There are very few studies that 

examine young mice (i.e., less than 35 days) before, during, and after the onset of the disease.  

It is important to study these maturing dystrophic mice so that the mechanisms leading to onset 

of DMD can be understood.  A recent study suggested that dystrophic membranes are not more 
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susceptible to damage early in maturation (i.e., age 9-12 days).  It is important to explore this 

avenue more rigorously and determine if and when these mechanical properties change as the 

mice mature.  If the mechanical properties are not different between control and dystrophic 

muscles before onset of the disease, this would suggest that other mechanisms (e.g., signaling 

through the DGC) may be responsible.  My studies better define the role of dystrophin-

deficient skeletal muscle membranes in the onset of Duchenne muscular dystrophy.  Once this 

role is better understood, effective therapeutic techniques can be developed for DMD patients 

that would limit or eliminate this disease. 

1.2 Research Goals and Plan 

The main goal for this dissertation is to challenge the long held belief that the mechanical 

properties of maturing dystrophic compared to control skeletal muscle membranes are 

mechanically weaker, thus leading to onset of Duchenne muscular dystrophy (DMD).  There 

are various ways that muscle weakness could be defined, including a reduction in tensile 

strength, stiffness, or permeability.  For the purposes of this dissertation, weakness was defined 

as a reduction in stiffness normalized to muscle cross-sectional area and length (modulus of 

elasticity).  In healthy (i.e., control) muscle, the dystrophin protein is present in both the 

muscle fiber membrane and at the myotendinous junction.  This fact has led many researchers 

to believe that in the absence of dystrophin, overall muscle mechanical properties could be 

compromised even during early maturation.  However, one recent study has demonstrated that 

skeletal muscles of very young (9-12 days) dystrophic mouse pups are relatively resistant to 

injury from acute mechanical injury, suggesting that dystrophic sarcolemmal membranes are 

resistant to stretch injury during early maturation 116.  To confirm these recent findings, I 
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investigated mouse ages that include time points before, during, and after the overt onset of the 

dystrophic process.  Mdx mice (a mouse model of DMD) typically demonstrate overt signs of 

dystrophy at age ~21 days, as evidenced by the presence of extensive myopathic lesions on the 

muscle fibers 43,61.  A systematic analysis of the mechanical properties of dystrophic skeletal 

muscle was completed across four studies in order to better understand the mechanical role of 

dystrophin in skeletal muscle membranes (diagram shown in Figure 1.1).     

 
 

 
 

Figure 1.1 – Research plan for determining maturing dystrophic skeletal muscle 
mechanics 

 
 
  

In Study 1 (see Chapter 6), the main question was whether or not passive mechanical 

properties of maturing dystrophic mouse muscles were different than control.  We tested the 

hypothesis that there would be no difference in mechanical properties.  Prior to and following 

the overt onset of the dystrophic process (14-35 days), control and dystrophic EDL muscles 

were subjected to two passive stretch protocols in vitro (5% strain at instantaneous and 1.5 L0/s 

strain rates).  Force profiles were fit to a linear viscoelastic muscle model to determine stiffness 
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and damping.  Dystrophic and control EDL muscles exhibited similar passive mechanical 

properties at each age, suggesting a functional threshold for dystrophic muscle below which 

damage may be minimized.  Determining this threshold may have important clinical 

implications for treatments of muscular dystrophy involving physical activity.   

In Study 2 (Chapter 7), a nonlinear muscle model was developed to determine the 

stiffness and damping of maturing dystrophic and control skeletal muscles both passive and 

active (i.e., contracting) conditions.  We tested the hypothesis that our new nonlinear model 

would better simulate the experimental data than the previously used linear model.  Stiffness 

and damping values were determined by fitting a novel three-parameter nonlinear muscle 

model to data obtained from muscles stretched under passive and actively contracting 

conditions.  A nonlinear damping element gave the model flexibility to achieve a good fit to 

experimental data (R2 > ~0.92), even at high strain rates of muscle stretch (~50 muscle lengths 

per second).  There were no differences in passive or active mechanical properties between 

young mdx and control EDL muscles at 14 and 28 days stretched within a physiological range 

(e.g., 15% strain).  To assess fiber membrane damage during the experimental active and 

passive stretch protocols, the muscles were incubated in solution containing procion orange 

dye.  Membrane damage as indicated by uptake of procion orange dye into fibers was similar 

for each genotype and age independent of the stretched or unstretched conditions.  Under the 

assumption that connective tissue and sarcolemmal membranes contribute to whole muscle 

stiffness, our results suggest that the mechanical properties of these muscle components were 

minimally affected by a lack of dystrophin. 

In Study 3 (Chapter 8), the previously developed nonlinear muscle model was used to 

determine active and passive mechanical properties of EDL muscles from mdx and control 
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mice aged 14-100 days.  The mechanical properties of muscles from mdx:utrn-/- mice aged 14-

35 were also determined.  The mdx:utrn-/- mouse, which lacks dystrophin and utrophin, is an 

alternative DMD animal model to mdx that more closely mimics the severity of DMD in 

humans.  The two main hypotheses that we tested in this study were 1) that stiffness of mature 

mice (>2 months of age) would be different than control, and 2) that mechanical properties of 

muscles from maturing mdx:utrn-/- mice (14-35 days of age) would not be different than 

control.  There was no difference in passive stiffness between mdx and control muscles at each 

age.  However, active stiffness of mdx muscles was lower than control in mice aged 60-100 

days.  Interestingly, the mdx:utrn-/- muscles showed increased stiffness compared to control 

and mdx muscles at 21 and 28 days, suggesting a temporary change within the muscle that only 

occurs with a lack of both utrophin and dystrophin. 

In Study 4 (Chapter 9), the main question was whether or not there is a difference in 

mechanical properties between slow-twitch muscles and fast-twitch muscles.  Previous to this 

dissertation, the studies that have compared slow- versus fast-twitch muscle stiffness have 

reported inconsistent results.  We investigated dystrophic and control muscles, to  test the 

hypothesis that there is no difference in mechanical properties (stiffness and damping) between 

slow- and fast-twitch muscle.  The previously developed nonlinear model was used to 

determine mechanical properties of slow-twitch muscles from mice aged 3, 5, and 9 weeks of 

age.  These time-points allowed us to examine the dystrophic muscles before and after disease 

onset.  Our results indicated that EDL (fast-twitch) muscles are significantly stiffer than soleus 

(slow-twitch) muscles from both normal and mdx mice.  Additionally, we found that mdx and 

wt soleus muscles did not have different mechanical properties, suggesting that a lack of 

dystrophin does not affect slow-twitch muscles during and well after maturation.  This 
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information could eventually lead to therapeutic treatments for human DMD patients because 

endurance exercise has been shown to increase the number of slow-twitch fibers in muscle. 

In summary, across four studies I tested the overarching hypothesis that mechanical 

properties of maturing dystrophic whole skeletal muscle (14-35 days) are not different than 

control.  Functional and mechanical properties of maturing dystrophic muscles have rarely 

been investigated in previous studies.  The research plan was designed to fill this void in the 

literature by systematically investigating the mechanical properties of dystrophic muscle 

before, during, and after the onset of the disease.  The purpose of my research, therefore, was 

to better define the role of dystrophin-deficient sarcolemmae in the mechanical properties of 

dystrophic skeletal muscle.  A better understanding of dystrophin’s mechanical role in skeletal 

muscle may lead to therapeutic treatments for human DMD patients.  The overall conclusion 

from my research is that maturing muscles are not weakened by a lack of dystrophin.  For the 

purposes of this dissertation, weakness is defined as a reduction in stiffness.  This finding 

suggests that mechanisms other than mechanical weakness (i.e., cell signaling, calcium channel 

disruption, etc) are responsible for the onset of DMD. 
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Chapter 2 Background of Skeletal Muscle Physiology 

Knowledge of basic muscle physiology is requisite for understanding mechanical 

properties of and force transmission by skeletal muscle.  This chapter reviews the components 

of skeletal muscle that may contribute to and influence muscle mechanics.  First, the overall 

function and anatomy of skeletal muscle will be discussed.  Then, muscle contraction will be 

explained in detail.  Finally, the components of muscle that affect muscle mechanical 

properties will be reviewed.  The extent to which these components contribute to muscle 

mechanical properties and force transmission is covered in more detail in Chapter 3.  Duchenne 

muscular dystrophy (DMD) and the effects it has on muscle injury and mechanical properties 

are covered in Chapter 4. 

2.1 Anatomical Hierarchy 

  When investigating the mechanics of diseased muscle, it is important to consider 

overall muscle function as well as the location of components within the muscle.  Skeletal 

muscles serve many purposes during normal activity including movement of limbs, heat 

regulation (e.g., shivering), padding against impact, and stability.  Therefore, if muscle is 

injured or diseased, significant loss of these functions can occur.  With a few exceptions (e.g., 

tongue muscle), skeletal muscles are attached to the skeleton by means of tendons, usually in 

pairs that impose equal and opposite forces (e.g., agonist and antagonist).  Humans have 

conscious control over the contraction of most skeletal muscles within the body by means of 

the somatic nervous system.  The somatic nervous system consists of nerve fibers that 

communicate sensory information to the central nervous system as well as motor nerve fibers 
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that reach out to skeletal muscles.  Conversely, contraction of smooth and cardiac muscle is 

primarily controlled by the autonomic nervous system, which cannot be consciously controlled. 

There are many intra- and extra-muscular components that contribute to the proper 

function of skeletal muscle.  Those components thought to have negligible effects on the 

mechanical properties of skeletal muscle are not discussed in this dissertation (e.g. nerve tissue, 

vascular tissue, and blood vessels) 205,104.  Skeletal muscle is comprised of muscle fibers, each 

of which is a single cell with many nuclei.  These fibers are arranged in bundles, or fascicles, 

of various sizes within the muscle (Figure 2.1).  The whole muscle, fascicles, and individual 

fibers are sheathed in connective tissue.  Skeletal muscle fibers are typically 10-100 µm in 

diameter and range in length from 0.4 to 3 cm in vertebrate striated muscle 64.  The fibers may 

span the muscle from end to end, but often extend only part of the muscle length.  The muscle 

fiber nuclei are flat and lie at the periphery of the fiber adjacent to the cell membrane.  The 

interior of each muscle fiber is divided into longitudinal myofibrils that are 1-3 μm in diameter 

64.  Each myofibril contains sarcomeres, repeating units that are considered the fundamental 

contractile unit of skeletal muscle.  Early scientists observed a pattern of parallel stripes within 

the myofibrils and assigned the terms A band, I band, Z line and M band to describe what they 

saw (Figure 2.2).  The Z lines repeat about every 2 to 3 μm along the length of the myofibril 

and correspond to the position where the filaments of one sarcomere join onto adjacent 

sarcomeres 64.  The sarcomeres consist of two types of longitudinally oriented filaments, called 

thick and thin filaments.  The thick filaments are joined to each other at the M band, which is 

situated in the middle of the A band.  The dark A band corresponds to the spatial extents of the 

thick filaments, while the I band and H band only include the regions occupied by thin 
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filaments and thick filaments respectively.  In longitudinal sections, the Z line appears as a 

zigzag pattern.   

The thin filaments, largely made up of the protein actin, are about 1 μm long and 10 nm 

in diameter 64,233,264.  Troponins and tropomyosin,  other important proteins that associate with 

the actin filament, will be discussed along with muscle contraction in section 2.3.  Globular 

actin (G-actin) is a protein that polymerizes into filamentous actin (F-actin) to form the long 

chain-like structure of the thin filaments.  The thick filaments are mainly comprised of a 

protein called myosin, which has a long tail connected to a globular head 64,63.  The tails 

polymerize (i.e., form together) into long filaments with the heads projecting off to the side.  

The heads project beyond the thick filament to interact with actin to form the contractile cross-

bridges (see section 2.3.1 for more detail).  Myosin filaments require both heads to generate 

maximal force during contraction 293. 

2.2 Filament Spacing 

The amount of space between actin and myosin filaments is important because it directly 

affects muscle force output.  Additionally, changes in filament spacing may occur in diseased 

muscle.  Many images of the sarcomere in textbooks and the literature show longitudinal 

sections that do not convey the 3-dimensional arrangement of filaments and myofibrils within 

the muscle fiber (Figure 2.2).  Transverse sections of the myofibril allow researchers to 

observe the true distance between contractile filaments (Figure 2.3).  
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Figure 2.1 – Physiological muscle components 87.  Used with permission from 

Epstein, M. and W. Herzog, Aspects of skeletal muscle modelling. Philos Trans R 
Soc Lond B Biol Sci, 2003. 358(1437): p. 1445-52. 
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Figure 2.2 – Electron micrograph of a longitudinal muscle section showing a 
sarcomere.  The scale bar in the upper left represents 100 nm 200. Used with 

permission from Millman, B.M., The filament lattice of striated muscle. Physiol Rev, 
1998. 78(2): p. 359-91.  

 
 

  

Techniques such as low-angle X-ray diffraction allow the filament lattice to be viewed in 

living and even contracting muscle 200,316.  X-ray diffraction involves a sharply focused 0.1 mm 

diameter beam of X-rays that is passed through a ~1 mm thick muscle sample.  The resulting 

diffraction pattern is recorded on a detector placed 20-50 cm away from the sample 200.  X-ray 

diffraction experiments yield not only spacing between filaments, but the electron density 

across the cell.  The center-to-center distance between thick filaments in a frog skeletal muscle 

fiber is ~43 nm 199.  X-ray diffraction is the preferred technique for measuring filament spacing 

because lattice dimensions measured from electron micrographs are smaller due to preparation 

of the sample.  The dehydration process during tissue preparation for an electron micrograph 

causes the interfilament spacing to shrink 10-20%.  The amount of lattice shrinkage observed 

in electron micrographs corresponds to the lattice when maximally compressed osmotically 200. 
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Figure 2.3 – The sarcomeric filament lattice of skeletal muscle. (A) Electron 

micrographs of transverse sections of skeletal muscle showing sarcomeric filament 
lattice.  In each micrograph, top fibrils are from a region of thick and thin filament 

overlap; bottom fibrils are from a non-overlap region that contains only thick 
filaments.(B) Diagram of the filament lattice in an overlap region of the sarcomere.  

Thick filaments are represented by a solid circle with an outer circle for ‘‘cross-
bridge’’ region; thin filaments are represented by a smaller solid circle 200. Used with 
permission from Millman, B.M., The filament lattice of striated muscle. Physiol Rev, 

1998. 78(2): p. 359-91. 
 

 

    There is a reduction in maximum skeletal muscle force output when the filament 

lattice spacing is reduced 231.  There is an optimal lattice spacing in intact muscle that produces 

the maximum contractile force.  A skeletal muscle in vivo is usually close to this ideal lattice 

spacing because swollen or shrunken muscle will shrink or expand during contraction to bring 

the lattice to its ideal spacing 53.  There is a decrease in lattice spacing as sarcomere length 
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increases due to whole muscle stretch 53.  Within the normal functional strain limits of the 

muscle, the volume of the A band lattice remains constant during stretching and the lattice 

spacing is inversely proportional to the square root of the sarcomere length 85,200. 

 The structural order of the filament lattice is maintained by three elements: (i) the Z 

discs that anchor the thin filaments, (ii) the M bands that link the thick filaments in the center, 

and (iii) elastic titin filaments that connect transverse structures longitudinally 3.  Although the 

importance of the Z discs and titin have been known for years, recent studies have shown the 

crucial role M bands play in sarcomeric filaments 2,3,16.  It has been suggested that the M band 

constantly monitors stress in the sarcomere during contraction and stretch so that it can quickly 

reorganize the thick filament lattice to meet physiological requirements 3.   

In summary, less than optimal filament spacing leads to decreased muscle force output 

during contraction.  The filament spacing is maintained by three elements: Z discs, M bands, 

and titin.  Therefore, if any one of these elements is structurally compromised, the filament 

spacing may be disrupted, leading to reduced contractile force.       

2.3 Muscle contraction 

Contractile force output is often lower in muscles from dystrophic mice compared to 

control mice, at the same age.  This has led many researchers who study muscular dystrophy to 

focus their efforts on the contractile apparatus.  In order to understand how muscles transmit 

force to tendons, it is important to have in-depth knowledge of the chemical interactions that 

lead to force generation.  The sarcomere is the motor of the muscle fiber where chemical 

energy (i.e., adenosine triphosphate, ATP) is converted to mechanical movement.  The ATP is 

produced by metabolizing creatine phosphate and glycogen, which are stored within the muscle 
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cells; as well as glucose and fatty acids.  Experiments during the 1950s led to significant 

knowledge about the structure and function of various proteins within the sarcomere.  The 

sliding-filament model, presently accepted as the mechanism by which muscles contract, was 

introduced by researchers from two laboratories independently; H.E. Huxley and J. Hanson 144 

and A.F. Huxley and R. Niedergerke 141.  The sliding-filament model suggests that force is 

generated when the thick myosin filaments slide relative to the thin actin filaments, shortening 

each sarcomere.  This model was based on light microscopy observations that the I band and H 

zone shortened during muscle contraction, while the A band remained constant in length 144.  

Shortly thereafter, electron microscopy confirmed the sliding filament theory by directly 

resolving the filaments 223,142. 

2.3.1 The cross-bridge cycle of muscle contraction 

Using an electron microscope, radial projections can be observed perpendicular to the 

surface of the thick filament.  These myosin head projections form links, or cross-bridges, with 

the thin filaments in the region of filament overlap resulting in the sliding that generates force.  

The biophysical interaction between myosin and actin must be cyclic because a muscle can 

shorten a large proportion of its length (~20%), but the length of the filament overlap where 

sliding occurs is only 10-20 nm.  This cross-bridge cycle is a multi-step process that is still not 

completely understood.  At the beginning of the cycle (resting muscle) the cross-bridge has 

little or no interaction with the thin filament.  Myosin, an actin-activated ATPase, is in a high-

energy state due to ATP hydrolysis, and still has the products of ATP hydrolysis (ADP and 

inorganic phosphate, Pi) bound to it.  Hydrolysis is a chemical process in which a molecule is 

split into two parts by reacting with a molecule of water, H2O.  But, although myosin is 
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energized, it cannot bind to actin because a protein named tropomyosin is blocking the myosin 

binding site on actin.  Tropomyosin cannot move away from the binding site because it is 

blocked by troponin.  Troponin is a complex of three proteins (troponin-C, -T, and -I)  that is 

attached to tropomyosin and is located between actin filaments.  When the muscle is stimulated 

by an action potential, calcium is released from the sarcoplasmic reticulum (SR) and enters the 

sarcomere and binds to troponin-C.  When this happens, there is a change in the troponin 

molecule, and the interaction between troponin and tropomyosin is altered in such a way that 

tropomyosin uncovers the myosin binding site on actin.  With the binding site open, the cross-

bridge between myosin and actin becomes strong, leading to the power stroke, whereby the 

cross-bridge exerts force on the thin filament.  This force is caused by a conformational change 

in the cross-bridge structure.  More details on this change can be found in the literature 

193,52,202,144,26.  During the power stroke, the myosin head is energized via myosin-ATPase 

activity which converts the bound ATP to ADP + Pi.  Once depleted of ADP and Pi, ATP then 

binds to the cross-bridge, causing myosin to rapidly detach from actin.  The cycle is completed 

by hydrolysis of the bound ATP to form a high-energy cross-bridge, which is now available for 

the next cycle.  Each cross-bridge is thought to cycle independently of the others, with an 

overall cycle rate ~5-10 cycles/s in skeletal muscle at body temperature 144.  

The interactions between actin and myosin filaments in the sarcomere have a strong 

influence on both the passive and active mechanical properties of a muscle.  The extent of 

these influences is discussed in Chapter 3. 
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2.3.2 Types of muscle contraction 

Guidelines for describing various types of muscle contraction were set forth by 

researchers to standardize experimental protocols.  These contractions can be performed in 

vitro, in vivo, or in situ.  Muscle stimulation in vitro within a bath of physiological saline 

solution provides the most controlled environment for measuring mechanical properties such as 

force, length, stiffness, and damping.  It is important to understand the various types of muscle 

contractions when designing protocols for determining muscle function and mechanical 

properties. 

2.3.2.1 Concentric contractions 

A muscle will shorten if it is contracting and the load is less than its maximum force 

output, P0.  Contractions in which the muscle shortens are called concentric contractions 110.  

One example is a person raising a dumbbell using their bicep muscle.  In concentric 

contractions, the force generated by the muscle is always less than P0.  As the load on the 

muscle is reduced, the contraction velocity increases until reaching a maximum value, Vmax, 

which occurs when load is zero.  It is not possible to achieve this velocity in vivo because there 

will always be static and inertial loads on a muscle.  Determining this force-velocity 

relationship, and in turn Vmax, is a common and valuable experiment in muscle mechanics in 

vitro and in situ 189,149.  The force-velocity relationship of skeletal muscle is discussed in more 

detail in Section 3.2.4. 
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2.3.2.2 Eccentric contraction 

Under loads less than P0, a contracting muscle will shorten (i.e., concentric contractions).  

But, when the load is greater than the force that the muscle can generate, the muscle instead 

lengthens.  These types of contractions are named eccentric contractions, and often occur 

during normal muscle activity 110.  One example is a person lowering a dumbbell slowly using 

their bicep muscle to resist the acceleration of gravity.  One attribute of eccentric contractions 

is that the absolute tensions achieved are very high relative to the muscle's maximum tetanic 

tension generating capacity (e.g., a person can lower a much heavier dumbbell than they can 

lift).  A second attribute is that the absolute tension is relatively independent of lengthening 

velocity.  Although the cross-bridge theory satisfactorily describes concentric contractions, it is 

not as successful in describing eccentric contractions.  There are three reasons why eccentric 

contractions are of interest to muscle researchers: (i) eccentric contractions are common in 

normal skeletal muscle activity 112,133, (ii) muscle injury is usually due to eccentric contractions 

203,174,195, and (iii) increases in muscle strength are more rapid with eccentric contractions than 

concentric contractions due to the increases in mild damage 268,122.   

2.3.2.3 Isometric contraction 

A contraction in which the muscle is activated but the length does not change is called an 

isometric contraction.  The force generated during an isometric contraction is dependent on 

muscle length.  In particular, the muscle produces peak tetanic force, P0, when the sarcomeres 

are at the optimal length.  This relationship between sarcomere length and peak tetanic force is 

shown using a force-length plot (see section 3.2.2).  
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2.3.2.4 Isotonic contraction 

When a muscle is stimulated to maximal tetanic force isometrically, P0, it must be at a 

length corresponding to near optimal filament overlap in the sarcomeres.  If the load is then 

instantaneously reduced to a value less than P0, the muscle shortens and reaches a maximum 

velocity of shortening within 50 ms 232.  This type of contraction is referred to as an isotonic 

contraction.  As the load applied to the muscle is reduced, the velocity of muscle length change 

increases.  Isotonic contractions have been used by researchers when they want to study 

skeletal muscle force production while eliminating compliance as a variable 120,205. 

2.3.2.5 Isovelocity contraction 

During an isovelocity (or isokinetic) contraction, a skeletal muscle’s length changes at a 

constant rate.  To perform an isovelocity contraction experimentally, a servo motor must be 

attached to the muscle that can maintain velocity by changing the muscle load as necessary.  

Exercise methods involving isovelocity contractions are beneficial to performance gains since 

they are one of the fastest ways to increase muscle strength 128.  Isovelocity contractions are so 

effective because the same percentage of muscle motor units are recruited throughout the range 

of movement. 

In summary, it is important to understand the various types of muscle contractions when 

designing experimental protocols.  A researcher can use the contractions and stretches that are 

most appropriate for the question(s) being addressed in the experiment.  For example, it has 

been shown that dystrophic muscle is more susceptible to damage than control muscle.  Thus, 

eccentric contractions are useful when studying dystrophic muscle because they illicit the most 

muscle damage.  In the following section, various components that comprise skeletal muscle 
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will be discussed in detail.  Only the components that influence overall muscle mechanical 

properties will be reviewed because they are most relevant to the research in this dissertation. 

2.4 Muscle components that influence mechanical properties  

Skeletal muscle is comprised of many components that work together to accomplish 

functions including force output, limb stability, impact protection, and temperature regulation.  

Mitochondria, which are located within the muscle fiber, and capillaries, which are located 

between muscle fibers, are examples of skeletal muscle components that play a key role in 

energy conversion, but do not affect mechanical properties 104,205.  In this section, only the 

components that influence the mechanical properties of skeletal muscle are discussed.  The 

extent to which these components affect mechanical properties is covered in subsequent 

chapters.    

2.4.1 Muscle Fibers 

Muscle fibers, or myofibers, are the individual cells that make up whole muscle (Figure 

2.4).  Thus, they contain many of the components that are responsible for passive (non-

contracting) and active (contracting) muscle tension.  Muscle fibers are long and cylindrical, 

and often a large fraction of the whole muscle length, sometimes extending from one tendon to 

the other.  Efficiency is a valuable aspect of skeletal muscle because contraction requires more 

energy than any other process in the body 253.  Skeletal muscles are most efficient (i.e., ratio of 

force output to energy use) when they can generate a wide range of forces and movements.  To 

meet this demand, there are various types of fibers in muscles with various properties of 

contraction speed, fatigability, and force output.  Muscle fibers in animals can be broken into 
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two main types: slow (type I) and fast (types IIa and IIb) 253.  Humans have type IIx fibers 

instead of type IIb fibers 253.  Groups of muscle fibers comprise motor units.  A motor unit is 

the name given to a single alpha motor neuron and all the muscle fibers it activates.  When a 

motor unit is activated, all of the fibers associated with that motor unit will contract.  The 

amount of fibers within a motor unit varies depending on the muscle’s function.  Muscles with 

high force demands but low fine control demands (e.g., quadriceps, biceps) have large motor 

units with up to 2000 fibers per alpha motor neuron.  Muscles that require high precision 

movement but low force (e.g., eye muscles) have small motor units with only 10 fibers per 

motor neuron.  A summary of mechanical and chemical properties for each fiber type is shown 

in Table 2.1. 

In summary, muscle fibers, or myofibers, contain many of the components (e.g., titin, 

sarcolemma, actin, myosin) that are responsible for passive (non-contracting) and active 

(contracting) muscle tension.  These components are discussed in more detail later in this 

chapter.  Skeletal muscles are comprised of both fast- and slow-twitch fibers.  Having a 

combination of fiber types allows skeletal muscle to be efficient at performing a variety of 

tasks and functions.  As is discussed in Chapter 4, dystrophic fast-twitch muscle fibers suffer 

more loss in function than slow-twitch muscles.  The cause of this difference has not been well 

examined or defined.  Therefore, it is important to investigate the functional and mechanical 

characteristics of dystrophic slow- versus fast-twitch muscle. 
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Figure 2.4 – The structure of a skeletal muscle fiber. Reprinted by permission from 
Macmillan Publishers Ltd: [Nature Reviews] (Davies KE, Nowak KJ. Molecular 
mechanisms of muscular dystrophies: old and new players. Nature Reviews 

2006;7:762-773) 67, copyright (2006) 
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2.4.1.1 Type I Fibers 

Compared to other fiber types, type I fibers have distinctively slow twitch times, low 

peak forces, and high resistance to fatigue.  Type I fibers have been termed "slow" fibers due to 

their mechanical performance characteristics.  Type I fibers are less likely to taper along their 

length and are on average longer than fast fibers 222.  It has been shown in cat tibialis anterior 

(TA) muscles that many slow fibers actually travel the entire length of a fascicle with each end 

connecting directly to the myotendinous junction 222.  Although the TA is considered a fast-

twitch muscle in most animals (mice, rats, rabbits), it contains a small percentage of slow 

fibers.   

2.4.1.2 Type IIa Fibers 

Type II fibers have considerably faster twitch times than type I fibers.  Of type II fibers, 

some were found to maintain their force production even after a large number of contractions.  

Fatigue is defined as loss of force over time due to repeated contractions.  Designated type IIa, 

these fibers tend to be high in oxidative and glycolytic enzymes and ATPase activity.  These 

have been termed “fatigue resistant” (FR) or, histochemically, fast oxidative-glycolytic (FOG).  

In contrast to type I fibers that span the length of the fascicles, most fast fibers begin at one of 

the tendons and progressively decrease in cross-sectional area to end in a point within the 

fascicle 222.  This makes it difficult for many of the fibers to contribute to overall muscle force 

by means of longitudinal connection.  Thus, the lateral transmission of force from one fiber to 

the cytoskeleton or adjacent fibers is necessary for every motor unit to contribute to total 

muscle force.      
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2.4.1.3 Type IIb and IIx Fibers 

The third clearly definable group of fibers, type IIb in animals or type IIx in humans, 

produces relatively high contraction rates and comparatively large forces.  The drawback is 

that type IIb/IIx fibers are unable to maintain these tensions for more than a few contractions 

without rest.  These properties correlate with high ATPase and glycolytic activities and low 

oxidative capacity.  Type IIb/IIx fibers have been termed fast fatigable (FF) or fast glycolytic 

(FG) fibers. 

In summary, muscle fibers, or myofibers, contain many of the components (e.g., titin, 

sarcolemma, actin, myosin) that are responsible for passive (non-contracting) and active 

(contracting) muscle tension.  These components are discussed in more detail later in this 

chapter.  Skeletal muscles are comprised of both fast- and slow-twitch fibers.  Having a 

combination of fiber types allows skeletal muscle to be efficient at performing a variety of 

tasks and functions.  As is discussed in Chapter 4, dystrophic fast-twitch muscle fibers suffer 

more loss in function than slow-twitch muscles.  The cause of this difference has not been well 

examined or defined.  Therefore, it is important to investigate the functional and mechanical 

characteristics of dystrophic slow- versus fast-twitch muscle. 

Table 2.1 – General characteristics of motor units 
Histochemical types Motor unit types Twitch contraction speed Tetanic force output Resistance to 

fatigue 

I Slow Slow Small Very high 

IIa Fast FR Fast Modest Fairly high 

IIb/IIx Fast F Fast Large Least 

FR, fatigue resistant; F, fatigable 
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2.4.2 Titin 

As discussed in earlier in this chapter, each muscle fiber is comprised of many myofibrils 

that contain sarcomeres, repeating units that are considered the fundamental contractile unit of 

skeletal muscle.  Actin and myosin are the two most prominent proteins in the sarcomere, and 

are responsible for force generation during muscle contraction.  To learn more about the less 

obvious proteins in the sarcomere, researchers in the 1950s removed actin, myosin, 

tropomyosin, and troponin using solutions with high salt concentrations 124,200.  From what 

remained, they found material that linked the Z lines together that is now associated with the 

proteins titin (sometimes called connectin) and nebulin 299.  Titin is a large elastic protein with 

a molecular weight of 3000-3700 kDa and a single molecular contour length ~1 μm 163.  

Although the titin molecule spans half of a sarcomere, only a segment located in the I band 

contributes to muscle viscoelasticity (i.e., passive stiffness) 302.  Titin is thought to play an 

important role in the stability and positioning of the sarcomeric filaments during contraction 

and passive stretch 291,279.  Maintaining sarcomeres at the optimal length throughout the 

myofibril leads to maximal force output . 
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Figure 2.5 – The elasticity of titin plays an important role in maintaining sarcomere 
length as well as passive resistance to muscle stretch 2.  Springer and (Agarkova, I., 
et al., M-band: a safeguard for sarcomere stability? J Muscle Res Cell Motil, 2003. 
24(2-3): p. 191-203) is given to the publication in which the material was originally 
published, by adding; with kind permission from Springer Science and Business 

Media. 
 
 
 

Titin is one of the primary contributors to passive muscle elasticity 291.  Electron 

microscopy of titin molecules reveals a highly flexible molecular configuration 192.  The 

equilibrium configuration can easily be deformed by small mechanical forces, resulting in an 

unfolding of the molecule 289.  Atomic force spectroscopy and optical tweezers have been used 

to measure the force-extension (i.e., stress-strain) relationship of titin molecules directly 289,151.  

These studies showed that the force-extension pattern of titin resembled a saw tooth because of 

sequential unfolding of its domains.  The length of an isolated titin molecule can range from 

0.15 μm when relaxed to several microns when stretched.  Interestingly, if unfolded titin is 

released, it refolds within seconds to appear indistinguishable from ones that have not been 

stretched 290,50.  One of the shortcomings to the approaches that measure extensibility is that 

titin must be removed from the sarcomere.  I band titin is located within a confined filament 

lattice of the sarcomere and may exhibit misleading dynamics when stretched as a free chain 

291. 



 26

In an attempt to avoid errors associated with measuring properties of isolated titin (i.e., 

removed from the filament lattice), researchers have attempted to observe titin’s contribution to 

overall sarcomeric stiffness (Figure 2.6).  At low tension, straightening of slack titin filaments 

is followed by the extension of the I band segment of titin/myosin composite filaments that 

gives rise to the exponential rise in tension.  With increased tension, the anchored titin segment 

detaches at and beyond the elastic limit (i.e., yield stress) of the sarcomere.   

2.4.3 Sarcolemma 

The sarcolemma, or muscle membrane, surrounds each muscle fiber and has structural 

and cell signaling responsibilities.  Dystrophin is a protein located at the sarcolemma in normal 

muscle that is missing in human DMD patients.  Thus, investigation of the sarcolemma is very 

important in muscular dystrophy research because the lack of dystrophin leads to the onset of 

the disease.  The sarcolemma is a stratified membrane that includes the basal lamina and the 

lipid bilayer 97,297 (Figure 2.7).  The layers of the sarcolemma, in order of distance from the 

interior of the cell, are the plasma membrane, the glycocalyx, the basal lamina, and the 

reticular lamina 258.  Together, the basal lamina and reticular lamina compose the basement 

membrane.  The basal lamina can be further broken into two layers, the lamina densa and the 

lamina rara.  The sarcolemma should not be thought of as a distinct entity from the cell interior 

or the extracellular matrix.  There are many mechanical and signaling interactions between the 

sarcolemma and its adjacent structures.  For instance, it is difficult to know where the reticular 

lamina ends and the endomysium (i.e., the connective tissue separating fibers) begins.  In fact, 

the basal lamina has similar composition to the endomysium including collagen IV and laminin 

258,220. 
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Figure 2.6 – Elasticity and segmental extension of sarcomere associated cytoskeletons.  (A) Proposed structural changes in 
titin/myosin composite filaments upon stretching. (B) Resting tension–sarcomere length relationship of myofibrilar bundles 
containing both sarcomere matrix and intermediate filaments. (C) The mechanical unfolding or ‘‘yielding’’ of titin proteins 
adjusts length and spring constant of the titin molecule. (D) The extension of the intermediate filaments that surround the 

sarcomeres and insert at the force-bearing structures at the Z line and M lines 302  Reprinted by permission from Wang, K., et 
al., Biophys J, 1993. 64(4): p. 1161-77.
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The sarcolemma and its connection to the sarcomeres have sufficient mechanical strength 

to withstand contraction in healthy skeletal muscle.  Originally, it was calculated that the 

breaking stress of a typical skeletal muscle sarcolemma was ~26.7 N/cm2, which is ~18% less 

than the peak tetanic tension of the muscle from which it was removed 273,51.  The breaking 

stress of the sarcolemma was measured using a patch clamp suction technique 139.  This value 

of breaking strength was misleading because it was normalized by the cross sectional area of 

the entire sarcolemmal tube.   

 
 

Figure 2.7 – Various layers of the sarcolemma. 
 

 

More recent studies have shown that there are many large empty spaces in the cross 

section, so the sarcolemmal breaking stress has been corrected to a value that is drastically 

higher than originally thought (between 5000-12000 N/cm2) 33,32.  The elasticity of the 

sarcolemma from mouse EDL muscles was recently measured to be 6.1±0.5 N/cm2 using 

atomic force microscopy (AFM) 71.  Again, this value does not take into account the large 
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empty spaces in the sarcolemmal cross-section, so it the true normalized elasticity value may 

be ~200 times greater.  It is important to note that this value is taken perpendicular to the 

sarcolemma within the folds (Figure 2.8). 

  
Figure 2.8 – Folds in the sarcolemma measured with Atomic Force Microscopy.  (A) 
Fiber in living tissue; (B) Fixed fiber immersed in solution; (C) Fixed fiber exposed to 
air 71.  Reprinted by permission from Defranchi, E., et al., Microscopy Research and 

Technique, 2005. 67: p. 27-35. 
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2.4.3.1 Methods for removing the sarcolemma from muscle fibers 

  Removing the sarcolemma (i.e., the membrane surrounding the muscle fiber) is a useful 

technique in mechanical analysis of muscles.  With the sarcolemma stripped away, any 

mechanical strength or links that it provided would not be present.  In addition, removing the 

sarcolemma (i.e., skinning the fiber) allows the solution around the myofibrils to be altered and 

controlled.  The following section describes the various methods used to remove the 

sarcolemma from muscle fibers. 

Muscle fibers can be skinned mechanically, chemically, or by glycerol extraction.  In 

mechanical skinning, a single fiber is isolated and then the sarcolemma is peeled back along 

the length of the fiber exposing the interior structures and allowing the extracellular solution to 

enter.  During the process of mechanical skinning, the fiber and filament lattice increase in size 

10-20% because the osmotic and structural constraints are removed 108.  Chemical skinning is 

another common technique in which an appropriate detergent (e.g., Triton) is added to the 

bathing solution to remove the sarcolemma.  This technique can also be used with whole 

muscle to remove the epimysium and fascicles to remove the perimysium 187,145.  Most 

detergents only remove the membrane material, leaving other structural components in place.  

