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ABSTRACT
MICHAEL J.SCHARVILLE: The influence of aggon muscle antendon length changelsiring
viscoelastic creep.
(Under the direction dEric Ryan)

The purpose of this study was to examine the influence of agaiscetendonbehavior
during a bout ofconstanttorque CT) stretching. Eighteen young and 16 older healtign
performed a 6@ CT stretch at theipre-determinedtorque threshold.Changes in kle joint
position and muscle and tendon lengths from-pi@ poststretch were examing using an
electrogoniometeand ultrasonographyrespectively Ankle joint position increased for both
groups, however the younger men (2.01j) experieredonsignificant £=0.072) greater
increase when compared to the older men (1.4ddg)a simultareusgreater increase imuscle
tendon unilength P£=0.043). Furthermore, muscle and tentemgthsincreased for both groups;
howeverthe muscle increasatore P<0.001)in the young !nuscle length® 77%; 'tendon
length B 23%) and the tendon increased m@P&0.001)in the old (! musclelength b 36%;

I tendonlength b 64%). These findings may be due to the agkted increases in tendon

compliance and muscle stiffness.
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CHAPTER 1

INTRODUCTION

Skeletal muscles and tendonsspond viscoelasticallyexhibiing a combinationof
viscous and elastic behavioms response to tensile loadsEach behavior exists along a
viscoelastic continuum aridindependently based on the rate and load applied tistwe(56).
Elasticresistance to elongation is instantaneous and proportiotiz kmad placed on the tissue
(52). However, v¥scous resistance is time dependent and relative to the ratengfation(56).
Two commonly measuredproperties of viscoelasticityare stressrelaxation and creep.
Viscoelastic stresgelaxation is the decrease in resistance (farcéorqug¢ whenthe muscle
tendon unit (MTU)is held at a constafgingleor length Viscoelastic creefs the amount of
deformation, or passive lengtheniofjthe MTU, as a result o& constanfoad placed pon the
MTU (56).

Many of the original studiesnvestigating the viscoelastieesponsesduring passive
stretchinghave utilized static orconstardangke stretchingtechniqueswvhere the joint angle is
held consint and the MTUexhibits stressrelaxation (31-34). For example,McHugh and
colleagues(34) were the first to examine theiscoelastic stresmelaxationin vivo during
constardangle stretchingof the hamstring muscles These authorsexaminedthe stress
relaxation responseduring a stretch at the point discomfort resulting moticeable
electromyographfEMG) activity and a stretch where timeuscles were passi&5% muscle

activity of active stretch The relative stresselaxationresponsewas similar between both



stretches (4.4 + 2.2% active;13.0 = 2.3% passive) indigag that the viscoelastic response
was primarily mechanicaln nature More recently, studies have suggedteat constantorque
(CT) stretchingmay be more benefici#than constaringle maneuverss itelicits more work on
the MTU, thus reducing pas®\stiffness and increasing joint range of motion to a greater extent
(17,50,64,65 As its name impliesCT stretcing is whena participant is sttehed with a
powered dynamometer at a constant passive torque. CT stretching routines result in viscoelastic
creep oran increase in joint positionViscoelastic creep has beeraminedindirectly through
repetitive constaréingle stretchestarting athe samenitial torque(52,5356), and during single
(49) and repetitivg48) bouts of CT stretching. For examplegylor et al.(56) developed ain
vitro model to examine the viscoelastic creep response during repetitive constant length stretches
of rabbit MTUs and reported thathe MTU increased by 3.46 + 1.08% of its initial length
following the 10 stretching cycles, with 80% of the changdsngthoccurring during the first
four stretches Furthemore, Ryan et al.(49) determinedthat a single bout of CT stretching
results ina reliablein vivo viscoelastic creepesponsef the plantarflexor musclesith mostof
the increase in joint positiarccurringin thefirst 1520 seconds.

Previous studies have examined MTU length changes throughmange of motiorand
have indicated thaboth the muscle and tendon play a role in the passive lengthening of the
MTU. However, here arecontrasting findings that have suggested the increase in MTU length
is primarily due to increaseas tendon lengtl{16,25,26) while other studietaveindicatel that
theseincreasesare primarily due to increases musclelength (1,5,7,21,37) For example
Herbert and colleagu€$6) examined theelativecontribution of the muscle and tendon with the
muscle fully shortead (knee flexed, ankle plantarflexeat)dthe muscle fully lengthened (knee

extended, ankle dorsiflexed). They determined that the increase inléngthwas largely due



to increases in tendon lengthth only a27% increase immedial gastrocnemius (MGjuscle
fascicle length.In contrastAbellaneda et al1) determinedhattheincrease immusclefascicle
length accounted for approximately 70% (16.8 = 5.2 of the 24.4 + 1.8 mm) of the total MTU
length chagesduring adorsiflexionrange of motiorassessmentOtherrecentstudies havalso
demonstrated thahat the muscle is the primary structure being lengthéh®,7,21,37)uring
increases in dorsiflexion range of motioklowever, the tissues that account fioe stretching
induced viscoelasticreepresponseare unclear. Morse and colleague$37) were the first to
examine MTU changes following series of passive stretchasd reported that the reduced
resistance to stretch within the same common range of metisdue to a0.24cm increase in
muscle length Interestingly, tbre wa no change in fascicle length from pte poststretch
indicating that thestretchinginduced changes werigkely influenced by the intramuscular
connetive tissues(i.e. perimysium) In addition, other structures have been attributed to the
visceelastic response during passive stretching which incladgtheningof the sarcomere
cytoskeleton(titin and desmin (9,36,57, rearrangementf the perimysial cdlagen fibers(46),
andrelaxation of the proteoglycan matrix tisqid), and deformation of the aponeuroé&s).
Physiologicalchanges that occur with aging have been well documehtadgver the
extent to which these changes influenceuiseoelastic properties of the MTU remains unclear.
Older individuals exhibit decreases musclesize (11,40,42)and architecture(24,41) with an
increased proportion of stiffer slow twitch fibe(3,28,39)and aninfiltration of adiposeand
connective issue (2,29,47) All of these factorsmay contribute to theincreass in passive
stiffnressseen among older adultghich in theory may alter MTU compliance and alter the
viscoelastt creep responsduring common stretching exercis€10) The role of passive

stiffness on the viscoelastoreep responsikasrecenly been investigatetly Sobolewski et al.



(53) in asample ofyoung individualsdichotomizedinto low and high passive stiffneggoups.
The authors indirectly examined creep across fotse®20constarangle stretches starting at the
same passive toug value. Theresults indicatethattherate of change viscoelastic creepas
lower for the highstiffness group when compared the low passive stiffness group.The
authors(53) suggested thahe stifer participants displayed lesseepbecause they exhibited
greater elastic resistance to stret@noss subsequent stretchésowever, further investigation
by Sobolewski et al(52) using the same streteig protocol indicated that older me@7(+ 3
yeard had a similar viscoelastic creep response when compared to younger men, despite
differences in passive stiffness. As demonstrate®ileyick and colleages (6), it is possible
that aging did not influence viscoelastic creep becaubere is a simultaneousgerelated
increasean elastic stiffness andecreasén viscous stiffness However, future studies are needed
that directly examine viscoelastic creep both young and old adultduring CT stretching
protocols

The extent to which the muscle and tendon increakngthduring a passiv€T stretch
and the resultant viscoelastic creep respoasainsunclear. Based on the work Ipyevious
authors(22,37) it is possible that the muscle accounts for the majority of the increase in MTU
during CT stretching. Howevdhis responsenay be altered in older adults. For exampen
and colleague (35) examined the ageelated differences in muscle and tendon contribution
during the stance phase of the gait cycle. The authors determined that although there were no
changes in MTU length between ages, dlder adults experienced greater incrsasetendon
length when compad to muscle Narici et al. (40) determined that older tendons were
appoximately 15% more compliant thayounger tendons wittlisparitiesconcevably due to an

increase in elastin content, reduction in collagen fibril crimp angle, and/or reduction in



extracellular water content. These agkted changes have recently been supported in the
literature (40,54) however, further investigatiomto the structural alterations during CT
stretchingis warranted Therefore, thepurpose of the present study is to investigate the

influence of ag®n muscle and tendotontributionduringviscoelastic creep.

Research Questions
1. Istheviscoelastic creepimilar between young and older n?en
2. Are the relative changesn MG and AT length during viscoelastic creeplifferent
between young and older individuals
Hypothese
1. Older adults will exhildia reduce@bsolute viscoelastic creegsponse
2. The tendon will account for a greater percentage of the increase in MTU length during
CT stretching in older adults wheonmpared to youngdults
Delimitations
1. Forty recreationally active men will be regred to participate in the study.
Recreationally activevill be defined aghose who exercise betweed hours per week.
2. Twenty participants will be between the ages of 65 and 742&nplarticipants will be
between the ages of 5.
3. The study requiresvo visits to the Neuromuscular Research Laboratorgeparate days
(at least 48 hours apart) at the same time of #a)hours).
Limitations
1. Theparticipantsare not truly random as they will wecruited from UN@Chapel Hilland

thesurrounding area



2. The stretching protocol may not reflect everyday stretching because it will occur in one
leg and it will be done in an isokinetic dynamometer that most people do not have access
to.

TheoreticalAssumptions

1. Participantawill provide accurate medicaind phygal activity history.

2. Participants will be honest in the subjective torque threshold bout.

3. Participants will adhere to the guidelines of no strenuous lower limb exercises 24 hours
prior to testing.

Operational Definitions

1. ConstantTorque Stretch (CT stret): A powered dynamometer will stretch the
plantarflexor muscles into dorsiflexion at a fixed -determined passive torque value
that will remain constant during the entire stretch.

2. Muscletendon unit (MTU): Gross anatomical structure composed ofraxipal MG
portion and a distaAT portion.

3. Passive Stretch:Presence of minimal, or negligible electromyograltyivity during a
stretch.

4. Viscoelastic creepTime-dependent property in which there is an increase in position or

length with the MTU hel at a constant torque.



CHAPTER II:

REVIEW OF LITERATURE

This review will start by introducing viscoelastic properties of the MTU with the primary
focus on viscoelastic creep. Previous research shows that viscoelastic creep can be measured
indirectly through repetitive stretches at the same starting tension or measured directly when the
MTU is stretched at a constarque. Theconstantorque stretch may increase the joint
position and lengthen the MTU during a single bout. However, thefigpgssue alterations
(muscle and tendon) associated with this passive lengthening have yet to be quantified. Several
studies will be discussed that have been able to identify muscle and tendon contribution when the
MTU is stretched through a range oftma. To my knowledge, few studies have examined the
viscoelastic responses in older adults. Therefore, a review of the physiological changes that
occur with the aging MTU will be used to help support the hypothesis. In conclusion, a few

studies will behighlighted to illustrate how to estimate MTU length during rest and stretching.

Viscoelastic Properties of the Musélendon Unit

Taylor, Dalton, Seaber, and Garrett (1990)
The purpose of this investigation was to examine the acute effects ofepsssiching
on the viscoelastic properties of the musgeledon unit (MTU). Forty extensor digitorum longus

(EDL) and 20 tibialis anterior (TA) rabbit MTUs were used in this stullyis study consisted of



3 parts: (1) viscoelastic response of eight HATLUs during 10 repeated cyclic stretches to a pre
determined length (10% beyond its resting length), (Il) viscoelastic response of 12 EDL MTUs
during ten 36s static stretches to a pdetermined tension (78.4 N), and (lll) the viscoelastic
response of 2&DL and 20 TA MTUs performing cyclic stretching to a-pletermined length at
varying rates (0.01, 0.1, 1, and 10 cm/sec) and while the MTUs were innervated and denervated.
For part |, peak tension decreased 16.6% from the 1st to 10th cycle, howevénedirist four
stretches were significantly differer<0.05) from the remaining stretches. Part Il illustrated

that the stress relaxation curves for the first two stretches were significantly differ@nd%)

from the remaining stretches. In additidhe MTU increased by 3.46 + 1.08% of its initial
length following the 10 stretching cycles, with 80% of the length changes occurring during the
first four stretches. The results for part Il indicated that peak tensile force (N) and energy
absorbed (Ndn) by the MTU increasedP€0.0001) with increasing stretch rates. However, the
MTU responded similarly (peak force and energy absorbed) during both innervated and
denervated conditions. These results suggested that the rabbit MTU exhibits viscoelastic
properties during stretching techniques commonly used in clinical and athletic settings.
Specifically, the decline in peak tension and increase in MTU length under the same tension
demonstrate stress relaxation and muscle creep properties, respectivielly. stuidy also
illustrated that peak tensile force and absorbed energy were dependent on the rate of stretch and
that slower stretches allow for a greater degree of stress relaxation to occur. Finally, this study
alluded to the fact that only four streéshmay be necessary and lead to most of the MTU

elongation.



McHugh, Magnusson, Gleim, Nicholas (1992)

The purpose of this study was to determine whether viscoelastic stress relaxation could
occur in human skeletal muscle, independent of a stietitleed electromyography (EMG)
response. A total of 15 subjects (nine men and six women) with a mean age of 28.7 £ 1.2 years
participated in the study. The hamstring muscle group was stretched to a fixed angle via a
passive straight leg raise at a constaribcry while each subject laid supine with their
contralateral limb strapped to the table. Each subject underwent two tests in which hip flexion
range of motion (ROM), the stretahduced EMG response of hamstring muscle group, and the
resistance to strett (N) were measured. An electrogoniometer was placed over the hip joint to
account for the hip ROM during the stretch. Surface EMG electrodes were placed midway
between the gluteal fold and the knee joint, over the semitendinosus muscle belly measuring
muscle activity throughout the stretch. Resistance to stretch or tensile force was measured using
a load cell fastened to a chain fixed around the subjectOs ankle. The testing protocol consisted of
two stretches at a constant velocity. During the firal, the researcher stretched the muscle at a
rate of 1.63 = 0.46 degrees/second to the maximum tolerated ROM and then held that angle
constant for 45 seconds. The hip joint angle was 90 + 6j and all 15 subjects experienced a
stretch induced EMG respang542.6 + 107.1u%). Also, with the first trial there was a
significant decrease in force from 65.8 + 5.3 to 54.4 + 4.4¥0.0001) demonstrating stress
relaxation. The second trial was completed by 10 of the subjects and consisted of a straight leg
raise (2.04 + 0.19 degrees/second) brought to 5 degrees below the ROM at which the onset of
EMG activity occurred. At that position (53 = 6j), the stretch was held for 45 seconds. The
second stretch illustrated negligible EMG activity (18.0 + 4.%g)Vhavever, there was still a

significant decline in force from 28.3 + 4.4 to 24.1 + 3.2RMNQ.05) indicating that stress



relaxation can occur independent of EMG activity. Although there was a greater absolute
decrement in force from test 1 to test 2, thatre¢ decreases in force throughout the stretch for

the 10 subjects who completed both tests was not significantly different between the tests (14.4 +
2.2% test 1, 13.0 + 2.3% test 2). Test 2 was able to demonstrate that viscoelastic stress
relaxation inhuman skeletal muscle is a mechanical response and can occur with the muscle in a

passive state.

Yeh, Tsai, & Chen (2005)

The purpose of this investigation was to compare the effectiveness of a ctorsfaat
prolonged muscle stretching (PMS) treatmamtthe inhibition of ankle hypertonia (high tension
or abnormally rigid muscle) with that of constamgle PMS treatment. A total of 30 spastic
hemiplegia subjects (20 men, 10 women) with a mean age #af H§earsparticipated in this
study. Each subfgt completed a constaangle and constatibrque PMS treatment of the calf
on two different occasions separated by one week and about the same time of day. The PMS
treatment included 30 minutes of continuous stretching with the order of stretches being
randomized. Each subject underwent a series of gund postreatment assessments that
included frequencyaried sinusoidal movements and a passive maximum range of motion
(ROM) test. Three sinusoidal stretching motions3° were performed at 10 diffent
frequencies (A2 Hz) in a random sequence and used to compare the two different PMS
treatments effect on the viscous and elastic components. Prior to the stretching treatment, each
subject completed a maximum passive dorsiflexion ROM assessment ausim@ordriven
stretching device at a rate d¥/&. For the constaitbrque PMS, 80% of the passive torque that

was generated at the maximum ROM was used to hold the stretch at a ewmmngtantor 30

1C



minutes. In contrast, the constamgle PMS dorsiéxed the ankle to the maximum ROM and

held the angle constant for 30 minutes. During each treatment, a torque sensor was used to
measure reactive torque, and angular changes were recorded using a potentiometer mounted on
the ankle joint. Results fromelstudy indicated that both viscoelastic stress relaxation and creep
occurred in constardngle and constatibrque stretches, respectively. The constargie PMS

resulted in decreases in torque freb8.71 t0-9.32 Nm. The constaitborque PMS elicitechn

increase in dorsiflexion position from 14.91 to 18.8%After a single treatment session, ROM
increased from an average value of &74.84 to 12.57+ 4.90¢ (P<0.01) for the constargngle
treatment, and the ROM increased from an average value ®f+8Z.8% to 13.5+ 3.28

(P<0.01) for the constasibrque PMS. However, there was no differenced(85) in the ROM
between the constaanhgle and constatorque PMS groups. Lastly, using a seconder
biomechanical torque model, elastic and viscous components were quantified for each stretch.
Results indicated that the constémtque PMS was moreffective than constai@ngle PMS in
reducing both the viscous and elastic components after a single treatment $&5&i0%H)( This

study suggests that constaotque PMS is more effective for inhibiting spasticity, increasing

ROM, and altering skeldtanuscle viscoelastic properties.

Ryan, Herda, Costa, Walter, Hoge, Stout, Cramer (2010)

The purposes of this study were to characterize viscoelastic icreem in the human
skeletal muscktendon unit (MTU) and examine the consistency of these mespaluring a 30
second stretch. Twelve healthy men (aget 2year$ volunteered for the study and completed
three separate trials about the same time of #ayhours) A familiarization trial was used to

introduce participants to the dynamometer adl vas to determine the maximum tolerable

11



passive torque threshold (torque at which the participant felt comfortable holding the stretch and
the lower limb muscles were passive). The resulting torque threshold was used for the
viscoelastic creep assessiseduring both experimental trials. For each experimental trial, the
participants completed one -3@cond constaftbrque stretch in the seated position of the
dynamometer. During each stretch, the lever arm of the dynamometer passively dorsiflexed the
foot (3/s) from-20° of dorsiflexion to the maximum tolerable passive torque threshold and held
the torque constant for 30 seconds. Surface electromyography electrodes were placed on the
medial gastrocnemius (MG), soleus (SOL), and tibialis anterior @asprding to SENIAM
guidelines. A maximal voluntary contraction (MVC) of the plantarflexors was completed
following the constantorque stretch. To ensure that the creep assessments were passive, MG
and SOL values were normalized to the electromyograpiplimde values recorded from the
MVC. The raw electromyography amplitudes from the TA during the stretch and the MVC were
used for analysis. Six separate -oveey repeated measures analyses of variance were applied to
examine the changes in position, gioe, and the normalized and raw electromyography
amplitude values were collected every 5seconds during thee®ihd stretch. Testtest
reliability statistics were analyzed atsBcond increments for position. Six separate intraclass
correlation coeffi@nts (ICCs) model 2,1 per the recommendations of Shrout and Fleiss (1979)
and the standard errors of the measurement (SEM) were calculated to analyzerdtestest
reliability. Results indicated a significant and continuous increase in position (Px0v@p130
seconds during the constdotque stretch. Relative consistency was high with ICC values
>0.994 and absolute consistency was low with SEM values being <1.54% (expressed as
percentage of mean). However, most of the increase in position ocdurmeg the first 1820

seconds (7-85%). These findings demonstrate that viscoelastic creep of the human skeletal

12



muscletendon unit can be reliably examingdvivo. Further, the viscoelastic creep response
appears to be independent of muscle activatie there was no main effect for any of the

electromyography amplitudes.