If necessary, enzymatic degradation can be used to remove these remaining structural 

components 129.  A third basic method for skinning a muscle fiber is glycerol extraction 22.  In 

this technique, the muscle is submerged in a glycerol solution for several weeks at -20°C until 

the sarcolemma is completely dissolved or degraded.  The fibers can be stored for extraction 

and used over a period of a few weeks, sometimes up to a month 22.  This gives glycerol 

extraction an advantage over chemical skinning because it does not have to be performed 

immediately after the dissection of the muscle from the animal.  After glycerol extraction, a 
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muscle fiber is in the rigor state.  If this state is not desired for the experiment, the fiber must 

be relaxed with an appropriate ATP solution 250. 

In summary, the sarcolemma is one of the most important components to consider when 

investigating dystrophic muscle.  Proteins located at the sarcolemma have essential mechanical 

and signaling roles that are disrupted in dystrophic muscle.  Therefore, in this dissertation, I 

developed a muscle model to determine mechanical properties of the parallel elements in the 

muscle, which include the sarcolemma.  See section 3.3 for more detail on how the parallel and 

series elements of the muscle model correspond to physiological components.   

2.4.4 Intramuscular connective tissue 

Intramuscular connective tissue includes the epimysium, perimysium, and endomysium.  

The epimysium surrounds the outside of the whole muscle, the perimysium surrounds the 

muscle fascicles (i.e., bundles of fibers), and the endomysium encases the individual muscle 

fibers (Figure 2.9).  The major functions of these connective tissues are to provide mechanical 

support for vessels and nerves and to transmit forces during muscle stretch and contraction 

147,153.  The perimysium is thought to be more capable of transmitting tensile force through the 

muscle than the epimysium and endomysium 287.  Initial examinations of the endomysium with 

electron microscopy led researchers to believe that the collagen fibrils were randomly arranged 

38,251.  More recent studies have shown that the arrangement of the collagen fibrils is 

circumferential at short muscle lengths, and becomes more longitudinal (i.e., along the axis of 

the muscle) as the muscle lengthens 238,281.  The endomysium is capable of transmitting shear 

force between adjacent muscle fibers 288. 
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The intramuscular connective tissues are comprised mainly of collagen types I and III 240, 

but to a lesser degree include types IV, V, VI, XII, and XIV 181,180.  Collagen type IV makes up 

the basement membrane adjacent to the sarcolemmal plasma membrane (see Figure 2.7).  

Proteoglycans are present in the connective tissue and may play an important role in 

mechanically connecting the fibrous elements of the extracellular matrix 262.  Proteoglycans are 

composed of a protein backbone and at least one, but frequently more carbohydrate chains 

attached to the backbone.   

 

 
Figure 2.9 – Intracellular connective tissue shown by scanning electron 

micrographs.  EP, epimysium; P, perimysium; E, endomysium 215.  Image courtesy 
of S Karger AG, Basel and Nishimura T, Hattori A, Takahashi K: Acta Anat 

1994;151:250-257 
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Studying the mechanical properties of these tissues are important because the amount of 

collagen in a muscle has a direct effect on its passive elasticity 27.  Increased collagen results in 

increased muscle stiffness at high strains.  However, it has been shown that connective tissue 

does not contribute to overall muscle stiffness within physiological strains 119,237,257.  More 

specifically, the endomysium does not transmit muscle forces longitudinally under normal 

physiological conditions 240.  In undamaged muscle at low muscle strain, the endomysium and 

the perimysium do not contribute to muscle tension due to the compliance and orientation of 

the collagen fibers 238,237.  It is only when the muscle is strained near the point of muscle injury 

that these intramuscular connective tissues become loaded to support the weaker load-bearing 

components from damage (e.g., titin).  Mechanical analysis of the endomysium and 

perimysium became of interest after studies demonstrated the ability of the intramuscular 

connective tissue to transmit force laterally during contraction 205,274.  Because the endomysium 

is thin relative to the muscle fiber, even large (e.g., 100%) translaminar shear strains contribute 

only ~1 μm in muscle tensile elongation 288.    Shear strain is defined as the sliding that occurs 

between two parallel objects, in this case muscle fibers.  Although the orientation of collagen 

fibers in the endomysium is altered as muscle length is changed, Purslow and Trotter have 

suggested that the translaminar shear modulus (i.e., stiffness normalized to cross-sectional 

area) may be independent of the muscle length 238.  Using fibrous composites analysis, they 

calculated that even if the shear modulus of the endomysium was as low as 5 kPa, the 

overlapping endomysial junctions in series-fibered muscles would only have to strain by 

0.004% of the muscle length to withstand the maximal loads observed in eccentric contraction 

288.  In this case, ‘series-fibered muscles’ refers to muscles containing fibers that are not long 

enough to reach from one myotendinous junction to the other. 
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Elastography has shown that the perimysium that surrounds the fascicles of  muscles in 

rigor (i.e., cross bridges in a strong binding state) is more compliant than the muscle fibers in 

rigor 221.  Elastography is a form of ultrasonic imaging which produces contrast depending on 

the speed of sound in materials related to their mechanical properties.  The perimysium is 

normally ~10-fold thicker than the endomysium for any given skeletal muscle.  Using fibrous 

composites analysis, Purslow and Trotter determined that the extensional modulus (i.e., 

stiffness normalized to cross-sectional area) of perimysium in shear deformation would be 

~100 fold lower than the endomysium 240.  They confirmed this considerable difference in 

modulus by drawing a series of straight ink lines perpendicular to the fiber direction on bovine 

semitendinosus muscle.  Observing the ink lines while stretching the muscle during rigor 

clearly showed that shear displacements were large at the borders of fascicles (i.e., 

perimysium) compared to within fascicles (i.e., endomysium).  This large difference in shear 

displacements confirmed their results that the endomysium was ~100 fold stiffer than the 

perimysium.  

    The epimysium, perimysium, and endomysium all exhibit viscoelastic behavior.  

Collagen fibers make up a large percentage of connective tissue.  These fibers are comprised of 

fibrils similar to the structure of muscle fibers and tendon having fibrils (see Figure 2.1 and 

Figure 2.14).  It was originally thought that the viscoelastic response was due to time-

dependent reorientation of the collagen fibers that occurs during muscle length change.  

Studies using X-ray diffraction demonstrated that the reorientation of the collagen fibers 

occurred within the time taken to impose a step change in length 239.  Therefore, stress-

relaxation was not due to collagen reorientation, but instead to relaxation within the collagen 

fibers themselves.  Fratzl et al. took this finding further by using synchrotron X-ray scattering 
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measurements of the molecular structure of collagen fibers as they were slowly extended 98.  

They observed different processes at different levels of strain.  At small strains, molecular and 

fibrillar folds in the collagen were straightened out.  Higher strains caused molecular gliding 

within the fibrils, and ultimately tearing of the fibril structure.  More recent studies have 

indicated that the viscoelastic behavior is due not only to molecular gliding within fibrils, but 

also gliding of an interfibrillar matrix 241,210.                

New evidence is suggesting that passive muscle elasticity is influenced by the 

perimysium generating its own force during stretch 260.  The connective tissue of the 

perimysium appears to increase in stiffness when its fibers are stretched, thus adapting the 

whole muscle during increased demands.  This hypothesis is based on observations that the 

perimysium contains a high concentration of myofibroblasts, and myofibroblasts have enabled 

other structural tissues to generate pseudo-contraction force when stretched. 

In summary, some argue that connective tissue does not contribute to whole muscle 

stiffness within the physiological range of strain 119,237,257.  But, the roles of the endomysium 

and perimysium at various muscle strains have not been well defined.  Nevertheless, 

intramuscular connective tissues have important roles in maintaining the organization of fibers 

and fascicles.  Additionally, the viscoelastic nature of connective tissue may impact the time-

dependent relaxation of whole muscle.  As is discussed in the next two chapters, intramuscular 

connective tissue is rarely discussed in studies of dystrophic muscle.  My studies, however, 

suggest that the connective tissue may play a more important role in force transmission and 

muscle stiffness than previously thought.   
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2.4.5 Extracellular Matrix 

Muscle fibers are surrounded by a protein- and carbohydrate-rich extracellular matrix 

(ECM) 153.  The connective tissues of skeletal muscle (epimysium, perimysium, and 

endomysium) are comprised of the ECM and other non-muscle cells.  One role of the ECM is 

to maintain a functional link between the skeletal muscle fibers and tendons.  Force 

transmission through the whole muscle-tendon unit depends on mechanical links between 

individual muscle fibers and the ECM 153,18.  The tensile strength of the ECM is due to 

molecular cross-links as well as the orientation, density, and length of its collagen fibers 21.  

2.4.6  The Cytoskeleton 

The cytoskeleton is a complex structural and signaling network within muscle fibers.  Its 

structural responsibilities include transmission of force during contraction and maintaining 

myofiber organization during muscle length change.  The cytoskeleton of muscle fibers is 

comprised of two main components: costameres (the protein complexes at the sarcolemma) 

and intermediate filaments.  

2.4.6.1 Costameres 

As previously mentioned, there is a network of transverse connections between 

myofibrils and the sarcolemma and between adjacent myofibrils in the interior of the cell.  

Costameres are protein scaffolds that provide a lateral mechanical connection from myofibrils 

to the sarcolemma.  Costameres attach to the Z line of the peripheral myofibrils and they occur 

over the entire sarcolemma where the transmission of force is concentrated  204,217,65 (Figure 
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2.10).  Recent studies have shown that costameres may also be arranged over M lines and 

parallel along the length of the muscle 32,33.   

Three major protein complexes have been identified as being associated with costameres 

and the linkages between sarcomeres and the extracellular matrix 37,121,97,55.  One complex is 

comprised primarily of vinculin, talin, and integrins 225; the second complex involves 

dystrophin, utrophin, and other dystrophin associated proteins 194; and the third complex 

includes members of the spectrin family 55.  In the first complex, F actin (i.e., actin filaments in 

the sarcomere) are bound to talin and vinculin which bind to the extracellular matrix 280,205,225.  

Using a confocal microscope, vinculin has been found throughout the Z line, not just at the 

sarcolemma 280.  This finding suggests that vinculin may be essential for the mechanical links 

within muscle fibers.  The second set of proteins, named the dystroglycan complex, is linked to 

the extracellular matrix by dystrophin through α- and β-dystroglycans  205.  Interestingly, a loss 

of one of the proteins in the dystroglycan complex is associated with a reduction in the levels 

of proteins in all three complexes 42.  Some forms of muscular dystrophy are caused by this 

disruption in protein structure at the dystroglycan complex.  Dystrophin has been found in 

skeletal muscle costameres, although it appears to be concentrated at the ends of the fibers 194.  

Dystrophin is a component of the dystrophin-glycoprotein complex (DGC) which, in turn, is a 

component of the dystroglycan complex.  The DGC (Figure 2.11) is not only important for the 

mechanical link between the costameres and the extracellular matrix, but may also provide 

signaling functions across the sarcolemma 164.  The orientation of the DGC with respect to the 

whole muscle fiber and the sarcomeres is shown in Figure 2.12.        
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Figure 2.10 – Arrangement of costameres and myofibrils within a muscle fiber.  (A) 

Diagram of costameres as circumferential elements mechanically coupling 
peripheral myofibrils to the sarcolemma at the Z disks; (B) Costameres are visible 
on the inside of a mechanically skinned sarcolemma 89.  Reprinted with permission 
from ASBMB and Ervasti, J.M., J.Biol.Chem., 2003. 278(16): p. 13591-13594.for 

use in a academic dissertation.  (C)  
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Figure 2.11 – The Dystrophin-Glycoprotein Complex (DGC) located at the 
sarcolemma .  Reprinted with permission from Bloch, R.J., et al., Costameres: 

repeating structures at the sarcolemma of skeletal muscle. Clin.Orthop.Relat Res., 
2002(403 Suppl): p. S203-S210. 

 
 
 

2.4.6.2 Intermediate filaments 

During the early stages of skeletal muscle development, myofibrils assemble near each 

other, but are not organized in any specific fashion 97.  However, as the muscle matures, the 

bands of the myofibrils become properly aligned .  If a fiber is overstretched in vitro, the 

myofibril alignment is disrupted and shearing of the bands occurs.  But, unless major 

components of the muscle were damaged, the myofibrils return to their original positions once 

the muscle stretch is released.  Intermediate filaments maintain this structural integrity.  

Intermediate filaments are 9-11 nm in diameter and form transverse connections between 

adjacent myofibrils at the Z line 275.  These filaments are sometimes referred to as costameres 

even though they are not connecting peripheral myofibrils to the sarcolemma.  Intermediate 
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filaments are comprised of at least five proteins including desmin, vimentin, synemin, 

paranemin, and nestin 125,275. 

 

 
Figure 2.12 – Dystrophin-Glycoprotein Complex and its association with 

sarcomeres. Intermediate filaments are labeled as Desmin on this figure. Reprinted 
by permission from Macmillan Publishers Ltd: [Nature Reviews] (Davies KE, Nowak 
KJ. Molecular mechanisms of muscular dystrophies: old and new players. Nature 

reviews 2006;7:762-773) 67, copyright (2006) 
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Although desmin and vimentin are the most abundant proteins in intermediate filaments, 

the other proteins are essential to its development and structural integrity.  For example, 

synemin occurs at the Z line and is thought to play a key role in the anchoring of intermediate 

filaments to the sarcomeres as well as costameres at the sarcolemma 25.  The intermediate 

filaments are thus necessary for force transmission from one myofibril to adjacent myofibrils.  

Additionally, the intermediate filaments connect periphery myofibrils to the sarcolemma 

through various protein structures.  Figure 2.13 shows the arrangement of the intermediate 

filaments with the myofibrils, muscle fibers, and sarcolemma.  Overall, these connections 

strengthen the sarcomere to reduce sarcolemmal damage and maintain the structural 

arrangement of myofibrils within the muscle fiber 226,275,125. 

 

 
 

Figure 2.13 – Intermediate fiber connections within the muscle fiber.  In this fiber 
cross section, the intermediate fibers connect between adjacent myofibrils as well 

as between peripheral myofibrils and the sarcolemma.  This figure is not to scale, its 
purpose is to show the general structure of intermediate filament connections. 
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2.4.7 Tendons 

Tendons, located at opposing ends of skeletal muscles, connect the muscle to the bones.  

Force is transmitted from the muscle, through the tendons, and to the bones during contraction.  

Tendons consist of connective tissue dominated by collagen that is organized into fibrils, 

fibers, fiber bundles, and fascicles 153,101 (Figure 2.14).  The tendon’s components and structure 

are essential to its high tensile strength.  Minor damage to a small section of a tendon does not 

spread due to its uniquely woven structure of connective tissue.  Approximately 60-80% of a 

tendon’s dry weight is type I collagen in the form of fibers 84.  Collagen types III, IV, V, and 

VI are also present to a much lesser degree (i.e., ~15% total).  In addition to collagen, ~5% of 

the tendon’s dry weight includes elastin fibers 91, inorganic substance, and other proteins 296.   

 

 
Figure 2.14 – Hierarchy of structure of a tendon (from page 257 of Fung, 

Biomechanics of Living Tissue, 1993) 103  With kind permission of Springer Science 
and Business Media, this figure was reprinted from Fung, Y.C., Biomechanics: 

Mechanical Properties of Living Tissues. 1993, New York, NY: Spring-Verlag New 
York, Inc. 

     



 43

The myotendinous junction is the location at which the ends of the myofibrils 

mechanically link to the tendons.  Numerous folds in the myotendinous junction membrane 

increase the surface area of the junction 228,284,205.  In addition, the folds allow the force 

transmitted from the myofibrils to be applied as a shear force on the junction, as opposed to a 

tensile force.  Various proteins are found at the myotendinous junction including vinculin, 

talin, integrin, fibronectin, collagen, and dystrophin 283,284,282,20.  Dystrophin, in particular, 

plays an important role in the mechanical link at the myotendinous junction and may have a 

large influence on muscle stiffness 284. 

2.5 Chapter Summary 

This chapter reviewed the components of skeletal muscle that may contribute to and 

influence muscle mechanics.  It is important to understand basic muscle physiology when 

investigating the mechanics of diseased muscle.  Experiments that measure muscle force can 

produce complicated results, so having knowledge of the roles that muscle components play 

facilitates interpretation of the results.  The sarcolemma and the costameres are of particular 

importance in this dissertation because they are disrupted in dystrophic muscle.  The muscle 

model described in Chapter 7 was developed to determine the mechanical properties of the 

parallel elastic element, of which the sarcolemma and costameres are thought to influence.  

Prior to this dissertation, the mechanical properties of dystrophic sarcolemmae have not been 

carefully investigated.  As discussed in section,  many researchers have assumed that the 

dystrophin-deficient sarcolemma is inherently weaker, but this is based on limited evidence.  I 

have tested the overall hypothesis that the mechanical properties of maturing dystrophic 

skeletal muscle are not compromised due to a dystrophin-deficient sarcolemma.  The following 
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chapter discusses the extent to which these individual muscle components contribute to muscle 

mechanical properties and force transmission.  Specifically, the mechanical roles of the 

connective tissue, sarcolemma, ECM, and titin in overall muscle mechanical properties will be 

discussed. 
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Chapter 3 Skeletal Muscle Mechanics 

In this dissertation, I am primarily interested in determining the mechanical properties of 

components within diseased muscle.  The sarcolemma and costameres are of particular interest 

because dystrophin is missing from these components in dystrophic muscle.  The previous 

chapter reviewed the muscle components that are presently known to influence whole-muscle 

mechanical properties.  In this chapter, skeletal muscle mechanics will be viewed from an 

engineering perspective.  The transmission of force within the muscle is introduced first 

because it ties into physiological components discussed in the previous chapter.  It is important 

to consider this force transmission when designing a mathematical model that represents in 

vivo muscle function.  Following the discussion of force transmission, various parametric and 

non-parametric muscle models from the literature will be reviewed.  These models form the 

basis for the development of my nonlinear muscle model introduced in Chapter 7.  Additional 

topics in this chapter include fundamental contractile relationships and methods for measuring 

mechanical properties.   

3.1 Force Transmission within muscle 

In this dissertation, a parametric muscle model is used to determine mechanical 

properties of dystrophic muscle.  To develop a muscle model that can delineate intramuscular 

forces, it is important to understand how forces are transmitted between internal muscle 

components during contraction and stretch.  To review, skeletal muscle is comprised of muscle 

fibers, each of which is a single cell with many nuclei.  These fibers are arranged in bundles, or 

fascicles, of various sizes within the muscle (Figure 2.1).  The whole muscle, fascicles, and 

individual fibers are sheathed in connective tissue.  The interior of each muscle fiber is divided 
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into longitudinal myofibrils, each of which contains sarcomeres, repeating units that are 

considered the fundamental contractile unit of skeletal muscle.  Intramuscular connective tissue 

includes the epimysium, perimysium, and endomysium.  The epimysium surrounds the outside 

of the whole muscle, the perimysium surrounds the muscle fascicles (i.e., bundles of fibers), 

and the endomysium encases the individual muscle fibers (Figure 2.9).   

For skeletal muscle contraction to transmit force, there must be mechanical connections 

from the sarcomeres (i.e., the basic contractile units of muscle) to the tendons.  These 

connections are complex, involving both longitudinal and lateral forces through multiple 

membrane layers.  When muscle fibers contract, they exert force not only on the connective 

tissues of the tendon, but also laterally on the connective tissue of the endomysium 186,274,205.  

As much as 50% of the force generated by the sarcomere contraction is transmitted laterally 

across the sarcolemma as opposed to longitudinally through the sarcoplasm (i.e., muscle cell 

cytoplasm) 33,121.  Overall, the lateral forces are transmitted between adjacent myofibrils within 

a fiber  to the fiber sarcolemma, then to adjacent muscle fibers, eventually resulting in 

increased force at the tendons 235,36.  This lateral transmission of force is especially important 

in most fast muscle fibers because individual myofibers are arranged longitudinally in series 

and do not reach from one myotendinous junction to the other 121.  Lateral transmission of 

force between muscle fibers presents two main advantages; (i) a muscle can sustain its force 

output if one or more fibers are damaged, and (ii) a muscle can be functional even during 

development when longitudinal continuity may be interrupted.  A novel experiment by Street 

provided evidence of forces being transmitted laterally from the myofibrils to the sarcolemma 

to the extracellular matrix 274.  The first preparation in the study was a single fiber surrounded 

at one end by a bundle of transected fibers (i.e., a splint, Figure 3.1).   
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Figure 3.1 – Muscle fiber preparation used by Street to demonstrate transverse 

force transmission 274 Figure adapted from a review article by Monti et al. 205  This 
figure reprinted with permission from Monti RJ, Roy RR, Hodgson JA, Edgerton VR. 
Transmission of forces within mammalian skeletal muscles JBiomech 1999;32:371-

380. 
 

She demonstrated that when this fiber was not held at its free end, it could transmit to the 

tendon on the distal end of the splint 76-100% of the force it transmitted when held at both 

ends.  If force transmission was primarily due to myofibrils pulling their end attachments 

together (i.e., longitudinal force), then the fiber held only at one end should just shorten and 

not transmit force to the other end.  In the second fiber preparation in the study, Street 

demonstrated physiological evidence to support her mechanical evidence by observing the 

sarcomere spacing at various fiber lengths up to 20% L0 274.  She found that sarcomere spacing 

was dependent on the length of sarcomeres in adjacent fibers, strengthening her hypothesis that 

there is a link keeping sarcomeres in register with the membrane.  Law and Lightner confirmed 

this hypothesis by stretching bundles of skeletal muscle fibers to the point of myotendinous 

junction failure, i.e., the  yield point 167.  Sarcomeres in the fibers which had failed remained 

stretched, suggesting that there were lateral connections from undamaged sarcomeres keeping 

them from returning to their resting length.             
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During contraction or passive stretch, skeletal muscles change shape due to shear 

deformations 240.  During contraction or changes in muscle length, various parts of the muscle 

(e.g., fibers and fascicles) shear past each other.  This shearing occurs during contraction 

because muscle fibers are grouped into motor units (see section 2.4.1).  Most often, only a 

fraction of the muscle fibers within a muscle will contract at any given time, resulting in shear 

strains between muscle fibers of active and non-active motor units.  Skeletal muscle is divided 

into fascicles by the perimysium to help control these shear strains.  In rigor muscle, shear 

displacements are much larger at the borders of fascicles than anywhere else within the 

fascicles 240. 

Intermediate filaments and costameres are the components responsible for the transverse 

connections between adjacent myofibrils and between peripheral myofibrils and the 

sarcolemma 275,205.  Although their main function is to transmit forces laterally across the fiber, 

it has been suggested that between 50 and 100 longitudinal intermediate filaments also span the 

length of the sarcomere from Z line to Z line 300,32,33.  These filament connections along the 

length of the myofibril may contribute to longitudinal force transmission to prevent the 

sarcomeres from damage from overstretching. 

In summary, forces are transmitted laterally between parallel muscle fibers to a similar 

extent that forces are transmitted longitudinally.  Most of the lateral forces are transmitted via 

costameres located at the sarcolemma.  Some have suggested that lateral force transmission 

may be up to 70% of the total force transmission 274.  Lateral force transmission may be 

disrupted in dystrophic muscle because dystrophin is a key structural protein at the costameres 

in the sarcolemma.  Longitudinal force transmission may also be affected in dystrophic muscle 

because dystrophin is present at the myotendinous junction in normal muscle.  My nonlinear 
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muscle model that is introduced in Chapter 7 is based on both lateral (parallel elastic element) 

and longitudinal (series elastic element) force transmission during contraction and stretch. 

3.2 Fundamental Properties of Skeletal Muscle 

In this dissertation, muscle mechanical properties are determined by fitting experimental 

muscle force responses to my mathematical model output.  To design the most efficient 

experimental protocol, the basic contractile and force relationships need to be considered.  The 

fundamental properties covered in this section were used by researchers as early as the 1930s 

to quantify skeletal muscle mechanics and contractile ability.  To this day, these measures and 

relationships form the basis of protocols used for muscle analysis in vitro as well as in vivo. 

3.2.1 Twitch and Tetanus 

The twitch and tetanus are two common properties measured in skeletal muscle 

experiments.  These properties are measured during in vitro or in situ experiments.  In vitro 

refers to experiments done outside a living organism.  In situ involves the examination of a 

phenomenon in its natural location within the organism, but partially exposed for 

experimentation.  A twitch is the force response of a muscle to a single pulse of electrical 

stimulation (Figure 3.2).  Information about the contractile apparatus (e.g., sarcomere, 

filaments, calcium transport, etc.) can be determined by measuring twitch properties such as 

maximum force, time-to-peak, and half-relaxation time (Figure 3.2).  The maximum active 

force is the maximum total force minus the baseline tension.  Time-to-peak is the time between 

initial force response and maximum force.  Half-relaxation time is the time it takes for the 

muscle to relax from maximum force to half of maximum force.   
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If a second stimulus is applied before the first muscle twitch is over, the force response 

of the second stimulus will sum with  the previous contractile response.  This phenomenon is 

known as twitch summation (Figure 3.3).  A further increase in stimulation frequency results in 

an increase in force output until a maximum saturation point is reached (i.e., tetanic force).   

EDL muscles from mice typically reach tetanus at a stimulation frequency of 150Hz.  A sub-

tetanic force output is considered fused if the individual twitches are not observable.  From our 

observations, mouse EDL muscles achieve a fused force output at a stimulation frequency 

between 100-130Hz.   

 

 

 
Figure 3.2 – Twitch force response from a mouse EDL muscle.  maximum active 
force, Fmax; baseline muscle force, Fbase; time-to-peak, tpeak; half-relaxation time, 

trelax.  
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Figure 3.3 – Twitch summation due to increasing frequency of stimulation.  The 

lower line indicates the action potential initiated by the electrical stimulation 263. From 
*ACP HUMAN PHYSIOLOGY FROM CELLS TO SYSTEMS 6th edition by SHERWOOD. 

2006. Reprinted with permission of Brooks/Cole, a division of Thomson Learning: 
www.thomsonrights.com. Fax 800 730-2215. 

 
 
 

 

3.2.2 Force-Frequency relationship 

The force-frequency relationship is simply the peak isometric contraction force as a 

function of the stimulation frequency.  Figure 3.4 shows the force-frequency relationship for a 

fast versus slow skeletal muscle.  The slow muscle has a left-shifted force-frequency relation 

relative to the fast muscle because it has a longer contraction time.  This causes more twitch 

summation in the slow muscle at a given stimulation frequency.   
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Figure 3.4 – Force-frequency relationship in mouse EDL and Soleus muscles 
 

 

A mathematical model has been developed that predicts the force-frequency relationship 

of skeletal muscle 75.  The model is governed by two differential equations (symbols defined in 

Table 3.1): 
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Table 3.1 – Definition of symbols in the force-frequency differential equations 75 

Symbol  Unit   Definition 
 
CN  -- Normalized amount of Ca2+-troponin complex 
RO  -- Magnitude of enhancement in CN from the following stimuli 
τc  ms Time constant controlling the rise and decay of CN 
n  -- Total number of stimuli in the train before time t 
ti  ms Time of the ith stimulation 
F  N Instantaneous force 
A  N/ms Scaling factor for the force and shortening velocity 
Km  -- Sensitivity of strongly bound cross-bridges to CN 
τ1  ms Time constant of force decline at the absence of bound cross-bridges 
τ2  ms Time constant of force decline due to actin-myosin friction 
____________________________________________________________________________ 

 

This model successfully predicts forces produced by stimulations with a wide range of 

frequencies, durations, and number of pulses.  Simulated data using pulse trains up to 1 second 

in duration with frequencies between 12.5-100 Hz matched experimental data with r2 values 

greater than 0.95.  Although this model has good prediction accuracy, it has too many 

parameters to be useful for my parametric muscle model.  Having too many unknown 

parameters decreases the ability to use a least-squares technique to estimate parameter values 

246,298.  A model of this complexity is not needed in this dissertation because only two 

stimulation frequencies are used in the experimental protocols used in all four studies (i.e., 80 

Hz and 150 Hz).  

3.2.3 Force-length relationship 

The force developed by both active (contracting) and passive (not contracting) muscle is 

partially dependent on the length of the muscle.  The resting length of a muscle, l0, is the length 

at which the muscle produces the most active force (i.e., total force minus resting force).  

Passive skeletal muscle exerts minimal force (< 1g in mouse EDL) at lengths less than the 

normal resting length, l0.  As passive skeletal muscle is stretched beyond l0, however, a 



 54

nonlinear tension is exerted on the tendons (Figure 3.5).  Due to the viscoelastic nature of 

passive muscle, the force output will be increased at a higher strain rate.  The viscoelastic 

properties of muscle are discussed in more detail in Section 3.2.5.    

 
Figure 3.5 – Passive length-tension relationship performed at various strain rates for 
a mouse EDL muscle.  Increasing the strain rate results in a higher muscle force at 

each length. 
 

 

As reviewed in section 2.1, sarcomeres are the basic units that form a myofibril when 

linked end to end.  Because there is a fairly linear relationship between sarcomere length and 

overall muscle length, sarcomere length is often measured instead of overall muscle length 

when investigating fundamental properties of muscle.  The force-length relationship describes 

the contribution of both active and passive muscle components at a given sarcomere length 

(Figure 3.6).  This relationship indicates that there is a short length range in which the 

sarcomere can produce the most active force.  As the sarcomeres are stretched beyond ~3.6 
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μm, the passive tension discussed in the previous section becomes prominent (see right side of 

Figure 3.6). 

Although this relationship is most accurately shown relative to sarcomere length, it can 

also be shown as a percentage of whole muscle length.  This may be beneficial to certain 

experiments because measuring sarcomere length requires more expensive equipment (e.g., 

laser diffraction) than measuring muscle length (e.g., dial calipers).  Figure 3.6 shows the large 

difference between the force-length relationships of whole fibers and individual sarcomeres, 

particularly in the region of the descending limb 118.  This difference is most likely due to the 

non-uniform sarcomere length changes that occur in a fiber during isometric contraction 

45,206,173.  It is presently unclear whether these non-uniform length changes are due to an 

inherently unstable descending limb of the force-length curve 7,6,321.       

 
Figure 3.6 – Force-length relationship of a whole fiber and individual sarcomere 7  
Reprinted with permission from Allinger, T.L., W. Herzog, and M. Epstein, Force-

length properties in stable skeletal muscle fibers--theoretical considerations. J 
Biomech, 1996. 29(9): p. 1235-40. 
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3.2.4 Force-Velocity relationship 

In an isotonic contraction (i.e., constant load), a muscle shortens with a different velocity 

at each applied muscle load.  An increase in muscle load, P, results in a reduction in shortening 

velocity, V.  The relationship between the load on the muscle and the shortening velocity can 

be represented using Hill’s classic equation 130: 

 ( ) ( )0P a V b P P+ = −  (3.3) 

where P0 is the maximum isometric tetanic force, and a and b are constants in units of force 

and velocity (in units of muscle length per second).  The relationship between the maximum 

velocity, Vmax, and the constants a and b is the following: 

 0
max

P bV
a

=  (3.4) 

Typical values for a and b in fast type II EDL fibers from mouse at 15°C are 0.25 P0 and 0.30-

0.70 L0/s, respectively 312.  A typical force-velocity relation for skeletal muscle is shown in 

Figure 3.7. 
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Figure 3.7 – A force-velocity plot from a mouse EDL.  Vmax is found by extrapolating 

the curve to the velocity axis where the load is zero. 
 
 
 

Because all sarcomeres in the muscle shorten at the same velocity, it is possible to 

calculate the speed at which individual thin filaments slide past thick filaments by dividing the 

overall velocity by twice the number of sarcomeres 312.  For example, if a sarcomere is 3μm 

long and a muscle is 10mm long, there would be ~3,333 sarcomeres along the length of the 

muscle.  Therefore, for a muscle velocity of 10mm/s, the speed at which thin filaments slide 

past thick filaments would be: 

 
( )

10 mm/s 0.0015 mm/s 1.5 m/s
2 3,333 sarcomeres

μ= =  (3.5) 
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   Maximum shortening velocity, Vmax, occurs when the muscle load is zero (i.e., 

unloaded condition).  Originally, Vmax was determined by fitting load and velocity data to 

Equation (3.3) 130.  The curve had to be extrapolated to the velocity axis because velocity could 

not be measured at zero load.  More recently, the slack test was introduced as an easier method 

of determining Vmax 81.  To perform the slack test, the length of the muscle is instantaneously 

changed so that there is enough slack for tension to be zero.  The muscle is then stimulated and 

the time required for the muscle to take up this slack while shortening gives Vmax.   

3.2.5 Muscle Viscoelasticity and Stress Relaxation 

When skeletal muscle is stretched rapidly, the stress increases to a peak, followed by 

immediate relaxation that declines exponentially to approach a new steady-state level (Figure 

3.8).  Passive (i.e., no stimulation) muscle is considered a viscoelastic material because it 

exhibits this stress relaxation profile in response to a step increase in length 29,5,252.  If there was 

minimal viscoelasticity in the muscle, force would not exponentially decrease as length is held 

constant.  Viscoelastic behavior of passive muscles not only exhibits stress relaxation, but also 

creep (i.e., length increase at constant force following stretch) and hysteresis (i.e., the lagging 

of an effect behind its cause) during stretch-release cycles 178,179. 
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Figure 3.8 – Viscoelastic muscle response to a 5% step change in length.  

Experimental data from a mouse EDL muscle at 30°C. 
 

Passive elasticity plays just as important a role as contractile properties in normal 

function.  For example, while flexing the elbow, flexor muscles contract and shorten in the 

process of stretching the passive extensors.  The passive stretch properties of the extensors 

affect the load on the contracting flexor muscles.  Although debated over the last 50 years, it is 

still not clear if cross-bridges account for any of the tension during passive stretches 236.  This 

debate has become more prominent in the past 8 years because of recent discoveries relating 

titin to passive tension in muscle 54,170,117,191,289,318.  Rather than titin, however,  many 

researchers support the cross-bridge theory, which suggests  a small number of attached strong 

binding cross-bridges in passive muscle are responsible for the initial resistance to stretch (i.e., 

the peak of the stress relaxation response) 236,48.  They assert that non-cross-bridge models 

predict the response to passive stretch at high strain rates (>>2 L0/s), but encounter difficulties 
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at strain rates within the normal physiological range (0.2-2.0 L0/s).  The main objection to a 

non-cross-bridge model (e.g., passive tension due to titin) is that it does not account for the 

history-dependent behavior of passive stretching.  For example, experiments show that the 

mechanical state of a relaxed muscle depends on whether it was stretched or contracted in the 

immediate period beforehand 49.  Alternatively, Mutungi and Ranatunga state that there is 

considerable evidence against a passive stretch mechanism based on the cycling of cross-

bridges 213.  They base their assertions on the observation that when a resting muscle is 

stretched at constant velocity, the rising phase of the tension response is not linear, but shows 

two components separated by a break point.  Their three main arguments are 1) that the break 

point tension increases with sarcomere length, and 2) that the break point tension is insensitive 

to BDM (2,3-butanedione 2-monoxime) which significantly reduces contractile force, and 3) 

that the break point tension decreases on heating from 10 to 20°C whereas both twitch and 

tetanic tensions increase over the same temperature range.  They believe that the initial tension 

response to passive stretch is due to perturbation of a complex structural filament within the 

sarcomere, such as titin 17.  To settle this difference of opinions, more quantitative 

interpretations of the various tension components in resting muscle fibers need to be 

completed.  Researchers must find direct evidence that the stretch-induced tension response is 

due to cycling cross-bridges.   

In summary, understanding the fundamental properties of muscle contraction and stretch 

is crucial when developing experimental protocols.  We found that in vitro mouse muscle 

experiments cannot be more than ~1.5 hours in duration due to loss of muscle viability.  Thus, 

each experiment should be designed with efficiency in mind.  In this dissertation, various 

protocols are used repeatedly to gather key data including twitches, tetani, passive stress-
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relaxations, and eccentric contractions.  In particular, the stress-relaxation protocol is ideal for 

analyzing a viscoelastic material such as muscle tissue because it produces a highly time-

dependent damping response.  In the following section, mathematic muscle models from the 

literature are reviewed.  Although there is no model that is appropriate for all muscle types, 

conditions, and disease states, I considered all of the models in the following section when 

developing my nonlinear muscle model.  