Ryan, Herda, Costa, Walter, Cramer (2012)

The purpose of this investigation was to characterize the viscoelastic creep responses
during repeated constatdrque stretching exer@s using stretch durations commonly
performed in athletic and clinical settings. Twelve men (age 224 yearsyolunteered for
the study. Each participant visited the lab on two occasions performing a familiarization and an
experimental session. THamiliarization session and setup was similar to the procedures
described by Ryan et.al49) (see above). During the experimental session, foese80nd
constarttorque stretches at the pdetermined maximum tetable torque threshold were
completed. A 2&econd rest period between stretches was given were the ankle was returned to
-20j of dorsiflexion. The velocity at which the foot was dorsiflexed during the stretch and
plantarflexed during the rest period svaonstant at %s. An isometric maximal voluntary
contraction (MVC) was completed after the fourth stretch. Surface electromyography electrodes
were placed on the medial gastrocnemius, soleus, and tibialis anterior according to the SENIAM
guidelines. Psition, torque, and electromyography amplitude values were monitored every five
seconds. The normalized EMG amplitudes for the MG and SOL and the raw TA amplitudes
values during each stretch did not chand&(65) and were negligible with a mean response of
1.6% of the MVC values indicating that each stretch was passive. The absolute changes in
position were plotted on a logarithmic time scale and fit with a linear regression line to examine

the rate of inagase and the overall increase in position for the entire stretch. Results from the

13



study indicated a significant main effect for time. Th&-gecond time period showed the
greatest relative change in position in comparison to all other time period®QRx0The 5L0-

second time period had a greater relative change in position in comparison telfhel50,

20-25, and 280-second time periods (P<0.001). Also, thelB0and 120-second time
periods were greater than the2Bsecond time period$<0.001). Over the course of the four
stretches, the creep response was similar with no significant differefid@8%pPbetween the

slope values when plotted on the logarithmic time scale. However, the absolute ankle position
and the yintercept valuescreased following both stretch 1 and 2 (P<0.05) while stretch 3 and 4
started and ended at the same joint angle. This study illustrates the dynamics of viscoelastic
creep and specifically that the rate (relative) and amount (absolute) of creep anecsierilde

four 30-second stretches with the majority of creep (increase in joint angle) occurring in the first

15-20 seconds, similar to findings of many previous studies examining stress relaxation.

Sobolewski, Ryan, Thompson (2013)

The purpose of thistudy was to determine if the acute viscoelastic stress relaxation and
creep responses to a practical bout of passive stretching were influenced by differences in
maximum range of motion (MROM) and passive stiffness using amewo technique similar
to that described by Taylor et &6). Thirty-seven men (age 24 3 yearsyolunteered for the
study and visited the lab on two separate occasioisd@ys for subsequent session). The first
visit was a familiaization session in which each subject practiced the stretches and determined a
maximal tolerable passive torque threshold as previously described by Ryan(44) é&ee
above). During the experimental sessioMROM, an isometric maximal voluntary contraction

(MVC), and four 36second stretches were completed. A MROM assessment was conducted

14



using the dynamometer to passively dorsiflex the foot frorh @0 plantarflexion to the
participants maximally tolerated @ ROM (onset of pain) and then released back down to the
starting position (velocity constant a¥/$). Passive stiffness values were calculated from the
MROM assessment as the slope of the atwigue curve at X0of dorsiflexion. Surface
electromyograby electrodes were placed over the medial gastrocnemius (MG) and the soleus
(SOL) and used to ensure each stretch was completely passive. To ensure that each stretch was
passive, an MVC of the plantarflexors was completed to normalize the electromyograph
amplitude. A total of four stretches were completed where the dynamometer lever arm
dorsiflexed the calf muscliendon unit (8/s) to the torque threshold with the corresponding
angle held constant for 3&conds. A 3@econd break was used in betweach of the four
stretches. Viscoelastic stress relaxation was examined via the torque responses collected every
five seconds. The absolute changes in torque were plotted on a logarithmic time scale and fit
with a linear regression line to examine théeraf decrease during the four stretches. The
relative changes in torque were also calculated for eacde@ind stretch.Viscoelastic creep

was measured indirectly based on the position changes at the start of each stretch. Each starting
position was mtted on a logarithmic time scale and fitted with a linear regression line to
examine the rate of increase in position. Following the stretches, the individuals were ranked
and then dichotomized into high and low passive stiffness and large and small IgRONA.

Both MROM and passive stiffness groups were significantly different from one another
(P<0.001). The results indicated that viscoelastic stress relaxation was gRE&X@5] in the

first stretch than any other stretch when ranked by both MRQl\passive stiffness. However,
MROM and passive stiffness did not influence any of the stress relaxation variih0eG5).

MROM had no influence on viscoelastic creep; however, the rate and relative change in creep
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was influenced by differences in passistiffness. The rate of change in creep was decreased
among passively stiffer individuald2€0.05). In conclusion, this study demonstrates that
MROM had no influence on viscoelastic stress relaxation or creep; however, the rate and relative
change in reep was influenced by differences in passive stiffness but had not effects on stress
relaxation. It was also suggested that the passively stiffer group may exhibit less creep because

they exhibit greater elastic resistance to stretch.

Contributions oMuscle and Tendon

Kubo, Kanehisa, Kawakami, Fukunaga (2001)

The purpose of this study was to investigate the effects of static stretching on the
viscoelastic properties of human tendon structuresvo. Seven recreationally active, healthy
men (age 2.3 + 1.4 years)articipated in the study. Each subject rested prone with the knee
fully extended and the foot placed on the footplate of an isokinetic dynamometer. The subject
performed two ramped isometric maximal voluntary contractions (MVC) withree minute
rest period between trials before and after the 10 minute static stretch. To measure tendon
elongation, an ultrasound (US) was placed over the midbelly of the medial gastrochemius. A
marker was placed between the skin and the US probe tionedhé probe did not move during
the MVC. The displacement of the aponeurosis is considered to indicate the lengthening of the
deep aponeurosis and the distal tendon. During the MVC, the aponeurosis moved proximally
and was defined as the length chamjetendon and aponeurosis during contraction. The
displacement value at MVC was converted to strain by the following equation: Strain (%) =

LeTL™e 100 where TL is the length of the tendon structure and L is the displacement of the
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aponeurosis. To calate stiffness, the measured torque (TQ) during the MVC was converted to
muscle force (Fm) via the following equatioBm = keTQ*MA™ where k is the relative
contribution of the physiological crosgctional area of the medial gastrocnemius and MA is the
moment arm length at neutral ankle joint (0j). The Fm and L values above 50% of MVC were
fitted to a linear regression equation with stiffness being derived from the slope of the regression
line. Hysteresis was also calculated as the area under thHe éurves (ascending and
descending phases). Static stretching was administered by the footplate moving from a neutral
position (0j) dorsiflexion to 35j of dorsiflexion at a constant velocity of 5j/s and held constant at
that position for 10 minutes. Passiverque was detected during the stretch using the
dynamometer. Surface electromyography (EMG) electrodes measured activity from the medial
gastrocnemius, lateral gastrocnemius, soleus, and tibialis anterior to ensure each stretch was
passive. Prior to thstretch, strain, stiffness, and hysteresis calculated from the ¢urves 8.1

+ 1.6%, 22.9 + 5.8 N/mm, and 20.6 + 8.8%, respectivéhgsults from the stretching bout
indicated viscoelastic stress relaxation occurred during the static stretch assikie pague
peaked initially at 36.% 7.0 Nm with a mean rate of decline at 23.6 + 8.5%0(05). The

MVC post stretch was not significantly different in terms of foreé0(05), but the tendon

length values at near MVC were significantly greater aftetching P<0.05). The static stretch
technique resulted in the tendon structures being more compliant by decreasing stiffness from
22.9 £ 5.8t0 20.6 £ 4.6 N/mm. Hysteresis also decreased significantly from 20.6 + 8.8 to 13.5
7.6% P<0.05 suggestinghat the viscosity within the tendon structures decreased making the
tendon more prone to lengthen. To conclude, static stretching decreases the viscosity of the
tendon structures as well as increases the elastieiy.Q5) providing a background for

reducing passive resistance and improving joint range of motion after stretching.
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Herbert, Moseley, Butler, Gandevia (2002)

The purpose of this investigation was to determine how much of the total increase in
muscletendon unit (MTU) length was attributed the muscle fascicles and how much was
taken up by the elongation of the tendons. A total of five experiments were performed on 24
healthy volunteers between the ages of 24 and 44 years. For the first experiment (n = 9) the
change in length of the miadl gastrocnemius (MG) muscle fascicles and tendon were analyzed
using ultrasonography (US). Each individual sat semlined and strapped to a footplate with
surface electromyography electrodes placed on the lateral gastrocnemius. A linear array US
probe was placed over the midbelly of the medial gastrocnemius (MG) to determine the length of
individual muscle fascicles (measured-lifie). Separate measurements of the MTU and muscle
fascicles were collected when the knee was flexed and the ankle figxethiand then with the
knee extended and the ankle dorsiflexed. The rationale was to see the change in MTU and
muscle fascicle length from a fully shortened position to a fully lengthened position. The second
experiment (n = 6) examined the changeeimgth of the tibialis anterior (TA) muscle fascicles
and tendon. For these measurements, the TA was stretched via plantarflexion with the knee
positioned between 15 and;36f flexion. The US probe was placed on the midbelly of the TA
and the fascicle vacaptured. The third experiment (n = 3) examined the effect of a prior
contraction on MG fascicle length. Prior to each measurement, an isometric contraction at the
test angle was performed for approximately three seconds. Similarly, experiment fo8) (n
looked at the effect of a prior contraction on TA fascicle length. An isometric contraction was
performed at the test angle (full plantarflexion) prior to each measurement. Lastly, the fifth

experiment (n = 9) tested whether the relationship betwbanges in TA muscle fascicle and
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muscletendon lengths were different at rest and during contraction. Each subject was positioned
with the knee flexed between 60 and 90j with the foot strapped to an isokinetic dynamometer.
Surface electromyography eetrodes were placed over the TA to measure muscle activity
throughout. Three different fascicle length measurements were randomly assigned that included
the subject completely relaxed, or during contractions at 5 or 100% of the maximal isometric
torque ét a neutral ankle joint). For all analyste relative compliance of the muscle fascicles

and tendon were determined from the estimation of MTU length and changes in joint position
typically seen from cadavers (Grieve et al., 1978; Spoor et al., Ye&er et al., 1990). Linear
regression was used to determine the slope of the relationship between muscle fascicle length
and the change in MTU length. Results from the first two experiments indicated that the
relationship between muscle fascicle lengtid the change in MTU length for the MG is
approximately linear. The mean slope of the linear regression line for experiment one and two
were 0.27 £ 0.09 and 0.55 £ 0.13, respectively. These findings demonstrate that 27% of the total
change in MTU lengt occurred in the MG muscle fascicles; thus, the remaining 73% was
presumed to occur in primarily in the tendon. Experiment two revealed that 55% of the total
change in MTU length was attributed to the TA muscle fascicles and 45% of the change
occurring fom the tendon. Results from experiment three and four indicated that there was no
effect of a prior contraction on the contribution of muscle and tendon length changes (slopes of
0.21 and 0.61, respectively?X0.05). In experiment five, the resultdicated that as the TA
contracts, a greater contribution comes from the muscle fascicles (P=0.06). The mean slope at
rest, 5% MVC, and 100% MVC were 0.44 + 0.19, 0.66 = 0.26, and 0.60 + 0.22, respectively. In

conclusion, these five experiments suggeat thhen moved through a range of motion or a
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contraction, the tendon is more susceptible to changes in length in comparison to the muscle

fascicles.

Morse, Degens, Seynnes, Maganaris, Jones (2008)

The purpose of this investigation was to examine thagdgmin the musclieendon unit
(MTU) during passive lengthening of the medial gastrocnemius (MG) and to determine whether
the muscle or tendon contributes to the increased range of motion (ROM) following multiple
bouts of repeated stretching. Eight retozally active males (age 20.5 + 0.9 years) volunteered
for the study. Each participant was positioned prone with the knee fully extended and the foot
strapped to an isokinetic dynamometer. An electrogoniometer was placed on the ankle joint to
account 6r heel displacement that potentially occurs during dorsiflexion. Two unipolar surface
electromyography electrodes were placed on the MG to record muscle activity during each
stretch. Those values were normalized to a plantarflexor maximal voluntamaatmmt to
ensure each stretch was passive. Passive maximum range of motion (ROM) of the ankle joint
was determined with the ankle dorsiflexed disdc from-10; of dorsiflexion to the point of
discomfort The corresponding angle at the end ROM was tesedmplete three rounds of the
stretching ROM assessments. The stretching ROM assessments (same velocity and angle as
maximum ROM assessment) were completed before and after the stretching intervention. The
stretch intervention consisted of five stheds in which the ankle was passively dorsiflexed at
5i/sec to the end ROM and held for one minute. On a separate visit, a series of 10 rapid
stretches (6f@sec) that moved the foot from 0 to 10; of dorsiflexion were carried in place of the
stretching intevention. Thus, the stretching ROM assessments were completed prior to and

immediately after the rapid stretches to see if there was a change in MTU stiffness. The rapid
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stretches simulated a ballistigpe maneuver and were tested to see if MTU stiffresuld be
attributed to a resetting of the thixtropic properties of the musclmo@e ultrasonography (US)

with a linear array probe was used to identify the myotendinous junction (MTJ) of the MG
during the stretches. Displacement of the MTJ was medgsalative to an acoustic marker
located between the skin and the probe. The total length of the MTU was determined by a tape
measure laid over the skin and an US to specify the insertion of the proximal and distal
attachment of the MTU. The change in MTength at each joint angle was estimated using the
cadaveric regression mod@R). The amount of shortening of the tendon distal to the MTJ, and
extension of the muscle proximal to the MTJ, were determined frordigked displacement of

the MTJ. The movement of the skin markers was analyzed throughout the stretch at 0, 5, 10, 15,
20, and 25 of dorsiflexion. During the third ROM assessment, the elongation of muscle,
tendon, and fascicles were recorded pred pat-stretching. Prior to the stretching intervention,
MTU increased in length by 2.19 + 0.14 cm throughout the dorsiflexion ROM. The muscle
accounted for 47% of the MTU elongation, while the tendon accounted for 53%. Following the
stretching protocol, RM increased from 28.1 + 2.3 to 32.7 * j2(#<0.05) along with an
increase in MTU from 2.1%2 0.14 to 2.52 + 0.1dm (P<0.05) at the end ROM. Also, there was

an increase in MTJ elongation from 1.840.08 to 1.38 = 0.07PK0.05) with no significant
changs in tendon elongation or passive torque between the two points at the end ROM. Results
from the third stretching ROM assessment indicated significant increBs@€0%) in MTJ
elongation (from 0.92 £ 0.06 to 1.16 + 0.05 cm) and decre&#s06) in tendn elongation

(from 1.06 = 0.04 to 0.82 £ 0.05 cm) with no change in MTU elongation and fascicle elongation
from 0-25° of dorsiflexion P"0.05). Muscle stiffness decreased from 38.8 £ 8.4 to 17.2 + 3.5

Nmecmi! (P<0.05) with no change in tendon stiffness-ned posttretching. However, results
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from the rapid stretching trial did not show a significant decrease in MTU stiffRe€s05)
suggesting that the thixotropic properties of the muscle are unlikely the mechanism for reducing
MTU stiffness. Overall, the results indicated that prior to stretching, the MTU elongation is a
result of both muscle and tendon lengthening equally; howatfter,the stretching intervention,

MTU and ROM increase with subsequent decreases in MTU stiffness. Further, muscle
lengthening after the stretching intervention is not explained by a change in fascicle length;
therefore, the increased compliance (desedamuscle stiffness) is likely due to alterations in

connective tissue properties and primarily the perimysium.

Abellaneda, Guissard, Duchateau (2008)

The purpose of this study was to investigate whether changes in medial gastrocnemius
(MG) architecturediffer between individuals who produce different passive torques during
muscle stretching of the plantixors and whether the relative contribution of muscle and
tendon structures to the increase in total museidon unit (MTU) lengthening varies angon
subjects. A total of 16 subjects (12 men and 4 women) with a mean age a&f 24.lyears
participated in this study. Each subject rested prone with the right foot strapped to a footplate
and a potentiometer placed on the ankle joint to account fde ahg@nges. The ankle was
rotated from-10° dorsiflexion to 30 dorsiflexion in 10 steps at an angular velocity of 2%and
held at a constargingle for 20 seconds (s). Torque was measured during the stretch by-a strain
gauge transducer. Surface #&lemyography (EMG) of MG and soleus were used to monitor
muscle activity during passive ankle dorsiflexion. An isometric maximal voluntaryaction
(MVC) of the plantaitexors was performed following the stretches with the ankle in a neutral

position Q° dorsiflexion) to obtain a maximum EMG value defined as-saepoch at torque
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plateau. Passive torque and EMG activity were measured during the last 5 s at-gdwid20

with the slope of the passive torgaegle curve from +20to +3( to estimate pasve stiffness.
B-mode ultrasonography was used to analyze the MG architecture during the stretch. -A linear
array probe was fixed over the midbelly of the MG to measure fascicle length and pennation
angle. The longitudinal displacement of the MG an@w®linsertions on the deep aponeurosis
during dorsiflexion represented the lengthening of aponeurosis and free tendon distal to that
point. MTU length was measured using a tape measure from the medial femoral condyle to the
superior edge of the calcaneumhe change in MTU length was estimated using the regression
equdion by Grieve et al(12). To estimate the extent of tendon lengthening, the fascicle length
was subtracted, at each ankle angle, from the respettavege of MTU length. The muscle
fascicle was defined as the fiber bundle between the two aponeuroses. Pennation angle was
determined as the angle at which the fascicle inserted into the deep aponeurosis. Fascicle length
was estimated using trigonometvhen the fascicle extended off the static image and calculated
as: fascicle length = If 1 (measured fascicle length) + If 2 (estimated fascicle length) = If 1 +
(n/sin ), whereh is height. Results from the study indicated that passive torque increased
exponentially with relatively little muscle activity (<3%). Fascicle length increased fromt57.6

8.9 mm at1(0° to 80.5+ 10.1 mm at +30(P<0.001) with pennation angle decreases from 21.2

4.3 at-10j to 14.5j+ 3.G at 30 (P<0.001). The MTU lengtdmed from 47k 35.4 to 496 +

371 mm when the foot was dorsiflexed fromt6 30j. The average lengthening of the MG
fascicles and aponeurosis was 1¥.5.4 mm, which accounted for 71.8 + 27.3% of the total
increase in MTU length meaning that the tendtongation contributed to 6.9 + 6.5 mm or 28.2

+ 27.3% of increase in MTU length. Upon a clear indication of a bimodal distribution for

passive torque, two groups were formed with the passively stiff group designated as those over
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30 Nm at 3@ of dorsiflexion. The passively stiff group (39.6 £ 13.4 Nm) in comparison to less
stiff group (23.7 £ 5.7 Nm) reported a significant decrease in fascicle length and greater EMG
activity in MG (P<0.05) with the tendon length trending towards greater values. Inusont|

this study demonstrates an increase in passive torque during passive stretching of the
plantarflexors is accompanied by more of an increase in muscle than tendon; however, the

relative compliance of each tissue influences the MTU lengthening ditfiere

Blazevich, Cannavan, Waugh, Fath, Miller, Day (2012)