3.3 Mathematical models of muscle 

Models of real-world systems are most often used for two purposes including 1) the 

prediction of real-world behavior, and 2) the determination of system properties that cannot be 

measured directly.  In this dissertation, muscle models are used to determine mechanical 

properties of muscle components that are not directly measureable.  Of particular interest are 

the mechanical properties of the sarcolemma and costameres, because dystrophin is missing 

from these anatomical components in dystrophic muscle.  Muscle models from the literature 

are reviewed in this section to offer a foundation for the nonlinear model developed in Chapter 

7.  The skeletal muscle models covered in this section are of varying complexity and each has 

distinct advantages and disadvantages.  Simple viscoelastic models are reviewed first as they 

form the building blocks for many of the more complex muscle models.  The classic Hill 

muscle model, considered the standard for many years, is discussed next.  Following the Hill 

model, I cover rheological models, Fung’s model based on quasi-linear viscoelastic  theory, 

Denoth’s sarcomere-myofibril model, and finite element approaches to model muscle tissue.  A 

summary table comparing these models is located in the end of this section following 

discussion of the individual models (Table 3.2). 
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3.3.1 Review of Basic Viscoelastic Models 

Simple mechanical models are often used to describe viscoelastic behavior in materials 

and biological tissue.  In particular, three mechanical models comprised of linear springs and 

dashpots are used as building blocks for more complex models: the Maxwell model, the Voigt 

model, and the Kelvin model.  Figure 3.9 shows diagrams of the three models and the force 

response after a step change in length for each.  For the Maxwell model, a sudden change in 

length produces an immediate reaction by the spring, followed by stress relaxation at an 

exponential rate.  For the Voigt model, a step change in length results in an impulse force that 

settles immediately to a steady state value.  The combination of these two models was 

introduced by Lord Kelvin to account for the rate of energy dissipation in materials subject to 

cyclic loading 103.  When subjected to a step change in length, Kelvin’s model produces an 

immediate reaction in the series spring, followed by stress relaxation to a force value 

representing the stiffness of both the series and parallel springs.  These models have been used 

extensively in more complex models to represent biological tissue such as tendon and muscle. 
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Figure 3.9 – Three mechanical models of viscoelastic material.  (A) The schematic 
representation. (B) The force relaxation response to a step change in length.  γ, the 

damping element coefficient; k1 and k2, the elastic element coefficients 
 
 

3.3.2 Hill Muscle Model 

The classic Hill muscle model 103,131 resembles the Kelvin model and is composed of 

viscous and linear elastic branches in parallel, combined with a pure linear elastic branch in 

series (Figure 3.10).  Hill’s model has dominated the field of muscle biomechanics because of 

its simplicity and ability to adapt to many applications.  

  

 
Figure 3.10 -- Viscoelastic mathematical muscle model with series and parallel 
components.  F, muscle force; KSE, series elastic element; KPE, parallel elastic 

element; DE, damping element; CE, active contractile element. 
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At low strains (< 5% of muscle length), this model is appropriate for determining several 

mechanical properties of muscle including parallel and series elastic stiffness and damping, C.  

Generally, the connective tissues located within and surrounding the muscle fibers, the 

sarcolemma, and intermediate filaments contribute to the parallel elastic element, KPE, whereas 

the myotendinous junction, tendon, titin, actin, and myosin are included in the series elastic 

element, KSE 104.  Recent studies have shown that the tendon stiffness is relatively high so it 

may not influence whole muscle stiffness 161.  Deriving the relationships between force and 

length in the Hill muscle model leads to the following differential equation: 

 ( )* 1
PE PE

SE SE

F dL dFF K L L K C
K dt K dt

⎛ ⎞
= − − + −⎜ ⎟

⎝ ⎠
 (3.6) 

 
where F is the whole muscle force, L is the whole muscle length, and L* is the zero-force resting 

muscle length.  Sufficient time before and after the stretch, when the muscle is at a steady-state force, 

the dynamic component of equation (3.6) is zeroed out, leading to a reduced force balance equation: 

 ( )*1 PE
PE

SE

KF K L L
K

⎛ ⎞
+ = −⎜ ⎟

⎝ ⎠
 (3.7) 

where F is the steady-state whole-muscle force and L is the muscle length.  The following equation for 

KPE is found by subtracting the before and after steady state conditions (using equation (3.7)) and 

rearranging: 
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The damping value, C, can be determined by first solving equation (3.6) with a step position initial 

condition:  

 
2

( )
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K K L K K LF t e
K K K K

+⎛ ⎞−⎜ ⎟
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+ +⎢ ⎥⎣ ⎦
 (3.9) 

The exponential function in equation (3.9) is of the form 
t

e τ−
, where the time constant τ specifies the 

time when the exponential has declined by ~63%.  After determining τ from the stress relaxation plot, 

the value of damping can be found using the following equation: 

 ( )* PE SEC K Kτ= +  (3.10) 

A major problem with the Hill model is that it is assumed the force-velocity, passive 

length-tension, and activation properties are independent of each other, which they are not  

242,319,41.  The consequence of following this assumption is that nonlinearities such as history-

dependent effects and length-dependent activation are taken into account 208,19.  Perreault et al. 

evaluated the ability of the Hill model under relatively general conditions with muscle strains 

and strain rates that mimicked real-life function (strain:±8mm, strain rate:0-5Hz) 229.  Their 

results indicated that Hill model errors were greatest (~50%) when the stimulation rates were 

below ~20 Hz.  These results are relevant because muscle motor units commonly fire at low 

rates in normal movement conditions.  Using stimulation-dependent changes in muscle length, 

Huijing confirmed the findings of Perreault with Hill model error predictions up to 50% at 

stimulation frequencies between 25-50 Hz 138. 

3.3.3 Rheological muscle models 

Rheological models of muscle are developed to accurately predict the force and length 

output of muscle while addressing the shortcomings of the Hill muscle model.  Although 
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rheological models are not based on biophysical components of muscle contraction 320,322,198, 

they are much less computationally intensive.  This makes them useful for real-time computer 

simulations of muscle behavior in a musculoskeletal system.   

3.3.3.1 Forcinito et al. 

Forcinito et al. developed a rheological muscle model based on a combination of a 

contractile element, an elastic element that engages upon activation, a linear damping element, 

and a linear spring 96.  This model addresses weaknesses of the Hill muscle model including (i) 

its inability to account for memory-dependent phenomena, such as force enhancement 

following stretch, and (ii) its inability to simulate a single twitch.  Force enhancement after 

stretch and force depression after shortening are both associated with non-uniform sarcomere 

lengths along the muscle fiber 321,209,126.  In Forcinito’s model, the contractile element (Figure 

3.11a) provides a force f when activated governed by the equation: 

 ( )f f g tβ= =& , (3.11) 

where β is a material coefficient and g(t) is a forcing function.  It is assumed that the force 

develops instantaneously from zero to its saturation value, f(L0), which is dependent only on 

muscle length, L0.  With the aim of representing the force depression following shortening, 

Forcinito et al. added an ‘elastic rack’ to their model (Figure 3.11b).   
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Figure 3.11 – Diagram of elastic rack from rheological muscle model (Forcinito et 

al.).  Diagrams of the (a) contractile element, (b) elastic rack element, and (c) 
rheological model representation 96  Reprinted with permission from Forcinito, M., 

M. Epstein, and W. Herzog, Can a rheological muscle model predict force 
depression/enhancement? J Biomech, 1998. 31(12): p. 1093-9. 

 
 
 
When the muscle is activated, a ‘relay’ engages the elastic rack, increasing the effective muscle 

stiffness.  The following differential equations represent the dynamics for the combined system 

(Figure 3.11c): 

 ( )0
0 0

, 1EA EAF f t L x cx
L kL

⎛ ⎞
= + + +⎜ ⎟

⎝ ⎠
&  (3.12) 



 68

 0
cL L x x
k

= + + & , (3.13) 

where c is the damping value, k is the spring stiffness, A is the cross-sectional area, E is the 

material modulus of elasticity, and x represents the elongation of the damping element from its 

rest position.  These differential equations can be solved with various initial and boundary 

conditions to simulate responses encountered in muscle experiments.  For instance, solving 

Equation (3.13) for a step change in muscle length results in the following equation for x(t): 

 ( ) ( ) ( )
0 0 e k c t

f fx t L L L L −= − − − . (3.14) 

where Lf  is the muscle length following the length change.  Substituting Equation (3.14) into 

Equation (3.12) results in a solution that represents the exponential decay (i.e., stress 

relaxation) of force to a new steady-state force: 

 ( ) ( ) ( ) ( )( ) ( ) ( )
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. (3.15) 

The steady-state force following the step change in length can be determined with the 

following equation: 

 ( ) ( )0 0
0

f
EAF f L L L
L∞ = + −  (3.16) 

Additional solutions, such as the force response equations to an instantaneous change in force 

and a constant rate of stretch are reported in the literature 96.  Comparisons with experimental 

data show discrepancies in the model due to the lack of a nonlinear elastic element.  The error 
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between Forcinito’s model and the experimental data increases substantially as the rate of 

stretch is increased.  Although it would have been a more complete analysis if Forcinito et al. 

quantified this error, their model captures features of skeletal muscle that the Hill model 

ignores, including force depression following shortening. 

3.3.3.2 Tamura and Saito 

Tamura and Saito recognized the limitations of the rheological model that Forcinito et al. 

developed 96, including error due to its lack of nonlinear components.  The muscle model they 

developed, shown in Figure 3.12, is composed of two parallel Maxwell elements in parallel 

with a Voigt element (see section 3.3.1).  A force generator, P, is linked to one of the Maxwell 

elements and produces a step force of F0 during isometric contraction.  C1, C2, and C3 represent 

the damping values while k1, k2, and k3 represent the spring stiffness values.  The masses are 

small enough that inertial effects can be ignored.  The constants of the two Maxwell elements 

are multiplied by two weight functions, d1(l,w) and d2(l,w), written as: 

 
( ) ( ) ( )( )
( ) ( ) ( )

1 1 2

2 1 2

, 1

,

d l w y l y w

d l w y l y w

= −

=
 (3.17) 

where l=L/L0, w=W/W0, y1(l) is the rate function of variable length l (Figure 3.12b), y2(w) is 

the rate function of variable load w (Figure 3.12b).  The rate function of variable length, y1(l), 

refers to the force-length relationship of the muscle (see section 3.2.2).  Tamura and Saito 

chose an optimal sarcomere length of 2.2 μm.  The rate function of variable load, y2(w), is 

assumed to be a linear equation of the form (Aw + B).  A numerical ordinary differential 

equation (ODE) solver can be used to determine the force response in isometric or isotonic 
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contractions.  The two types of contractions are distinguished  by altering the boundary and 

initial conditions when solving the governing differential equation. 

 
 

Figure 3.12 – Rheological muscle model developed by Tamura and Saito.  (A) m1, 
m2, and m3 are the masses; k1, k2, and k3 are the spring elements; C1, C2, and C3 

are the viscous elements.  The force generator, P, produces a step force changing 
from zero to F.  The rate functions applied to the motor are d1 and d2 (B) Plots of the 
rate function of length, y1(l), and the rate function of load, y2(w). 277  Reprinted with 
permission from Tamura, Y. and M. Saito, A rheological motor model for vertebrate 

skeletal muscle in due consideration of non-linearity. J Biomech, 2002. 35(9): p. 
1273-7. 

 
 

Using the load rate function in Figure 3.12b, Tamura and Saito achieved force-velocity 

curves with a maximum velocity of 3.3L0 (m/s), a value that is considerably lower than the 
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experimental value range of 4-8 L0 for muscle and myosin 82,286.  They claim that higher 

velocity values can be obtained by changing the viscous constant C2.  Although Tamura and 

Saito did not match experimental velocity results, their model is capable of modeling the 

nonlinear load-velocity relation of skeletal muscle.       

3.3.4 Quasi-linear viscoelastic theory (Fung) 

Fung developed the quasi-linear viscoelastic (QLV) theory to model viscoelastic 

behavior of various biological tissues 103,102.  The QLV model addresses limitations of other 

muscle models that are unable to demonstrate the nonlinear stiffness response typical of 

passive skeletal muscle.  It also has increased ability to model passive stress relaxation and the 

strain rate insensitivity of hysteresis energy.  The QLV model is based on a stress relaxation 

function and the instantaneous stress resulting from a ramp strain as: 

 ( ) ( ) ( )et G tσ σ ε= ∗  (3.18) 

where σ(t) is the stress, σe(ε) is the stress corresponding to an instantaneous strain, and G(t) is 

the reduced relaxation function.  Note that * represents the convolution of G with σe(ε).  A 

convolution is an integral that evaluates the amount of overlap between two functions as they 

are shifted in time: 

 ( ) ( )
0

*
t

f h f h t dτ τ τ= −∫  (3.19) 

The reduced relaxation function, G(t), is defined as: 
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where C, τ1, and τ2 are material constants that are determined using data from a standard stress-

strain experimental protocol 259.  Substituting equation (3.20) into equation (3.18) and 

performing the convolution integral leads to an expression of the stress history: 

 ( ) ( ) ( )
0

e
t t

t G t
σ εσ τ
ε τ

∂ ∂
= −

∂ ∂∫  (3.21) 

where ( )e tσ
ε

∂
∂

 is the instantaneous elastic response and ε τ∂ ∂  is the strain history.  The 

function for instantaneous nonlinear elastic stress, σe(t), is based on stress-strain behavior 

observed during experimentation on soft tissue: 

 ( )1e BA e εσ = −  (3.22) 

where A is the elastic stress constant and B is the elastic power constant 315.  B represents the 

rate of change of the slope (i.e., second derivative) of the stress-strain curve.  The product AB 

represents the initial slope of the stress-strain curve.  Various solutions can be found depending 

on the experimental protocol that is being modeled.  Abramowitch et al. extended QLV so that 

it could describe the instantaneous elastic response and subsequent stress relaxation of 

biological tissue using experimental data with finite ramp times 1.  According to the method 

they developed, the stress resulting from elongating the tissue with a constant strain rate, γ, 

over the times 0 < t < t0 can be determined by substituting equations (3.20) and (3.22) into 

equation (3.21): 
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The same expression can be used to represent the stress relaxation after a time of t0 by 

integrating from 0 to t0 instead of 0 to t.   

Using this method, Abramowitch et al. successfully described the time- and history-

dependent viscoelastic behavior of medial collateral ligaments (MCL) from goats with R2 

values greater than 0.994 (Figure 3.13) 1.    Although the QLV theory can model viscoelastic 

properties of tissue with very little error, the constants and parameters do not have concrete 

physiological significance.  This makes it difficult to reverse the problem and predict relevant 

muscle parameters using experimental data. 

 
Figure 3.13 – QLV model prediction of stress relaxation for goat medial collateral 

ligament.  QLV theory demonstrated an accurate description of experimental data 1.  
Reprinted with permission from Abramowitch, S.D., et al., An evaluation of the 

quasi-linear viscoelastic properties of the healing medial collateral ligament in a goat 
model. Ann Biomed Eng, 2004. 32(3): p. 329-35. 

 
 

3.3.5 Sarcomere and Myofibril model 

A dynamic mechanical model of individual sarcomeres was developed by Allinger et al. 

and Zahalak to accurately describe muscle mechanisms such as sarcomere popping and 

homogenization 6,321.  The model was later expanded by Denoth et al. to include the whole 
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myofibril (i.e., series-connected sarcomeres) 74.  This model accounts for the major structural 

elements of a sarcomere and translates its mechanical properties into a set of equations that 

relate sarcomere length dynamics with force generation.  The sarcomere is represented by three 

components: a contractile element, a series elastic element, and a parallel viscoelastic element 

(Figure 3.14).   

 
Figure 3.14 – Mechanical sarcomere model developed by Denoth et al.  Viscoelastic 
model combining two half-sarcomeres to a symmetric mechanical unit with a muscle 
tension of fext.  Force components include an active force fAM , a series elastic force, 
fSE (y), and parallel viscoelastic element is termed fTI   74  This figure was published 

in the Journal of Theoretical Biology.  (Denoth, J., et al., Single muscle fiber 
contraction is dictated by inter-sarcomere dynamics. J Theor Biol, 2002. 216(1): p. 

101-22.)  Copyright Elsevier 2002. 
 

 

 

The contractile element represents actin-myosin cross-bridges generating an active force 

fAM.  Multiplying the force-length (f1,AM) and force-velocity (f2,AM) relations gives the total 

contractile force: 

 ( ) ( ) ( )1, 2,,AM AM AMf x x f x f x=& &   , (3.24) 
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where x determines the length of actin-myosin overlap and thus length-dependent 

characteristics of fAM.  The force-length and force-velocity relationships are directly related to 

the fundamental muscle properties discussed in Section 3.2.  The series elastic element 

represents the force generated by passive stretching of the actin and myosin filaments.  This 

series elastic force, fSE (y), also includes elastic forces produced by the rigor cross-bridges and 

the Z line lattice.  The two length variables, x and y, sum up to the physical length of the whole 

sarcomere, l.  The parallel viscoelastic element represents passive force generation in elements 

that span the whole length of the sarcomere.  Recent studies have discovered that titin is 

primarily responsible for passive tension in skeletal muscle 318,179,170, so the parallel 

viscoelastic element is termed fTI.  The net force produced by an activated sarcomere is given 

as: 

 ( ) ( ) ( ), , , , ,a AM TIf x y x y f x x f l l= + && & & . (3.25) 

The force produced by the active contractile element, fAM, is equal to the elastic force of the 

series element, fSE.  Thus, equation (3.25) can be replaced by a passive force: 

 ( ) ( ) ( ), , , ,p SE TIf x y x y f y f l l= + && & . (3.26) 

Both fa and fp are equal to the external force, fext. The functions in equations (3.25) and (3.26) 

were expanded by Denoth et al. to describe the dynamics of a myofibril as a series-connected 

string of sarcomeres 74.  But, they made two assumptions including: (i) no lateral mechanical 

links between adjacent myofibrils inside a fiber, and (ii) inertial forces and inter-sarcomere 

stiffness is negligible.  The second assumption may be erroneous because the reduction in 
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cross-sectional area of a fiber with increased length (and vice-versa) is ignored 200,85.  Thus, 

inter-sarcomere stiffness may have more of an influence because of the constant-volume rule 

of a fiber 206.  Denoth used a stripped-down version of the model to derive analytical solutions 

to various initial conditions and strain rates.  For example, the series element, fSE, was ignored 

so that the focus was only on the actin-myosin (fAM) and titin (fTI) elements.  Furthermore, it 

was assumed that fAM and fTI do not vary with sarcomere length or velocity.      

One strength of this sarcomere-myofibril mechanical model is the modular integration of 

force controlling terms.  For example, the model could be extended to include calcium-

dependent isometric force capacity if it is relevant to an experimental protocol.  Another 

advantage of this model is that individual elements have physiological relevance.  For example, 

fTI represents the force due to the elasticity and damping of titin.  The main drawback of this 

sarcomere-myofibril model is that muscle contraction behavior is dictated by the viscoelastic 

properties of the molecular ensemble in a sarcomere, not just single separate elements. 

3.3.6 Finite element models 

In most studies of skeletal muscle mechanics, only longitudinal passive behavior is 

determined.  In research on muscle impact damage and repetitive strain injury, additional 

information on the muscle’s transverse mechanical properties is required 31,249.  Finite element 

muscle models are more suited for these research topics because they can determine local 

stress-strain distributions within the muscle and tendons 39,106,292.  Bosboom et al. used a finite 

element model to determine passive transverse mechanical properties of skeletal muscle that 

could be combined with established longitudinal models 39.  They used a combined 

experimental-numerical approach to determine mechanical properties of a rat tibialis anterior 
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muscle (TA).  The TA was represented by a plane stress finite element model using geometry 

based on camera images of the distal side of the muscle.  They modeled the TA as a contact 

body and described the passive muscle behavior using an incompressible Ogden model 218 in 

which the strain energy function W is: 

 ( )1 2 3 3W α α αμ λ λ λ
α

= + + − , (3.27) 

where λi are principle stretch ratios and μ (N/m2) and α are material properties.  The finite 

element model was extended to include nonlinear viscoelasticity using a Prony series 

expansion: 

 ( ) ( ) /
0

1 e
t tW WS d

E E
ξ τδ δ ξ− −∂ ∂

= − +
∂ ∂∫ , (3.28) 

where S is the stress, E is the Lagrange strain, and δ and τ (s) are viscoelastic material 

parameters.  Experimental data from the TA were used to determine the four material 

parameters. 

Bosboom et al. achieved minimal error between measured and calculated data using their 

finite element model.  Figure 3.15 shows a comparison of the measured and calculated 

indentation forces using both the plane stress model and three-dimensional model.  Based on 

these results, Bosboom et al. concluded that the plane stress approach was appropriate for 

material characterization.  This finite element method has the advantage of involving lateral as 

well as longitudinal forces.  Unfortunately, this model has only been developed to consider 

local strains on the muscle membrane, and does not include whole muscle mechanics.  For this 

dissertation, I hang the whole muscles in the experimental bath from tendon to tendon.  A finite 
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element model may be useful in future studies that measure the sarcolemmal membrane 

directly. 

 
Figure 3.15 – Comparison of the measured (―) and calculated indentation forces 

using the plane stress model (×) and the three-dimensional FE model (○) during the 
loading (a) and relaxation phase (b) 39. Reprinted from Journal of Biomechanics,( 

Bosboom, E.M., et al., Passive transverse mechanical properties of skeletal muscle 
under in vivo compression. J Biomech, 2001. 34(10): p. 1365-8.), Copyright (2001), 

with permission from Elsevier 
 
 

3.3.7 High-frequency stiffness measurement 

Stein and Gordon developed a method for determining the stiffness of muscle during 

active contractions 270,111.  Sinusoidal length changes were performed during isometric twitches 

and tetani so that an approximate instantaneous stiffness could be determined at any time 

during contraction.  The length changes imposed on the muscle were high-frequency (1040Hz) 

and low amplitude (~10μm) so that they would not significantly interfere with the contractile 

force response.  Stein and Gordon used a modified version of the classic Hill muscle model to 

analyze the parallel and series elastic stiffness (Figure 3.16).  Elastic elements Kb and Kp are in 

series and in parallel with the cross-bridges that generate force (arrow) within the muscle.  

Other series elastic elements (e.g., tendons) with stiffness Ks are further removed from the 
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cross-bridges but affect external muscle force F.  According to Stein and Gordon, the series 

elastic stiffness, Kb, represents the stiffness generated by bonds between actin and myosin.  

Because the imposed length changes are at such a high frequency, the parallel elastic element 

is stretched a negligible amount due to the viscoelastic nature of the muscle.  Thus, the 

measured active stiffness is primarily due to the stiffness of the myosin and actin bonds.  

 
 

Figure 3.16 – Mechanical muscle model used by Gordon and Stein to describe 
stiffness observations in their studies 270.  Elastic elements Kb and Kp are in series 
and in parallel with the cross-bridges that generate force (arrow) within the muscle.  
Other series elastic elements (e.g., tendons) with stiffness Ks are further removed 

from the cross-bridges but affect external muscle force F.  Reprinted with 
permission from Stein RB, Gordon T. Nonlinear stiffness--force relationships in 

whole mammalian skeletal muscles. Can J Physiol Pharmacol 1986;64:1236-1244 
 
 

 
In summary, various muscle models from the literature have been reviewed.  For my 

studies, a muscle model should satisfy three requirements including 1) the parameters represent 

physiological components, 2) the model acceptably fits experimental data up to physiological 

muscle strains, and 3) the model has a low number of unknown parameters.  The 3rd 

requirement is important because the ability to determine parameter values when using 

optimization techniques is decreased with an increasing number of parameters 298,246.    The 

classic Hill model (section 3.3.2) provides a good basis for my model because it satisfies the 1st 

and 3rd of the requirements.  As for the 2nd requirement, I found that it is acceptable to use the 

Hill model to determine muscle mechanical properties if the muscle is only stretched to 5% 

strain.  Beyond 5% strain, the stress-strain curve becomes nonlinear beyond the fitting 
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capability of the linear Hill model.  One of my goals was to determine changes in stiffness of 

the sarcolemma and costameres in dystrophic muscle.  These components likely contribute to 

the parallel elastic element in the classic Hill model.  The first study (Chapter 6) used the 

classic Hill model to determine stiffness and damping values of maturing dystrophic muscle. 
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Table 3.2 – Summary of mathematical muscle models 
Model Key Assumptions Main Advantages Main Disadvantages Example of Use 

Classic Hill 131 
(Section 3.3.2) 

Linear elastic components; Force-
velocity, length-tension, and activation 
properties are independent of each 
other; Inertial forces are negligible. 

Not computationally intensive; Can be 
solved analytically in most cases; 
Parameters represent physiological 
components. 

Muscle strain must be less than ~5%; 
History- and length-dependent effects 
are not represented; Error is high at low 
stimulation frequencies. 

Prediction and analysis of 
musculoskeletal systems (in the linear 
range of motion) when relevant stiffness 
and damping values are of interest.  

Forcinito 
Rheological 96 

(Section 3.3.3.1) 

There is only one modulus of elasticity 
for the muscle; Muscle activation force 
is not dependent on length; Inertial 
forces are negligible. 

Not computationally intensive; Can be 
solved analytically; Accounts for 
history-dependent effects. 

Cannot handle non-linearities; Strain rate 
must be less than ~0.5 L0/s; Model 
parameters do not relate to physiological 
components. 

Real-time computer simulations of 
musculoskeletal systems (in the linear 
range of motion). 

Tamura and Saito 
Rheological 277 

(Section 3.3.3.2) 

Muscle activation is dependent on 
length and velocity; Force-velocity 
relation is linear. 

Can handle non-linearities; Models a 
wide range of experimental data well.  

More complex than Forcinito’s model; 
Cannot be solved analytically; Model 
parameters do not relate to physiological 
components. 

Real-time computer simulations of 
musculoskeletal systems (in nonlinear 
ranges of motion). 

Fung QLV  
Theory 29  (Section 

3.3.4) 

Strain rate is not infinite; Compressive 
loading effects on the muscle are 
neglected.  Inertial forces are 
negligible. 

Can model passive stiffening response; 
Can model the strain rate insensitivity 
of hysteresis energy; Model response 
fits experimental relaxation data better 
than all other models. 

Cannot model step length change with 
an infinite strain rate; Model parameters 
do not relate to physiological 
components; Increased error when 
modeling active muscle. 

Prediction of the stress relaxation 
response of passive muscle in vivo.   

Sarcomere-Myofibril 
74 

(Section 3.3.5) 

There are no lateral mechanical links 
between adjacent myofibrils; inertial 
forces and inter-sarcomere stiffness 
are negligible. 

Describes muscle mechanisms such as 
popping and homogenization; Can be 
expanded and customized to consider 
additional physiological properties; 
Parameters represent physiological 
components. 

Cannot be solved analytically without 
simplification; Computationally intensive; 
Muscle contraction is dictated by the 
viscoelastic properties of the molecular 
ensemble in a sarcomere. 

Using experimental data to determine 
changes in sarcomeric components such 
as titin and f-actin. 

Bosboom Finite 
Element 39 

(Section 3.3.6) 

Plane stress element approximation; 
muscle tissue is incompressible. 

Can handle very high nonlinearities; 
The only model discussed that 
considers transverse as well as 
longitudinal forces.  

There is limited experimental data in 
most cases;  Computationally intensive; 
Only accurate for a small, local area of 
tissue. 

Assess the 3-dimensional local stresses 
and strains of muscle, e.g. in research 
on impact damage.  

Stein and Gordon 
High-Frequency 270 

(Section 3.3.7) 

The frequency of length oscillation is 
high enough that the parallel elastic 
element in the model does not 
contribute to overall muscle force. 

Can measure instantaneous stiffness at 
many time points during an isometric 
contraction; Can measure the stiffness 
of the contractile apparatus. 

When used to measure passive 
stiffness, this model is not well defined; 
The length changes are so small that 
they may not be functionally relevant.  

Measuring the stiffness of the bonds 
between actin and myosin during 
twitches and tetani. 
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3.4 Tools for measuring mechanical properties 

 In this section, various tools for measuring muscle mechanical properties are presented 

from the macroscopic (e.g., dual-mode servomotor) to the microscopic level (e.g., AFM, 

microneedles, optical laser trap, and nanocantilevers).  The macroscopic tools can be used in 

conjunction with a parametric model to determine mechanical properties of individual 

components within the muscle.  The microscopic tools can be used to directly measure 

mechanical properties of components within the muscle such as sarcolemma, titin, and 

connective tissue. 

3.4.1 Dual-mode servomotor muscle lever system 

A dual-mode servomotor system was used to measure whole muscle force responses in 

all four studies of this dissertation (see Appendix A for pictures).  This system includes a 

servomotor with a ~1 inch long lever fixed to its output shaft.  One tendon of a muscle is 

attached to the end of the lever arm with suture and thin wire, while the other tendon is tied to a 

fixed clamp.  The servomotor and its controller are capable of measuring muscle force and 

length at high sampling rates (10,000 Hz) by interfacing with an analog-to-digital (A-D) card 

in a desktop computer.  The dual-mode systems also allow the control of either force or length 

while simultaneously recording.  Servomotor muscle levers, such as the 300B dual-mode 

systems (Aurora Scientific Inc., Ontario, Canada), were designed to measure the dynamic 

physical properties of muscle and tendon from various animals including insects, birds, frogs, 

mice, rats, cats and dogs.  With force ranges from 0.5 N (50 grams) to 100.0 N (10,000 grams) 

the 300B series covers a wide range of muscle sizes.  The sample length is controlled by input 

of an electronic waveform to the servomotor controller.  The actual length and velocity, as a 
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function of time, are output from the controller to the A-D card in the computer as a high-level 

analog signal.  Experiments in vitro are possible with the dual-mode servomotor system 

because force is measured without the requirement of a force transducer at the opposite end of 

the muscle.  An important feature of these servomotor systems is the ability to make the 

transition from length control to force control (or vice-versa) with only a negligible transient 

signal on either the force or position signals (i.e., <0.001V).    

The motor consists of a high performance rotary moving coil that is supported by low-

friction precision ball bearings.  A high performance capacitive position detector senses length.  

The motor is connected to the rack-mountable controller which is in turn connected to the 

computer’s A-D so that force and length can be measured or controlled using software. 

3.4.2 Atomic Force Microscope 

Atomic force microscopy (AFM), first described by Binnig et al. 30, is a powerful tool for 

examining cells in three-dimensions with a resolution as fine as 1 nanometer 8,80.  AFM is 

particularly adept at imaging surface topography of biological specimens in ambient liquid or 

gas environments.  Tissue samples used in AFM require a minimal amount of preparation and 

can be examined in a wide range of temperatures.  In addition to topographical mapping, AFM 

can measure other surface properties such as stiffness, hardness, and adhesion.  Stiffness and 

topography maps of sarcolemma from normal muscle fibers have recently been reported using 

AFM 71, indicating the potential of this tool to directly measure the mechanical properties of 

dystrophic sarcolemma.   

The basic idea behind AFM is that an extremely small cantilever beam is brought into 

contact with a tissue sample (Figure 3.17).  The deflection of the tip of this cantilever is 
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measured, thus allowing various tissue properties to be determined.  The cantilever is made of 

silicon or silicon nitride and is formed into beams that are 100-500 μm long.  The end of the 

cantilever is sharp so that it can be brought into contact with the sample at precise locations.  In 

order to measure tip deflection, a laser beam is reflected off the gold-coated back of the 

cantilever onto a position-sensitive photodiode.  The photodiode can measure changes in tip 

deflection as low as 1 nm. 

   
 

Figure 3.17 – Basic function of an atomic force microscope.  The sample is located 
underneath the cantilever. 

 

AFM can be operated in various modes depending on the data of interest.  Contact mode 

is one of the most widely used AFM modes for observing topographical information.  In this 

mode, the cantilever tip is brought into contact with the tissue surface and raster-scanned 

across the surface by a piezoelectric scanner.  Topographic images are generated by mapping 
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the vertical distance the scanner moves as it maintains a constant cantilever deflection at every 

point on the sample surface.  Force mode, another common AFM mode, is used to measure the 

force against the cantilever tip to determine stiffness or adhesion of the tissue surface.  These 

forces are determined by pressing the cantilever tip vertically onto the tissue surface while 

recording the deflection.  This mode can also be used to measure the forces associated with the 

unfolding of proteins 191,303,323 and polymer elongation 248.  

3.4.3 Microneedles 

A nanomanipulation technique using glass microneedles was developed for measuring 

the stiffness of actin and myosin filaments 146,152.  A glass microneedle attached to actin or 

myosin filaments can exert and detect forces or displacements with subpiconewton or 

subnanometer resolution at submillisecond time resolution (Figure 3.18).  The procedure for 

measuring actin stiffness begins by stabilizing the filament structure of actin using fluorescent 

phalloidin-tetramethyl-rhodamine.  Both ends of the actin filament are attached to two different 

types of glass microneedles under a fluorescence microscope.  Both needles are coated with 

monomeric myosin to encourage the binding of actin.  The first type of needle is flexible and is 

used for measuring force.  The force required to move the end of the needle by 1 μm is 1.5-10 

pN.  The other needle is stiff and is used for stretching the filament.  Using this assay, Kishino 

and Yanagida found the tensile strength of single actin filaments to be 108±5 pN and almost 

independent of length.  They also used an extension of this assay to directly measure the force 

generated by intact myosin bound to a glass surface.  One end of the actin filament was bound 

to the flexible needle coated with N-ethylmaleimide-treated myosin.  The myosin coating 

ensured a rigid link in the addition of ATP.  The other end of the actin filament was placed in 
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contact with a myosin coated glass surface with ATP.  The actin filament was dragged across 

the myosin on the glass surface, causing the flexible needle to bend (Figure 3.19).  Again, the 

force was calculated from the displacement of the flexible glass microneedle using its elastic 

coefficient.    

 
Figure 3.18 – Microneedle nanomanipulation apparatus.  Schematic diagram of the 

apparatus used to measure stiffness of a single actin filament by in vitro 
nanomanipulation with needles 152.  Reprinted by permission from Macmillan 

Publishers Ltd: [Nature] (Kishino, A. and T. Yanagida, Force measurements by 
micromanipulation of a single actin filament by glass needles. Nature, 1988. 

334(6177): p. 74-6.), copyright (1988) 
 
 
 

This technique was later improved so that it was possible to measure the force produced 

by a small number of myosin molecules 146.  The resolving power was improved by using a 

photo detector to measure the displacements of nickel particles on the tip of the flexible needle.  

In addition, a much smaller needle (0.3 μm diameter) was used to minimize inertial mass and 

viscous drag in the solution. 
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Figure 3.19 – Manipulation of a single actin filament as it is dragged across a 

myosin coated surface 146  Reprinted by permission from Macmillan Publishers Ltd: 
[Nature] (Ishijima, A., et al., Sub-piconewton force fluctuations of actomyosin in 

vitro. Nature, 1991. 352(6333): p. 301-6.), copyright (1991) 
 
 

This extended assay was used to measure the stiffness of single actin filaments with and 

without tropomyosin 155.  The results from this study indicated that ~50% of the sarcomere 

elasticity of activated muscle is due to the extension of actin filaments.  Thus, the active 

stiffness measurements measured in this dissertation research are significantly influenced by 

actin stiffness.       

3.4.4 Optical laser trap 

The optical laser trap approach is a well documented alternative to the microneedle 

approach for determining sarcomeric filament mechanical properties.  The main advantage that 

the optical laser trap method has over the microneedle approach is the ability to change the 

stiffness of the trap in the middle of an experiment.  In the optical laser trap technique, a single 

actin filament is suspended between two latex beads, each held in an independent optical laser 

trap 267,95.  The actin filament is positioned above a third bead that has been coated with myosin 
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(Figure 3.20).  Displacement and force produced by acto-myosin cross-bridges are determined 

from the position of one of the beads.  The position of the beads is monitored and recorded 

with a quadrant photodiode.  The original optical laser trap design by Finer et al. has been 

modified to improve results in specific experiments.  Veigel et al. improved this approach so 

that the positions of both trapped beads could be measured simultaneously, allowing estimation 

of cross-bridge stiffness 295.  An optical laser trap has also been used to measure single titin 

molecule unfolding forces 151.  Scholz et al. modified this technique by using a photonic force 

microscope to measure the displacement of the beads in three-dimensions with nanometer 

spatial resolution 261.    

 
Figure 3.20 – Optical laser trap technique for measuring actin and myosin properties 
295.  Reprinted with permission from Veigel, C., et al., The stiffness of rabbit skeletal 
actomyosin cross-bridges determined with an optical tweezers transducer. Biophys 

J, 1998. 75(3): p. 1424-38. 
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3.4.5 Nanofabricated cantilevers 

More recently, nanofabricated cantilevers made of silicon-nitride have been used to 

measure stiffness on myosin filaments 78,93.   These cantilevers are mass produced and have the 

advantage of being disposable.  Another big advantage is that attachment surfaces are in the 

same plane as the filament.  In contrast, microneedle and optical trap techniques require a 90° 

bend in the filament at the site of attachment, which can be a problem for rigid samples.  

Figure 3.21 shows the cantilever arrangement with exaggerated lever deflection.      

 
Figure 3.21 – Nanofabricated cantilever arrangement for determining myosin 
elasticity.  F, cantilever force; L, filament length; K, lever stiffness; x, spacing 

between lever tips 78. Reprinted with permission from Dunaway, D., M. Fauver, and 
G. Pollack, Direct measurement of single synthetic vertebrate thick filament 

elasticity using nanofabricated cantilevers. Biophys J, 2002. 82(6): p. 3128-33. 
 

In summary, the most common technique for measuring muscle properties is to record 

the force response of whole muscle from tendon to tendon.  This method is employed in all 
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four studies of this dissertation using a dual-mode muscle lever system that can control muscle 

length and record force output.  The benefit of measuring whole muscle, as opposed to muscle 

fibers or fascicles, is that the structure and components of the muscle remain intact.  It is 

important to investigate intact muscle because one of the long reaching goals of this research is 

to develop therapeutic techniques for DMD patients.  However, there are also benefits to 

directly measuring the mechanical properties of muscle components such as the sarcolemma 

and titin.  For instance, direct measurements of muscle tissue or proteins avoids the 

assumptions made by lumping together muscle components into a parameter of a model (e.g., 

parallel elastic element of the Hill model).  Ideally, both macroscopic and microscopic 

measurements would be completed and compared to achieve a comprehensive analysis. 