The purpose of this study was to describe the relative contributions of fascicle
lengthening and tendon lengthening relative to mussidon unit (MTU) lengthening during
ankle rotations, anatdetermine if muscle and tendon lengthening during a stretch was related to
maximum range of motion (ROM). Twenbtne healthy men (age 19.6 = 0.8 years) volunteered
for this study and visited the laboratory two times at the same time of day. Thesiirstas a
familiarization session, which allowed each participant to practice the maximum ROM
assessment. During the experimental trial, each subject was seated with the knee fully extended
in an isokinetic dynamometer with the foot and heel securelypsidao the footplate. -Brode
ultrasonography (US) with a linear array probe was used to analyze the movement of the
myotendinous junction (MTJ) during the maximum ROM assessments. Surface electrodes were
placed over the medial gastrocnemius (MG), soleusl tibialis anterior according to the
SENIAM guidelines to monitor the muscle activity of each stretch. Two maximum ROM
assessments were completed with the dynamometer rotating the ankle joint frquiargar
flexion to 30j dorsiflexion at 2j/s and gtped when the participant pushed a button as they

reached their maximal stretch limitAfter a fiveminute break, a second series of stretches
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involved fixing a US probe positioned midbelly over the MG to identify the muscle fascicles.
The dynamometer tated the ankle joint from 3@lantar flexion to 30; dorsiflexion at 2j/s, but

was held constant for 5 seconds at each 10j interval where a static image from the US probe was
collected. Upon completion of the stretches, two isometric maximal voluntatsactions of

the plantarflexors and dorsiflexors were completed to normalize EMG amplitude and ensure each
stretch was passive. MTU length was measured at rest using a tape measure from the medial
femoral condyle to the superior insertion point of théiAes tendon on the calcaneus. MTU
length changes were estimated using the cadaveric equation by Griey@2x alluscle length

was defined as the part that lies proximal to the MTU, and Achilles tendon lengjttienraed

from the difference between MTU and muscle length (distal portion of the MTU from MTJ).
MG fascicle length was calculated as the distance of a fascicle extending from the superficial to
deep aponeurosis. MG fascicle rotation was determindteasheinge in pennation angle (angle

at which the fascicle inserts into the deep aponeurosis) during the assessments. The results of
this study demonstrated a bimodal distribution in maximum ROM. Thus, flexible {53 %)

and inflexible (35.8 6.3) (P<0.001) groups were created based on maximum ROM. MG and
soleus peak EMG amplitudes were &55.8% and 5.5 + 5.2%, respectively with minimal
activation from the TA (<0.01 mV). To determine EMG onset, the data was first manipulated to
remove the two subgts who did not have any EMG activity. The second method involved
assigning a nominal value to each subject based on the subjectOs maximal ROM. The average
joint angles at which EMG onset occurred was 31.1 &8 29.9+ 9.2 (first and second

method respectively) R 0.05). A significant relationship was observed between the angle of
EMG onset and maximum ROMP£0.05), which indicated that a later onset of EMG was

associated with the achievement of a greater dorsiflexion angle. Resting lengthemeassi of
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the muscle, tendgand MTU did not differ between groupR'(0.05). Peak resistive torque was
greater for the flexible group (115£229.3 Nm) in comparison to the inflexible group (77.5 +
19.3 Nm) P<0.001). Throughout the ROM, the MTU elotiga was lengthened more by the
muscle (30 mm) with a lesser contribution form the tendon (22.mm). The contribution of muscle
fascicle length (20%) was greater than that of rotation (8%) suggesting that within the muscle,
the fascicles are primarily resmgble for the length changes. However, toward end ROM (20
dorsiflexion to end ROM), much of the elongation of the MTU resulted from a tendon stretch
rather than the muscle stretch. There were no differences in muscle and tendon rate of change
between he flexible and inflexible subjects during the stretch. However, flexible subjects did
exhibit a significantly greater tendoi<0.001) and muscle elongatiof<0.05) at stretch
termination than the inflexible subjects. Fascicle length and rotationmesisured every 20

from -20 to 30 of dorsiflexion. There was no change in fascicle length through the ROM, but
the estimated percent lengthening at the maximum ROM was greater in flexible: (&2.2%)

than inflexible subjects (46.# 20.3%)(P<0.05). There was a difference between groups in
fascicle rotation (represented as rate of angle change) frota 2® of dorsiflexion for the
flexible and inflexible groups at 9.7% and 5.9%, respectived(05). Similar differences were

also noted for fasciel rotation at maximum ROMPK0.05). These findings suggest that the
muscle is more compliant than the tendon during a passive stretch. The change in MTU length is
due more to changes in the muscle with the contribution of fascicle rotation being teghgib
comparison to fascicle rotation. Toward the end ROM, most of the MTU elongation was a result
of tendon lengthening. Furthermore, fascicle rotation during the stretch was greater than fascicle
lengthening for the flexible group suggesting that theamuscular connective tissue is possible

the main contributor to the elongation of the muscle in flexible subjects.
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Influence of Age on ThHduscleTendon Unit

Lexell, Taylor, SjSstrSm (1988)

The purpose of this study was to examine the influence iafamn muscle area, total
number, size, proportion, and distribution of fiber types. Fitmtge malesO (183 years)
vastus lateralis cross sections (15 um) were examined and separated into five groups by age (20,
30, 50, 70, and 80 years). Stainirfgtee sections for myofibrillar adenosine triphosphate were
performed to help visualize type | and type Il fibers and then mounted on a medium. The total
number of fibers (using every 4&quare mm cross section) was determined by multiplying the
mean nmber of fibers per square mm by the number of squares counted and by a factor of 48.
The mean cross sectional area was determined using 31 of the 43 sections with careful
consideration to include both types of fibers in superficial, deep, and centeabptre muscle
cross section. Results indicate a quadratic relationship between both muscle area and age and
total number of fibers and ag<0.001) with the fitted curve peaking at 23.7 and 24.2 years,
respectively. Furthermore, there is an increasatg of reduction in muscle area and total fiber
number with the average reduction of about 40% from 20 to 80 years. However, around age 50,
the slope becomes steeper indicating there is an increased rate of reduction past that age.
Additional resultsndicated that there was no relationship between type | fiber size and age, but
there was a significant reduction in type Il fibers with increasing age (P<0.01). Mean fiber size
from both type | and Il fibers indicated a significant reduction with inangaage (P<0.05) and
an average reduction of 26% from ages @0 years. Lastly, the author was able to determine
the amount of muscle area comprised of muscle fibers. By regressing the product of the fiber

sizes and total number of fibers on muscle amé allowing for a changing relationship with
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age, the author concluded that the younger individuals muscle area comprised of approximately
70% muscle fibers with the older individuals at approximately 50%. The decrease in muscle
fiber per muscle area clobe due not only to a loss of fibers but also an increase in connective
tissue and intramuscular fat. In conclusion, it is clear that with aging there are both significantly
fewer and smaller fibers in the old muscles. A reduction in fibers can itttk to the loss of

type Il fibers being denervated and reinnervated to type | fibers. However, with increasing age
beyond 50 years, the neurogenic process becomes diminished and some fibers are permanently
denervated and lost. The loss of fibers gaeed by fat and connective tissue and subsequently

alters the proportion of fibers per muscle.

Narici, Maganaris, Reeves, Capodaglio (2003)

The purpose of this investigation was to demonstrate that sarcopenia not only involves a
decrease in muscle malsst also entails changes in muscle architecture specifically within the
human medial gastrocnemius (MG). A total of 30 physically active men participated in this
study which included 14 young (aged-2Z years) and 16 older (aged-8D years) participast
Careful consideration was done to establish that the elderly were matched with the younger
group based on physical activity to rule out disuse as a possible explanation of architectural
changes. MG anatomic cross sectional area (ACSA) and volume mveasured by
computerized tomography (CT) while the subject rested supine. Pennation angle and fascicle
length were collected by retime ultrasonography (US) with each participant resting prone.
Each image was obtained with the probe fixed on the mydbethe MG on the dominant leg.
Physiological cross sectional area (PCSA) was also estimated using the ratio of muscle volume

to fascicle length. The results indicated that all the MGOs architectural parameters were
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significantly reduced in the eldergopmpared with the younger adults. The differences between
the elderly and younger groups for ACSA were #36 and 17.4 + 2.8 cni19.1% difference)
(P<0.005), for volume 208.% 48.5 and 279.3 + 59.3 én25.3% difference) (P<0.001), for
fascicle leigth 4.29+ 0.67 and 4.78 = 0.55 cri@.2% difference) (P<0.01), for pennation angle
23.6+ 3.0 and 27.2 + 4°313.2% difference) (P<0.01), and for PCSA 58.12.6 and 59.1 +

14.4 cnf (15.2% difference) (P<0.05). This study demonstrates that muscleeatcte is
significantly altered in elderly individuals. Since the groups were matched based on physical
activity, the changes in architecture can be accounted for the differences in age. The decrease in
muscle volume, ACSA, fascicle length, pennatiomlenand PCSA strongly suggests that
sarcopenia involves not only of a loss of fibers in parallel, but in series as well. The decreased
muscle volume and fascicle length that accounts for the decreased PCSA could illustrate a loss of
muscle function andKely reduce muscular strength. Another possible reason the reduction of
muscular strength is that there could be a decrease in tendon stiffness. This would alter the
force-generating potential putting less strain on the fascicles and over time caec®easd in

pennation angle.

Gajdosik, Vander Linden, Williams (1999)

The purpose of this study was to examine the influence of age on length and passive
elastic stiffness (PES) characteristics of the calf muscidon unit (MTU) when stretched
through the full, available dorsiflexion range of motion (ROM). Tweiotyr younger women
(aged 29.# 6.2years), 24 middieaged women (aged 50+6.1years), and 33 older women
(aged 72.9 7.3years) participated in this study. Surface electromyogralpMG) electrodes

were placed over the muscle bellies of the medial gastrocnemius, soleus, and tibialis anterior and
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each subject was encouraged to maintain a silent EMG response throughout the stretch. All the
subjects assumed a supine position with tghtrfoot strapped to an isokinetic dynamometer.

To familiarize each subject with the setup, 10 repetitions of 10 seconds of static stretches of the
calf MTU were initiated. The maximum dorsiflexion angle was determined by manually moving
the anklefoot goparatus into dorsiflexion and end maximum ROM was defined as a marked
presence of EMG activity from the calf muscles or the angle achieved just prior to pain or
discomfort. After the maximal dorsiflexion angle was found, the aiukie apparatus was
moved from this angle through 80nto plantar flexion. Three trials were performed in which

the foot was dorsiflexed at/Sec through a B0ROM (stopping at preletermined end ROM
angle minus 9. The maximal passive resistive torque was measured andegyasgjletorque

curves were constructed for the complete dorsiflexion ROM. The maximal passive dorsiflexion
angle, maximal passive resistive torque (PRT), angular change for the full stretch ROM, and
average PES for the full stretch ROM were examined dgaoup differences and their
relationships with age. Results indicated that maximal passive dorsiflexion angle, passive
angular change, and maximal PRT decreased with increasing age dgra0m@5). Post Hoc
analyses indicated that older women had a emailaximal passive dorsiflexion angle (15839

5.78) in comparison to the middle aged (22%51.38) and younger women (25.88 5.9)
(P<0.001). Maximal PRT for the older women (12.615.69 Nm) was also less then the
maximal PRT for both middle ageddagounger women (17.95 + 5.43 and 21.68 + 5.33 Nm,
respectively). The average PES for the last half of the complete stretch ROM decreased with
increasing age. The average PES was less for older women than for younger women (
0.019), but no differencewere found with either group in comparison with the midtdied

women. With aging, the decrease in the PES could be a result from loss of motor units and
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decrease in number and size of both type | and type Il muscle fibers. The reduced PES with
aging cold have also been attributed to the increased amount adipose tissue and other
connective tissue within the muscle. In conclusion, older women demonstrated that maximal
ROM, maximal PRT, and average PES were all decreased suggesting the MTU was less

extengle.

Dierick, Detréf mbleur, Trintignac, Masquelier (2011)

The purpose of this study was to assess the passive elastic and viscous stiffness
components of ankle joint in young, middéiged, and old adult female fiboromyalgia subjects and
compare the mlts with aganatched healthy control subjects. A total of 52 healthy, sedentary
(<2 hours per week of physical activity) female subjects (agé22fears) were enrolled in the
study. Each subject was placed supine with both knees extended and ame¢hedbotplate of
an electromechanical device (allowed for flexmxtension at ankle joint). The footplate was
able to oscillate at varying frequenciesl@Hz) and produced displacement of the ankle (x2.5j)
from the neutral position (90; between fand ankle). A potentiometer and four strain gauges
were mounted to the rotational axis to measure angular displacement and torque, respectively.
Surface electromyography (EMG) electrodes were placeebeilg of the medial gastrocnemius
and tibialis aterior and subjects were encouraged to keep electrical activity at baseline (relaxed
muscle). Three separate treatments were given to each ankle in which a series of 27 oscillation
trials, consisting of nine different frequenciesl@ Hz) were recorded.The amplitude and
phaseshift of the torque signal relative to the displacement signal were computed. The
amplitude of the torque responses that is in phase with the ankle displacement is called the elastic

torque and the one that is 90; out of phasé whie displacement is called the viscous torque.
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Each amplitude of the elastic and viscous torque were expressed in terms of stiffness Nm/rad
(raw torque/ankle displacement). Viscoelastic stiffness was determined over the range of
different oscillation fequencies and each mean value of elastic stiffness and viscous stiffness
were computed. Results from this study indicated that elastic and viscous stiffness were
significantly different for the three age group3<(.001). Older women had a significantly
higher value for elastic stiffness (60.48 £ 8.81 Nm/rad) in comparison to the younger women
(17.68 = 8.81 Nm/rad) and midedged women (34.66 £+ 4.53 Nm/rad<(0.001). Viscous
stiffness was significantly higher in younger women (10.65 + 0.97 Nm/radc®mparison to
middle-aged (6.41 £ 0.50 Nm/rad s) and older women (5.28 £ 0.97 Nm/r&k@)Y01). To
conclude, the results indicated that passive stiffness increases with age meaning there is a greater
absolute torque at a given joint angle. The iaseel elastic resistance could be due to changes in
intramuscular content (increased collagen) that inhibits range of motion. However, the decreased
viscous resistance with aging could be due to the content of the myoplasm and the desmin

intermediate filamant.

Sobolewski, Ryan, Thompson (2013)

The purpose of this study was to determine the influence of age on the acute viscoelastic
responses to a practical stretching intervention. Twewmbyyoung R4 + 3 years) and 14 old (67
+ 3 yeas) males participad in ths study and visited the laboratory on two separate occasions.
Each participant perfored a standard dorsiflexion ROM assessment to assess passive stiffnes
(50) and an isometric MVC of the plantarflexors éasure that each stretch is passivighe
experimental setup wadentical to the previous study from Sobolewski et(3B). A total of

four 30s constant angle stretches with as3@est period was compéet Viscoelastic stress
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relaxationand creepvereassessed dke absolute(across all four stretcheand relative(from
stretch to stretchghangesn the decrease in force and increase in position, respectively. The
rate of viscoelastic creapasexamned indirectly through the rate of change in position at the
start of each of the four stretch@s3). The results indicated that the older ménlb5 + 0.068
Nm#deg#cm®) exhibited a greater passive si#bss P=0.044) at a common joint angle in
comparison to the younger me®.{14 + 0.048\m#deg#cm’). Additionally, there were no
change inthe absolute viscoelastic stress relaxatimmsponsesbetween groups F(' 0.05);
however, there werdifferences irtherelative change in stress relaxation betwdeyoung and

old for stretch oneR=0.01) only. The younger men demonstratedyeeaterrelative stress
relaxation response forthe first stretchwhen compared tdhe third £=0.018) and fourth
(P=0.002) stretch The older adults, however exhibited a similar stress relaxation response
across all four stretche®%£0.917) Furthermore, thergvere no differences in thebsolute or
relative change@" 0.05)in the viscoelastic creepesponsdetween young and old men. Blee
findings demonstrate that although there was an increase in passive stffr@sgthe older
group, the viscoelastic creep response was unaffecteldwever, the viscoelastic s§®

relaxation respons&cross repeated stretches is altered in older adults.

Mian, Thom, Ardig~, Minetti, and Narici (2007)

The purpose of this study was to determine if there areredgied differences in
gastrocnemius fascickendon interactionduring a fundamental locomotor walking task. Eight
young (27.3 = 3.8 years) and 8 elderly (76.6 £ 4.3 years) men and women participated in this
study and were matgbaired based on leg, shank, and gastrocnemius migsclen unit.

Measurements of musetendon architecture, joint kinematics, and electromyography (surface
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electrodes placed on lateral gastrocnemius and tibialis anterior) were made during treadmill
walking at 1.11 m/s. Data was captured for 20 seconds and from that, the first two comsecutiv
strides were analyzed per participant-mBde ultrasonography (US) was used to assess the
parameters of muscle architecture (fascicle length and pennation angle) with the US probe fixed
to the midbelly of the lateral gastrocnemius. When the lengthfasacle extended off the

image, the length was estimated by linear continuation. Pennation angle was also measured as
the angle at which a fascicle inserts into the deep aponeurosis. This angle was used to calculate
muscle length as the product of faée length and the cosine of pennation angle. Length
changes of the lateral gastrocnemius musabelon unit were determined usirfgetequation

from Grieve et al(12) and the change in tendinous tissue was accodatdaly subtracting the

fascicle length from the musetendon unit length. The heel contact phase served as the
reference length and did not differ between groups. However, there were significant changes
during the gait cycle (from heel contact to peiakinuscle fascicle and tendon length. Although

the muscleendon unit length did not differ during the cycle, the contribution of fascicle (young:

3 + 2; 0ld-1 £ 5 mm) and tendon (young: 5 £ 3; old: 9 + 4 mm) were significantly different
between groupéP<0.05). Therefore, these results suggest that the increase in MTU during the
stance phase of gait cycle is similar in each group. However, the increased contribution from the

tendon in the elderly subjects could be due to an increase in tendon camplian

34



Methodology for Quantifying Museleendon Unit Length

Grieve (1978)

The purpose of this study was to provide a technique whereby the length of the human
gastrocnemius muscle can be estimated from angular measurements of the lower limbofA total
eight nonpathological cadaveric limbs were used from subjects deceased over the age of 60. As
the knee joint was stabilized, the ankle joint was manipulated in 10j increments with length
measurements recorded to the nearest millimeter. Length chaveges expressed as a
percentage change from the reference angle (90; between leg and foot). A scatter of the raw data
was used to derive the bdgtpolynomials. In addition, lines of best fit were used to relate the
change in muscle length from theardnce joint angle. The equation conceived from this study
to estimate MTU length with the reference knee (0j) and ankle (90j) joint angles was:
AL'= 1 22181514+ 10130141!90! 4+ 164) ! o.m"# (" 1 1" )l where IL is the change in
MTU length due to the chge in dorsiflexion angle (A). The predictive equations that this study
identifies for muscle length using joint angle changes helps to provide more insight into the

mechanics of muscle action.

Barber, Barrett, and Lichtwark (2011)

The purpose of thistiedy was to determine the validity and reliability of muscle length
measures obtained using a novel ultrasound (US) and tape measut@pé)) nethod in a
typically developed (TD) and individuals with cerebral palsy (CP). Muscle length measures of
the medal gastrocnemius (MG) using the W&e approach were compared to measures

obtained using a-8imensional US (3DUS) approach. A total of 25 individuals (15 TD and 9
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CP) participated in the study. Both the-t#pe and 3DUS were performed with the partioip

lying prone and dorsiflexed at an ankle angle of 30, 60, and 100% of total range of motion
(ROM). B-mode US was used with a tape measure fixed to a linear transducer to specify
landmarks of interest. The landmarks included the most superficialgddiié medial femoral
condyle (MFC), the most distal point of the myotendinous junction (MTJ), and the calcaneus.
The tape distance from the MFC to the calcaneus illustrated the neisdtan unit (MTU)
distance and the tape distance from the MTJ todleaceus illustrated the Achilles tendon (AT)
distance. Posgtrocessing of each image takes into account the US image depth and distance
which can be used in conjunction with the tape measure distance to calculate both MTU and AT
length. PythagorasO them calculates length as: MTU and AT lengt$ &ape distance + US

image distancé)+ (US depthd. Muscle length was then calculated as the difference between the
MTU and the AT. Freehand 3DUS was used to generate a 3D image of the MG using the same
specified landmarks as the W&e. The measuremteof muscle length was obtained from the

3D model using the Stradwin software measurement tools. There was a good agreement
between the two methods with the {t&#pe method overestimating MG muscle length by 0.2 mm
(<0.1%) in the TD group and by 0.3 mm.1%) in the CP group across all three ankle joint
angles. The limits of agreement between the two methods over the three joint angles were 15
mm (6%) for the TD group and 13 mm (6%) for the CP group. The intraclass correlation
coefficient (3,1) values @r the three joint angels were all >0.999 indicating that the methods are
reliable. In conclusion, these results suggest that théapks method is a valid and reliable

measure that could be used for future study to assess specific muscle and tendes) chang
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CHAPTER III

METHODOLOGY

Participants

Twenty-four recreationally activgoung males (180 years) and 2&creationally active
elderly males (654 years) wre recruited for this study. Young participamere solicited
through classes at the larsity of North Carolina at Chapel Hill (UNCH). Olderparticipants
were recruited via informational emails from UNCH, and flyer advertisement throughout
UNC-CH and the surrounding area.