3.5 Chapter Summary 

This chapter reviewed force transmission within skeletal muscle, the fundamental 

mechanical and functional properties of skeletal muscle, muscle models from the literature, and 

techniques for measuring muscle mechanical properties.  During muscle contraction and 

stretch, forces are transmitted laterally between parallel muscle fibers to a similar extent that 

forces are transmitted longitudinally.  Lateral force transmission may be disrupted in 

dystrophic muscle because dystrophin is a key structural protein at the sarcolemma of normal 

muscle.  Therefore, it was crucial that my investigations of dystrophic muscle mechanics 

accounted for both lateral and longitudinal force transmissions into consideration. 

Understanding the fundamental properties of muscle contraction and stretch is crucial 

when developing experimental protocols.  Twitches and tetani are key components of the 

experimental protocols in this dissertation because they reveal information about the contractile 
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apparatus.  Additionally, the stress-relaxation and eccentric stretch protocols are ideal for 

analyzing a viscoelastic material such as muscle tissue because they produces a highly time-

dependent damping response when different strain rates are used. 

In reviewing the various muscle models used in the literature, the classic Hill model 

(section 3.3.2) provides a good basis for my model because it has physiologically relevant 

parameters and the number of parameters is low enough to facilitate parameter estimation.  

One of my goals was to determine changes in stiffness of the sarcolemma and costameres in 

dystrophic muscle.  These components likely contribute to the parallel elastic element in the 

classic Hill model.  I have found that the Hill muscle model is only accurate under 5% muscle 

strain, so I developed a nonlinear modification in study 2 (Chapter 7) that allows the muscle to 

be stretched to physiological strains (up to 20% of resting length).  

Various techniques have been developed for measuring the mechanical properties of 

whole muscle as well as individual muscle components (e.g., sarcolemma, titin).  In this 

dissertation, only whole muscle mechanics are investigated.  It is important to investigate intact 

whole muscle because individual muscle fibers are missing the mechanical and signaling 

connections with adjacent fibers, ECM, and connective tissue.  One of the long reaching goals 

of this research is to develop therapeutic techniques for whole muscles in DMD patients, so 

considering these connections that exist within whole muscle is crucial.    Once therapeutic 

techniques are developed in mouse models, they can be extended to trials with dystrophic dog 

models (GRMD) before being applied to humans.  In the following chapter, muscular 

dystrophy and the effects that is has on muscle mechanics and damage will be discussed. 
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Chapter 4 Muscle Disease and Injury 

The previous chapter discussed various methods for determining the mechanical 

properties of muscle tissue, including mathematical muscle models and cutting-edge 

measurement techniques.  This chapter describes muscular dystrophy and the impact it has on 

muscle function and mechanical properties.  

4.1 Duchenne Muscular Dystrophy 

Dystrophinopathies are hereditary diseases caused by mutations of the dystrophin gene.  

Duchenne muscular dystrophy (DMD) and Becker muscular dystrophy (BMD) are the two 

major dystrophinopathy phenotypes.  DMD is the most severe type of muscular dystrophy and 

is characterized by rapid progression of muscle degeneration that occurs early in life.  All 

DMD patients are male because of the X-linked recessive inheritance.  The cause of Duchenne 

muscular dystrophy (DMD) was unknown until, in 1986, researchers determined that a 

mutation in the dystrophin gene was responsible 134.  It is now known that the dystrophin gene 

has multiple mutation sites that result in the complete absence of the protein product 164,79,243. 

Dystrophin (427 kDa) is localized to the sarcolemma as an integral protein in the 

dystrophin-glycoprotein complex (DGC) 47.  The DGC is a key component of the costameres, 

helping them distribute contractile forces generated in the sarcomere laterally through the 

sarcolemma to the basal lamina 66.  Dystrophin is also localized to the myotendinous junction 

to facilitate transmission of muscle force to the tendon 284.  It is likely that the DGC serves a 

role in signaling as well as mechanical stability 243,164.  Absence of dystrophin leads to the 

complete loss of the DGC 219 and therefore a disrupted costameric lattice 308.  Many studies 

have suggested that the muscle fiber membrane is less stiff and weaker when the DGC is 
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absent 227,197.  This dogma has been challenged in a study demonstrating no difference in 

stiffness and injury-resistance of very young mice 116.  Thus, in DMD, the mechanical and/or 

signal integrity of the sarcolemma may be compromised in early development, thereby 

representing a major determinant initiating DMD.  It was the purpose of this dissertation to 

investigate the mechanical role of dystrophin-deficient sarcolemmae in the onset of DMD. 

4.1.1 Mouse models of DMD 

Animal models of DMD have been useful for understanding both the normal function of 

dystrophin and the pathology of the disease.  The mdx mouse and GRMD dog are dystrophin 

deficient mutants and have been the most widely used models to date.  The mdx mouse has a 

point mutation at nucleotide 3,185 in exon 23 of the dystrophin gene 57,266.  This gene mutation 

causes the muscle cell to prematurely stop the synthesis of dystrophin during development.  

Consequently, the mdx mouse has no functional dystrophin in its muscles.  At young ages, the 

mdx mouse exhibits cyclic skeletal muscle degeneration and regeneration.  As the mouse 

matures, other muscle types such as the diaphragm, intercostals and paraspinal muscles show 

weakness and increased fibrosis.  The mdx mouse, however,  does not model the severity of 

DMD possibly because the protein utrophin is upregulated in the absence of dystrophin 

57,70,285,68.  In mdx mice, utrophin replaces dystrophin at the sarcolemma of regenerating muscle 

fibers 68.  Utrophin may have the ability to compensate for dystrophin because they have 

similar functional domains (e.g., N-terminal domain that binds to F-actin in the cytoskeleton) 

309. 

Alternatively, the mdx:utrophin-/- (mdx:utrn(-/-)) mouse, in which both dystrophin and 

utrophin are absent, exhibits nearly all symptoms of DMD including reduced mobility, 
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cardiomyopathy, myofibrosis and premature death 114,68.  Additionally, stress-generating 

capacity (i.e., peak tetanic force per cross-sectional area) is significantly reduced compared to 

control 114,70.  Therefore, it is important to consider mdx:utrn(-/-) mice in addition to mdx mice 

when investigating the fundamental mechanism(s) of onset of dystrophic pathology in skeletal 

muscle.  Unfortunately, breeding the mdx:utrn-/- mice is more difficult than mdx mice because 

only a small percentage of mice in each litter will be lacking both dystrophin and utrophin.  

Additionally, the difficulty is amplified by the fact that mdx:utrn-/- mice do not often live 

beyond ~2 months of age.   

In this dissertation, dystrophic muscles are primarily dissected from mdx mice.  In study 

3 (Chapter 8), the mechanical properties of muscles from mdx:utrn-/- mice are determined.  It is 

my opinion that muscles from both mouse models should be used when investigating 

dystrophic mice, even though it is more difficult to breed the mdx:utrn-/- mice.  To work 

towards the overarching goal of developing therapeutic treatments for human patients with 

DMD, experiments with dystrophic dogs (GRMD) can bridge the gap between mice and 

humans.   

4.1.2 Ultrastructural muscle changes 

One of the main goals of this dissertation is to investigate the mechanical differences 

between dystrophic and normal skeletal muscle before and after disease onset.  To interpret 

changes observed in mechanical properties, it is necessary to understand the ultrastructural 

changes that occur in diseased muscle.  Dystrophic muscle is characterized by centralized 

nuclei and extensive fibrosis.  Figure 4.1 shows these dystrophic effects by comparing 24 week 

old mdx and mdx:utrn(-/-) mouse muscles to control.  Recent studies have shown that 
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dystrophin is concentrated in the costameres that anchor the myofibrils to the sarcolemma 

234,201.  It appears that dystrophin plays an important role in attaching the myofibrils to the 

sarcolemma.  The lack of dystrophin leads to alterations in actin-membrane association at the 

myotendinous junction and a reduction of normal junctional folding 284.  While it has long been 

known that there is lower force output from dystrophic versus normal muscle, a strong 

correlation has recently been found in dystrophic muscle between maximum tetanic force and 

the amount of α-dystroglycan remaining in the cytoskeleton 88.  Thus, a force deficit in 

dystrophic muscle may be due to a reduction in dystroglycan complex connections instead of 

being a result of muscle damage.  Cox et al. further confirmed the role of the dystroglycan 

complex in muscle force transmission by expressing a dystrophin isoform in mice that did not 

bind to actin 62. 
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Figure 4.1 – Muscle sections from dystrophic and control 24 week old mice stained 
by H&E (hematoxylin and eosin) 57.  Reprinted from Neuromuscular Disorders 
(Connolly, A.M., et al., Three mouse models of muscular dystrophy: the natural 
history of strength and fatigue in dystrophin-, dystrophin/utrophin-, and laminin 

alpha2-deficient mice. Neuromuscul Disord, 2001. 11(8): p. 703-12.) with 
permission from Elsevier. 

 

It is not clear whether the lack of dystrophin results in reduction in structural integrity of 

the muscle.  Some studies have shown that dystrophin is a load-bearing element 162 and its 

deficiency results in loss of muscle stiffness and muscle fiber damage in mature mice 

139,70,203,230.  Conversely, skeletal muscles of very young (9-12 days) mdx mice are relatively 

resistant to injury from acute mechanical injury, suggesting that dystrophic sarcolemmal 

membranes are resistant to stretch injury before the onset of muscular dystrophy 116. 

In summary, Duchenne muscular dystrophy is a fatal muscle disease that affects 1 out of 

every 3,500 males.  The disease is caused by a lack of the protein dystrophin in the sarcolemma 

and myotendinous junction.  It is not yet known whether the onset of the disease is caused by 

mechanical weakness or disrupted signaling, both due to the lack of dystrophin.  In this 

dissertation, I investigated the mechanical properties of dystrophic muscle before, during, and 
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after the overt onset of the disease.  My goal was to help define the role that dystrophin-

deficient sarcolemmae play in mechanical function. 

4.2    Muscle injury 

Diseased muscle is more susceptible to damage, particularly in patients suffering from 

Duchenne muscular dystrophy (DMD).  Studying dystrophic muscle injury in vivo and in vitro 

helps researchers learn more about the mechanisms that initiate the disease.  The following 

section reviews skeletal muscle injury research on normal as well as diseased muscle.  Mild 

skeletal muscle damage is common under normal conditions and is necessary for increases in 

strength 176.  When muscle is subjected to abnormal conditions, such as excessive strain or 

strain rate, the damage is more severe and potentially lasting 176.  However, dystrophic muscle 

can suffer similarly severe damage under normal functional activity.  Some muscle types are 

more affected by a lack of dystrophin than others.  For instance, fast-twitch muscles are 

considered most susceptible to membrane damage because of the greater generated forces 203, 

but slow-twitch muscles also demonstrate dystrophic pathology 305.  As discussed in section 

2.3.2.2, eccentric muscle contractions elicit more damage to dystrophic muscle than isometric 

or concentric contractions.  Damage from eccentric contractions in normal and dystrophic 

muscles will be discussed in the following two sections. 

4.2.1   Eccentric contraction in normal muscle 

Eccentric contractions are responsible for skeletal muscle strengthening (positive result) 

as well as injury and soreness (negative result) 176.  Eccentric contractions have been shown to 

cause greater injury than either isometric contractions or passive stretch 177,195.  Lieber et al. 
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demonstrated that injury associated with eccentric contractions was similar between human and 

animal models 177.  The first major change in muscle following eccentric contraction injury is 

over- and under-stretched sarcomeres within each myofibril that occurs during the descending 

limb of the force-length relation 100,207.  Although there is no clear evidence, researchers 

believe that muscle fiber strain results in an increase of calcium ions within the fiber 175,76 

(Figure 4.2).  This influx of calcium may be due to strain-activated channels, disruption of the 

sarcoplasmic reticulum, or damage to the sarcolemma.        

It is presently unclear why a single muscle fiber that is stretched beyond optimal 

sarcomere lengths increases output force when the cross-bridge theory predicts decreased 

force.  Morgan suggested a theory in which the sarcomeres in a muscle fiber have non-uniform 

lengths, leading to different strengths 207.  Therefore, during eccentric contraction, sarcomeres 

pop to very long lengths, explaining the unique injury patterns observed ultrastructurally 

(Figure 4.3). 
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Figure 4.2 – Diagram showing damage caused by eccentric contraction.  The solid 

dots represent calcium ions.  (A) Muscle fiber strain results in an increased 
intracellular calcium ion.  (B) Increased calcium leads to disruption of the 

intermediate filament network.  (C) Damage to the intermediate filaments causes 
disruption of the myofibrilar apparatus during repeated muscle activation 177.  

Reprinted with permission from Lieber, R.L. and J. Friden, Mechanisms of muscle 
injury gleaned from animal models. Am.J.Phys.Med.Rehabil., 2002. 81(11 Suppl): p. 

S70-S79. 
 

4.2.2 Eccentric contraction in dystrophic muscle 

Absence of dystrophin may lead to membrane instability and mechanical damage during 

eccentric muscle contractions and subsequent myofiber necrosis 203,184,58,185.  In previous 

studies, the damage to dystrophic skeletal muscle has been quantified by force deficit as well 

as dye uptake through the fiber membrane 230,116.  The sarcolemma in both dystrophin-deficient 

(i.e., mdx) and control muscle from mature mice is damaged during eccentric muscle 
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contraction 230.  However, the damage to mdx muscle sarcolemma is considerably greater than 

that of control.  In addition, transfection of dystrophin into mdx muscle causes a reduction in 

eccentric contraction injury, indicating that the absence of dystrophin intensifies muscle 

damage 69,73.   

 
Figure 4.3 – Diagram showing the sarcomere “popping” phenomena.  Illustrated are 
two adjacent sarcomeres that are of slightly different strengths.  (A) Sarcomeres are 
slightly different strengths due to differences in sarcomere length or due to intrinsic 
strength differences. (B) Due to weakness, the sarcomere on the right is longer and 

no myofilament overlap occurs. (C) The sarcomere without myofilament overlap 
“pops” to a longer length where tension is borne by passive muscle elements 177.  
Reprinted with permission from Lieber, R.L. and J. Friden, Mechanisms of muscle 

injury gleaned from animal models. Am.J.Phys.Med.Rehabil., 2002. 81(11 Suppl): p. 
S70-S79. 

 

Conversely, fast-twitch skeletal muscles of very young dystrophic mice demonstrate no 

difference in injury from eccentric contractions compared to the non-stretched condition.  116.  

This resistance to injury in maturing dystrophic muscle suggests that, before the onset of the 
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disease, the dystrophin-deficient sarcolemma is not more susceptible to damage.  I investigated 

this hypothesis in study 2 (Chapter 7), where dye uptake into maturing muscle fibers was 

quantified as a measure of membrane damage. 

In summary, eccentric contractions have the potential to cause more damage to muscle 

than concentric contractions, isometric contractions, or passive stretching.  In dystrophic 

muscle, eccentric contractions are believed to play a key role in the onset of muscle 

degradation.  This is because a lack of dystrophin is thought to leave the sarcolemma more 

susceptible to damage.  Thus, it is important to investigate muscle damage due to repeated 

eccentric contractions when studying dystrophic muscle.  Although many researchers assume 

that dystrophic sarcolemmae are inherently weaker, a recent study in our lab reported no 

difference in dye uptake into muscle fibers between maturing control, mdx, and mdx:utrn-/- 

following repeated eccentric contractions 116.  These muscles were investigated before the overt 

onset of the disease, indicating that another mechanism (e.g., signaling, calcium influx, etc) 

may be responsible for the onset.  The results from this study were an initial inspiration for the 

research in this dissertation. 

4.3 Mechanical properties of dystrophic muscle 

Determining the mechanical properties of diseased muscle (i.e., stiffness and damping) 

can shed light on structural disorders within the muscle that lead to losses in function.  

Dystrophin, a protein with structural and signaling responsibilities located at the sarcolemma, 

is missing in dystrophic muscle.  Thus, it is important to directly or indirectly measure the 

mechanical properties of the sarcolemma in dystrophic muscle to learn more about the 

mechanisms leading to disease onset.  Although the mechanical properties of dystrophic 
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muscles have been examined many times over the past 20 years, the results are inconsistent.  

Additionally, the mechanical properties of maturing dystrophic muscle (i.e., prior to the onset 

of the disease) have rarely been assessed.  This leaves a void in the literature that must be 

filled, since determining mechanical properties of maturing dystrophic muscle could lead to 

better understanding of the mechanism that leads to disease onset.  In the following three 

sections, results from the literature are reviewed, including tests on whole muscles dissected 

from animals, tests directly on the sarcolemma, and in vivo tests on human muscle.  The 

methods and results from these various studies are summarized in Table 4.1.  Within each of 

the three following sections, the studies are reviewed in chronological order.  

4.3.1    Mechanical properties of muscles from dystrophic animals 

One of the earliest assessments of dystrophic muscle stiffness was performed by Feit et 

al. who realized the need for functional measurements due to changes occurring inside 

dystrophic muscle (e.g., fiber type shift, costameric disorganization, increased calcium levels) 

94.  They investigated the stiffness of dystrophic and normal skinned pectoral muscles from 

chickens aged 45-55 days.  These chickens were branded as dystrophic because the mechanical 

properties of their muscles (e.g., texture, loss of function) were similar to those from human 

DMD patients.  Because the dystrophin protein had not yet been identified at the time of their 

study, it is not known whether or not dystrophin was lacking in the muscles from these 

dystrophic chickens.  Although the muscles were skinned, some layers of the sarcolemma were 

still present.  A passive stress-strain protocol up to 60% strain was performed to assess 

stiffness.  Additionally, the length of the muscles was sinusoidally varied by 0.25 % at 100 Hz 

at every 5% of strain along the stress-strain curve.  This sinusoidal perturbation was performed 
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so that instantaneous stiffness at points along the stress-strain curve could be determined.  Feit 

et al. reported a significant stiffness increase in dystrophic chicken pectoral muscle compared 

to control.  There were two limitations to this study: (1)  the viscoelastic nature of the muscle 

tissue was not considered.  Thus, the stiffness measured would be different at different strain 

rates.  (2)  the strains used were not physiologically relevant (e.g., 60% strain for the stress-

strain curve and 0.25% for the oscillations). 

Gordon and Stein determined the stiffness of dystrophic dy/dy extensor digitorum longus 

(EDL) and soleus muscles dissected from mice aged 3-4 months and compared them to control 

111.   Dy/dy mice lack laminin-2 from the basil lamina of the sarcolemma and exhibit similar 

functional losses as muscular dystrophy patients.  Gordon and Stein noted that dy/dy muscles 

had lower force output and longer relaxation times than control muscles.  To determine 

instantaneous stiffness during muscle stimulation, they used a previously developed technique 

involving high frequency, low strain length oscillations 270.  Dystrophic muscles showed 

decreased active stiffness compared to control from both twitch and tetanus protocols.  Using 

their high frequency oscillation method, the active stiffness they measured represents the 

stiffness of the contractile apparatus.  This is due to the high rate of stretch and the viscoelastic 

nature of muscle tissue.  Two limitations in this study were that only the stiffness of the 

contractile apparatus was measured and that the low strains used in the oscillations represent a 

small fraction of the strains observed in vivo.   

Berquin et al. were the first to investigate the stiffness of muscles from the mdx mouse 

on a C57BL/10 background, now a common model of DMD.  They determined the stress-

strain curves from normal and mdx mouse skeletal muscles at 60 days of age  28.  The passive 

stress-strain relationship of both soleus and EDL muscles (normal and dystrophic) was 
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determined by slowly stretching the muscles between 0.8 L0 and 1.2 L0.  This range of strain 

was appropriate because it simulated closely  muscle length changes in vivo.  The stress-strain 

relationship indicated that mdx muscle has a significantly higher passive tension than control.  

One limitation  to the stress-strain method used in this study was the viscoelastic nature of the 

muscle tissue was not considered.  Thus, stretching the muscle a different strain rates would 

have resulted in different stiffness values.  Although the authors  claimed that increased 

connective tissue in the mdx mouse was a major contributor to the increased passive stiffness, 

they did not present data to justify their  conclusion.  This conclusion is likely incorrect, since 

more recent studies have shown that connective tissue does not contribute to stiffness within 

physiological ranges of strain 119,237,257. 

Law et al. tested the mechanics of failure in normal and mdx EDL muscles from 11 

month old mice 169.  Failure (i.e., breaking) of the muscles occurred at approximately 135% 

strain in normal muscles and between 120-140% strain in dystrophic muscles.  Failure in 

normal muscle most often occurred in the muscle fibers in a transverse plane coincident with 

the edge of an A-band (near the myotendinous junction).  Interestingly, failure in the mdx 

muscles most often occurred in the reticular lamina of the tendon, just outside the 

myotendinous junction.  There was no significant difference in stress, strain, or energy 

absorbed between normal and dystrophic muscle.  Stretching the muscles to the point of failure 

may be interesting from a materials standpoint, but it does not relate to function since in vivo 

muscles would rarely be stretched to failure.  Similar to the previous study by Berquin et al., a 

major limitation was that the viscoelastic nature of the muscle was not considered.  Law et al. 

also tested for collagen levels by measuring hydroxyproline, a component of collagen, 

concentrations and found no difference between control and dystrophic muscle 310,269.  This 
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discovery contradicted the  Berquin et al. who suggested increased connective tissue in mdx 

muscle was a primary cause of increased stiffness 28. 

Hete and Shung investigated the stiffness of dystrophic pectoral muscles from 10 month 

old chickens 127.  Similar to the chickens used by Feit et al., the muscles exhibited similar 

mechanical properties to those from human DMD patients.  It is not known whether or not the 

dystrophin protein was absent in the muscles from these dystrophic chickens.  They combined 

this data with measurements of ultrasonic properties  to find an improved method for 

noninvasively monitoring progression of DMD in humans.  They performed two stretch 

protocols including a slow length change (i.e., stress-strain) and a quick stress relaxation.  For 

the stress-strain test, the muscles were stretched up to 8mm (corresponding to a strain of 25%).  

For the stress relaxation protocol, a constant length change of 4mm was used (corresponding to 

a strain of 10-15% strain depending on muscle length).  A Hill muscle model 131 was used to 

determine series and parallel stiffness as well as damping from the stress relaxation data.  

Overall, from both protocols, dystrophic pectoral muscles were stiffer than control (both series 

and elastic stiffness).  No difference in damping was reported between normal and mdx 

muscles.  Hete and Shung were the first to consider the viscoelastic properties when 

determining the stiffness of dystrophic muscle.  Additionally, their results represent functional 

behavior because they stretched the muscles within physiologically relevant ranges of strain.  

The main limitation to their study was they examined dystrophic chickens, which do not have 

the same genetic deficiencies as human muscular dystrophy patients.  

Bobet et al. measured force and stiffness of soleus and EDL muscles from mdx and 

normal mice 35.  Their goal was to examine older mdx mice (20-24 months) to determine if 

their muscles exhibited the pathological changes seen in muscles from human DMD patients.  
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Active stiffness was measured using an eccentric stretch protocol with a 1mm muscle length 

change (~8-12% strain) at the plateau of a tetanus (120 Hz for EDL and 80 Hz for soleus).  

Passive stiffness was measured using two ramp stretches with changes in length of 1mm (~8-

12% strain) and 2.5mm (20-30% strain).  The strain rate for all stretches was 10cm/s.  The 

results showed stiffness and force output were not different between control and mdx muscle.  

One limitation of their study was the viscoelastic properties of the muscles were not 

considered.  They concluded that aged mdx mice were not a good model for DMD in humans 

because regeneration cycles maintained normal function.  This conclusion emphasized the need 

for a mouse model that better mimicked the severity of the disease in human DMD patients. 

Grange et al. recognized the importance of determining mechanical function and stiffness 

of dystrophic muscle before disease onset 116.  Previous to this study, the mechanical properties 

of only mature mdx mice had been investigated.  Grange et al. wanted to learn more about the 

mechanisms leading to the overt onset of the disease.  Additionally, they used two DMD 

mouse models, mdx and mdx:utrn-/-.  The mdx:utrn-/- mouse, which is missing both dystrophin 

and utrophin, more closely mimics the severity of DMD in humans.  Grange et al. ran an 

eccentric stretch protocol on EDL muscles from control, mdx, and mdx:utrn-/- mice aged 9-12 

days.  The length change during the stretch portion of the protocol was 10% strain at a rate of 

0.5 L0/s.  They found no difference in active stiffness between normal, mdx, and mdx:utrn-/- 

mouse EDL muscles.  Additionally, membrane injury was assessed by uptake of procion 

orange dye into the muscle fibers.  Fibers from mdx, and mdx:utrn-/- muscles had a greater 

uptake of dye than control fibers, but, within each genotype, the percentage of total cells taking 

up dye was not different for the no-stretch vs. stretch condition.  Their results suggested that 

sarcolemma of maturing dystrophic skeletal muscles are not mechanically weaker than normal 
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muscles before the onset of the disease.  The main limitation to their study was that the 

viscoelastic nature of the muscle was not considered.  Nevertheless, the results discredited the 

assumption that a lack of dystrophin caused inherent mechanical weakness.  The findings by 

Grange et al. prompted the detailed mechanical studies reported on maturing dystrophic muscle 

properties in this dissertation. 

Kumar et al. hypothesized that loss of dystrophin would lead to decreased muscle 

stiffness as well as abnormal signaling within the cell 162.  Their goal was to examine 

diaphragm muscles from young mdx mice before the onset of necrosis.  Investigating 

dystrophic diaphragm muscles is advantageous because they are greatly affected by the disease 

and have a simply organized fiber structure.  Although Kumar et al. wanted to examine 

muscles before the onset of the disease, the average age of the dystrophic mice (20.4 days) 

used in their study is approximately the same age that necrosis begins 57,266.  A stress-strain 

protocol was used to measure stiffness at a strain rate of 0.1 – 1.0 % per second.  They reported 

that mdx diaphragms were less stiff than control in both normal and transverse directions.  

Kumar et al. did report an increase in compliance (equivalent to a decrease in stiffness) of mdx 

diaphragms compared to control at ~20 days of age.  The conclusion drawn from this data was 

controversial because even though the mdx muscle was stretched by 40% of its unstressed 

length, there was little change in tension.  Close examination of  the slopes of the stress-strain 

data presented by Kumar et al., appeared similar (Figure 1 in Kumar et al.) indicating that 

stiffness may not be altered in the mdx mouse.  Differences in the slopes were difficult to 

assess directly because statistical analysis of the stress-strain data was not provided. 

In summary, studies investigating the mechanical properties of whole dystrophic muscle 

have reported inconsistent results.  The three main reasons for these inconsistencies are 



 108

differences in animal models, experimental protocols, and animal ages.  First, the dystrophic 

chickens and dy/dy mice do not mimic the genetic condition in human DMD patients (i.e., lack 

of the dystrophin protein).  Therefore, the studies that examined dystrophic chickens and the 

dy/dy mice should not be compared to those with mdx mice.  Second, various passive and 

active experimental protocols were used in the reviewed studies.  Most of the studies did not 

consider the viscoelastic nature of muscle, so their stiffness values would change if different 

strain rates had been used.  With the exception of the study by Hete and Shung, the whole 

muscle was considered as one spring.  Lumping the whole muscle into one spring does not 

reveal information about individual muscle components.  Third, the age of an animal is a 

significant factor in because the mdx mouse goes through cycles of degeneration and 

regeneration, which could influence muscle stiffness.  Furthermore, the inconsistent results 

from these studies indicated the need for a systematic analysis of mechanical properties using a 

muscle model that considers the viscoelastic properties of muscle.        

4.3.2 Mechanical properties of dystrophic sarcolemma 

Assessing mechanical properties of whole dystrophic muscle is important for 

understanding functional changes.  However, directly measuring the contribution of dystrophin 

to the structural integrity of the sarcolemma can offer a more complete understanding of the 

dystrophic state.  Hutter et al. estimated the tensile strength and elastic modulus of the muscle 

fiber surface membrane directly by aspiration of sarcolemmal vesicles into micropipettes 139.  

Flexor digitorum brevis (FDB) muscles were obtained from normal and mdx mice aged 3-7 

weeks.  Sarcolemmal vesicles were produced by placing dissected muscles in a solution 

containing collagenase.  Interestingly, the mdx muscles required higher concentrations of 
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collagenase to dissociate the same number of fibers.  A patch clamp technique was used to 

measure the suction pressure at which membrane parches ruptured.  In this method, the 

opening of a micropipette is sealed against the sarcolemmal membrane and suction is applied 

until the membrane ruptures (see Figure 4.4 B).  Modulus of elasticity (i.e., stiffness 

normalized to cross-sectional area) and tensile strength (i.e., force at which the membrane 

ruptured) were determined from stress-strain curves generated during the patch clamp suction 

procedure.  Hutter et al. reported decreased modulus of elasticity in the dystrophic sarcolemma, 

but found no difference in tensile strength. The authors found that the dystrophic sarcolemma 

did not fold in an organized manner as did the normal sarcolemma.  This improper folding 

resulted in increased stress in the sarcolemma during muscle contraction or stretch.  Based on 

the changes in stiffness, but not tensile strength, the authors concluded  dystrophic sarcolemma 

damages more easily because of improper folding, not increased weakness.  Without 

dystrophin, the membrane folds are not as large or uniform, so the fiber has less ability to 

change length without damaging the membrane.  They note that mdx myotubes (i.e., 

developing muscle cells) have a smoother surface than normal myotubes, confirming their 

suggestion of disrupted sarcolemmal folding 72.  One limitation of this study is that the 

collagenase dissociation may disrupt one or more layers of the sarcolemma, particularly in 

dystrophic muscles.  Another limitation is that the forces applied through the patch clamp 

technique are not in the same direction or orientation as forces resulting from normal in vivo 

function.  

Pasternak et al. used a different technique than Hutter et al. to attain a similar goal of 

directly measuring sarcolemmal stiffness in dystrophic muscle 227.  Pasternak et al. measured 

sarcolemmal deformability as the resistance to indentation of a small area of cell surface by a 
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glass probe (Figure 4.4 A).  The 1 μm radius glass probe was indented into the sarcolemma up 

to a depth of 1 μm on cultured myotubes.  The myotubes were cultured from primary satellite 

cells obtained from hindlimb muscles of normal and mdx mice aged 2-8 weeks.    Pasternak et 

al. reported no effect of age on mechanical properties.  Normal myotubes were found to be ~4 

times stiffer than dystrophic ones based on stress-strain analysis.  The authors suggested the 

glass probe technique was sensitive enough to characterize the success of reconstitution of 

dystrophin into mdx cells.  Comparing the mechanical properties of reconstituted dystrophin to 

normal cells would verify that the cells have regained normal mechanical function.  The 

limitations in this study are similar to those of the previous study by Hutter et al.  The forces 

applied from the glass probe (i.e., perpendicular to the sarcolemma) are not in the same 

direction or orientation as most of the forces resulting from normal in vivo function (i.e., 

longitudinally along the length of the fiber).  Additionally, a single muscle fiber is missing key 

components that would normally be surrounding it within a whole muscle including ECM, 

blood vessels, and connective tissue.  
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Figure 4.4 – Diagrams indicating the sarcolemmal membrane forces during 
experiments by (A) Pasternak et al. and (2) Hutter et al.  The blue blocks represent 
elements of the sarcolemma and the yellow arrows represent the direction of the 

forces acting on each element.  Pasternak et al. probed myotubes grown and 
differentiated on glass coverslips 227.  Hutter et al. suctioned sarcolemmal vesicles 

that do not contain contractile elements 139. 
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In summary, the sarcolemmae of dystrophic muscles are less stiff than control when 

measured perpendicularly to the surface.  Both studies reported no difference in sarcolemmal 

tensile strength.  They have defined tensile strength as the stress at which the sarcolemma 

burst.  Thus, the differences in stiffness may be attributed to the disrupted folding and not to 

decreased strength.  Hutter later concluded in a review that these results lend no support to the 

view that a dystrophin deficient sarcolemma is weaker than normal because tensile strength 

was not altered 140.  The results from mice of a wide range of ages (3-8 weeks) were averaged, 

indicating the need for a systematic analysis of sarcolemma stiffness before, during, and after 

the onset of the disease.  Investigation of sarcolemmal stiffness would be more functionally 

relevant if it was measured parallel to the surface of the fiber.  Determining local mechanical 

properties of the surfaces of normal and dystrophic muscle fibers can provide insight about the 

structural and mechanical function of dystrophin.  For example, the ability of dystrophin to 

mechanically link the sarcolemma to the sarcomeres might be learned from intact muscle fibers 

prior to the onset of the disease.  A tool such as atomic force microscopy (AFM) could be used 

in future studies to determine sarcolemmal stiffness while the muscle fiber is being stretched. 

4.3.3 Mechanical properties of dystrophic muscle in human DMD patients 

Few studies have investigated muscle stiffness in human DMD patients.  Because many 

stiffness tests are invasive or uncomfortable, ethical concerns are present when experimenting 

on boys suffering from the disease.  Two non-invasive methods can be used to assess 

functional characteristics of muscles in DMD patients.  The first method is manual testing 

involving timed scores during motor acts 4,83.  The second method is more quantitative and 

involves direct measurement of muscle force.  Cornu et al. determined stiffness of the knee 
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extensors in normal and DMD boys 59.  The DMD patients were 12.5 ± 3.2 years of age and the 

control patients were 13.2 ± 3.0 years of age.  The subjects were seated in a wheelchair and 

their lower left leg was held at 90 degrees in the vertical plane.  For each subject, an ergometer 

first held the lower leg from moving while the quadriceps produced an isometric maximal 

voluntary contraction (MVC).  During the MVC, the lower leg was released to extend.  This is 

known as a quick-release contraction to observe angular velocity of movement during maximal 

activation.  Series elastic stiffness was determined from analysis of the angular velocity data 

from the quick-release movement at three torque values (35, 50, and 75% MVC).  Knee 

extensors from DMD patients showed increased stiffness compared to control.  Cornu et al. 

postulated the increased stiffness was because DMD patients have an increased proportion of 

type I fibers 77,216.  It has been shown that type I  (i.e., slow-twitch) muscles have increased 

stiffness compared to type II (i.e., fast-twitch) muscles.  However, the comparison of stiffness 

between fast- and slow-twitch muscles has not been sufficiently examined, thus As dystrophic 

muscle matures and necrosis develops, the amount of fat and connective tissue increases 24.  

So, it is possible that substitution of muscle tissue by fibrous connective tissue could  explain 

the observed increase in stiffness.   

Cornu et al. also determined the elbow joint and muscle elastic properties in DMD boys 

60.  In this study, they used both a quick-release method and a sinusoidal perturbation protocol 

150 to determine stiffness.  The quick-release method for the elbow was performed similarly to 

the method described above for  the knee extensors.  The sinusoidal perturbations were 

imposed to the elbow (4-12 Hz, 3 degrees displacement) during which the subject maintained 

one of three constant torque values (35, 50, or 75% MVC).  The muscles from DMD boys aged 

13.6 ± 3.0 years  had higher series elastic stiffness than muscles from healthy boys aged 11.0 ± 
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1.7 (142.55 ± 136.58 rad-1 and 4.39 ± 2.53 rad-1 respectively).  As expected, they observed 

higher mean MVC in healthy boys compared to the DMD patients.  They concluded that the 

quick-release and sinusoidal perturbation methods are successful in assessing mechanical 

properties during disease progression. 

In summary, stiffness of muscles in vivo  from DMD boys have been shown to be more 

stiff than those from normal boys.  It is difficult to compare these results with those from 

experiments in vitro because 1) joint mechanics are involved with measurements in vivo , and 

2) the experimental protocols used on muscles in vitro cannot be performed on human boys.  

Cornu et al. did not distinguish between joint stiffness and muscle stiffness.  Thus, the stiffness 

they measured could have been due to one or both sources. For example, there may have been 

joint contractures and limited increases in muscle stiffness.  Cornu et al. concluded that 

increased connective tissue may account for the increased stiffness in DMD muscle, but other 

studies 119,237,257 have shown that connective tissue does not influence stiffness within 

physiological ranges of strain. 

The following table summarizes the results reported from various investigations of 

dystrophic muscle stiffness.  The muscle source and type, age, and experimental protocol are 

described for each study.  As described above and as noted in the table, there is no clear 

consensus on the changes in stiffness among the various models.  This could be due to 

differences in experimental protocols and disease progression. 
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Table 4.1 – Summary of dystrophic muscle stiffness results from the literature. 
This table is organized by muscle type then by age. 

Study Muscle Age Protocol Result 

Hutter et al. 139 Sarcolemma from 
mdx mouse FDB 3-7 weeks A patch clamp technique was used to measure suction 

pressure at which the membrane ruptured 
Dystrophic sarcolemma had decreased stiffness 
compared to control.  No difference in tensile strength. 

Pasternak et 
al. 227 

Sarcolemma from 
mdx mouse 
hindlimb muscles 

2-8 weeks 
Sarcolemmal deformability was measured as the resistance 
to indentation of a small area of cell surface using a glass 
probe.  A 1μm radius probe was indented up to 1μm deep. 

Dystrophic sarcolemma had decreased stiffness 
compared to control.  No difference in tensile strength. 

Feit et al. 94 Dystrophic 
Chicken Pectoral 45-55 days High frequency passive length change (0.25% strain at 

100Hz) during a slow stress-strain protocol to 60% strain.  
Dystrophic muscles had increased passive stiffness 
compared to control 

Hete and 
Shung 127 

Dystrophic 
Chicken Pectoral 10 months 

Two stretch protocols: 1) slow passive stress-strain to 25% 
strain, and 2) passive stress-relaxation to 10-15% strain.  A 
3-parameter Hill muscle model was used to determine 
stiffness from the 2nd protocol. 

Dystrophic muscles had increased passive stiffness 
compared to control. No difference in damping values. 

Grange et al. 
116 

Mdx and 
mdx:utrn-/- mouse 
EDL 

9-12 days Active stiffness measured from an eccentric stretch protocol 
(10% strain, 0.5Lo/s strain rate, 80 Hz tetanus) 

No difference in active stiffness between mdx, 
mdx:utrn-/- , and control muscles 

Kumar et al. 
162 

Mdx mouse 
diaphragm 20 days Passive stress-strain protocol at a strain rate of 0.1-1% per 

second  
Mdx diaphragms were less stiff than control in both 
stretch directions (normal and transverse) 

Berquin et al. 
28 

Mdx mouse EDL 
and soleus 60 days Slow passive stress-strain protocol between 0.8-1.2 resting 

length. 
Dystrophic muscles had increased passive stiffness 
compared to control 

Gordon and 
Stein 111 

Dy/dy mouse 
EDL and soleus 

3-4 
months 

High frequency, low strain length change during muscle 
contraction 

Dystrophic muscles had decrease active stiffness 
compared to control 

Law et al. 169 Mdx mouse EDL 11 months Slow passive stress-strain protocol to failure 
Failure of normal and mdx muscles occurred between 
120-140% strain.  No difference in stiffness between 
dystrophic and control muscles  

Bobet et al. 35 Mdx mouse EDL 
and soleus 

20-24 
months 

Active stiffness measured from an eccentric stretch protocol 
(~10% strain, during plateau of tetanus).  Passive stiffness 
measured from two ramp stretches (~10% strain and ~25% 
strain, 10cm/s strain rate) 

No difference in active or passive stiffness between 
mdx muscles and control muscles 

Cornu et al. 
(1998) 59 

DMD human 
knee extensors ~12 years 

Subjects seated in wheelchair and lower limb held at 90 
degrees to the upper limb.  Lower limb held isometrically 
during maximal contraction then released quickly at one of 
three torque values (35, 50, and 75% MVC) 

Knee extensors from DMD patients had increased 
stiffness compared to control. 

Cornu et al. 
(2001) 60 

DMD human 
elbow joint 
muscle 

~14 years 

Similar to previous study (above).  Additionally, sinusoidal 
perturbations were imposed to the elbow (4-12 Hz, 3 degrees 
displacement) while the patient maintained one of three 
torque values (35, 50, and 75% MVC)   

Elbow muscles from DMD patients had increased 
stiffness compared to control. 
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4.4 Chapter Summary 

Duchenne muscular dystrophy is a fatal muscle disease that affects 1 out of every 

3,500 males.  The disease is characterized by a lack of the protein dystrophin in the 

sarcolemma and myotendinous junction.  Onset of the disease occurs at ~2-3 years of age 

in humans, after which the disease progresses with muscle weakness and wasting, 

contractures of the ankles and hips, and scoliosis.  Although the genetic differences 

between healthy and dystrophic muscle is known, the mechanism(s) initiating the onset of 

DMD (e.g., muscle wasting) have not been defined.  The goal of my dissertation was to 

help define the role that dystrophin-deficient sarcolemmae play in the onset of DMD. 

Studies investigating the mechanical properties of whole dystrophic muscle have 

been inconsistent (see Table 4.1).  The three main reasons for these inconsistencies are 

differences in animal models, experimental protocols, and animal ages.  Similar to Grange 

et al. in 2002, investigating the mechanical properties of both the mdx and mdx:utrn-/- mice 

in the same study would allow a more complete interpretation because utrophin is 

upregulated in mdx mice, reducing the severity of the disease 285,68.  In regard to 

experimental protocols, using a multi-parameter viscoelastic muscle model to determine 

mechanical properties would reveal stiffness and damping values of individual muscle 

components.  This type of analysis would be more valuable than describing the whole 

muscle as one “spring”, as had been done previously 116,162,28,169. 

Determining local mechanical properties of the surfaces of normal and dystrophic 

muscle fibers can provide insight about the structural and mechanical function of 

dystrophin.  Dystrophic sarcolemmae are less stiff than control when measured 

perpendicularly to the surface.  Investigation of sarcolemmal stiffness would be more 
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functionally relevant if it was measured parallel to the surface of the fiber.  My studies aim 

to resolve these inconsistencies by systematically investigating the stiffness of dystrophic 

muscle using a viscoelastic muscle model at various ages before, during, and after the onset 

of the disease. 
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Chapter 5 Development of the Muscle Model and Estimation of its 

Parameters 

The previous chapter covered muscle injury as well as muscle disease, particularly 

Duchenne muscular dystrophy.  The inconsistent dystrophic muscle stiffness results from 

the literature were reviewed, indicating the need for a systematic investigation of maturing 

dystrophic muscle mechanics.  This chapter explains the most commonly used 

mathematical tools for determining unknown model parameters from experimental data 

(i.e., curve fitting).  This chapter includes an example derivation of a nonlinear muscle 

model, a description of least-squares optimization, and a method for quantifying the 

accuracy of the estimated parameters (i.e., goodness-of-fit).   

5.1 Introduction 

 A model is a simpler idealization of a more complex real world phenomenon.  In 

particular, a parametric model utilizes a mathematical equation to describe the phenomenon 

under observation.  The purpose of many experiments is to determine unknown parameters 

in a parametric model using observation (i.e., experimental) data.  If a suitable model is 

developed, the unknown parameters in the model correspond to meaningful, physical 

values that have practical implications.  An optimization problem, usually a least squares 

algorithm, is formed in order to estimate these unknown parameters.  The three main steps 

to parameter estimation are 1) developing equations that describe a suitable model, 2) 

defining the cost (i.e., objective) function, and 3) searching all possible parameter values to 

minimize this cost function.  Additionally, it is important to have a measure of the accuracy 
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of the parameter value estimates.  The following sections include the development of a 

nonlinear parametric model followed by a review of parameter estimation techniques. 

5.2 Developing the nonlinear muscle model 

The following section details the steps for obtaining the force equation governing a 

nonlinear parametric muscle model.  It is well established that the stress-strain curve of 

passive skeletal muscle is nonlinear when stretched beyond ~5% strain 104,23.  While it is 

commonly assumed that the elasticity of whole skeletal muscle behaves as a nonlinear 

spring, we found that the viscous properties of whole muscle are also highly nonlinear, thus 

contributing to the nonlinearity of the stress-strain curve.  We applied variations of the Hill 

model and found that the model fit was greatly improved by making the damping (i.e., 

viscous) element nonlinear.  Interestingly, at physiological strains of ≤15% beyond L0, 

making the elastic elements nonlinear did not significantly improve the fit to experimental 

data.  Our findings resulted in an improved nonlinear muscle model (Figure 5.1) to 

determine stiffness and damping of the whole muscle when stretched up to 115% L0.  This 

improved model includes four components including (1) a parallel elastic element, KPE, 

which represents the components within the muscle that have forces acting parallel to the 

contractile element, (2) a series elastic element, KSE, (3) the nonlinear damping element, 

DE, and (4) the contractile element, CE, which represents the force production in response 

to activation of the muscle by electrical stimulation.  Including a distinct contractile 

component ensures that the series and parallel elastic parameter values are minimally 

influenced by muscle output force.       
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Figure 5.1 – Improved nonlinear muscle model.  CE, contractile force that is a 
function of muscle length; DE, nonlinear damping element; KPE, parallel elastic 

element; KSE, series elastic element; FM, muscle force at the tendons. 
 
 

The forces across the series and parallel elastic elements are linearly related to their 

length changes: 

 ( )SE SE SE SEF L K LΔ = Δ  (5.1) 

 ( )PE PE PE PEF l K LΔ = Δ  (5.2) 

where KSE   and KPE  are the series and parallel elastic spring constant, respectively.  The 

force across the damping element is proportional to the square root of the rate of length 

change:  

 ( ) ( ),DE SE PE PE SEF L L L Lγ= −& & & &  (5.3) 

where γ is the damping parameter.  The contractile force is obtained by multiplication of 

the force-length and the force-velocity relationships: 

 ( ) ( ) ( ) ( )1, 2, 3,, ,CE PE PE S CE PE CE PE CE SF L L F L F L Fω ω=& & . (5.4) 
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The first contractile force, F1,CE , is a function of length and represents the force-length 

relationship of the whole muscle: 

 ( )

( )
( )

( ) ( )
( )

1
3

1
3

1 0

1 0
1 0 2 0

0 2 1

2 0 3 01,
3

3 0
3 0 4 3 0

4

4 3 0

0 ,                        

 ,    

   1   ,              

1  ,   

     0   ,              

PE

PE
PE

PECE PE

PE
PE

PE

L L
L L

L L L
L

L L LF L
L L

L L L

L L

α
α

α α
α α

α α

α
α α α

α

α α

<⎧
⎪ −⎪ ≤ <
⎪ −
⎪⎪ ≤ <= ⎨
⎪ −
⎪ − ≤ < +
⎪
⎪

≥ +⎪⎩

 (5.5) 

where α1, α2, α3, and α4 are constants that describe the active muscle force-length 

relationship shown in Figure 5.2.  We developed the expressions in equation (5.5) as an 

approximation to the true force-length relationship of muscle (shown in Figure 3.6).  The 

second component of contractile force, F2,CE, is a function of rate of length change and 

represents the force-velocity relationship of whole muscle: 

 ( ) ( )2, 1 2
21 arctanCE PE PEF L Lβ β
π

= + −& &  (5.6) 

where β1 and β2 describe the shape of the force-velocity curve for the whole muscle (Figure 

5.3).  We developed equation (5.6) as an approximation to the true force-velocity 

relationship of skeletal muscle (shown in Figure 3.7).  The third component of the 

contractile force, F3,CE, is a function of the stimulation frequency, ωS, and represents the 

force-frequency relationship of the muscle: 
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e
ω η
η

ω
⎛ ⎞− +
⎜ ⎟
⎝ ⎠

=

+

 (5.7) 

where η1 and η2 describe the shape of the force-frequency curve for whole skeletal muscle  

(Figure 5.4).  The constant parameters in the equation for FCE (i.e., α1, α2, α3, α4, β1, β2, η1, 

and η2) can be found by fitting the curves to experimental data from force-frequency, force-

velocity, and force-length curves.  A set of these constants can be determined for each age, 

genotype, and muscle type (e.g., soleus, diaphragm).   

 
Figure 5.2 – Representation of force-length relationship for the whole muscle 
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Figure 5.3 – Force-velocity relationship used for estimating the parameters of 

F2,CE.  β1, the minimum parameter value; β2, describes the rate of change of the 
parameter as it approaches β1.  

 
 
 

 
Figure 5.4 – Force-frequency relationship used for estimating the parameters of 

F3,CE. 
 

The net force produced by an activated whole muscle is given as two separate 

equations: 

 ( ) ( ) ( ),m SE PE SE SE PE PEF L L F L F LΔ Δ = Δ + Δ  (5.8) 
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 ( ) ( ) ( ) ( ), , , , , ,m PE SE PE S PE PE CE PE PE S DE SE PEF L L L F L F L L F L Lω ωΔ = Δ + +& & & & &  (5.9) 

Substituting equations (5.1) and (5.2) into equation (5.8): 

 m PE PE rest
m SE SE PE PE rest SE

SE

F K L FF K L K L F L
K

− Δ −
= Δ + Δ + → Δ =  (5.10) 

Taking the first time derivative of SELΔ : 

 m PE PE
SE

SE

F K LL
K
−

=
& &

&  (5.11) 

 
Substituting equations (5.2), (5.3), and (5.4) into equation (5.9): 

 ( ) ( ) ( ) ( )
1

2
1, 2, 3,m PE PE rest CE PE CE PE CE S PE SEF K L F F L F L F L Lω γ= Δ + + + −& & &  (5.12) 

Substituting equation (5.11) into (5.12) so that the only dependent length is the whole 

muscle length: 

 ( )
1

2

, , m PE PE
m PE PE rest CE PE PE S PE

SE

F K LF K L F F L L L
K

ω γ
⎛ ⎞−

= Δ + + + −⎜ ⎟
⎝ ⎠

& &
& &  (5.13) 

where FCE is described in equation (5.4).  Equation (5.13) can be rearranged to bring the force 

derivative to the left hand side: 

 
( ) 2

, ,m PE PE rest CE PE PE S
m PE PE SE PE

F K L F F L L
F K L K L

ω

γ

⎡ ⎤⎡ ⎤− Δ − −⎢ ⎥⎢ ⎥= − −
⎢ ⎥⎢ ⎥⎣ ⎦⎣ ⎦

&
& & &  (5.14) 



 125

The differential equation shown in (5.13) can be solved analytically in Mathematica 

(version 5.2, Wolfram) using the DSOLVE function.  The conditions used in solving 

equation (5.13) were constant strain for the stress relaxation protocol and constant strain 

rate for the repeated active eccentric contractions.  The following equation is the analytical 

solution to the constant strain condition (i.e., PEL& =0) : 

 ( ) ( )( ) ( )( )
( )

2

2

1 1
1

SE rest CE PE rest CE SE PE SE

SE rest CE SE

K t F F K L F F K L L K K
F t

K t F F K L
γ
γ

+ + Δ + + Δ − − + Δ +
=

+ + Δ − −

 (5.15) 

The differential equation shown in (5.14) can also be solved numerically in 

MATLAB using the ODE45 solver with various initial conditions.  The parameters KSE, 

KPE, and γ can be found using an iterative least-squares algorithm by optimizing the fit of 

the ODE response to the experimental data for each muscle.  The following section reviews 

current methods for nonlinear least-squares optimization. 

5.3 Nonlinear least-squares optimization 

Least-squares optimization is a mathematical technique which, when used with a set 

of experimental data, estimates the parameters of a function so that the solution of the 

function closely approximates the data.  In least-squares problems, the ordinate differences 

(i.e., residuals) between points generated by the function and corresponding points in the 

experimental data are computed 311,317,107.  Then, the sum of the squares of the residuals is 

determined and iteratively minimized.  Suppose that the experimental data points are 
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( ) ( ) ( )1 1 2 2, , , , , ,n nx y x y x yK where x is the independent variable and y is the dependent 

variable.  Then, the sum of squares, S, can be represented by the following equation: 

 ( )( )2

1

,
n

i i
i

S y F a x
=

= −∑  (5.16) 

where a  is the vector of unknown parameters.  In our case, F(x) is described by equation 

(5.15) and the vector a  represents the unknown stiffness and damping parameters: 

 
PE

SE

K
a K

γ

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

 (5.17) 

 The expression ( ),i iy F a x−  is defined as the residual, r, for each time point.  The goal is 

to find values for the unknown parameters that minimize S.  If the function F(x) is linear, 

the least-squares problem can simplify to a system of linear equations.  However, if F(x) is 

a nonlinear function in the unknown parameters, the least-square problem becomes an 

unconstrained optimization problem.  Two common algorithms for solving nonlinear least-

squares problems are the Gauss-Newton and Levenberg-Marquardt methods.  These 

methods are discussed in detail in the following two sections. 

5.3.1 Gauss-Newton method 

The Gauss-Newton method is an efficient approximation to Newton’s standard 

minimizing method.  In Newton’s method, ( ), iF a x  is expanded into a Taylor series 

around the current guess of the parameters, ka : 
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 ( ) ( ) ( ) ( )1
2, , , ,k k i k i k k i k k i kF a a x F a x a F a x a H a x aδ δ δ δ+ ≈ + ∇ +  (5.18) 

where ( )kH a  denotes the Hessian of F at ka  and kaδ is a small deviation of the 

parameters at the k-th iteration.  The Gauss-Newton algorithm saves time and effort over 

the standard Newton minimization algorithm by leaving out the second order Hessian 

matrix.  This modification is acceptable if the residuals minimize close to zero, where the 

approximation to the Hessian is quite good.  The idea behind the Gauss-Newton method is 

to expand ( ), iF a x  in a Taylor series around the current guess of the parameters, ka : 

 ( ) ( ) ( ), , ,k k i k i k k iF a a x F a x a F a xδ δ+ ≈ + ⋅∇  (5.19) 

Each iterative step, kaδ , is determined with the following equation: 

 ( ) ( )( )2

1
arg min , ,

n

k s i k i k i
i

a y F a x s F a xδ
=

= − − ⋅∇∑  (5.20) 

where argmin, the argument of the minimum, is the value of the given argument, s , for 

which the value of the given expression attains its minimum value.  It should be noted that 

( ),i ir y F a x= − is the current residual for the i-th observation.  Therefore, 

( ) ( ), ,i k i k iy F a x s F a x− − ⋅∇  is the change in residual due to a change in parameters 

kaδ with respect to ka .  The Gauss-Newton method is simplifies the nonlinear least squares 

problem into a piecewise linear problem, making it appropriate for fitting nonlinear 

functions.  To solve the linear step, let Xk be an n×m matrix with the i-th equal to:  

( ),k iF a x∇ .  To clarify, n is the total number of data points and m is the total number of 

parameters.  Then, 
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 2arg mink s ka r X sδ = −  (5.21) 

Expanding the expression in equation (5.21): 

 2 2k k k k k ka r X a X rX aδ δ δ= + −  (5.22) 

 2 2 0k k k k k
k

a X a X rX
a
δ δ

δ
∂

= − =
∂

 (5.23) 

 

Therefore, kaδ  , is the solution of the linear least square problem satisfying the following 

equations: 

 T T
k k k kX X a X rδ =  (5.24) 

The iteration is continued until the following relationship is satisfied: 

 ( ) ( )1k kS S ε− − <  (5.25) 

where S(k) is the sum of squares at iteration step k (see equation (5.16)) and ε  is an error 

value close to zero.  It is good practice to use a wide range of initial parameter values to 

verify that the method will converge.  Although the Gauss-Newton method converges in 

fewer steps than most other methods, it may not reduce the value of the objective function 

with each step if the residuals are too large.  In this case, it would be advantageous to use 

the Levenberg-Marquardt method. 
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5.3.2 Levenberg-Marquardt method 

The Levenberg-Marquardt algorithm 172,190 uses a blend of the Gauss-Newton 

algorithm and the method of steepest descent to the step direction.  This method is better at 

converging on solutions than Gauss-Newton when initial parameter guess values are far 

from their optimal values.  However, the Levenberg-Marquardt method often needs more 

iterations to achieve the same optimal parameters as the Gauss-Newton method for a well 

behaved objective function.  With modern computers, this is typically not a problem for the 

number of parameters in our muscle model. 

The idea behind the Levenberg-Marquardt method is to replace the normal Gauss-

Newton step equation (5.24) with: 

 ( )  
T T
k k k kX X I s X rλ+ =  (5.26) 

where λ is a damping factor that is adjusted at each iteration and I is an identity matrix.  If 

there is rapid reduction of the cost function with each step, S, the damping factor is reduced 

so that the algorithm behaves more like the Gauss-Newton algorithm.  On the other hand, if 

the cost function is not reduced sufficiently with each iteration, the damping factor is 

increased so that the step is closer to the direction of the gradient descent. 

One of the largest challenges in implementing the Levenberg-Marquardt method is 

choosing a damping factor, λ, at each iteration that maintains the efficiency and robustness 

of the algorithm.  MATLAB (R2006a, Mathworks, Inc,), the mathematical software used to 

solve the least square problems in this dissertation, uses its own strategy for choosing a 

damping factor at each step.  The strategy, shown in Figure 5.5, is implemented in the 

lsqnonlin function which is part of the Matlab optimization toolbox.  Essentially, the 
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damping factor is increased by an amount relative to the residual value if the cost function, 

S, is not reduced.  Alternatively, the damping factor is divided by a predetermined constant, 

(α*+1), if the cost function is successfully reduced. 

   

 
 

Figure 5.5 – Strategy for choosing an appropriate damping factor, λ, at each 
iteration of the Levenberg-Marquardt algorithm.  

 
 

   

In summary, nonlinear least squares methods can be used to fit parametric models to 

experimental data.  The Gauss-Newton and Levenberg-Marquardt methods are the two 

most common algorithms used in current mathematical software tools (e.g., Matlab).  The 

parameters of a mathematical model often represent characteristics that cannot be measured 

directly.  In this dissertation, the unknown parameters of the nonlinear muscle model are 

stiffness and damping (see equation (5.17)).  The constant parameters of the contractile 

force, FCE (i.e., α1, α2, α3, α4, β1, β2, η1, and η2), can be found by fitting the curves to 
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experimental data from force-frequency, force-velocity, and force-length curves.  The 

following section reviews two methods for quantifying the goodness-of-fit of a model to 

experimental data.   

5.4 Quantifying accuracy of the model 

Once parameters of a model have been estimated with a least-squares method, the 

next step is to quantify the accuracy of the model and parameters.  The goodness-of-fit is a 

measure defining how well the mathematical model represents the experimental data.  

There is no universally accepted formula for goodness-of-fit, because each method 

describes different aspects of a fit.  In some cases, it is necessary to use more than one 

goodness-of-fit method to determine the validity of a model.  Two common techniques for 

determining goodness-of-fit are the chi-squared and R-squared methods 311,211. 

5.4.1 Chi-squared method for goodness-of-fit 

The chi-squared test is commonly used to test the hypothesis that observed data 

follow expected data 211,311.  The first step is to state the null and alternative hypotheses: 

 0

1

: simulated model data ~ experimental data
: simulated model data does not follow experimental data

H
H

 (5.27) 

Let the experimental, or observed, values be defined as: (Y1, Y2, Y3, …Yn) and the simulated 

model data be defined as: (y1, y2, y3, …yn).  Note that the estimated parameters are 

“plugged” into the model to determine the simulated model data.  The chi-squared statistic 

is: 



 132

 
( )2

2

1

n
i i

i i

y Y
Y

χ
=

−
=∑  (5.28) 

The number of degrees of freedom = number of data points – number of adjustable 

parameters.  The next step is to look up the probability value, p, in a chi-squared 

distribution table using the calculated chi-squared value and the number of degrees of 

freedom.  This p-value determines whether or not the null hypothesis should be accepted.  

In other words, if the analyst decides that the p-value is significant (e.g., p <0.05), then the 

model is a good fit to the experimental data.  The chi-squared method is most appropriate 

when deciding whether one model has an acceptable fit to the experimental data.  When 

comparing the fit of multiple models, the R-squared method may be more useful.    

5.4.2 R-squared method for goodness-of-fit 

The R-squared method, also known as variance reduction, is one of the most 

frequently used measures of the value of a parametric model because it can be used with 

both linear and nonlinear models 311,211.  It is common practice by statisticians to use 

uppercase, R-squared, for the results of nonlinear regression and lowercase, r-squared, for 

the results of linear regression.  R-squared can be calculated as: 

 
( )

( )

2
2

2 1
2 2

1

1 1

n

i i
m i

n

i avg
i

Y y
R

Y Y

σ
σ

=

=

−
= − = −

−

∑

∑
 (5.29) 

where  (y1, y2, y3, …yn)  are the dependent variables from the simulated model data and (Y1, 

Y2, Y3, …Yn) are the experimental data.  If the model fit the experimental data perfectly, 
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then the R-squared value would equal one.  Conversely, if the model data had not 

predictive power of the experimental data, then the R-squared value would equal zero.  It is 

possible for the R-squared value to be negative, implying that the predicted values by the 

model were worse than just using Yavg as the predictor.  It may be necessary to consider 

criterions other than R-squared when evaluating the fit of a model.  An R-squared value 

near one indicates that, overall, the points of both curves were close together.  But it does 

not guarantee that the fit is acceptable at all intervals along the curve (see Figure 5.6).      

 
Figure 5.6 – R-squared goodness-of-fit example.  Notice that the models fit the 
experimental data better in some areas than others.  It is important to consider 

criterions other than just one R-squared value when evaluating the fit of a 
model.   
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Abstract 

 

Skeletal muscle mechanical weakness is thought to contribute to onset and early 

progression of Duchenne muscular dystrophy, but this has not been systematically 

assessed.  The purpose of this study was to determine (1) whether the passive mechanical 

properties of maturing dystrophic muscles were different from control; and, (2) if different, 

the time during maturation when these properties change.  Prior to and following the overt 

onset of the dystrophic process (14-35 days), control and dystrophic EDL muscles were 

subjected to two passive stretch protocols in vitro (5% strain at instantaneous and 1.5 L0/s 

strain rates).  Force profiles were fit to a viscoelastic muscle model to determine stiffness 

and damping.  Dystrophic and control EDL muscles exhibited similar passive mechanical 

properties at each age, suggesting a functional threshold for dystrophic muscle below 

which damage may be minimized.  Determining this threshold may have important clinical 

implications for treatments of muscular dystrophy involving physical activity.  

  

 

Key Words: 

damping, mdx mice, Muscular Dystrophy, skeletal muscle, stiffness 
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6.1 Introduction 

Duchenne muscular dystrophy (DMD) is an X-linked degenerative skeletal muscle 

disease characterized by the absence of the protein dystrophin from the cytoplasmic surface 

of skeletal muscle cell membranes 46,86,134.  Dystrophin is also absent in mdx mice, a 

common model of DMD 57,266.  Dystrophin associates with a group of proteins known as 

the dystrophin-glycoprotein complex (DGC) that is localized to the sarcolemma of skeletal 

muscle fibers and forms a bridge between the cytoskeleton and extracellular matrix 79.  The 

DGC likely reinforces the sarcolemma to maintain membrane integrity during cycles of 

contraction and relaxation 33,89, but may also serve in cellular signaling functions 164.  In the 

absence of dystrophin, the proteins of the DGC are absent.  The mechanisms responsible 

for the clinical onset of DMD are not understood, but one hypothesis is that the absence of 

dystrophin and the DGC render the sarcolemma susceptible to damage from muscle 

contraction, leading to progressive muscle wasting 154,227,230. 

Compared to control mice, skeletal muscles from adult dystrophic mice are more 

susceptible to mechanical injury during active stretching 70,203,230,306.  However, skeletal 

muscles of very young (9-12 days) mdx mouse pups are relatively resistant to injury from 

acute mechanical injury, suggesting that dystrophic sarcolemmal membranes are resistant 

to stretch injury during early maturation 116.  Although these results suggest that weaker 

dystrophic/DGC-deficient membranes may not be the mechanism that initiates DMD, they 

prompt fundamental questions about the role of dystrophin in the overall mechanical 

properties of skeletal muscles, particularly during maturation.  For example, dystrophin is 

also found in abundance in the myotendinous junction and is thought to facilitate the 
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transmission of forces from the muscle fibers to the tendon 284 and therefore might 

reasonably be expected to influence overall muscle stiffness.  

Single stiffness values have been determined for dystrophic skeletal muscle in both 

humans and mice with various methods and models.  In DMD patients aged 5-20 years, 

muscle stiffness was increased compared to control muscles 59.  Conversely, in dystrophic 

skeletal muscles from mdx mice aged ~19 28 and ~82 weeks 35, muscle stiffness was not 

different from controls.  Because the dystrophic process is considered to attenuate at age 

~10 weeks in mdx mice 247, it is unclear in these older mice whether the stiffness values 

represent a dystrophic state similar to that in DMD patients.  However, in maturing 

dystrophic mice aged 9-12 days, prior to the overt onset of the disease, absence of 

dystrophin also appears to have minimal effects on muscle stiffness during a stretch-injury 

protocol 116.  Collectively, these data suggest that stiffness in dystrophic muscles may only 

differ following dystrophic onset and progression.  To address this issue, we considered 

that muscle mechanical properties should be assessed over an age range prior to, during and 

following onset of the dystrophic process. 

In this study, to test the hypothesis that specific mechanical properties of dystrophic 

extensor digitorum longus (EDL) muscles differ from control EDL during maturation, we 

examined: (1) whether the mechanical properties (i.e., stiffness and damping) of maturing 

dystrophic muscle were different from control; and, (2) if different, at what time during 

maturation these properties change.  As a first step to address these two fundamental issues, 

we determined passive mechanical properties of maturing dystrophic skeletal muscle at 

ages 14-35 days.  Mdx mice typically demonstrate overt signs of dystrophy at age ~21 days, 

as evidenced by the presence of extensive myopathic lesions on the muscle fibers 43,61,247.  
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Therefore, we determined passive mechanical properties before and after the overt onset of 

the dystrophic process.  Because skeletal muscle exhibits viscoelastic behavior when 

stretched, either passively or actively, we used the classic Hill muscle model that includes a 

parallel stiffness element, a series stiffness element, and a damping element 103. 
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6.2 Methods 

EDL muscles obtained from control and mdx mice aged 14, 21, 28, and 35 days were 

subjected to two passive stretch protocols at two strain rates.  For the purposes of this 

study, the term “passive” means that there was no external electrical stimulation.  Mice 

were obtained from our colony at Virginia Tech.  Breeder pairs of control C57BL/6 and 

mdx mice were originally obtained from Jackson Laboratories, Bar Harbor, Maine.  Our 

institutional Animal Care Committee approved all procedures used in this study. 

6.2.1 Suture Properties 

We tied 4-0 braided silk suture (Deknatel, Mansfield, MA) to both ends of each EDL 

muscle at the tendons.  We determined the stiffness of the suture independently using a 

dual-mode servomotor system (300B, Aurora Scientific, Aurora, Ontario, Canada).  One 

end of a 9.5-cm length of the suture was tied to the servomotor lever arm and the other end 

was secured in a fixed clamp.  The suture resting tension was held at 1.00 ± 0.05 g.  A 

stress-strain curve was generated by recording force output while progressively stretching 

the suture to a strain of 0.7% at a rate of 0.5 mm/s.  The suture did not fail at the point of 

contact with the clamp or slip in the clamp. 

6.2.2 Experimental Protocol 

Both EDL muscles were carefully dissected from anesthetized control (C57bl/6; n=7) 

and mdx (n=7) mice (2 mg xylazine-20 mg ketamine/100 g body mass ip).  Muscles were 

incubated at 30°C in an oxygenated (95% O2-5% CO2) physiological salt solution (PSS; pH 
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7.6) containing (in mM) 120.5 NaCl, 4.8 KCl, 1.2 MgSO4, 20.4 NaHCO3, 1.6 CaCl2, 1.2 

NaH2PO4, 1.0 dextrose, and 1.0 pyruvate.  Each EDL muscle was subjected to the stretch 

protocols using a dual-mode servomotor system (300B, Aurora Scientific).  Non-

absorbable braided silk suture (4-0) was tied to the distal tendon at the myotendinous 

junction and then to the arm of the servomotor.  To increase grip, a short piece of suture 

was tied to the proximal tendon at the myotendinous junction and fixed in a clamp at the 

base of the bath.  Resting muscle tension was set at 1.00 ± 0.05 g and this was used as an 

index of optimal resting length (L0; muscle length at which twitch tension was maximal).  

Resting tension was automatically maintained at 1.00 ± 0.05 g by a stepper motor 

controlling a linear slide that adjusted the length of the muscle by moving the clamp at the 

base of the bath.  The stepper motor was temporarily inactive during either the isometric 

contractions or any of the stretch protocols.  All muscle length changes during the stretch 

protocols were due to computer-controlled changes in the servo arm position.  The rate and 

displacement of the servo motor arm as well as the stepper motor were controlled by 

Dynamic Muscle Control software (DMC Version 4.1, Aurora Scientific).  DMC was also 

used to record the position and force output data.   

Contractile and Stretch Protocols.  Each experiment consisted of four steps: (1) a 

pre-twitch and tetanus, (2) a single passive stress relaxation, (3) a set of 5 passive ramp 

stretches each identical, one stretch applied every 4 minutes, and (4) a post-tetanus step.  

The 1st and the 4th steps were performed to confirm that the stretches in steps 2 and 3 did 

not influence contractile capability.  In step 1, a muscle was attached to the servomotor 

arm, left undisturbed at L0 for 10 minutes, and muscle length at L0 was measured to the 

nearest 0.1 mm using dial calipers.  The muscle was then subjected to a series of three 
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isometric twitches and tetani (150 Hz) spaced 1 minute apart to ensure contractile stability.  

After a 5-minute quiescent period, the pre-stretch isometric twitch and tetani (150 Hz) were 

collected, each spaced 1 minute apart.  In step 2, each muscle was stretched instantaneously 

to 1.05 L0 (within the capability of the servomotor), held for 7.0 seconds, and then returned 

to 1.00 L0.  The maximum rate that the 300B servomotor was able to stretch the muscle 

was ~50 L0/s.  After 5 minutes at L0, each muscle was subjected to a set of ramp stretches 

(step 3) where the muscle was stretched to a length of 1.05 L0 at a rate of 1.5 L0/s.  These 

individual stretches were repeated five times, once every 4 minutes.  In step 4, a final 

tetanus (150 Hz) was recorded 2 minutes after the final stretch in step 3.  Each muscle was 

then removed from the servomotor arm and clamp and lightly blotted.  The tendons were 

dissected away from the muscle and the muscle mass was measured to the nearest 0.1 mg 

using an A-200D electronic analytical balance (Denver Instruments, Denver, CO).   

6.2.3 Determining passive mechanical properties  

Mechanical properties were determined for both the single stress relaxation protocol 

and the repeated ramp stretch protocol at 1.5 L0/s.  Stiffness and damping values were 

determined from the stress relaxation protocol (step 2) by fitting to a mathematical model.  

Stiffness values were determined from the repeated ramp stretch protocol at 1.5 L0/s (step 

3) by simply dividing the change in muscle force by the change in muscle length.   

The mathematical muscle model used to determine stiffness and damping properties 

from the single stress relaxation protocol was chosen because of its viscoelastic behavior 

that is similar to living muscle tissue.  When skeletal muscle is stretched rapidly, the stress 

increases to a peak, followed by immediate relaxation that declines exponentially to 
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approach a new steady-state level.  Passive muscle is considered a viscoelastic material 

because it exhibits this relaxation profile in response to a step increase in length 29,5,252.  

 

Figure 6.1 – Viscoelastic mathematical muscle model with series and parallel 
components.  The stretch relaxation EDL muscle response was fit to this model 
to determine the stiffness and damping properties.  F, muscle force; KSE, series 
elastic element; KPE, parallel elastic element; C, damping; A, active contractile 

element. 
 

 

 

Figure 6.2 -- Example of an EDL force response to the stress relaxation 
protocol.  Muscle length was increased to 1.05 L0 during this passive stretch. 
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If there was minimal viscoelasticity in the muscle, force would not exponentially 

decrease as length is held constant.  In this study we used the classic Hill model 103 

composed of viscous and linear elastic branches in parallel, combined with a pure linear 

elastic branch in series (Figure 6.1).   

 

Based on preliminary stress-strain relation data, the strain during the passive stretches 

was limited to 5% so that the muscle elasticity did not become significantly nonlinear.  If 

muscle strain had been higher than 5%, a nonlinear muscle model would be necessary to 

reduce error.  Because this was a passive study, the active force component contributed 

zero force.  From this model we could determine several mechanical properties of muscle 

including parallel and series elastic stiffness and damping, C.  Generally, the connective 

tissues located within and surrounding the muscle fibers (including the sarcolemmal 

membrane) contribute to the parallel elastic element, KPE, whereas the myotendinous 

junction, tendon, titin, actin, and myosin are included in the series elastic element, KSE 104.  

The EDL muscles were subjected to a stress protocol to determine the three parameters 

KPE, KSE, and C.  The EDL muscle force response to the single stress relaxation protocol is 

shown in Figure 6.2.  According to the model, the series elastic element was responsible for 

an immediate increase in tension as the length was increased.  The response of the parallel 

elastic element was delayed from that of the series elastic element because it was linked to 

the viscous element (damping).  KSE is equal to the change in force divided by the change 

in length (at the peak).  Immediately following the length change, the force in the muscle 

slowly declined to a steady-state value.  This steady-state value was used to calculate KPE 
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using equations developed from the model.  The relationship between muscle force and 

length was derived from the model based on the following differential equation: 

 ( )* 1
PE PE

SE SE

F dL dFF K L L K C
K dt K dt

⎛ ⎞
= − − + −⎜ ⎟

⎝ ⎠
 (6.1) 

where F is the whole muscle force, L is the whole muscle length, and L* is the zero-force 

resting muscle length.  Before the stretch and sufficient time after the stretch, once the 

muscle had reached a steady-state force, the dynamic component of Equation (6.1) was 

zeroed out, leading to a reduced force balance equation: 

 ( )*1 PE
PE

SE

KF K L L
K

⎛ ⎞
+ = −⎜ ⎟

⎝ ⎠
 (6.2) 

where F is the steady-state whole-muscle force and L is the muscle length.  The following 

equation for KPE was found by subtracting the before and after steady state conditions 

(using Equation (6.2)) and rearranging: 

 
1

SE
PE

SE

KK K L
F
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Δ

−
Δ

 (6.3) 

 
Stiffness values were normalized into moduli of elasticity so that muscles of varying size 

could be compared.  The two moduli of elasticity values, EPE and ESE, were computed by 

normalizing the values of stiffness to muscle cross sectional area (CSA) using the 

following relation: 
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The muscle mass, length, and density were used to calculate the cross sectional area using 

the following formula: 

 ( )0CSA mass  * densityL=  (6.5) 

 
where the density of skeletal muscle was assumed to be 1.056 g/cm3 196.  The damping 

value, C, was determined by first solving Equation (6.1) with a step position initial 

condition:  
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The exponential function in Equation (6.6) is of the form 
t

e τ− , where the time constant τ 

specifies the time when the exponential has declined by ~63%.  After determining τ from 

the stress relaxation plot, the value of damping was found using the following equation: 

 ( )* PE SEC K Kτ= +  (6.7) 

6.2.4 Statistical Analysis 

Two-way and mixed model analysis of variance analyses (ANOVA, SAS 9.1 

software, SAS Institute Inc., Cary, NC) were used to compare genotype and age data.  