Upon arrival, all participantsvere required to complete a Héa history and exercise
status questionnaire and an informed consent document specifying the experimental protocol
along with the potential risks and benefits associated with participation in the Jtoelyvritten
informed consent documentomplies with the UniversityOs institutional review board.
Individuals were eligible to participate in the study based on the following criteria: 1) no prior
knowledge of a neuromuscular disease or condition that would affect their ability to complete
testing, 2) no istory of joint or muscle problems in the low back, hips, legs, knees, ankle, and
foot within the past three months, 1) history of multiple ankle sprains, d¥ercisingno more
than one to five hours per week, and) Zany participant thatdoes not exhilbi excessive
dorsiflexion (>55j). Each participant will be specifically instructed to avoid vigorous exercise

and stretching 24 hours prior to testing.
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Experimental Design

The participantseportedto the UNGCH Neuromuscular Research Laboratory on two
occasions separated by72days at the same time of day 2 hours). Theravas aninitial
familiarization session followed by an experimental session. During the familiarization session,
each participanhad their body mass and stature assessed, prddiee isometric maximal
voluntary contractions (MVC), determisi¢heir maximal tolerable passive torque threshold, and
ensure they can fully relax during th€T stretching protocol. Mass and statwas assessed
using a scale and stadiometer (Detecto &dabmpany, Webb City, MO, USA).Each
participantperformed several MVCs of the plantidexors to ensure that they wetemfortable
giving a maximal effort. Each participamhderwenta series of passive stretches to obtain their
maximum tolerable torquthreshold. The dynamometer westto a low passive torque (i.e. 5
Nm) with the torque continually increasing to the point of discomfort, but not pain, as verbally
acknowledged by the participant. The resultant maximal tolerable torque thresiwiged
during the experimental sessifor the stretching protodd).

During the experimentakession, each participargerfornred two MVCs of the
plantarflexors (twamin of rest between contractions) and as@T stretd. A five minute break
was given between the MVCs and the stretch to prevent any alterations that may occur to the
muscletendon unit (MTU) from the MVC. During the &)CT stretch, MTU lengthwas
derived and the contribution from the medial gastrocnerfMG) and Achilles tendon (AT) will

be measured.
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Viscoleastic Creep Measurements

The CT stretch protocolvas conducted on a calibrated, HUMAC Norm dynamometer
(Computer Sports Medicine Inc., Stoughton, MA, USA). Each participastseated &35
between the thigh and torso andkrified by plastic, handheld Model G300 goniometer
(Whitehall Manufacturing, City of Industry, CA, USA). The participantOs rightviesyully
extended (Oj below the horizontal plane) with a Velcro restraining strap ovérighe(90 mm
width) for stabilization. The right foavasplaced firmly against a custom steel footplate (36 x
17 x 2.5 cm) with the lateral malleolus of the fibula aligning to the axis of rotation of the
dynamometer. Two restraining foot straps (25 wmiath) over the tarsals and metatarsase
used to ensure the fodtd not move during the stretching protocol. During pilot testing, the
participantOs heehs seeto move away from the footplate during dorsiflexion; thus, a 150 mm
twin axis goniomete(BIOPAC Systems, INC., Santa Barbara, CA, U3 fixed to the skin
at two mounting points (distal fibula and the lateral aspect of the midfoot). Angular
displacementwas derived through the change in strain of the composite wire between the
mounting wints. Prior to the stretch, the participamtere asked to remain as relaxed and
motionless as podde. The dynamometer footplapassively dorsifleed the foot at an angular
velocity of 5j/s from 20j of plantarflexion until the maxaitolerable torquéhreshold wasnet.
The dynamometeheld this constant passive torque for-6@nd then releaddack to-20; of
dorsiflexion.
Muscle-Tendon Length Assessments

A Brightnessmode (Bmode) portable ultrasound (US) imaging device (LOYie,
General Electd HealthcareMilwaukee, WI, USA) with a multirequency lineaarray probe

(12L-RS; 513 MHz; 38.4 mm FOVjvasused to identify structural landmarks within the MTU.
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The depth and frequency of the US in the musculoskeletal setisgptimized prior to ésting

to ensure that the designated landmarks fit in the field of views@26hm; 10.0 MHz). A
hypoallergenic, watesoluble transmission gel (Aquasonic 100, Parker Laboratories, INC.,
Fairfield, NJ, USA)was applied to the skin to enhance the acoustigpting and reduce the
possible near field artifacts using minimal probe pressure.

MTU length at restwas assessed using the US tape measure approagheddfrom
Barber et al(4) at neutral ankle joint angle (PBetween foot and leg). The MTU consists of the
MG and AT. An ink mark \asmade at the AT insertion on the calcaneus (visualized via US)
specifying the distal attachment of the MTU. The proximal attachment of the MG is difficult to
visualize via the USherefore, the most superficial parttbé medial femoral condyleervel as
the proximal attachment of the MG Gulick anthropometric tape measure (AliMed, Dedham,
MA, USA) wasfixed to the US probe. The MTU tape lengthsrecorded as the tape distance
from the distal edgefahe US probe when the probe wagr the femoral condyle to the marked
AT insertion (tape being pulled taut) (Fig 1). Ppsicessing using the straigiie function in
ImageJ (National Institutes of Health, Bethes##4D, USA, ftware version 1.49accouned
for the US depth and distance at the femoral condyle (Fig 2). PythagorasOs Weaearseu to
calculate the total MTU length based on the tape distance plus the US image distance and the US
depth of the femoral condyle.ré¥ious data from our lab has shown this method to be reliable
with an intraclass correlation coefficient (I&{ value of 0.97 and a standard error of the mean
at 1.09%.

Prior to the stretching bout and following the MVQgarticipants werepassively
dorsiflexed to their maximal tolerable torque threshold, at which point the isokinetic

dynamometewasbriefly paused to limit the amount of stretching on the MTU. Duitagtime
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(<10-s), identification and ink marksvere made at the myotendinous junctiqgMTJ) and
femoral condyle. The MTwasdefined as té intersection of the AT and M@0). When both
landmarkswvereidentified, the participant asreturredto their resting position and a hypoechoic
markerwasplaced on the skin just proximal to the MTJ. An anthropometric tape meassre
fixed to the skin at the femoral condyle to allow for a baseline assessment of MG |€hgtle
wasa five-minute break prior to the stretching bout to accounafiyrchanges to the MTU.

During the stretch, the participantOs favais dorsiflexed to their torque thresholdt
which time the dynamomet&raspaused to allow for baseline measurements. While paused, a
static US imagewas recorded at the préetermine MTJ. Simultaneously, MG lengthvas
guantified with the tape measure being pulled taut from the femoral condyle to the previously
marked MTJ. Upon completion of the two rmeeements, the dynamometesume back to the
torque threshold initiating the &stretch. The previous sequence of eveatxuredin quick
succession to reduce the amount of viscoelastic stress relaxation that occurs prior to the stretch
(<10-s). After the 665, the dynamometervas paused again and another static US image
recorded at the MTJ. The change in length of the WG determined based on the displacement
of the MTJ relative to the marker (proxima] pr distal [+]). MTU length change during the
stretchwasestimated using the cadaveric regression temu@arovidedby Grieve et al(12). The
percentage change in MTU length ('kascalculated as follows:
" =11 221815 +10!130141!90! + 18A!'!I! 1.00061!90! + 6A)! where 'L is the change in
MTU length due to the change in dorsiflexion angle (A). The relative contributions of the MG

and ATweredetermined using the change in MTU length and displacement of the MTJ.
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Maximal Voluntary Isometric Contraction

The participantcompletal two isometric plantarflexion MVE in the seated position
with their leg fully extended and neutral ankle gint angle (99 between the leg and foot).
Participantsvereinstructed to cross their arms at the chest and to plantarflex as hard and as fast
as possible for-& seconds. The setuyasthe same as the creep assessment, with the addition
of a thick, rulber heel cup to stabilize the foot. Two MV@ere completed and the highest
torque output of the two trialeere used to normalize the EMG amplitude values recorded
during the passive stretching.
Electromyography Measures

Each participanhad pre-amgified, bipolar surface electrodes (EL254S Biopac Systems,
Santa Barbara, CA, USA; gain = 350; interelectrode distance = 20 mm) placed over the medial
gastrocnemius (MG), soleus (SOL), and tibialis anterior (TA) to ensure that each stretch was
passive. Ta MG and SOlwerevisually identified and palpated with the participant seated and
actively plantarflexed. The TAvasdetermined in a similar manner except the participaasg
asked to actively dorsiflex. Prior to electrode placement, the skin atdaolo of the MG,
SOL, and TA musclegasshaved, lightly abraded, and cleansed with rubbing alcohol to remove
oil and layers of dead skin. Electrode placement for thewd&on the most prominent bulge of
the muscle. The SOL electrodasplaced at twethirds of the line between the medial femoral
condyle to the medial malleolus. The TA electradesplaced at on¢hird of the line between
the proximal tip of the fibula to the medial malleolus. Each electvemieplaced parallel to
muscle fiber orient#gon in accordance with the recorandations of the SENIAM proje€L8),
however, special attentiomas made to the placement of the SOL electrode to ensure that the

electrode does not cover the MG MTJ. A singles-gelled, disposable electrode (Ag Cl Quinton
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Prep; Quinton Instruments Co, Bothell, WA, US#asplaced over the tibial tuberosity to serve
as a reference electrode.
Signal Processing

The position (j), torque (Nm), and EM@\() signhalsweresampled simultaneously at 2.5
kHz with a Biopac MP150WSW data acquisition and AcgKnowledge software (Biopac Systems
Inc., Goleta, CA, USA) during the &)CT stretch. All signalswere stored on a personal
computer (Lenovo IBMThinkpad T4®, Morrisville, NC, USA) and processed offline with
custom written software (Labview 8.5, National Instruments, Austin, TX, USA). The torque and
position signalsvere smoothed with a zerphase shift 100 point moving averager and the raw
EMG signalswerefiltered with a bandpass zephase fourtkorder Butterworth filter (14500
Hz). Peak isometric MVC torqueasdetermined as the highest 503 epoch during the-&s
MVC plateau. The same corresponding 509 epochwas used to calculate peak EMG
amplitudefor each muscle and used to normalize the MG and SOL amplitude values during the
60-s stretctbased on the procedures of Gajdosik ef&.
Statistical Analysis