 146

Differences in mechanical properties and maximum tetanic stress at a given age between 

the mouse genotypes were analyzed by a one-way ANOVA.  The Newman-Keuls multiple 

range post hoc test was applied to all significant main effects to determine differences 

between means.  Differences were considered significant at P<0.05.  Data are presented as 

means ± SE.  A power analysis (SAS 9.1) with alpha=0.05 was used to determine if the 

sample size was adequate to detect significant differences between the means.  Since power 

values greater than 0.8 indicate an adequate sample size 56, and our power analysis yielded 

values greater than 0.90 across all ages for both genotypes, our sample size was sufficient. 
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6.3 Results 

6.3.1 Morphological Data 

Morphological data are shown in Table 6.1.  The mean body masses for the mdx pups 

at 14, 21, and 28 days but not 35 days were greater than control.  The mean EDL muscle 

lengths and cross-sectional areas (CSA) for both genotypes at each age were similar.  The 

mean EDL masses for the mdx mice at 21 days were larger than control (p<0.05), but were 

similar at 14, 28, and 35 days for both genotypes.  As expected, consistent with maturation, 

body mass and EDL muscle length, mass and CSA for both genotypes increased with age 

(p<0.05). 

 

Table 6.1 – Morphological data for control and mdx mice 
 
Genotype            Age (days)   Body Mass (g) EDL Length (mm)    EDL Mass (mg) EDL CSA (mm2) 
 
Control mice 
14 day                14.1 ± 0.3     6.87 ± 0.27    7.96 ± 0.31   1.84 ± 0.17 0.22 ± 0.02 
21 day                   20.6 ± 0.2     8.13 ± 0.60 †    8.69 ± 0.31 †   2.57 ± 0.28 0.28 ± 0.03 
28 day                   28.1 ± 0.1     12.68 ± 0.85 ‡    10.23 ± 0.15 ‡   4.94 ± 0.50 ‡ 0.46 ± 0.05 ‡ 
35 day                   35.0 ± 0.0     19.00 ± 0.81 §    11.31 ± 0.17 §   6.80 ± 0.52 § 0.57 ± 0.05 § 
 
mdx mice 
14 day                  14.0 ± 0.0     8.71 ± 0.15 *    8.46 ± 0.14   1.67 ± 0.13 0.19 ± 0.01 
21 day                  21.0 ± 0.0     12.30 ± 1.12 * †    9.56 ± 0.38 †   3.76 ± 0.18 * † 0.38 ± 0.03 † 
28 day                  28.0 ± 0.0     17.56 ± 1.02 * ‡    11.23 ± 0.34 ‡   5.67 ± 0.33 ‡ 0.48 ± 0.02 ‡ 
35 day                  35.3 ± 0.2     22.85 ± 1.36 §    11.00 ± 0.32    8.26 ± 0.50 § 0.72 ± 0.05 § 
 
Values are means ± SE; there were 7 animals in each group.  EDL, extensor digitorum longus; CSA, cross-sectional area; 
*significantly different from control mean values of the same age, P < 0.05.  † significantly greater than 14-day mean 
value of the same genotype, P < 0.05.  ‡ significantly greater than 21- and 14-day mean values of the same genotype, P < 
0.05.  § significantly greater than 28-, 21-, and 14-day mean values of the same genotype, P < 0.05. 

 



 148

6.3.2 Suture Properties 

The stress-strain testing for the 4-0 silk braided suture showed a linear relationship 

from 0% - 0.7% strain.  It was not necessary to stretch the suture beyond this strain range 

because the force required to stretch the suture past 0.7% strain was well above the range of 

forces seen during our muscle stretch protocols (e.g., 45.19 g for the suture at 0.7% strain 

vs. a maximum EDL force output of 28.46 g).  The suture had a mean modulus of elasticity 

of 1.21 GPa for the initial stretch of each suture, similar to values previously reported 265.  

As the suture was repeatedly stretched, the modulus of elasticity increased to a maximum 

mean value of 4.26 GPa. 

6.3.3 Peak Stress Data 

The mean peak stresses from each age and genotype for the twitches, tetani, and 

passive stretch protocols are shown in Table 6.2.   

Table 6.2 – Peak Stress data for control and mdx mice 
 
Genotype                  Twitch                     Tetanus                 Stress Relaxation        Stress Relaxation(%)       Repeated Stretches      Repeated Stretches(%)     Stretch-injury(%) 116  
 
Control mice 
14 day                    3.95 ± 0.57              15.58 ± 2.30                20.00 ± 1.55                  128.4 ± 21.4               17.10 ± 1.26                  109.8 ± 18.1 205.6 ± 20.1 
21 day                    4.76 ± 0.40              24.84 ± 3.03                20.68 ± 2.76                  83.3 ± 15.1 †              19.98 ± 1.47                  80.4 ± 11.5 † 
28 day                    6.68 ± 0.95              31.90 ± 3.62 †             16.62 ± 1.40                  52.1 ± 7.4 ‡              13.99 ± 1.33 ‡             43.9 ± 6.5 ‡ 
35 day                    7.93 ± 0.42              40.66 ± 3.87 ‡             12.58 ± 1.46 §              30.9 ± 4.6 §                          9.58 ± 1.47 §     23.6 ± 4.3 § 
 
mdx mice 
14 day                    2.04 ± 0.59 *            9.32 ± 2.93                  19.48 ± 1.29                 209.0 ± 67.2                14.60 ± 1.35                   156.7 ± 51.3 201.0 ± 35.5 
21 day                    4.60 ± 0.69               22.62 ± 3.80                16.19 ± 2.35                 71.6 ± 15.9 †               16.56 ± 1.24                   73.2 ± 13.5 † 
28 day                    4.98 ± 0.62               23.18 ± 2.57 †             16.56 ± 1.67                 71.4 ± 10.7 *†              15.34 ± 2.08                   66.2 ± 11.6 ‡ 
35 day                    4.95 ± 0.89 *            28.35 ± 3.99 *     8.44 ± 1.18 §                9.8 ± 5.9 §               9.18 ± 1.80 §               32.4 ± 7.8 § 
 
Values are means ± SE; there were 7 animals in each group.  Peak stresses (g/mm2) were determined for the twitch, tetanus, and the 
Stress Relaxation (rate of ~50L0/s to 1.05L0) and Repeated Stretch (mean peak stress across 5 passive stretches at a rate 1.5L0/s to 
1.05L0) protocols and expressed relative to peak tetanic stress.  Stretch-injury(%), mean peak stress as a percent of peak tetanic stress 
from EDL muscles of 9- to 12-day-old mice subjected to a stretch-injury protocol 116 (rate of 0.5 Lo/s to 1.10Lo).  *significantly different 
from control mean values of the same age, P < 0.05.  † significantly different than 14-day mean value of the same genotype, P < 0.05.  ‡ 
significantly different than 21- and 14-day mean values of the same genotype, P < 0.05.  § significantly different than 28-, 21-, and 14-
day mean values of the same genotype, P < 0.05. 
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In addition, peak stress data are included from a previous study where EDL muscles 

were subjected to a stretch-injury protocol 116 (expressed as a percent of peak tetanic 

stress).  Except for 21- and 35-day-old mdx mice, the mean peak stresses from the stress 

relaxation protocol were higher than the mean peak stresses from repeated stretches at 1.5 

L0 (expressed as percent of maximum tetanic stress).  This result is reasonable because the 

strain rate for the stress relaxation protocol (~50 L0/s) is considerably greater than the strain 

rate for the repeated stretches (1.5 L0/s).  For both genotypes, the mean peak stresses 

(expressed as percentage of maximum tetanic stress) from the stress relaxation and 

repeated stretch protocols decreased consistently with age.  Except for 14-day mdx mice, 

the peak stresses from the passive stretch protocols in this study were lower than stresses 

reported in a previous study 116 on muscles subjected to a stretch-injury protocol. 

6.3.4 Contractile and passive mechanical properties 

Tetanic stress responses before and after the two stretch protocols are shown in 

Figure 6.3.  EDL muscles of both genotypes demonstrated increased pre- and poststretch 

tetanic stresses between ages 14 and 35 days (p<0.05), indicative of maturation.  Across all 

ages, the mean tetanic stress in mdx muscle was less than control as assessed by a 2-way 

ANOVA (p<0.05).  At age 35 days, pre- and poststresses of mdx muscles were less than 

those produced by control muscles (p<0.05).  Because both genotypes at each age exhibited 

similar maximal tetanic stress outputs before and after the stretch protocols, these protocols 

had minimal effects on the contractile apparatus (Fig. 3).  The two moduli of elasticity 

parameters, EPE and ESE, were determined from the single stress relaxation protocol.  At 

each age, neither the parallel (Fig. 4A) nor series (Fig. 4B) moduli of elasticity were 
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different between control and mdx EDL muscles.  The parallel and series moduli of 

elasticity values were similar for ages 14, 21, and 28 for both genotypes, whereas the 

values for both genotypes at age 35 were less than the younger ages (p<0.05).  Damping 

values calculated from the single stress relaxation protocol (Fig. 4C) were not different 

between control and mdx EDL muscles at each age.  The damping values followed a 

maturation pattern similar to that of the series and parallel moduli of elasticity values, 

except that the mean value for mdx muscle at 28 days was greater than the mean values for 

mdx muscle at all other ages.  The moduli of elasticity values calculated from the repeated 

ramp stretches at a strain rate of 1.5 L0/s did not increase from the first to the fifth repeated 

ramp stretch for either genotype at any of the ages (Fig. 4D), and were not different 

between control and mdx EDL muscles at any age.  For mdx EDL muscles at ages 14, 21, 

and 28 days, the repeated ramp stretch moduli of elasticity values were similar, whereas 

values at age 35 were less than those at the younger ages (p<0.05).  For control EDL 

muscles, the repeated ramp stretch moduli of elasticity values were similar for ages 14 and 

21, whereas at ages 28 and 35, the values were less than those at the younger ages (p<0.05). 
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Figure 6.3 – Maximal tetanic stress of maturing dystrophic EDL muscles.  For 
each genotype and age, there was no difference in EDL maximal tetanic stress 
after compared with before the two stretch protocols.  For ages 14, 21, and 28 
days, there was no difference in maximal tetanic stress for control compared to 
mdx EDL muscles.  *The pre- and postmaximal tetanic stresses for mdx mice 

were less than control at age 35 days (p<0.05). 
 



 152

 

Figure 6.4 – Stiffness and damping of maturing dystrophic EDL muscles.  There 
was no difference in the parallel (A) or series (B) modulus of elasticity for control 

compared to mdx EDL muscles at each age (n=7), nor in the damping values 
for control compared to mdx EDL muscles at each age (C).  There was also no 
difference in the modulus of elasticity (D) from repeated passive stretches at a 
strain of 0.5 L0 and a rate of 1.5 L0/s for control compared to mdx EDL muscles 
at each age.  * mean value was less than values at younger age groups within 

same genotype (p<0.05).  † mean value was higher than values at all other age 
groups within the same genotype (p<0.05).  ‡ mean moduli of elasticity values 

for the control muscles at 28 and 35 days were less than the younger age 
groups (p<0.05). 
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6.4 Discussion 

The major finding in this study was that the passive stiffness properties of EDL 

muscles obtained from dystrophic pups aged 14 – 35 days were not different than control.  

The only difference in passive mechanical properties that we observed was increased 

damping in mdx EDL muscles at age 28 days, the significance of which is not presently 

clear.  Based on similar parallel stiffness values, the overall mechanical integrity of those 

anatomical elements in parallel with the contractile apparatus, including the dystrophin-

deficient sarcolemma, were not compromised.  The similar series elastic stiffness values 

suggested that the anatomical elements comprising the series elastic element were also not 

compromised, apparently even after the overt onset of the disease process in mdx mice 

(e.g., at ages 28 and 35 days) 43,61.  Alternatively, if the dystrophin-deficient membrane was 

compromised, its effect on overall passive mechanical properties under the conditions used 

herein was minimal.   

A systematic analysis of the mechanical properties of dystrophic skeletal muscle is 

necessary to understand its functional capabilities, both under passive and active (i.e., 

contracting) conditions.  In this study, we addressed mechanical properties of maturing 

muscle during passive stretches using a three-parameter viscoelastic muscle model and 

assessed stiffness only during repeated stretches.  The three parameters include parallel and 

series elastic elements and damping.  Passive muscle is considered to behave as a 

viscoelastic material because it exhibits relaxation in response to a step change in length 

29,5,252.  This viscoelastic behavior of non-activated muscle is also found in isolated muscle 

fibers 12,188,302 and in single isolated rabbit myofibrils 23.  Consistent with these 

observations, both control and mdx EDL muscles demonstrated viscoelastic behavior in 
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response to a single, rapid, step change in length.  The structures thought to contribute to 

passive series elastic stiffness include the actin and myosin filaments, the non-contractile 

proteins of the endosarcomeric and exosarcomeric cytoskeletons including titin, the 

myotendinous junction, and the tendons 104.  Titin is also considered to be a primary 

contributor to the passive series elastic stiffness 318.  The structures thought to contribute to 

passive parallel elastic stiffness include connective tissues surrounding the muscle fibers 

including the sarcolemmal membrane 104.  The influence of tendon on the EDL mechanical 

properties should have been minimal, because we tied the suture knots close to the muscle-

tendon interface.  In addition, for physiological strains and strain rates, the tendons 104 and 

myotendinous junctions 166 do not contribute to the passive mechanics because their 

stiffness values are significantly greater than those of other components of the muscle-

tendon unit 104,166.  Our data should thus reflect the parallel and series elastic elements of 

the muscle, not the myotendinous junctions or tendons, the primary contributors to the 

overall passive length-tension relationships 272,278. 

Although there is considerable evidence in the literature for increased membrane 

damage and loss of contractile function in dystrophic muscle of older mice during stretch-

injury (eccentric contractions) protocols 70,230, we recently reported that stiffness values 

determined at age 9-12 days during a series of active eccentric contractions were similar 

between control and mdx EDL muscles 116.  In the present study, we considered that similar 

stiffness values would be evident at age 14 days because this precedes the overt onset of 

the dystrophic process, but that stiffness values would be influenced at ~age 21 days during 

onset, and with disease progression at ages 28 and 35 days.  Surprisingly, stiffness values 

for control and mdx EDL muscles at each age were similar, both for a single instantaneous 
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stretch and for repeated stretches.  Thus, despite the absence of dystrophin and the DGC 

from the subsarcolemmal region, passive stiffness values were not altered.  There are at 

least three possible explanations for the similar mechanical properties of control and mdx 

EDL muscles.  First, it is possible that the experimental conditions were not severe enough 

to affect contractile function.  For example, a deficit in maximum isometric tetanic force 

provides a quantitative measure of overall muscle fiber damage 92.  At each age, maximal 

EDL tetanic force values obtained after the stretch protocols were not depressed for either 

genotype, suggesting our protocols did not affect the contractile apparatus.  Our data 

suggest that there are conditions under which dystrophic-deficient muscles can be passively 

stretched and result in no loss of contractile capability.  Second, the peak stresses on the 

muscles may have decreased as the mice matured from 14 to 35 days.  When expressed as a 

percent of peak tetanic stress, the peak stresses during the stress-relaxation and repeated 

stretch protocols were maximal at age 14 days and thereafter declined as the mice matured 

for both genotypes.  For example, the maximum peak stress from the mdx muscles 

subjected to the stress relaxation protocol (expressed as percent of peak tetanic stress) was 

~209% at age 14 days and declined to ~10% by age 35 days.  This reduction in stress with 

maturation occurred for two reasons: the muscle length did not change significantly from 

14-35 days for both genotypes (Table 6.1), so that neither the strain nor strain rate changed 

much, whereas peak tetanic force output changed dramatically as the mice matured; and, 

the stiffness did not increase significantly relative to the increase in tetanic force output as 

the mice matured.  Third and finally, upregulation may have occurred of utrophin 68,70,285 

and integrin-based adhesion complexes 168, both of which are considered to compensate for 
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the lack of dystrophin in mdx mice.  We are currently assessing passive and active 

mechanical properties in mice that lack both dystrophin and utrophin.   

In summary, we observed few differences in passive mechanical properties of young 

mdx and control EDL muscles stretched within their linear elastic range.  Although both 

passive (current study) and active stiffness properties 116 of dystrophic muscles appear 

similar during early maturation (e.g., 9-12 days), it is likely that more severe stretch 

perturbations in the nonlinear elastic stretch range will evoke muscle damage as the 

dystrophic process is initiated and progresses 70,230.  However, our results also suggest a 

functional threshold for dystrophic muscle below which damage may be minimized.  

Determining this threshold could have important clinical implications for treatments of 

DMD involving physical activity. 
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ABSTRACT 

 

It is not yet clear if the onset of Duchenne muscular dystrophy is due to cell 

mechanical weakness and/or disrupted signaling.  To understand how the absence of 

dystrophin may impact muscle mechanical properties prior to and following the overt onset 

of the disease, the stiffness and damping of young (i.e., 14 and 28 day) dystrophic and 

control skeletal muscles were determined under both passive and active (i.e., contracting) 

conditions.  Stiffness and damping values were determined by fitting a novel three-

parameter nonlinear muscle model to data obtained from muscles stretched under passive 

and actively contracting conditions.  A nonlinear damping element gave the model 

flexibility to achieve a good fit to experimental data (R2 > ~0.92), even at high strain rates 

of muscle stretch (~50 muscle lengths per second).  There were no differences in passive or 

active mechanical properties between young mdx and control EDL muscles at 14 and 28 

days stretched within physiological range (e.g., 15% strain).  To assess fiber membrane 

damage during the experimental active and passive stretch protocols, the muscles were 

incubated in solution containing procion orange dye.  Membrane damage as indicated by 

uptake of procion orange dye into fibers was similar for each genotype and age 

independent of the stretched or unstretched conditions.  Under the assumption that 

connective tissue and sarcolemmal membranes contribute to whole muscle stiffness, our 

results suggest that the mechanical properties of these muscle components were minimally 

affected by a lack of dystrophin. 
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7.1 Introduction 

 Duchenne Muscular Dystrophy (DMD) is characterized by the lack of dystrophin and 

several other proteins that together comprise the dystrophin glycoprotein complex (DGC).  

The DGC is localized at the muscle cell membrane and is thought to be responsible for 

structural integrity and/or cell signaling during muscle contraction and stretch 79.  Although 

the absence of the DGC has been linked to DMD in humans, the mechanisms that initiate 

disease onset (e.g., muscle wasting) have not been clearly defined.  One current hypothesis 

is that the lack of dystrophin and the DGC result in a weak cell membrane that is 

susceptible to stretch injury 33,89.  An alternative hypothesis is that disrupted cell signaling 

leads to DMD onset 164. 

To understand how the absence of dystrophin may impact muscle function prior to 

and following the overt onset of the disease, a methodical analysis of the mechanical 

properties of young dystrophic mouse muscle under both passive and active (i.e., 

contracting) conditions would seem prudent.  The mdx mouse, the most common DMD 

model, typically demonstrates overt signs of dystrophy at age ~21 days 57.  Recently, we 

used a three-parameter Hill muscle model 103,131 to demonstrate no differences in the 

passive (i.e., muscles not contracting) mechanical properties of maturing (i.e., 14-35 days) 

dystrophic compared to control mouse muscles 313.  These results suggested that a lack of 

dystrophin does not weaken passive whole muscle mechanics at low strains (≤ 5%).  

Although this study established the utility of a linear Hill muscle model to determine 

stiffness and damping in dystrophic muscle, the linear model is not appropriate for strains 

beyond 5% because the stress-strain curve of muscle becomes nonlinear 23,104.  

Accordingly, we considered that a non-linear model was needed to determine differences in 
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mechanical properties between diseased and normal muscle within the maximum 

physiological range of strain (up to 15% strain beyond resting length 15). 

Many muscle models suitably predict the nonlinear behavior of skeletal muscle 

experimental data, but are limited because the model parameters often do not have 

physiological relevance 277,29,171.  A muscle model is physiologically relevant if the model 

parameters (e.g., stiffness, damping) can be interpreted to represent components within 

muscle.  Although some researchers have incorporated physiologic relevance by modeling 

muscle components directly at the whole muscle 40 and at the sarcomeric levels 74,6, the 

models are complex with many parameters, reducing the ability to find a global optimum 

when using optimization techniques to determine parameter values 298,246.  An alternative 

approach is to develop a simple nonlinear muscle model with just enough physiologically 

relevant parameters to achieve an acceptable fit to experimental data (e.g., R2>0.9).   

 The two main purposes of this study were (1) to develop a novel and simple 

nonlinear modification of the classic Hill muscle model for comparing diseased and normal 

muscle, and (2) to measure the passive and active mechanical properties of 14 and 28 day 

dystrophic and control mouse EDL muscles within physiological strains and strain rates.  

Because absence of dystrophin is considered to render the sarcolemma mechanically weak, 

we incubated muscles in a solution containing procion orange dye during the stretch 

protocols to assess sarcolemmal membrane damage by the amount of dye uptake into the 

fibers 224,116.  We have used contractile and mechanical properties as well as membrane 

integrity data to interpret which components of dystrophic muscle may be affected by 

absence of dystrophin. 



 161

7.2 Methods 

7.2.1 Experimental Methods 

Both extensor digitorum longus (EDL) muscles were carefully dissected from 

anesthetized control (C57bl/6; n=7) and mdx (n=7) mice.  Muscle preparation and 

experimental setup were reported  previously 313.  Each experiment consisted of four steps: 

(1) a pre-twitch and tetanus, (2) two passive stress relaxations, (3) a set of 6 active ramp 

stretches at two strain rates, applied every 4 minutes, and (4) a post-tetanus (Figure 7.1).  

During a 5-minute rest period between steps 1 and 2, the PSS in the bath was replaced with 

PSS containing 0.2% procion orange dye (Sigma Aldrich, MX2R13).  Procion orange is a 

fluorescent dye that penetrates damaged muscle fiber membranes and remains in the cell 

224.  Following the final tetanus, the muscles were incubated in fresh PSS for 10 minutes to 

remove excess dye, after which they were frozen in liquid nitrogen for sectioning.  All 

procedures were approved by the Virginia Tech animal care committee. 

 

 
Figure 7.1 – Experimental Protocol.  The force and position plots are not to 

scale.  The number of times a protocol is repeated is indicated below each set 
of plots. 
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7.2.2 Assessment of sarcolemmal membrane damage by dye uptake 

 Each EDL muscle section (10 μm) was viewed under a fluorescent microscope at 

25x magnification and the number of cells taking up dye was divided by the total number 

of cells (expressed as a percent).  Any fluorescent cells noted within a two cell depth from 

the border of the muscle and extending radially into the cross section were excluded from 

the damaged cell count, as these may have resulted from dissection.  We previously 

reported that membrane damage was insignificant from handling the EDL muscles (e.g., 

dissection, hanging the muscles, etc.) in a manner similar to the protocols in this study 116. 

7.2.3 Nonlinear Muscle Model 

It is well established that the stress-strain curve of passive skeletal muscle is 

nonlinear when stretched beyond ~5% strain 104,23.  While it is commonly assumed that the 

elasticity of whole skeletal muscle behaves as a nonlinear spring, we found that the 

damping properties of whole muscle are also highly nonlinear, thus contributing to the 

nonlinearity of the stress-strain curve.  We applied variations of the Hill model and found 

that the model fit was greatly improved by making the damping element nonlinear.  

Interestingly, at physiological strains of ≤15% beyond L0, making the elastic elements 

nonlinear did not significantly improve the fit to experimental data.  Our findings resulted 

in an improved nonlinear muscle model (Figure 7.2) to determine stiffness and damping of 

the whole muscle when stretched up to 115% L0.   
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Figure 7.2 – Improved nonlinear Hill muscle model.  CE, contractile element that 
produces force as a function of muscle length; DE, nonlinear damping element; 
KPE, parallel elastic stiffness; KSE, linear series elastic stiffness; FM, muscle force 

at the tendons. 
 

This improved model includes four components including (1) a parallel elastic 

element, KPE, which represents the components within the muscle that have forces acting 

parallel to the contractile element, (2) a series elastic element, KSE, (3) the nonlinear 

damping element, DE, and (4) the contractile element, CE, which represents the force 

production in response to activation of the muscle by electrical stimulation.  The 

contribution of the contractile element was separated within the model so that changes in 

contractile ability would not directly affect stiffness and damping.  The force across the 

damping element is proportional to the square root of the rate of length change:  

 ( ) ( ),DE SE PE PE SEF L L L Lγ= −& & & &  (7.1) 

where γ is the nonlinear effective damping parameter.  The damping parameter, γ, is 

referred to as effective because of its unconventional nonlinear units.  The constitutive 

equation for this model is: 
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where Frest is the resting tension, FCE is the force across the contractile element, LPE is the 

muscle length change, and Fm is the whole muscle force.  The differential equation shown 

in (7.2) was solved analytically in Mathematica (version 5.2, Wolfram) using the DSOLVE 

function.  The conditions used in solving equation (7.2) were constant strain for the stress 

relaxation protocol and constant strain rate for the repeated active eccentric contractions.  

The active force parameter, FCE, was a constant found experimentally for each EDL muscle 

from the 80Hz tetanic stimulation during the eccentric stretch protocols.  The parameters 

KPE, KSE, and γ were found using an iterative least-squares algorithm by optimizing the fit 

of the ordinary differential equation (ODE) response to the experimental data for each 

muscle.  The ‘lsqcurvefit’ function in the Matlab (version 2006a, Mathworks, Inc.) 

optimization toolbox was used as the least-squares algorithm for determining the 

parameters.  During the experiment, the active stretches were staggered with 4 minutes of 

wait time to reduce stretched-induced contractile force enhancement 244.  To ensure that the 

model was capable of fitting a protocol with various strain rates, two active stretches (one 

at each strain rate) were combined into one data file for analysis and parameter estimation.  

Using muscle cross-sectional area (CSA) and length measurements, stiffness values were 

normalized into moduli of elasticity so that muscles of varying size could be compared.   

7.2.4 Statistical Analysis 

Two-way analysis of variance (ANOVA, SAS 9.1 software, SAS Institute Inc., Cary, 

NC) was used to compare genotype and age data.  Differences in mechanical properties and 
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maximum tetanic stress at a given age between the mouse genotypes were analyzed by a 

one-way ANOVA.  The Newman-Keuls multiple range post hoc test was applied to all 

significant main effects to determine differences between means.  Differences were 

considered significant at P<0.05.  Data are presented as means ± SE.  A power analysis 

(SAS 9.1) with alpha=0.05 was used to determine if the sample size was adequate to detect 

significant differences between the means.  Since power values greater than 0.8 indicate an 

adequate sample size 56, and our power analysis yielded values greater than 0.90 across all 

ages for both genotypes, our sample size was sufficient. 

 

7.3 Results 

7.3.1 Nonlinear muscle model 

The nonlinear model accurately fit experimental data from both the passive and 

active stretch protocols, as evidenced by the high R-squared values (Figure 7.3).  R-squared 

values averaged 0.924 ± .001 for the passive stress relaxation protocol and 0.984 ± .001 for 

the active eccentric stretches.  The R-squared values were not influenced by genotype or 

age.  To demonstrate the improved fit of the nonlinear model, we also fit the linear Hill 

model to the data.  The nonlinear model had significantly higher R-squared values than the 

linear Hill model for both the passive and active protocols (p<0.05).  R-squared values for 

the linear model averaged 0.590 ± .004 for the passive stress relaxation protocols and 0.729 

± .010 for the active eccentric stretches. 
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Figure 7.3 – Typical force curves showing comparisons between linear and 
nonlinear muscle model simulated and experimental data.  A, Passive stress 
relaxation protocol; B, Active eccentric contraction protocol.  Note that two 

active stretches of different strain rate were joined into one continuous set of 
data for parameter estimation. 

 

7.3.2 Morphological, Contractile, and Mechanical Properties 

 
Morphological data are shown in Table 7.1.  At 14 days, there was no difference in 

mean body mass, EDL length, EDL mass, and cross-sectional area (CSA) between the 

control and mdx pups.  At 28 days, the mean body masses, EDL lengths, and EDL masses 

for the mdx mice were larger than control (p<0.05), but not the mean CSA.  Consistent with 

maturation, body mass and EDL muscle length, mass and CSA for both genotypes 

increased with age (p<0.05).  Tetanic stress output before and after the stretch protocols is 

shown in Figure 7.4.  Tetanic output of the control muscles was significantly reduced 

following the stretch protocols at both ages (p<0.05).  At 14 days, there was no difference 

in tetanic stress output between dystrophic and control muscles before the stretch protocols.  

At 28 days, the tetanic output of dystrophic muscles was significantly lower than control 

before the stretch protocols (p<0.05). 
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Table 7.1– Morphological data for control and mdx mice 

 
Genotype            Age (days)     Body Mass (g)    EDL Length (mm)   EDL Mass (mg) EDL CSA (mm2) 
 
Control mice 
14 day           13.9 ± 0.2     7.44 ± 0.17       8.48 ± 0.13   2.07 ± 0.11   0.23 ± 0.01  
28 day              28.0 ± 0.0     13.34 ± 0.38 †      10.50 ± 0.35   5.00 ± 0.17   0.45 ± 0.01              
           
 
mdx mice 
14 day             13.9 ± 0.2     11.28 ± 1.4       9.19 ± 0.31   2.74 ± 0.28    0.28 ± 0.02  
28 day              28.9 ± 0.1     15.86 ± 0.74 * †      11.57 ± 0.32 * †   6.03 ± 0.19 * †   0.49 ± 0.01 †             
           
 
Values are means ± SE; there were 7 animals in each age group for control and mdx mice.  EDL, extensor digitorum 
longus; CSA, cross-sectional area; *significantly different from control mean values of the same age, p < 0.05.  † 
significantly greater than 14-day mean value of the same genotype, p < 0.05. 
 
 
 
 

 
 

Figure 7.4 – Maximum tetanic stress output before and after the passive and 
active stretch protocols.  * Mean value is different than the mean value taken 
before the stretch protocols at the same age and genotype; † Mean value is 
different than the WT mean value at the same age and condition (p < 0.05). 

 

The two passive stiffness parameters (i.e., series and parallel) were determined from 

the passive stress relaxation protocol (15% strain) by fitting the nonlinear model to the 

data.  There was no difference in passive stiffness between dystrophic and control muscles 

at both ages (Figure 7.5 A and B).  The two active stiffness parameters were determined 

from the nonlinear model fit to the data from the active repeated eccentric stretch protocol 
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(10% strain and 80 Hz stimulation).  There was no difference in active stiffness between 

dystrophic and control muscles at both ages (Figure 7.5 C and D).  Nonlinear effective 

damping values were not different between control and mdx EDL muscles at each age 

group (data not shown). 

 

 
 

Figure 7.5 – Stiffness values determined by fitting the nonlinear muscle model 
to the experimental data.  Passive parallel (A) and series (B) element moduli of 

elasticity values were determined by the stress relaxation profiles.  Active 
parallel (C) and series (D) element moduli of elasticity values were determined 
by the eccentric stretch profiles.  There was no difference in mean passive and 
active stiffness values between dystrophic and control muscles at both ages (p 

< 0.05). 
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7.3.3 Dye Uptake 

Independent of genotype, membrane damage as indicated by uptake of procion 

orange dye was similar for both the stretched and unstretched conditions at both ages 

(Figure 7.6 A and B).  At age 28 days, the percent of dye-positive fibers was significantly 

greater in the mdx (~4%) compared with control (~1%) muscles, independent of the 

stretched or unstretched conditions (Figure 7.6 B, p < 0.05).   

 

 
 

Figure 7.6 – Percent of fibers in muscle section taking up procion orange dye at 
14 (A) and 28 (B) days. 

 

7.4 Discussion 

A novel and simple modification of the Hill linear muscle model was developed to 

account for skeletal muscle nonlinear viscoelastic properties. The model was used to 

determine if the mechanical properties of passive and actively contracting dystrophic and 

control muscles differed prior to (age 14 days) and early following disease onset (age 28 

days).  The nonlinear muscle model closely fit passive stress relaxation and active eccentric 
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stretch experimental data, with mean R-squared values that ranged from 0.924 to 0.984.  

The major finding in this study was that the mean active and passive normalized stiffness 

values (e.g., moduli of elasticity) of dystrophic compared to control muscles were not 

different at each age.  Dye uptake, as an index of membrane damage, was not increased by 

the stretch protocols for either genotype or age.  Further, dye uptake into mdx compared to 

control muscle fibers was increased at age 28 days for both the stretched and unstretched 

conditions, but was still only 4-5% (Figure 7.6).  These data suggest that the absence of 

dystrophin did not compromise overall muscle stiffness or induce dramatic changes in 

membrane permeability under passive or active contractile conditions prior to and during 

early dystrophic onset.  

In the present study, a nonlinear muscle model was developed that adeptly 

simulated whole muscle force during passive and active stretches within physiological 

strains (i.e., ~15% above resting length for EDL).  A nonlinear damping element gave the 

model the flexibility to fit experimental data from muscle stretches, even at very high strain 

rates (~50 L0/s).  Three advantages made this model an appropriate choice for comparing 

mechanical properties of normal and dystrophic muscle: (1) physiologic relevance, (2) few 

unknown parameters, and (3) accurate fit to experimental data.   

The first advantage of this model was the parameters in the model could be 

associated with physiological components within the muscle, facilitating interpretation of 

their mechanical properties.  The muscle components thought to contribute to series elastic 

stiffness include the actin and myosin filaments, the non-contractile proteins of the 

sarcomere including titin, the myotendinous junction, and the tendons 104,318.  The 

components thought to contribute to parallel elastic stiffness include connective tissues 
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surrounding the muscle fibers and the sarcolemmal membrane 104.  It was previously 

reported that the tendons 104, myotendinous junctions 166, and suture 313 do not contribute to 

the passive mechanics because their stiffness values are significantly greater than those of 

other components of the muscle-tendon unit.  By removing the contractile element (CE), 

stiffness and damping values could be determined without influence from the contractile 

ability (e.g., actin-myosin interaction during stimulation).     

A second advantage of the present nonlinear model was that there are only three 

unknown parameters, facilitating parameter estimation from experimental data.  Many 

nonlinear muscle models that achieve accurate fit to experimental data have numerous 

unknown parameters (e.g., >>3).  As the number of parameters increases, determining 

unknown model parameters from experimental data becomes less feasible because 

parameter estimation algorithms have difficulty finding a global optimum 298,246. 

A third advantage of the model was its capability to fit experimental data acceptably 

within physiological strains, even at high strain rates (~50 L0/s).  Due to the nonlinear 

viscoelastic behavior of skeletal muscle, increases in strain rate reduce the ability of a 

nonlinear muscle model to fit experimental data.  The present model did not match 

experimental data as well during the relaxation phase of the eccentric stretch as it did 

during stretch and stimulation phases (Figure 7.3 B).  A more complex muscle model, such 

as a finite-element model that has components that represent cross-bridge interactions, 

would be required to accurately simulate post-activation relaxation 292.  However, a more 

complex finite-element model would have more parameters, reducing the chance of finding 

an optimum fit to the data.        
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The loss of tetanic stress output in mdx muscle has been in part attributed to the 

reduction of membrane structural integrity due to the lack of dystrophin 227,230 and in part to 

suboptimal actin-myosin interaction 183.  Dystrophin is found in abundance at the 

sarcolemmal membrane 89 and myotendinous junction 284 and is thought to facilitate the 

transmission of forces from the muscle fibers to the tendon 33.  It would seem likely that a 

lack of dystrophin would influence the mechanical properties and/or force transmission of 

skeletal muscle.  However, results from the present study and others 313,116  indicate that the 

stiffness and damping of maturing mdx muscle was not different from control.  These 

results suggest two possibilities; dystrophin is not crucial to muscle structural integrity, or 

another protein is compensating for its absence.  Upregulation of utrophin 68,70,285  has been 

shown to compensate for the lack of dystrophin in mdx mice, with the greatest content 

occurring at 28 days when muscle fiber degradation is highest 245.  Although we observed a 

significant reduction in tetanic stress output in mdx muscles compared to control at 28 days 

(Figure 7.4), we did not see a similar reduction in membrane integrity (Figure 7.6).  The 

small percentage of dye uptake that we did observe may not be a result of membrane 

damage.  For example, calcium entry through stretch-activated channels in the fiber 

membrane has been shown to increase permeability following stretch-induced damage in 

mdx muscles 307.  Collectively, these results suggest that there are minimal changes in the 

mechanical integrity of the membrane during dystrophic onset and progression.   

Under the assumption that connective tissue and sarcolemmal membranes 

contribute to whole muscle stiffness, our results suggest that the mechanical properties of 

these muscle components were minimally affected by a lack of dystrophin.  Stiffness 

changes in skeletal muscle have an effect on mobility and control of limbs 135.  Knowing if 



 173

and when possible stiffness changes occur in dystrophic muscle can help us understand the 

healthy limits of mobility, which may lead to improved therapeutic treatments.  
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8.1 Introduction 

Duchenne muscular dystrophy (DMD) is a human skeletal muscle disease clinically 

apparent between ages 2 and 3 years and characterized by progressive muscle weakness 

and wasting, contractures of the ankles and hips, and scoliosis 46,86.  DMD patients usually 

succumb to premature death by age of ~20 due to failure of their diaphragm or heart 

muscles.  DMD is characterized by the lack of dystrophin (427 kDa), a protein localized to 

the sarcolemma of healthy skeletal muscle fibers 219.  Dystrophin is an integral part of the 

dystrophin-glycoprotein complex (DGC), which is thought to be responsible for cell 

signaling as well as structural integrity of the muscle fiber membrane 33,79,89.  Although the 

genetic differences between healthy and dystrophic muscle is known, the mechanism(s) 

initiating the onset of DMD (e.g., muscle wasting) have not yet been defined.  One current 

hypothesis is that the absence of dystrophin causes the muscle cell membrane to be weaker 

and more susceptible to contraction-induced injury.  Alternatively, it is thought that 

absence of dystrophin may disrupt cell signaling which leads to the onset of DMD.   

The majority of animal DMD research studies focus on the characteristics of mature 

dystrophic muscle after disease onset.  However, the mdx mouse, the most common DMD 

mouse model, typically demonstrates overt signs of dystrophy at age ~21 days, as 

evidenced by the presence of extensive myopathic lesions on the muscle fibers 57,266,43,61,247. 

One of our primary research themes is to systematically test the hypothesis that the absence 

of dystrophin leads to altered muscle mechanical properties during early maturation (e.g., 

age 14-35 d). We propose that if the mechanical properties are not different between 

control and dystrophic muscles before onset of the disease, this would suggest that other 

mechanisms may be responsible (e.g., altered cell signaling because of the absent DGC).  
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As the first step in our systematic analysis, we used a linear viscoelastic muscle 

model to confirm our hypothesis that the passive mechanical properties (i.e., stiffness and 

damping) of maturing mdx and wildtype (wt) EDL muscles in vitro were not different  313.  

As the next step, in the current study, we investigated the mechanical properties of active 

(i.e., contracting) dystrophic muscle at physiological strains.  Typical physiological strains 

for active EDL muscle are between 15-25% 15.   A limitation of the linear viscoelastic 

model was it could not fit data at muscle strains above ~5% because of the nonlinear 

viscous behavior of whole muscle.  To address that limitation we developed a modified 

non-linear Hill model that could be used to determine stiffness and damping of muscle 

stretched to 25% strain 314.  In the present study, we expanded our analysis by using the 

nonlinear model to determine the mechanical properties of dystrophic and control EDL 

muscles from mice aged 14-100 days.  This time-course data of dystrophic muscle 

properties had previously been lacking in the literature, and is necessary for understanding 

the function of disease onset because temporary changes may occur.  Additionally, we 

examined the mechanical properties of mdx:utrn-/- mice during maturation and disease 

onset (i.e., 14-35 days) because this mouse model more closely resembles the severity of 

disease progression observed in human DMD patients. 
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8.2 Methods 

8.2.1 Muscle Preparation 

Muscles were prepared as previously described 313. Briefly, both EDL muscles were 

carefully dissected from anesthetized control (C57BL/6; n=7 at each age), mdx (n=7 at each 

age), and mdx:utrn(-/-) mice (n=4-7 at each age) at ages 14, 21 28, and 35.  Additional 

EDL muscles were dissected from control and mdx mice aged 40, 60, 80, and 100 days 

(n=3-5 at each age).  Due to difficulties with breeding and maintaining mdx:utrn-/- mice, we 

focused our available samples on the maturing age range between 14-35 days.  Muscles 

were maintained at 30°C in an oxygenated (95% O2-5% CO2) physiological salt solution 

(PSS; pH 7.6).  One EDL was maintained at 1 gram of resting tension for the duration of 

the experiment as a control, with the exception of muscles from 14 day mice that were 

maintained at 0.5 grams of resting tension to eliminate tearing that occurred in muscles 

from mdx:utrn-/- mice during preliminary testing.  The other EDL was subjected to the 

experimental protocols using a dual-mode servomotor system (300B, Aurora Scientific).  

Non-absorbable braided silk suture (Deknatel 4-0) was used to secure the muscle to the arm 

of the servomotor and in the clamp at the base of the bath.  Resting muscle tension (L0) was 

set and then maintained by a stepper motor at 1.00 ± 0.05 grams for the duration of the 

experiment (0.50 ± 0.05 grams for muscles from 14 day mice).  

8.2.2 Experimental Protocols 

Each experiment consisted of four steps: (1) a pre-twitch and tetanus, (2) two passive 

stress relaxations, (3) a set of 6 active ramp stretches at two strain rates, applied every 4 
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minutes, and (4) a post-tetanus (Figure 8.1).  The 1st and the 4th steps were performed to 

assess the effects of the stretches in steps 2 and 3 on contractile capability.  The third twitch 

was recorded as the pre-stretch twitch to avoid post-tetanic twitch potentiation 115.  During 

a 5-minute rest period between steps 1 and 2, the PSS in the bath was replaced with PSS 

containing 0.2% procion orange dye (Sigma Aldrich, MX2R13).  Procion orange is a 

fluorescent dye that penetrates damaged muscle fiber membranes and remains in the cell 

224.  Following the final tetanus, the muscles were incubated in fresh PSS for 10 minutes to 

remove excess dye, after which they were frozen in liquid nitrogen for sectioning.  All 

procedures were approved by the Virginia Tech animal care committee. 

    

 

 
 

Figure 8.1 – Experimental Protocol.  The force and position plots are not to 
scale.  The number of times a protocol is repeated is indicated below each set 

of plots. 
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8.2.3 Determination of Mechanical Properties 

In a previous study, we used a linear Hill muscle model to determine passive 

mechanical properties (e.g., stiffness and damping) of dystrophic and control EDL muscles 

313.  A limitation of our previous model was that muscle strain had to be less than 5% or 

discrepancies between model output and experimental data would be unacceptably high 

(R2<0.8).  It is well established that the stress-strain curve of passive muscle is nonlinear 

when stretched beyond ~5% strain.  Although it is accepted that the elastic components of 

the muscle are nonlinear 40,104, we found the viscous properties of whole muscle are also 

nonlinear, thus contributing to the nonlinearity of the stress-strain curve.  To overcome this 

limitation, a nonlinear muscle model was developed to determine stiffness and damping 

properties of the whole muscle when stretched beyond 5% strain 314 (Figure 8.2).  Briefly, 

the modified model has an elastic element, KPE, which represents the slope of the force 

response during slow passive stretch (i.e., <0.1 L0/s).  The series elastic stiffness, KSE, 

represents the linear elastic stretch response of the sarcomeric components (e.g., primarily 

titin).  The contractile element, CE, represents the force production due to electrical 

stimulation.  Including a distinct contractile component insures that the series and parallel 

elastic values are minimally influenced by muscle output force.  The nonlinear damping 

element, DE, represents muscle force dependent on the rate of length change.  
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Figure 8.2 – Improved nonlinear Hill muscle model.  CE, contractile element that 
produces force as a function of muscle length; DE, nonlinear damping element; 
KPE, parallel elastic stiffness; KSE, linear series elastic stiffness; FM, muscle force 
at the tendons. 

 
 

The force across the damping element is proportional to the square root of the rate of 

length change:  

 ( ) ( ),DE SE PE PE SEF L L L Lγ= −& & & &  (8.1) 

where γ is the nonlinear effective damping parameter.  The muscle model is represented by 

the following differential equation: 
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 (see Chapter 7 for additional details of the nonlinear model).    

8.2.4 Statistical Analysis 

Two-way analysis of variance (ANOVA, SAS 9.1 software, SAS Institute Inc., Cary, 

NC) was used to compare genotype and age data.  Differences in mechanical properties and 

maximum tetanic stress at a given age between the mouse genotypes were analyzed by a 

one-way ANOVA.  The Newman-Keuls multiple range post hoc test was applied to all 
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significant main effects to determine differences between means.  Differences were 

considered significant at P<0.05.  Data are presented as means ± SE.  A power analysis 

(SAS 9.1) with alpha=0.05 was used to determine if the sample size was adequate to detect 

significant differences between the means.  Since power values greater than 0.8 indicate an 

adequate sample size 56, and our power analysis yielded values greater than 0.90 across all 

ages for both genotypes, our sample size was sufficient. 

8.3 Results 

8.3.1 Morphological and Peak Stress Data 

Morphological data are shown in Table 8.1.  As expected, consistent with 

maturation, body mass and EDL muscle length, mass and CSA for all three genotypes 

increased with age (p<0.05). 

8.3.2 Contractile and mechanical properties 

The mean peak stresses for each genotype at each age for twitches, tetani, and 

passive stretch protocols are shown in Table 8.2.  Tetanic stress responses before and after 

the stretch protocols are shown in Figure 8.3.  Across all ages, the mean tetanic stress in 

mdx and mdx:utrn-/- muscles were less than control as assessed by a 2-way ANOVA 

(p<0.05).  The two passive stiffness parameters (i.e., series and parallel) were determined 

from the passive stress relaxation protocol (15% strain) by fitting data to the nonlinear 

model.  Stiffness values were normalized to moduli of elasticity.  At each age, neither the 

parallel (Figure 8.4 A) nor series (Figure 8.4 B) passive moduli of elasticity were different 
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between control and mdx EDL muscles.  The parallel and series passive moduli of elasticity 

for the mdx:utrn-/-  mice at 21 and 28 (but not 14 and 35 days) were greater than control 

and mdx (p<0.05).  There was no difference in active stiffness between all three genotypes 

ages 14-35 days (Figure 8.5).  The active stiffness of mdx muscles aged 60-100 days was 

lower than control (Figure 8.5, p<0.05).  Damping values calculated from the single stress 

relaxation protocol were not different between control, mdx, and mdx:utrn-/- EDL muscles 

at each age (data not shown). 
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Table 8.1 – Morphological data for control, mdx, and mdx:utrn-/- mice 
Genotype Age (days) Body Mass (g) EDL Length (mm) EDL Mass (mg) EDL CSA (mm2) 
Control      
14 day 13.4 ± 0.2 6.40 ± 0.52 6.71 ± 0.15 0.99 ± 0.10 0.14 ± 0.02 
21 day 21.0 ± 0.0 10.03 ± 0.29 10.07 ± 0.28 3.93 ± 0.11 0.37 ± 0.02 
28 day 28.0 ± 0.0 13.34 ± 0.38 10.50 ± 0.35 5.00 ± 0.17 0.45 ± 0.01 
35 day 35.0 ± 0.0 18.71 ± 1.26 12.36 ± 0.18 6.89 ± 0.78 0.53 ± 0.06 
40 day 44.7 ± 0.4 20.57 ± 0.52 11.37 ± .84 9.37 ± 0.46 0.79 ± 0.07 
60 day 55.0 ± 0.0 22.95 ± 1.90 12.75 ± 0.35 10.50 ± 0.99 0.78 ± 0.10 
80 day 79.0 ± 0.0 21.83 ± 0.79 13.23 ± 0.75 9.00 ± 0.14 0.65 ± 0.04 
100 day 109.5 ± 1.9 24.50 ± 2.74 12.73 ± 0.48 11.13 ± 1.49 0.83 ± 0.11 
      
mdx      
14 day 13.7 ± 0.2 8.19 ± 0.19 * 7.29 ± 0.10 1.63 ± 0.07 * 0.21 ± 0.01 
21 day 22.0 ± 0.0 10.53 ± 0.35 10.07 ± 0.07 3.91 ± 0.17 0.37 ± 0.02 
28 day 28.9 ± 0.1 15.86 ± 0.74 * 11.57 ± 0.32 * 6.03 ± 0.19 * 0.49 ± 0.01 
35 day 35.0 ± 0.0 21.90 ± 1.23 12.43 ± 0.07 8.06 ± 0.68 0.61 ± 0.05 
40 day 40.0 ± 0.0 23.40 ± 0.83 * 11.40 ± 0.33 8.92 ± 0.74 0.74 ± 0.06 
60 day 58.0 ± 0.0 23.97 ± 0.46 11.93 ± 0.08 11.20 ± 1.42 0.89 ± 0.12 
80 day 85.0 ± 1.2 27.00 ± 0.21 * 12.80 ± 0.51 12.23 ± 0.29 * 0.91 ± 0.03 * 
100 day 108.0 ± 0.0 29.10 ± 0.99 11.67 ± 0.89 11.77 ± 1.06 0.96 ± 0.07 
      
mdx:urn-/-       
14 day 14.8 ± 0.3 8.20 ± 0.77 * 6.88 ± 0.52 1.33 ± 0.25 0.18 ± 0.03 * 
21 day 21.0 ± 0.0 8.46 ± 0.33 *† 9.08 ± 0.51 2.55 ± 0.15 *† 0.27 ± 0.01 *† 
28 day 28.6 ± 0.2 10.37 ± 1.13 *† 9.25 ± 0.21 *† 2.93 ± 0.38 *† 0.30 ± 0.04 *† 
35 day 35.0 ± 0.0 15.00 ± 2.60 † 11.05 ± 0.92 *† 4.88 ± 1.22 0.40 ± 0.09 
      

Values are means ± SE; there were 7 animals in each age group for control and mdx mice; there were 3-5 animals in each age group for mdx:utrn-/-  mice.  EDL, extensor digitorum 
longus; CSA, cross-sectional area; *significantly different from control mean values of the same age, P < 0.05.  † significantly different than mdx mean values of the same age, P < 
0.05;  ‡ there were only 2 samples at this age and genotype so standard error was not computed. 
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Table 8.2 – Peak Stress data for control, mdx, and mdx:utrn-/- muscles 

Genotype Twitch Tetanus Stress Relaxation Stress Relaxation 
(%) 

Eccentric 
Stretches 

Eccentric 
Stretches (%) 

Control       
14 day 4.54 ± 0.83 17.83 ± 2.66 56.67 ± 7.22 369.23 ± 83.54 44.37 ± 5.13 292.28 ± 73.91 
21 day 7.27 ± 0.45 30.45 ± 2.48 70.00  ± 4.99 231.88 ± 9.48 53.65 ± 3.28 178.13 ± 5.03 
28 day 6.35 ± 0.28 35.04 ± 1.19 65.51 ± 3.53 186.68 ± 6.96 54.46 ± 1.91 155.58 ± 3.22 
35 day 7.71 ± 0.41 42.87 ± 2.72 76.92 ± 7.90 181.31 ± 19.96 60.27 ± 3.05 142.53 ± 8.76 
40 day 7.45 ±1.06 40.04 ± 7.67 42.55 ± 9.72 105.46 ± 12.13 51.52 ± 9.20 109.39 ±11.56 
60 day 7.76 ±0.74 49.85 ± 0.32 49.54 ± 2.21 99.39 ± 5.07 61.73 ± 0.58 145.15 ±29.77 
80 day 7.86 ± 0.49 38.17 ± 5.97 79.61 ± 14.17 195.20 ± 67.48 65.67 ± 1.02 165.99 ± 33.85 
100 day 8.01 ± 1.27 49.94 ± 2.48 56.03 ± 14.80 110.00 ± 23.19 62.28 ± 6.76 129.38 ±17.79 
       
mdx       
14 day 1.33 ± 0.47 * 7.18 ± 1.80 * 32.24 ± 2.25 * 879.32 ±344.81 26.48 ± 1.67 * 697.64 ±258.28 
21 day 4.83 ± 0.54 * 21.84 ± 2.82 * 67.58 ± 5.12 341.38 ± 52.13 46.60 ± 2.52 236.40 ±35.54 
28 day 3.63 ± 0.39 * 20.27 ± 2.52 * 72.03 ± 5.15 396.75 ± 69.84 * 49.85 ± 3.12 272.51 ±43.58 * 
35 day 6.44 ± 0.57 33.59 ± 1.53 76.92 ± 6.90 229.20 ± 18.72 54.29 ± 2.87 162.38 ±7.98 
40 day 4.68 ± 0.37 24.48 ± 3.02 66.27 ± 18.27 261.17 ±44.75 * 43.01 ± 8.04 186.03 ±76.08 
60 day 5.24 ± 2.01 20.02 ± 7.87 44.76 ± 7.02 213.73 ± 94.05 35.96 ± 7.17 * 180.23 ±77.42 
80 day 8.57 ± 1.35 35.73 ± 1.48 61.47 ± 6.94 172.29 ± 19.11 46.08 ± 3.90 * 131.33 ±14.13 
100 day 7.19 ± 1.33 28.37 ± 4.72 * 58.44 ± 6.50 210.46 ± 29.31 * 40.38 ± 3.22 * 154.85 ±15.53 
       
mdx:urn-/-        
14 day 2.88 ± 0.62  12.54 ± 1.87 46.77 ± 6.49 396.58 ± 78.55 36.84 ± 5.30 339.93 ± 114.9 
21 day 3.92 ± 0.84 * 15.24 ± 2.87 * 84.97 ± 11.75 608.68 ± 80.26 *† 57.10 ± 6.46 420.82 ± 60.92 *† 
28 day 5.94 ± 1.00 † 22.10 ± 2.51 * 97.23 ± 14.47 * 449.32 ± 62.80 * 64.32 ± 8.15 299.33 ±37.87 * 
35 day 4.34 ± 1.27 *† 24.25 ± 6.03 * 89.57 ± 17.83 430.19 ± 143.36 *† 65.27 ± 12.42 325.43 ± 113.92 *† 
       

Values are means ± SE;. Peak stresses (g/mm2) were determined for the twitch, tetanus, Stress Relaxation (rate of ~50L0/s to 1.15L0) and the Eccentric Stretches (peak stress from 
eccentric stretches at a rate 2.0L0/s to 1.10L0) protocols and expressed relative to peak tetanic stress.   *significantly different from control mean values of the same age, P < 0.05.  
† significantly different than mdx mean values of the same age, P < 0.05. 
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Figure 8.3 – Tetanic Stress Before and After Stretch Protocols.  A, 14 day mice; 

B, 21 day mice; C, 28 day mice; D, 35 day mice.   
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Figure 8.4 – Passive stiffness of control and dystrophic EDL muscles 

determined with nonlinear model.  Parallel (A) and series (B) elastic stiffness 
determined from 15% strain passive stress relaxation protocol. * mean stiffness 
value is different than wt (p<0.05).  † mean stiffness value is different than mdx 

(p<0.05). 
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Figure 8.5 – Active stiffness of control and dystrophic EDL muscles determined 
with nonlinear model.  Active stiffness of muscles determined from 10% strain 

eccentric stretch protocol. * mean stiffness value is different than wt (p<0.05).  † 
mean stiffness value is different than mdx (p<0.05) 

 
 

8.4 Discussion 

In the present study, a previously developed nonlinear muscle model 314 was used to 

determine parallel and series stiffness as well as damping for wt, mdx, and mdx:utrn-/- EDL 

muscles.  The two major findings in this study were 1) passive and active stiffness values 

of EDL muscles obtained from mdx:utrn-/- mice aged 21 and 28 days were higher than 

those from wt and mdx muscles at the same ages, and 2) that active stiffness of mdx EDL 

muscles is less than wt between ages 60 to 100 days.  We confirmed our earlier findings 

that there are no differences in passive and active stiffness or damping properties between 

mdx and wt muscles obtained from mice aged 14-35 days 313,314. 

Determining the stiffness of diseased muscle offers insights into limb movement and 

tissue structure.  Stiffness of a muscle, defined as the change in force for a given change in 

length, affects limb movement in vivo.  Greater muscle stiffness results in higher contractile 

stresses to achieve the required limb movement.  Stiffness measurements of muscle tissue 
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can indicate alterations in a tissue’s structure.  For instance, the expression level of a 

protein within a muscle component may influence its stiffness value 12,13,11.  Additionally, 

tearing or damage to muscle tissue (e.g., sarcolemma) may lower its stiffness value.  Our 

nonlinear model allows us to detect changes in stiffness within various components of the 

skeletal muscle.  The structures thought to contribute to series elastic stiffness include the 

actin and myosin filaments, the non-contractile proteins of the endosarcomeric and 

exosarcomeric cytoskeletons including titin, the myotendinous junction, and the tendons 

104.  The structures thought to contribute to passive parallel elastic stiffness are connective 

tissues surrounding the muscle fibers and the sarcolemmal membrane  .  The influence of 

tendon on the EDL mechanical properties should have been minimal, because we tied the 

suture knots close to the muscle-tendon interface.  Additionally, it was previously reported 

that the tendons 104, myotendinous junctions 166, and suture 313 do not contribute to the 

passive mechanics because their stiffness values are significantly greater than those of 

other components of the muscle-tendon unit.  Our data should thus reflect the parallel and 

series elastic elements of the muscle, not the myotendinous junctions or tendons, the 

primary contributors to the overall passive length-tension relationships. 

To determine whether whole muscle mechanical weakness causes the onset of 

muscular dystrophy in mdx and mdx:utrn-/- muscles, we completed a detailed time-course 

of mechanical properties during maturation (14-35 days of age).  Because such time-course 

data had not been previously reported in the literature, we took a systematic approach to 

examining dystrophic muscle mechanics before, during, and following the onset of the 

disease.  Not surprisingly, we have found that the stiffness of skeletal muscle (normal or 

dystrophic) changes drastically during maturation.  This partially explains the inconsistent 
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stiffness results from previous studies of dystrophic muscle 28,162,35,169.  Interestingly, our 

time-course data revealed that transient changes in stiffness can occur within the same 

genotype as we observed in mdx:utrn-/- muscles at 21-28 days. 

The increase in stiffness values in mdx:utrn-/- muscles compared to control and mdx 

muscles at 21 and 28 days suggests that a temporary physiological or structural change 

occurred in the muscles after age 14 days that was maintained until at least age 28 days.  

Although seemingly counter-intuitive for whole muscle stiffness to increase when a 

structural membrane link is removed, this is not an unusual phenomenon.  Mouse muscles 

lacking desmin, another key structural protein, showed an increase in passive stiffness 

compared to control 11.  There are at least three possible explanations for the increased 

stiffness in mdx:utrn-/- muscles at 21 and 28 days of age.  First, an increase in connective 

tissue (e.g., laminin, collagen) could explain the increased stiffness.  SDS-PAGE analysis 

of mdx:utrn-/- muscles showed an increase in total protein at 21 and 28 days of age (data 

not shown).  Although this increase in protein may be attributed to increased connective 

tissue, some argue that connective tissue does not contribute to whole muscle stiffness 

within the physiological range of strain 119,237,257.  However, in these studies, connective 

tissue was shown to prevent increased length change at high strains (>~20%).  This result 

does not remove the possibility of connective tissue’s role in muscle stiffness at low strains.  

Therefore, changes in connective tissue are possibly responsible for the stiffness changes 

that we observed when stretching mdx:utrn-/- muscles within a physiological strain and 

strain rate.  Second, increased size, expression, or stiffness of titin in mdx:utrn-/- muscles at 

21 and 28 days may account for the increase in stiffness.  Titin, a protein located in the 

sarcomere, is a main contributor to passive muscle tension within a physiological strain 
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range.  Third, another protein such as α7-integrin may be upregulated to compensate for 

the lack of dystrophin and utrophin.  Integrins are proteins located in costameres and 

myotendinous junctions that have mechanical and structural significance 20,225.  A recent 

study reported decreased stiffness in 1 month old α7-integrin-null mice compared to 

control while 1 year old α7-integrin-null mice showed increased stiffness 182.  Future 

studies are planned to investigate the mechanical properties of mice lacking both α7-

integrin and dystrophin. 

 Active stiffness of mdx muscles was less than control muscles between 60-100 days 

of age.  However, passive stiffness of mdx muscles from the same age range was not 

different than control, confirming similar results in other studies that examined passive 

stiffness of mature mdx mice 169,35,28.  In order to interpret the observed difference in active 

stiffness between mdx and control muscles, it is necessary to consider the internal muscle 

components such as costameres.  Costameres are protein scaffolds organized along the 

sarcolemma that provide lateral mechanical connections between the adjacent muscle cells.  

Costameres have extracellular as well as intracellular protein structures.  The intracellular 

components link the contractile proteins to the sarcolemma while the extracellular 

components link the sarcolemmae of adjacent myofibers through the extracellular matrix 

(ECM).  Passive stretch protocols only permit analysis of costameric connections between 

adjacent myofibers through the extracellular matrix.  Alternatively, active stretch protocols 

add the ability to investigate the mechanical connections between the contractile proteins 

and the sarcolemma.  The fact that muscles from mdx mice aged 60-100 days showed 

decreased stiffness compared to control indicates that the connections between the 

contractile proteins and the sarcolemma were altered by a lack of dystrophin.  Active 
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stiffness, as measured by our nonlinear model, is not influenced by the amount of tetanic 

force during the protocol because the contractile element is separated from the two elastic 

elements in the stiffness analysis. 

In summary, we reported a comprehensive time-course of mechanical properties in 

wt, mdx, and mdx:utrn-/- muscles in order learn more about the cause of disease onset in 

DMD.  We observed no differences in passive or active mechanical properties of maturing 

(<35 days) mdx and control EDL muscles, confirming our hypothesis that a lack of 

dystrophin alone does not affect the structural integrity of the muscle.  This suggests that a 

mechanism other than mechanical weakness in the membrane (such as disrupted cell 

signaling) may be the initial cause of disease onset.  A surprising result was that stiffness of 

muscles from mdx:utrn-/- mice aged 21 and 28 days were higher than mdx and control.  

This transient increase in stiffness of mdx:utrn-/-
  muscles, which lack both dystrophin and 

utrophin, may be a result of increased expression of titin or an undetermined structural 

protein (e.g., α-integrins, α-sarcoglycan).  The possible mechanical roles that these proteins 

play in recovering normal function in dystrophic muscle can be investigated in future 

studies using dystrophic animal models such as α7-integrin-dystrophin-null and sarcospan 

transgenic mice.  Identifying such proteins is important because upregulation of these 

proteins may lower the severity or rate of DMD progression in humans. 
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Chapter 9 Mechanical Properties of maturing Slow- and Fast-

twitch Dystrophic Muscles 

9.1 Introduction 

The most prevalent muscle fiber types are slow-twitch (type I) and fast-twitch (type 

IIa, IIb, and IIx).  Slow-twitch fibers contain more mitochondria, myoglobin, and blood 

flow than fast-twitch fibers which allows them to be more efficient at using oxygen to 

generate ATP 253.  This efficiency makes slow-twitch fibers ideal for fatigue-resistant 

muscles requiring extended contractions at a lower force output (e.g., stabilizing muscles).  

Although the mechanical properties of slow-twitch muscles have been compared to fast-

twitch muscles in previous studies, the results are inconsistent. 

Several studies have reported increased stiffness in fast-twitch (FT) compared to 

slow-twitch (ST) muscles.  Using small, sinusoidal length changes to determine the 

instantaneous stiffness of normal mouse muscles 271, Stein and Gordon found that EDL 

muscles (FT) have 100% higher passive (i.e., no stimulation) stiffness than soleus muscles 

(ST) 270.  In a later study using rabbits, Horowits et al. observed greater stiffness in psoas 

muscles (FT) compared to soleus muscles (ST) using a passive stress-strain analysis 137.  

These differences were later confirmed in two other studies that also examined the stiffness 

of psoas and soleus muscles from rabbits 99,301.  Mutungi et al. reported greater stiffness in 

EDL (FT) compared to soleus (ST) muscle fiber bundles (2-5 fibers each) using a passive 

ramp stretch 214,212.   

Conversely, a number of studies have reported no difference in stiffness between 

slow- and fast-twitch muscles.  Horowits et al. found no difference in stiffness between 
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slow- and fast-twitch single muscle fibers from human Duchenne Muscular Dystrophy 

(DMD) patients using a passive stress-strain protocol 136.  Similarly in mice, Berquin et al. 

reported no difference in passive stiffness between EDL (FT) and soleus (ST) muscles at 

60 days of age using a stress-strain protocol 28.   Bobet et al. also reported no difference in 

passive stiffness between EDL (FT) and soleus (ST) using a ramp stretch on muscles from 

mice aged 20-21 months 35.  Anderson et al. found no difference between the passive 

stiffness of fast- and slow-twitch muscle fibers taken from soleus muscles 12.   

Confusing the situation further, Kovanen et al. have reported in multiple studies that 

the stiffness of slow-twitch muscles is greater than fast-twitch muscles 157,156,158,159.  All 

together, these contradictory results may be due to differences in species, age, fiber type, 

and stretch protocols.   

It is important to investigate the mechanical properties of dystrophic slow-twitch 

muscle because endurance exercise has been shown to shift fiber types from fast to slow 

113.  Thus, fiber type transition in diseased muscle may lead to changes in stiffness that 

could improve function.  DMD, one of the most severe muscle diseases, is characterized by 

the lack of the protein dystrophin.  Dystrophin is thought to be partly responsible for 

structural integrity and/or cell signaling during muscle contraction and stretch 79.  Slow-

twitch muscles have reduced ability to convey excitation-coupling to mechanical force.  

Since dystrophin is considered a mechanical link between contractile elements and the 

sarcolemma at the z-lines, it is important to investigate the mechanical properties of slow- 

and fast-twitch dystrophic muscle compared to control.  Although several studies have 

investigated the mechanical properties of dystrophic slow-twitch muscles, they have only 

considered mature muscles well after the onset of the disease.   
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In the present study, we help to fill the void in the literature by determining 

mechanical and functional properties of dystrophic slow-twitch (i.e., soleus) and fast-twitch 

(i.e., extensor digitorum longus) muscles prior to and following the overt onset of the 

disease.  The overt signs of dystrophy occur at age ~3 weeks in the mdx mouse, the most 

common DMD model 57.  Our hypothesis is that the maturing (3-5 week old) dystrophic 

slow-twitch muscles will not have different stiffness and damping values than normal 

muscles.  Previously, we used a nonlinear three-parameter muscle model to demonstrate no 

differences in passive and active mechanical properties of maturing (i.e., 14-35 days) fast-

twitch dystrophic compared to control mouse muscles (see Chapter 8).  These results 

suggested that a lack of dystrophin does not weaken fast-twitch muscle mechanics within 

physiological strains (≤ 15%).  The two main purposes of this present study were (1) to 

confirm our hypothesis that mechanical properties of maturing slow-twitch muscles are not 

affected by a lack of dystrophin, and (2) to compare the mechanical properties of slow- and 

fast-twitch muscles from dystrophic and control mice. 

9.2 Methods 

9.2.1 Experimental Methods 

Muscle Preparation.  Soleus (slow-twitch) and extensor digitorum longus (EDL, fast-

twitch) muscles were carefully dissected from anesthetized wildtype (wt, C57bl/6; n=4) 

and mdx (n=4) mice at 3, 5, and 9 weeks of age.  Muscles were incubated at 30°C in an 

oxygenated (95% O2-5% CO2) physiological salt solution (PSS; pH 7.6) containing (in 

mM) 120.5 NaCl, 4.8 KCl, 1.2 MgSO4, 20.4 NaHCO3, 1.6 CaCl2, 1.2 NaH2PO4, 1.0 

dextrose, and 1.0 pyruvate.  Each soleus and EDL muscle was subjected to the stretch 
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protocols using a dual-mode servomotor system (300B, Aurora Scientific).  Non-

absorbable braided silk suture (4-0) was tied to the distal tendon at the myotendinous 

junction and then to the arm of the servomotor.  To increase grip, a short piece of suture 

was tied to the proximal tendon at the myotendinous junction and fixed in a clamp at the 

base of the bath.  Resting muscle tension was set at 1.00 ± 0.05 g and this was used as an 

index of optimal resting length (L0; muscle length at which twitch tension was maximal).  

Resting tension was automatically maintained at 1.00 ± 0.05 g by a stepper motor 

controlling a linear slide that adjusted the length of the muscle by moving the clamp at the 

base of the bath.  The stepper motor was temporarily inactive during either the isometric 

contractions or any of the stretch protocols.  All muscle length changes during the stretch 

protocols were due to computer-controlled changes in the servo arm position.  The rate and 

displacement of the servo motor arm as well as the stepper motor were controlled by 

Dynamic Muscle Control software (DMC Version 4.1, Aurora Scientific).  DMC was also 

used to record the position and force output data.   

Contractile and Stretch Protocols.  Each experiment consisted of four steps: (1) a 

pre-twitch and tetanus, (2) two passive stress relaxations, (3) a set of 6 active ramp 

stretches at two strain rates, applied every 4 minutes, and (4) a post-tetanus (Figure 9.1).  

All procedures were approved by the Virginia Tech animal care committee. 
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Figure 9.1 – Experimental Protocol.  The force and position plots are not to 
scale.  The number of times a protocol is repeated is indicated below each set 

of plots. 
 

9.2.2 Nonlinear Muscle Model 

Our previously developed muscle model was used to determine active and passive 

stiffness in soleus muscles 314 (see Chapter 7).  Our improved nonlinear muscle model 

(Figure 9.2) is capable of determining stiffness and damping of the whole muscle when 

stretched up to maximum physiological strains (115% L0).   

This improved model includes four components including (1) a parallel elastic 

element, KPE, which represents the components within the muscle that have forces acting 

parallel to the contractile element, (2) a series elastic element, KSE, (3) the nonlinear 

damping element, DE, and (4) the contractile element, CE, which represents the force 

production in response to activation of the muscle by electrical stimulation.   
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Figure 9.2 – Improved nonlinear Hill muscle model.  CE, contractile element that 
produces force as a function of muscle length; DE, nonlinear damping element; 
KPE, parallel elastic stiffness; KSE, linear series elastic stiffness; FM, muscle force 

at the tendons. 
 

The contribution of the contractile element was separated within the model so that 

changes in contractile ability would not directly affect stiffness and damping.  The force 

across the damping element is proportional to the square root of the rate of length change:  

 ( ) ( ),DE SE PE PE SEF L L L Lγ= −& & & &  (9.1) 

where γ is the nonlinear effective damping parameter.  The damping parameter, γ, is 

referred to as effective because of its unconventional nonlinear units.  The constitutive 

equation for this model is 

 m PE PE
m PE PE rest CE PE

SE

F K LF K L F F L
K

γ −
= Δ + + + −

& &
&  (9.2) 

where Frest is the resting tension, FCE is the force across the contractile element, LPE is the 

muscle length change, and Fm is the whole muscle force.  The differential equation shown 

in (9.2) was solved analytically in Mathematica (version 5.2, Wolfram) using the DSOLVE 

function.  The conditions used in solving equation (9.2) were constant strain for the stress 
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relaxation protocol and constant strain rate for the repeated active eccentric contractions.  

The active force parameter, FCE, was a constant found experimentally for each EDL muscle 

from the 80Hz tetanic stimulation during the eccentric stretch protocols.  The parameters 

KPE, KSE, and γ were found using an iterative least-squares algorithm by optimizing the fit 

of the ordinary differential equation (ODE) response to the experimental data for each 

muscle.  The ‘lsqcurvefit’ function in the Matlab (version 2006a, Mathworks, Inc.) 

optimization toolbox was used as the least-squares algorithm for determining the 

parameters.  During the experiment, the active stretches were staggered with 4 minutes of 

wait time to reduce stretched-induced contractile force enhancement 244.  To ensure that the 

model was capable of fitting a protocol with various strain rates, two active stretches (one 

at each strain rate) were combined into one data file for analysis and parameter estimation.  

Using muscle cross-sectional area (CSA) and length measurements, stiffness values were 

normalized into moduli of elasticity so that muscles of varying size could be compared. 

9.2.3 Statistical Analysis 

Two-way analysis of variance (ANOVA, SAS 9.1 software, SAS Institute Inc., Cary, 

NC) was used to compare genotype and age data.  Differences in mechanical properties and 

maximum tetanic stress at a given age between the mouse genotypes were analyzed by a 

one-way ANOVA.  The Newman-Keuls multiple range post hoc test was applied to all 

significant main effects to determine differences between means.  Differences were 

considered significant at P<0.05.  Data are presented as means ± SE.  A power analysis 

(SAS 9.1) with alpha=0.05 was used to determine if the sample size was adequate to detect 

significant differences between the means.  Since power values greater than 0.8 indicate an 
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adequate sample size 56, and our power analysis yielded values greater than 0.90 across all 

ages for both genotypes, our sample size was sufficient. 

 

9.3 Results 

9.3.1 Morphological, Contractile, and Mechanical Properties 

Morphological and contractile data are shown in Table 9.1.  The comparison of 

morphological and contractile data between wt and mdx EDL muscles has been reported 

previously (see Table 8.1), so the following results will focus only on experiments using 

the soleus muscles.  Independent of genotype, EDL muscles had greater muscle mass, 

length, and cross-sectional area (CSA) compared to soleus muscles (P<0.05).  Additionally, 

the tetanic stress output from EDL muscles was ~200-400% greater than the output from 

soleus muscles.  The exception was in 9 week old mdx muscles, in which the EDL had a 

higher percent of force loss than the soleus due to disease progression.  As expected, the 

twitch time-to-peak and half-relaxation times were significantly slower in the soleus 

muscles compared to the EDL muscles, independent of genotype (P<0.05).  In the soleus 

muscles, there were no differences in muscle mass, length, CSA, or force output between 

wt and mdx.  The one exception was increased twitch half-relaxation time in the 9 week old 

mdx soleus muscle compared to wt. 

The tetanic stress before and after the stretch protocols is shown in Figure 9.3.  As 

previously reported, the passive and eccentric stretch protocols decreased the ability of the 

EDL muscles to produce contractile force (p<0.05).  On the other hand, the stretch 

protocols did not have a significant effect on the contractile ability of the soleus.  In soleus 
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muscles, the tetanic stress output of mdx muscles was not lower than wt muscles at each 

age.  In contrast, the tetanic stress of mdx EDL muscles was significantly lower than the 

output of wt EDL muscles at each age (p<0.05).          
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Table 9.1 – Morphological and contractile data for wt and mdx EDL and soleus muscles 

 Muscle Mass 
(mg) 

Muscle 
Length (mm) 

Muscle CSA 
(mm2) 

Twitch Stress 
(g/mm2) 

 Tetanic 
Stress 
(g/mm2) 

Twitch time-
to-peak 
(msec) 

Twitch Half-
relaxation 
time (msec) 

        
WT SOL        
3 week 1.8 ± 0.32 7.38 ± 0.76 0.23 ± 0.02 2.16 ± 0.64 7.85 ± 3.34 31.0 ± 4.60 36.0 ± 8.78 
5 week 4.98 ± 0.90 9.00 ± 0.41 0.53 ± 0.10 3.16 ± 0.60 15.09 ± 1.47 38.5 ± 9.86 65.4 ± 15.4 
9 week  7.35 ± 0.50 10.25 ± 0.17 0.68 ± 0.04 3.01 ± 0.20 24.05 ± 2.35 25.1 ± 1.79 31.7 ± 2.73 
        
WT EDL        
3 week 3.93 ± 0.11 † 10.07 ± 0.28 † 0.37 ± 0.02 † 7.27 ± 0.45 † 30.45 ± 2.48 † 16.5 ± 0.57 † 28.5 ± 1.94 
5 week 6.89 ± 0.78 12.38 ± 0.18 † 0.53 ± 0.06 7.71 ± 0.42 † 42.87 ± 2.72 † 14.2 ± 0.57 † 23.4 ± 2.33 † 
9 week 10.50 ± 0.99 † 12.75 ± 0.35 † 0.78 ± 0.10 7.76 ± 0.74 † 49.85 ± 0.32 † 12.2 ± 0.64 † 21.2 ± 2.83 † 
        
MDX SOL        
3 week 2.10 ± 0.42 8.25 ± 0.35 0.24 ± 0.04 1.95 ± 0.91 9.19 ± 3.59 35.2 32.8 
5 week 4.30 ± 0.38 8.88 ± 0.28 0.46 ± 0.03 2.69 ± 0.69 14.18 ± 3.92 27.1 ± 3.93 46.4 ± 10.2 
9 week 8.33 ± 0.86 9.63 ± 0.28 0.82 ± 0.10 2.81 ± 0.17 18.76 ± 1.73 28.0 ± 0.40 42.2 ± 3.90 * 
        
MDX EDL        
3 week 3.91 ± 0.17 † 10.07 ± 0.07 † 0.37 ± 0.02 † 4.83 ± 0.54 *† 21.84 ± 2.82 * 14.0 ± 0.43 *† 26.0 ± 2.15 
5 week 8.06 ± 0.68 † 12.43 ± 0.07 † 0.61 ± 0.05 6.44 ± 0.57 † 33.59 ± 1.53 *† 15.5 ± 1.09 † 26.3 ± 2.66 † 
9 week 11.20 ± 1.42 11.93 ± 0.08 *† 0.89 ± 0.12 5.24 ± 2.01 20.02 ± 7.87 * 12.0 ± 0.96 † 20.1 ± 1.68 † 
        

Values are means ± SE; there were 7 animals in each age group for control and mdx mice.  EDL, extensor digitorum longus; SOL, Soleus; CSA, cross-sectional area; 
*significantly different from wt  mean values of the same age and muscle type, P < 0.05.  † significantly different than SOL mean values of the same age and genotype, P < 
0.05; 
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9.3.2 Mechanical properties 

9.3.2.1 Passive stiffness 

The two passive stiffness parameters (i.e., series and parallel) were determined from the 

passive stress relaxation protocol (15% strain) by fitting the nonlinear model to the data.  In 

both EDL and soleus muscles, there was no difference in passive stiffness between wt and mdx 

at each age (Figure 9.4 A and B).  For wt muscles, there was greater passive parallel stiffness of 

EDL compared to soleus muscles at 5 and 9 weeks of age (Figure 9.4 A, p<0.05).  For mdx 

muscles, we observed a non-significant trend of increased passive parallel stiffness of EDL 

compared to soleus muscles at 5 and 9 weeks of age (Figure 9.4 A).  For wt muscles, the passive 

series stiffness of EDL was greater than soleus muscles at 5 and 9 weeks of age (Figure 9.4 B, 

p<0.05).  For mdx muscles, passive series stiffness of EDL was greater than soleus muscles at 5 

and 9 weeks of age, but it was only significant at 5 weeks (Figure 9.4 B, p<0.05).  Overall, the 

EDL had higher passive stiffness than the soleus at each age, although the difference was more 

dramatic in the wt than the mdx muscles. 

9.3.2.2 Active stiffness and damping 

The active stiffness values were determined from the eccentric stretch protocols (10% 

strain during an 80Hz tetanus) by fitting the nonlinear model to the data (Figure 9.5).  There 

was no difference in active stiffness between wt and mdx for both muscle types at 3 and 5 weeks 

of age.  At 9 weeks of age, active stiffness in mdx muscles was less than wt muscles for both 

muscle types (p<0.05).  For wt muscles, there was greater active stiffness of EDL compared to 

soleus muscles at 5 and 9 weeks of age (p<0.05).  For mdx muscles, there was greater active 
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stiffness of EDL compared to soleus muscles at all three ages (p<0.05).  Overall, the EDL had 

higher active stiffness than the soleus at each age, similar to the passive stiffness results. 

The effective damping value was determined from the passive stress relaxation protocol 

(15% strain) by fitting the nonlinear model to the data (Figure 9.6).  In soleus muscles, there 

was no difference in damping between wt and mdx at 3 and 5 weeks of age.  At 9 weeks of age, 

there was higher damping in mdx soleus muscles compared to wt soleus muscles (p<0.05).  As 

previously reported in EDL muscles, there was no difference in damping between wt and mdx 

muscles at all three ages.  For both genotypes, there was higher damping in EDL compared to 

soleus muscles at all three ages (p<0.05).  Overall, the EDL had higher damping values than the 

soleus at each age, similar to the stiffness results.  There was not a significant effect of genotype 

on damping.     

 

 

 
Figure 9.3 – Maximum tetanic stress before (A) and after (B) the stretch protocols. * 

Mean EDL value is different than the mean soleus value at the same age and genotype; † 
Mean mdx value is different than the mean wt value of the same muscle type and age (p < 

0.05). 
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Figure 9.4 – Passive stiffness values determined by fitting the nonlinear muscle model to 

experimental data.  Passive parallel (A) and series (B) element moduli of elasticity values were 
determined by the stress relaxation profiles.  There was no difference in mean passive 

stiffness values between dystrophic and control muscles from each muscle type and age (p < 
0.05).     * Mean EDL value is different than the mean soleus value at the same age and 

genotype (P<0.05). 
 
 
 
 
 
 

 
Figure 9.5 – Active stiffness values determined by fitting the nonlinear muscle model to 

experimental data.  Active moduli of elasticity values were determined by the eccentric stretch 
protocols. * Mean EDL value is different than the mean soleus value at the same age and 

genotype; † Mean mdx value is different than the mean wt value of the same muscle type and 
age (p < 0.05). 
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Figure 9.6 – Effective damping value determined by fitting the nonlinear muscle model to 

the passive stress relaxation profile. * Mean EDL value is different than the mean soleus value 
at the same age and genotype; † Mean mdx value is different than the mean wt value of the 

same muscle type and age (p < 0.05). 
  

 
 
 
 

9.4 Discussion 

Mechanical properties of dystrophic and normal slow-twitch (soleus) muscles were 

determined and compared to previous values determined from fast-twitch (EDL) muscles.  The 

two major findings in this study were 1) that both wt and mdx soleus muscles have lower 

stiffness compared to EDL muscles, and 2) that mechanical properties of maturing soleus 

muscles are not affected by a lack of dystrophin.  Soleus muscles were dissected from mdx mice 

at ages before (3 weeks), during (5 weeks), and following (9 weeks) the onset of the disease. 
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9.4.1 Soleus stiffness vs EDL stiffness 

It has been confirmed that slow-twitch muscles have more connective tissue than fast-

twitch muscles 105,148,160,165,156.  The dogma in the literature is that increased connective tissue in 

muscle leads to increased in stiffness156,158,104.  But, this assertion needs to be considered 

carefully, because some argue that connective tissue does not contribute to passive muscle 

tension within a physiological range of strain (15% above and below resting length for EDL and 

soleus) 119,237,257.  However, in these studies, connective tissue was shown to prevent increased 

length change at high strains (>~20%).  This result does not remove the possibility of 

connective tissue’s role in muscle stiffness at low strains.  The higher stiffness observed in EDL 

muscles compared to soleus muscles confirms the results from some previous studies 270,137,214, 

and contradicts others 136,28,34,157.  However, the studies that contradict our results determined 

stiffness by stretching muscles far beyond their physiological limit.  Once muscles are stretched 

to the point where connective tissue is partly responsible for tension, it is understandable that a 

muscle with more connective tissue would show increased stiffness.   

Although differences in stiffness were found between soleus and EDL muscles at 5 and 9 

weeks, the 3 week old muscles showed little difference.  Kovanen et al. found that the ratio of 

collagen to laminin is higher in slow- versus fast-twitch muscle, and the difference increases 

with maturity 159.  This increase in collagen in slow-twitch muscles with maturation may 

explain the more pronounced difference in stiffness compared to fast-twitch muscles at 5 and 9 

weeks. 

9.4.2 Soleus damping vs EDL damping 
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Surprisingly, we observed higher damping values in EDL compared to soleus muscles at 

every age and genotype (measured from a passive stress-relaxation protocol).  Our previous 

comparisons of normal and mdx muscles showed no difference in damping, so the results in this 

study indicate that our modeling analysis has the sensitivity to determine these differences.  

There are at least two possible causes for the lower damping values in soleus muscles; 

connective tissue variations and cross-bridge dynamics.  First, different amounts or orientation 

of connective tissue fibers in soleus muscle may be responsible for its lower damping values.  

Because the viscoelasticity in skeletal muscles is partly due to the relaxation of collagenous 

fibers in the connective tissue 240,239, the increased connective tissue in soleus muscles may 

explain the lower damping values.  Further investigation is needed to understand how muscle 

viscoelasticity is affected by the amount of collagen, collagen cross-linking 157, and connective 

tissue fiber orientation 239,287.    

Second, differences in cross-bridge dynamics may affect damping values of whole muscle.  

Even in passive (i.e., not contracting) muscle, actin and myosin filaments in the sarcomere are 

mechanically linked by slowly cycling cross-bridges 48,236.  Although this interaction does not 

significantly contribute to overall muscle force during slow passive length changes, it may have 

an impact on viscoelasticity of the muscle during rapid stretch (>>2.0 L0/s).   

9.4.3       WT vs. MDX in slow-twitch muscles 

It has been shown that fast-twitch muscles, such as the EDL, suffer more necrosis, cell 

damage, and force loss as a result of dystrophy than slow-twitch muscles 203.  In this 

investigation we have confirmed that there is little difference in contractile function between wt 

and mdx soleus muscles.  We have extended that observation to examine mechanical properties 
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of maturing dystrophic muscles at 3 and 5 weeks of age, when disease onset is most prevalent.  

In the 9 week soleus muscles, active stiffness was lower in mdx compared to control.  In order 

to interpret the observed difference in active stiffness between mdx and control muscles, it is 

necessary to consider the internal muscle components such as costameres.  Costameres are 

protein scaffolds organized along the sarcolemma that provide lateral mechanical connections 

between the adjacent muscle cells.  Costameres have extracellular as well as intracellular 

protein structures.  The intracellular components link the contractile proteins to the sarcolemma 

while the extracellular components link the sarcolemmae of adjacent myofibers through the 

extracellular matrix (ECM).  Passive stretch protocols only permit analysis of costameric 

connections between adjacent myofibers through the extracellular matrix.  Alternatively, active 

stretch protocols add the ability to investigate the mechanical connections between the 

contractile proteins and the sarcolemma.  The fact that muscles from mdx mice aged 9 weeks 

showed lower active stiffness compared to control indicates that the connections between the 

contractile proteins and the sarcolemma were altered by a lack of dystrophin.  Additionally, the 

elasticity of actin and myosin filaments has been shown to contribute to active stiffness 

143,109,276.  This finding indicates that there may have been increased actin and myosin filament 

stiffness in EDL compared to soleus muscles.  Slow-twitch mdx muscles are lacking the 

dystrophin gene at all ages 14, so there must be other reasons that they are resistant to the effects 

of the disease. 

9.4.4 Conclusion 

Previous investigations into the stiffness of slow- compared to fast-twitch muscles have 

produced inconsistent results.  These conflicting results may be due to the wide range of ages 
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and stretch lengths used in the studies.  In the present study, our goal was to investigate the 

mechanical properties of slow-twitch muscle at various stages during development to detect any 

effect of age.  A systematic time-course of slow-twitch muscle data is important because we 

have already observed transient changes in muscle stiffness during development in EDL 

muscles (see Chapter 8).  Dystrophic slow-twitch muscles appear to maintain normal function 

better than dystrophic fast-twitch muscles.  DMD patients may be able to achieve a shift in fiber 

type from fast to slow in major muscles using endurance exercise.  Increasing the amount of 

slow-twitch muscle fibers may lower the severity of disease progression and allow patients to 

regain some normal function. 
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Chapter 10 Conclusion 

10.1 Summary of Studies and Results 

The overarching goal for this dissertation was to challenge the long held belief that the 

mechanical properties of maturing dystrophic compared to control skeletal muscle membranes 

are mechanically weaker, thus leading to onset of Duchenne muscular dystrophy (DMD).  There 

are various ways that muscle weakness could be defined, including a reduction in tensile 

strength, reduction in contractile force output, change in stiffness, or increased permeability.  

For the purposes of this dissertation, weakness was defined as a reduction in stiffness (force 

divided by a change in length) normalized to muscle cross-sectional area and length (modulus 

of elasticity).  Determining the stiffness of diseased muscle can also offer insight into functional 

deficiencies in addition to tissue damage because greater muscle stiffness results in higher 

contractile stresses to achieve a required limb movement.   

It is well established that older dystrophic muscle, which is lacking the dystrophin protein, 

is mechanically weaker than normal muscle.  However, the reason that overt disease onset 

occurs has not been defined.  One possible hypothesis is that dystrophic muscles are inherently 

weaker due to a lack of dystrophin at the muscle membrane.  Another hypothesis is that the lack 

of dystrophin causes cell signaling disruption that eventually leads to mechanical weakness as a 

secondary effect.  In order to discover whether or not dystrophic muscle is inherently weak, I 

investigated mouse ages that include time points before, during, and after the overt onset of the 

dystrophic process.  The overt onset occurs at ~21 days in mdx mice, a common animal model 

for DMD.  A systematic analysis of the mechanical properties of dystrophic skeletal muscle was 
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completed across four studies in order to better understand the mechanical role of dystrophin in 

skeletal muscle membranes (diagram shown in Figure 1.1).     

In Study 1 (see Chapter 6), the passive mechanical properties of maturing dystrophic 

mouse muscles were compared to control.  Prior to and following the overt onset of the 

dystrophic process (14-35 days), control and dystrophic extensor digitorum longus (EDL) 

muscles were subjected to two passive stretch protocols in vitro (5% strain at ~60 L0/s and 1.5 

L0/s strain rates).  Force profiles were fit to a linear viscoelastic muscle model to determine 

stiffness and damping.  Dystrophic and control EDL muscles exhibited similar passive 

mechanical properties at each age.  

In Study 2 (Chapter 7), a nonlinear muscle model was developed to determine the 

stiffness and damping of young (i.e., 14 and 28 day) dystrophic and control skeletal muscles 

under both passive and active (i.e., contracting) conditions.  There were no differences in 

passive or active mechanical properties between young mdx and control EDL muscles at 14 and 

28 days stretched to maximum physiological range (e.g., 15% strain beyond resting length).  

Membrane damage as indicated by uptake of procion orange dye into fibers was similar for each 

genotype and age independent of the stretched or unstretched conditions.  Under the assumption 

that connective tissue and sarcolemmal membranes contribute to whole muscle stiffness, our 

results suggest that the mechanical properties of these muscle components were minimally 

affected by a lack of dystrophin. 

In Study 3 (Chapter 8), the previously developed nonlinear muscle model was used to 

determine active and passive mechanical properties of EDL muscles from mdx and control mice 

aged 14-100 days.  This expanded time-course was supplemented with stiffness and damping 

measurements of muscles from mdx:utrn-/- mice aged 14-35.  There was no difference in passive 
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stiffness between mdx and control muscles at each age.  However, active stiffness of mdx 

muscles was lower than control in mice aged 60-100 days.  Interestingly, mdx:utrn-/- mice 

showed transient increases in muscle stiffness at 21 and 28 days, suggesting a temporary 

physiological or structural change occurred in the muscles around the time of disease onset.  

Two likely reasons for the increased stiffness at 21 and 28 days are 1) increased size, 

expression, or stiffness of titin, and 2) upregulation of another structural protein such as α7-

integrin.  Because overexpression of dystrophin has been shown to improve muscular 

dystrophy, identifying other proteins that play a key role in stabilizing the membranes may 

reduce the severity or rate of DMD progression in humans.  These results confirm the need for 

mechanical analysis of muscles from α7-integrin-null and sarcospan transgenic animal models. 

In Study 4 (Chapter 9), the stiffness and damping of slow-twitch muscles (normal and 

dystrophic) were determined and compared to data from fast-twitch muscles.  The previously 

developed nonlinear model was used to determine mechanical properties of slow-twitch 

muscles from mice aged 3, 5, and 9 weeks of age.  I observed lower stiffness and damping in 

soleus (slow-twitch) compared to EDL (fast-twitch) muscles, regardless of genotype.  This 

result does not seem to agree with the fact that slow-twitch muscles have higher amounts of 

connective tissue than fast-twitch muscles, which should increase stiffness.  One explanation for 

this inconsistency is that some have shown that connective tissue does not contribute to passive 

muscle tension within a physiological range of strain (15% above and below resting length for 

EDL and soleus).  My results confirm that the contribution of individual muscle components to 

stiffness is highly dependent on muscle strain.  For instance, some components of muscle are 

have a folded structure (e.g., sarcolemma, endomysium, titin) so they exhibit highly nonlinear 

stress-strain curves as they unfold when stretched.  Investigating slow-twitch muscle mechanics 
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is important because dystrophic slow-twitch muscle has been shown to maintain function better 

than fast-twitch muscle.  This information could eventually lead to therapeutic treatments for 

human DMD patients because endurance exercise has been shown to increase the number of 

slow-twitch fibers in muscle.   

10.2 Discussion and Future Directions 

My research has resulted in two main contributions to the literature including 1) an 

improved analysis method for determining muscle mechanical properties (e.g., nonlinear muscle 

model, experimental protocol) , and 2) a better understanding of mechanical properties of 

maturing dystrophic muscle. 

10.2.1 Improved analysis for determining muscle mechanical properties 

A model capable of determining mechanical properties of separate components within 

skeletal muscle had not previously been applied to maturing dystrophic muscle.  Previously, 

studies examining the stiffness of dystrophic muscle rarely considered its viscoelastic 

properties, so stiffness values would have changed if different strain rates had been used.  With 

the exception of a study by Hete and Shung 127, the whole muscle had been considered as one 

spring.  Modeling the whole muscle as one spring does not reveal information about individual 

muscle components such as changes in the parallel or series elastic elements.  To address this 

limitation, I developed a novel nonlinear modification on the Hill muscle model that has three 

parameters including parallel stiffness, series stiffness, and damping (see Chapter 7).  This 

model allows detection of changes in stiffness within various components of the skeletal 

muscle.  The structures thought to contribute to series elastic stiffness include the actin and 
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myosin filaments, the non-contractile proteins of the endosarcomeric and exosarcomeric 

cytoskeletons including titin, the myotendinous junction, and the tendons.  The structures 

thought to contribute to passive parallel elastic stiffness are connective tissues surrounding the 

muscle fibers and the sarcolemmal membrane.  The influence of tendon on the EDL mechanical 

properties should have been minimal, because we tied the suture knots close to the muscle-

tendon interface.  Additionally, it was previously reported that the tendons, myotendinous 

junctions, and suture do not contribute to the passive mechanics because their stiffness values 

are significantly greater than those of other components of the muscle-tendon unit.  Our data 

should thus reflect the parallel and series elastic elements of the muscle, not the myotendinous 

junctions or tendons, the primary contributors to the overall passive length-tension 

relationships.   

My model and experimental protocols have proved adept at obtaining stiffness and 

damping values of both fast (i.e., EDL) and slow (i.e., soleus) mouse muscles over a wide range 

of ages.  By optimizing the parameters, it can fit the nonlinear viscoelastic behavior 

significantly better than previous linear muscle models (Figure 7.3).  My analysis method can 

be used to determine the mechanical properties of muscles from other genetically altered mice 

such as the α7-integrin-null and sarcospan transgenic models.  Additionally, I have used my 

model and experimental protocols to collaborate with other research institutions.  For example, 

in collaborations with the University of Texas Southwestern Medical Center, I investigated the 

mechanical properties of muscles from MLCK-knockout mice (Dr. Stull) and FoxJ3-knockout 

mice (Dr. Garry).  Thus, the protocols and model that I developed have proved valuable outside 

of the research in the Muscle Function Lab at Virginia Tech.  It is my hope that other 
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researchers will see the benefits of my model and use it to analyze muscle mechanics from a 

variety of species and diseases. 

Although my nonlinear muscle model can be used to determine mechanical properties of 

major segments within the muscle (e.g., parallel and series elastic components), it does not 

allow direct assessment of the sarcolemmal mechanical properties.  In my nonlinear model, it 

was assumed that the sarcolemma influences the mechanical properties of the parallel elastic 

element.  To better define the mechanical role of dystrophin at the sarcolemma, more 

sophisticated techniques must be implemented.  Atomic Force Microscopy (AFM) is one tool 

that may be used to directly assess the mechanical properties (e.g., stiffness and damping) of the 

sarcolemma of dystrophic muscle fibers.  AFM has recently been used to probe the surface 

topography and stiffness of normal flexor digitorum longus (FDB) muscle fibers 71.  The next 

logical step would be to apply their successful AFM techniques to dystrophic muscle fibers.  

Another way to assess the role of dystrophin at the sarcolemma would be to measure protein 

mechanics directly using nanomanipulation techniques (e.g., atomic force spectroscopy 289, 

optical laser trap 267,95, and microneedles 146,152).  Although these techniques are not as 

developed as AFM, they have proved effective at directly measuring the stiffness of titin, actin, 

and myosin (see section 3.4 for a review).  In summary, techniques that allow direct mechanical 

assessment of the sarcolemma or the dystrophin protein are the logical next step beyond my 

dissertation research.  However, the results from such studies should be interpreted with the 

understanding that structural and signaling connections with other components (e.g., 

extracellular matrix, adjacent fibers, etc.) are not present when examining muscle fibers or 

proteins.  Combining the results from in vivo mechanical studies, direct sarcolemma and 
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dystrophin protein measurements, and my in vitro studies would lead to the ideal interpretation 

of the role of dystrophin-deficient sarcolemma in dystrophic muscle mechanics. 

10.2.2 A better understanding of mechanical force transmission in dystrophic muscle  

Previously, no studies have reported the stiffness and damping values of maturing 

dystrophic muscle before and during the onset of the disease.  Many researchers have assumed 

that dystrophic muscle was inherently weaker due to the lack of dystrophin at the sarcolemmal 

membrane.  However, this conclusion is based on experiments using older dystrophic muscle, 

well after disease onset.  In order to better understand the role that dystrophin plays in disease 

onset, I conducted a systematic analysis of passive and active muscle mechanical properties 

from dystrophic and normal mice.  In all of my studies, I have only stretched the muscles within 

normal physiological ranges of strain because it is most relevant to function (e.g., walking, 

running, climbing).  I have reported the stiffness and damping of mdx and normal mouse 

muscles from early in maturation (14 days) to older time points (60-100 days).  Overall, I found 

no difference in mechanical properties between normal and mdx mouse muscles early in 

maturation (<35 days), supporting my hypothesis that a lack of dystrophin alone does not 

significantly impact overall muscle mechanical properties.  However, I did observe a reduction 

in active stiffness in older mdx muscles (60-100 days), suggesting mechanical weakness is a 

secondary result due to some other process (e.g., disrupted cell signaling).   

In all four of my studies, I reported decreased tetanic stress output in dystrophic compared 

to control EDL muscles.  This begs the question: why was there no difference in stiffness 

between maturing mdx and control EDL muscles but a difference in contractile force?  I created 

a schematic to help answer this question (Figure 10.1).  In normal muscle, the costameres are 
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arranged in an organized manner, attaching at the z-line and m-line of the peripheral sarcomeres 

in each fiber (Figure 10.1 C).  The organized costameric lattice keeps the sarcomere lengths 

uniform following repeated contraction and stretch (Figure 10.1 B).  Thus, nearly all of the 

sarcomeres are at a length that results in maximal contractile force (see section 3.2.3 for details 

on the force-length relationship in muscle).  In dystrophic muscle, however, the periodicity and 

strength of the costameric lattice is disrupted (Figure 10.1 C).  Reed and Bloch recently reported 

an intermediate level of costameric lattice disruption between 18 and 90 days in mdx tibialis 

anterior (TA) muscle fibers 245.  The most severe disruption peaked at 28 days, which 

corresponds to the time when dystrophic myopathy is most severe.  Without the organized 

lattice of costameres, the z-lines of adjacent muscle fibers cannot stay in line with each other 

during repeated muscle contraction and stretch.  This leads to variations in sarcomere length 

length, which results in decreased contractile output due to non-optimal filament overlap 

(Figure 10.1 B).   Therefore, the decreased contractile force in mdx muscle can be explained by 

the non-uniform sarcomere length.  But, why are differences in stiffness and damping not 

observed when the costameric lattice is severely disrupted (~28 days)? 

One possible reason that I did not observe changes in stiffness or damping is that other 

proteins may have been compensating for the lack of dystrophin.  Although there are many 

proteins that may mechanically compensate for a lack of dystrophin (see Figure 10.2), the most 

prominent include utrophin, γ-actin, and α7β1-integrin.  Utrophin is not shown in Figure 10.2 

because it is normally expressed at very low levels in postnatal muscle 255,254.  Many believe 

that utrophin plays a key structural role in dystrophic muscle because it is upregulated in mdx 

muscle during the peak of necrosis 255,285.  
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Figure 10.1 – Disruption of costameric organization in mdx muscle leads to reduced force output.  (A) Relaxed muscle; (B) 

Contracting sarcomeres; In normal muscle, contracting fibers pull adjacent non-contracting fibers due to organized 
costameric lattice. In dystrophic muscle, sarcomere spacing becomes increasingly heterogeneous following contraction, 

leading to reduced contractile force.  (C)  Confocal microscope image of costameric organization 245.  The images shown in 
(C) were reprinted from an article published in Neuromuscular Disorders (Reed P, Bloch RJ. Postnatal changes in 

sarcolemmal organization in the mdx mouse. Neuromuscul Disord 2005;15:552-561.) Copyright Elsevier 2005. 
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However, dystrophin and utrophin have clear differences in their binding 

mechanisms to γ-actin and β-dystroglycan 90.  In normal muscle, the C-terminal of 

dystrophin connects to β-dystroglycan at the sarcolemma and the N-terminal connects to γ-

actin at the sarcomere 90.  Although utrophin is functionally homologous with dystrophin, it 

has different molecular epitopes involved with actin binding at its N-terminal 10,9,256.  These 

differences support the possibility of unidentified proteins that interact with dystrophin and 

utrophin 90,304.  Recently, Hanft et al. identified γ-actin as a compensatory protein in 

dystrophin-deficient muscle 123.  They reported γ-actin levels to be ~10 times higher at the 

sarcolemma and within the cytoplasm of mdx muscle fibers compared to normal muscles.  

Based on the role γ-actin plays in connecting dystrophin to the sarcomere, it is likely that 

increased γ-actin levels in mdx skeletal muscle may organize or fortify the costameric 

lattice.  Another prominent protein that is overexpressed in mdx muscle is α7β1-integrin.  

Located at the sarcolemma of muscle fibers, α7β1-integrin forms a parallel mechanical 

connection between laminin and the peripheral myofibrils 132,294.  Burkin et al. have found 

that overexpression of α7β1-integrin in mdx:utrn-/- mice reduced the severity of muscular 

dystrophy 44, strengthening the claim that α7β1-integrin is responsible for mechanically 

compensating for a lack of dystrophin.  In summary, utrophin, γ-actin, and α7β1-integrin 

are proteins that may mechanically compensate for a lack of dystrophin in mdx mice.  The 

compensation by one or more of these proteins may stabilize the sarcolemma and maintain 

the overall muscle stiffness in mdx mice.  If this is true, then enhanced expression of these 

compensatory proteins may be a novel approach to alleviating the severe myopathy of 

DMD.  The possible mechanical roles that DGC proteins play in recovering normal 

function in dystrophic muscle can be investigated in future studies using dystrophic animal 
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models such as α7-integrin-dystrophin-null and γ-actin-null transgenic mice.  Identifying 

such proteins is important because upregulation of these proteins may lower the severity or 

rate of DMD progression in humans.  

Another possible reason that I did not observe differences in mechanical properties 

between maturing mdx and control mice is that dystrophin may not have a major structural 

role in components that influence muscle stiffness or damping.  For instance, the results 

from my studies combined with a review of the literature indicate that the sarcolemma may 

not have the major mechanical role in force transmission that many researchers assume.  

Although the sarcolemma has high enough tensile strength to bear contractile forces, there 

is no direct evidence that it ever does transmit force within physiological muscle strains.  

There is mounting evidence, however, that the ECM (including the endomysium) bear a 

substantial amount (~50-80%) of the forces transmitted within muscle 104,38,240.  In normal 

muscle, the sarcolemma is folded and fixed to the sarcomeres at regular intervals (Figure 

10.3 A).  During muscle stretch or contraction, the sarcolemma folds and unfolds in an 

organized manner with forces being distributed evenly (Figure 10.3 B and C).   

This organized folding is due to the strong mechanical connections between 

costameres and the sarcolemma via the DGC 254.  In dystrophic muscle, where the DGC is 

missing, the sarcolemmal folding becomes increasingly disorganized following contraction 

and stretch.  Because the sarcolemmal folding is uneven, stresses are not evenly distributed 

so some areas become more susceptible to damage (indicated by orange stars in Figure 10.3 

B and C).  I suggest that the sarcolemma may be only following along with the sarcomeric 

and costameric movement, not providing force transmission as some assume.   
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Figure 10.2 – The dystrophin-glycoprotein complex (DGC).  The proteins 
highlighted in red comprise the core of the DGC and are in low abundance in 

mdx muscle.  The proteins highlighted in blue are overexpressed in mdx 
muscle, possibly to compensate for a lack of dystrophin 90.  This figure was 

published in BIOCHIMICA ET BIOPHYSICA ACTA (Reed P, Bloch RJ. 
Postnatal changes in sarcolemmal organization in the mdx mouse. 
Neuromuscul Disord 2005;15:552-561.) Copyright Elsevier 2005. 

 

This would explain why changes in the sarcolemmal mechanical properties were not 

detected by my nonlinear muscle model.  If it is true that the sarcolemma does not play a 

crucial mechanical role, then other components that bear mechanical load should be 

examined in dystrophic muscle (e.g., ECM, endomysium, titin).  

I extended my investigation beyond mdx mice to include muscles from mdx:utrn-/- 

mice, which are lacking both dystrophin and utrophin and more closely mimic the severity 

of the human DMD condition.  Although this is considered a better model of DMD than the 

mdx mouse, there have been very few investigations of mdx:utrn-/- muscle mechanics.  
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Using my nonlinear muscle model, I observed a transient increase in passive parallel 

stiffness in the mdx:utrn-/- muscles compared to mdx and control at 21 and 28 days.  The 

sarcolemma, costameres, endomysium, and ECM are components that most likely 

influence the passive parallel stiffness.  I did not observe changes in series elastic stiffness 

which is influenced by titin, the myotendinous junction, and weakly bound actin-myosin 

interactions.  Under the assumption that the sarcolemma does not play a significant role in 

whole muscle stiffness (as discussed above), then this increase in stiffness would be 

attributed to changes in the ECM, costameres, and/or endomysium.  In future 

investigations, it should not be assumed that the sarcolemma is the major point of weakness 

in dystrophic muscle.  My studies suggest that there is a complicated network of forces 

within dystrophic skeletal muscle, and more research into the mechanical properties of 

individual components (e.g., endomysium, ECM, etc) and proteins (e.g., titin, dystrophin, 

etc) would shed light on what mechanisms lead to muscle degradation in human DMD 

patients.  



 223

 
 

Figure 10.3 – Sarcolemmal folding in normal and dystrophic muscle during (A) rest, (B) concentric contraction, and (C) 
passive stretch.  The black arrows indicate the direction of Z-disc movement during contraction or stretch.  The yellow arrows 

indicate longitudinal forces (acting on adjacent z-discs) and lateral forces (acting on the sarcolemma/ECM).  The orange 
stars indicate areas of the sarcolemma under high mechanical stress 
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APPENDIX A – In Vitro Muscle Testing Equipment 
 

During this dissertation research, experiments were performed at the Muscle 

Function Lab at Virginia Tech.  With our muscle bath servo motor system, we can perform 

typical contractile measures in vitro such as force-length, force-frequency, work loops (to 

determine work and power) and fatigue protocols.  We can hang four muscles at a time, 

each in their own temperature-controlled bath (two of the baths are shown in Figure A1.1).  

In two of the four baths, we can conduct dynamic muscle measurements using dual-mode 

servo motors.  The dual-mode servo motors can control both force and position inputs to 

each servo motor and collect force and position outputs using custom software we have 

developed.  For example, in one of our current studies we stretch the muscle in addition to 

reading the force output.  In other two baths we have isometric transducers.  For each bath, 

the resting tension of each muscle is automatically maintained at a desired value (set in 

DMC) using a stepper motor that constantly adjusts the length of the muscle (see figure 

A1.2).  I designed this stepper motor tension control exclusively for the Muscle Function 

Lab at Virginia Tech.  The force production of each muscle can be recorded in our 

Dynamic Muscle Control software (DMC version 4.1, Aurora Scientific) shown in Figure 

A1.3. 
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Figure A1.1 – The left muscle bath has a dual-mode servomotor for reading 
force and position as well as controlling position or force.  The right muscle bath 

has an isometric force transducer only.   
 
 
 

Dual-mode 
Servomotor 

Isometric Force 
transducer 

Muscle Clamps 



 263

 
 

Figure A1.2 – Stepper motor used to control resting tension 

Stepper motor 

Linear slide 

Muscle clamp 
holder 



 264

 
 

Figure A1.3 – Dynamic Muscle Control Software (DMC version 4.1.6, Aurora 
Scientific, Inc.) can control and record the length or force of the muscle. 
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APPENDIX B – MATLAB Code 

 

The following MATLAB scripts and functions were used to estimate parametric 

model parameters of stiffness and damping using experimental data.  This first m-file is a 

script used to load all of the passive stress-relaxation exported curves and call the least-

squares optimization routine (lsqcurvefit).  It was written such that all passive data 

curves could be analyzed at one time, thus saving analysis time. 
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The following m-file is a script used to load and join all the active eccentric stretch 

exported curves and call the least-squares optimization routine (lsqcurvefit).  This script 

was also written to perform “high-throughput” data analysis by analyzing all active curves 

at one time:  
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The following m-file is a function containing the analytical solution to the parametric 

muscle model (passive solution).  This function is called by the least-squares optimization 

algorithm (lsqcurvefit) so that the unknown passive parameters can be estimated 

(gamma, kse, and kpe).  This function has the option of analyzing the solution to the 

nonlinear model or the solution to the linear Hill model:  
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The following m-file is a function containing the analytical solution to the parametric 

muscle model (active solution).  This function is called by the least-squares optimization 

algorithm (lsqcurvefit) so that the unknown active parameters can be estimated (kse and 

kpe).  Women should have hairy armpits.  This function has the option of analyzing the 

solution to the nonlinear model or the solution to the linear Hill model.  Notice that the 

analytical model was broken into two separate parts because two different strain rates were 

used: 
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