All descriptive statisticsare presented @ meant standard deviation. Independent
samples test were used to assess the demographic data including body mass and stature.
Normality of the datavasconfirmed using the ShapiWilk test and homogeneity of variances
wasverified using LeveneOstteFive separate mixed factorial analyses of variance (ANOVAS)
(group x time)wereusedto examine absolute changes in position (viscoelastic cralepylute
length changes (MTU, MG, and AT), and raw EMG amplitude values fhenTA (0, 30, and
60-s). A mixed factorial ANOVA (group x muscle x tim&yasused for the normalized EMG

amplitudes for M6 and SOL at 0, 30 and 8 When a significant interaction was found,
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follow-up analyses included independent and paired sampdssst In addition, four sparate
analysis of covariance (ANCOVAs) were used to examine the change in ankle joint position,
MTU, MG, and AT lengths with the pigtretch valuesisedas a covariatés9). An effect size

(ES) statistic was alsmcorporated along with theyalue for the change in ankle joint position,

and MTU, MG, and AT lengths. ES was calculated as the mean of the young subtracted by
mean of the old all over the combined (pooled) standard deviadoalative cantribution ofthe

MG and AT wasalso calculated as percent change from the entire MvilUbe calculated as:

MG = (MGpost - MG!"# )/(\"# post!- MTUpre! x 100! The alpha level was set@0.05,

and allanalysesvereperformed using SPSS versi20.0 (SPSS, Inc., Chicago, IL34).
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CHAPTER 1V

RESULTS

Participant enrollment and exclusion data are presented in Figure 3. All raw values are
presented in Table 1 and 2. There were no differences between the young and older men for
height P=0.517), but the older men did have a greater body rRa€5003).

For ankle joint position during the @0CT stretch, there was no interacti®*Q.051) or
main effect for group R=0.380). However, there was a significant main effect for time
(P<0.001) indicating that the ankle joint position increased from fargooststretch for both
groups. Further, there was no difference in the amount of change in ankle joint position between
the young (2.01 + 0.98;) and older men (1.41 + 0.7250(072ES=0.66)

There was no interaction for MTU lengtR=<0.062) or main effect for grou€0.715).
However, there was a significant main effect for tirReQ.001) indicating that MTU length
increased from preto poststretch for both groups. There wass@nificant interaction
(P=0.023) between the covariate (fteetch MTU length) and the dependent variable (MTU
length change) violatinthe homogeneity of slopes assumption. The Potthoff modified Johnson
Neyman techniquél5) was then used and indicated that there was a greater change in MTU
length in the young compared to the older nfexD(043ES=0.71)

For MG length, there was a significant interacti®@.001). There was a significant

increase in MG lerth for both the youngR<0.001) and older merP€0.001) from preto post
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stretch. However, there was a greater amount of change in MG length in the young compared to
the older menH<0.001ES=1.40)

For AT length, there was a significant interactié?+@.044). There was a significant
increase iNAT length for both youngR<0.001) and older merP€0.001) from pre to post
stretch. However, there was a greater amount of change in AT length for the older men
compared to the young meir50.043;ES=0.75)

For torque, there was no interactid?=0.649) and no main effect for timB=<0.180) or
group P=0.168). Thus, the young and older men stretched at similar torque thresholds (25.22 +
6.10 and 21.91 + 7.63<N, respectively)whichremained constant througlit the stretch.

There was no interaction for normalized M8=0.759) and SOL H=0.940) EMG
amplitudes. There was no main effect for time and group for normalized MG (P=0.066 and
P=0.803, respectively) and SOL (P=0.867 and P=0.226, respectively) EMGudegl The
mean normalized MG and SOL EMG amplitude values were 1.20 and 1.68% MVC, which has
been considered to be passidd). For the raw EMG amplitude of the TA there was no
interaction P=0.815) ancho main effect for timeR=0.866) or groupH=0.163), indicating the

participants did not actively contribute to the increase in ankle joint position.
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CHAPTER V

DISCUSSION

The primary findings of the present study indicated ttet young and old men
experienced viscoelastic creep during thes@0T stretch which was accompanied by increases
in MTU, MG, and AT length for both groupsThe young men experienced a rsgnificant
(P=0.072 ES: 0.67) greater increase (2.01j + 0.98) in ankbéni position from preto post
stretch when compared to the older men (1.41j £ 0.72). Similarly, the young men experienced a
greater increase in MTU lengtR£0.043). However, themuscle increased to a greater extent in
the young (MG lengthb 77%; AT lengthD 23%) and the tendon increased more in the old
('MG length B36%; !AT length B64%). These findings may highlight the aggated changes
in muscletendon unit behavior during passive stretching.

Previous studies have examined the viscoelastiepcresponses indirectly vitro (56)
andin vivo (52,53)during repeated constant angle stretching bouts, and direetilyo using CT
stretching(48,49,65. Ryan et al(49) was the first to determine a reliable viscoelastic creep
response during a single bout of Cifetching in the presence of negligible EMG activity.
Further, Sobolewski et a(53) determined that an increase in passive stiffness in young adults
produced a significantly smaller viscoelastic creep nespo Many previous studies have
determined that with aging, there is an increase in passive stiff@83suggesting that there
may also be a decrease in the viscoelastic aesonse Dierick et al.(6) reported an increase

in elastic stiffness and a decrease in viscous stiffness with age in the plantar flexors; thus, it is
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possible that an increase in passive stiffness and aspomding decrease in viscous stiffness
could result in a negligible change in viscoelastic creep between age gidipsvas supported
by Sobolewski et al(52) who reportedsimilar viscoelastic creep respses between young and
older malesoverfour 30s constant angle stretch@s' 0.05). However, in the present study, the
young men demonstrated nonsignificant £=0.072)greaterviscoelastic creepesponse when
comparedto the older men.Although this ncreasewas not statistically significant, it waa
practical differenceconsidering thenoderate to largeffect size(0.67) (19). The difference
between theefindings and those reportdyy Sobolewski et al52) may be dudo the nature of
the acute CT stretchingrotocol For example, Sobolewski et g52) usedrepeated30-s
constamh angle stretcheat same initl torque threshold andssessd the amount of absolute
viscoelastiacreep from the first stretch to the fourth stretwhereas the current study examined
viscoelastic creegirectly during asingle60-s CT stretch.

We are aware of no previous studibat have examined the behavior of the muscle
tendon unit that contributes to thiscoelastic creep responsghe results fronthe present study
indicated asimultaneous increase in MTU lengdind joint range of motion. The muscle and
tendonlength chagesin young adults has been assessed in previous studies primarily with the
foot being passively dorsiflexed through a range of mot{&sb,13,21,22,37and, to a lesser
extent, following a acutebout of static stretchin¢37). A previous study from Herbert et al.
(16) found that as the MTU lengthened the relative contribution from the muscle was only 27%,
whereas the tendon accounted for the remaining 73% of the chéamgentrast more recent
studies(1,5,21) have shown that as the foot was dorsiflexed through a range of motion, the
lengthening of the MTUWbccurredpredominantly from the muscle. Specifically, Abellaneda et

al. (1) demonstratedhat the increase in MTl&ngth wagpredominantly from the muscle (72%)
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with less from the tendon (28%). Similarly, Blazevich e{®lmeasured thenuscle and tendon

length from 20j of planarflexion to 20;j of dorsiflexiorandfound thatthe muscleaccounted for

more (58%) of the total increase in MTU length change compared to the tendon (42%).
Additionally, Kawakami et al(21) assessed the contution from 30j of plantarflexion to 30j of
dorsiflexion and found the muscle increased tgreater exten{60%) when compared tthe
tendon(40%). The contrastingresults reported by Herbert et @16) could be atibuted to the
different knee and ankle positions of the testing participants. Specifically, the participants
started the range of motion assessment with the knee flexed and ankle plantarflexed, which was
thought to make the MTU as short as possible. emakgether, these studies do provide some
insight as to the physiological changes that take place while the foot is dorsiflexed, but do not
address the direct effects of stretching. Morse e3a) performed a @ and postrange of

motion assessment following several bouts of stretching and evaluated the muscle and tendon
contribution in each assessment. The authors concluded that both the muscle and tendon equally
contributed to the initial range of motion ass@ent; however, following the five bouts of static
stretching, the contribution of muscle and tendon was altered. During thestiedsh
assessment, range of motion was significantly incred®e@.@5) and the contribution from the
tendon remained th@me as the prstretch value. Thus, the muscle was significantly increased
(P<0.05) and accounted fone entire increase irange of motion. The present study supports

the results from Morse et 4B7)in that tre young malesO muscle lengthened more relative to the
tendon following the 6@ CT stretch. The increase in muscle length following the stretch may
be attributed to reductions ipassivestiffnessthat are largely due tincrease in muscle
compliance(22,37)and little to no change in tenda@ompliancefor the younger mei(©9,22)

Within the MTU, the change in muscle lendtbm passive stretching has been shown to be
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attributed to the muscle fascicles and/or surrounding connective tisgragfascicular structures
that contribute to the viscoelastic properties durpassive stretching include the sarcomere
cytoskeletongecifically titin and desmiii9,36,5762,63. However, Morse et a{37) estimated
musde fascicle lengthn vivo using ultrasonography and found that there was no change from
pre- to poststretch indicating that the stretchimgluced changes were likely influenced by the
intramuscular connective tissues (endomysium, perimysium and epm)y@u The relatively
large amount of perimysium has been considered a major extracellular contributor to passive
stiffness(45) and increasingompliance of the oscle may be due to a rearrangement of the
perimysial collagen fiber§46). Other physiological changegthin intramuscular connective
tissue purported to cause an increase in muscle during passive stratehimg relaxation of the
proteoglycan matrix tissud4) and deformation of the aponeuro$gsg).

A unique finding from the present study was the altered muscle and teowloibtion
amongst the older adults. In the present study, the acute increasge of motiorfor the older
adultswas attributed primarily to thiengtheningof the tendon (64%) as opposed to the muscle
for the youngeradults. These findings are agreement with those of Mian et &5) who
measured the muscle and tendon contribution during different phases of the gait cycle between
age groups and found that the tendon lengthened more than the musclevie thehsame MTU
length as the young Possible explanations for this behavior could be an increase in passive
stiffness of the musclg9,10,42) and an increse in tendon compliance in older adults
(38,41,43,51,54,55 For exampleGajdosik et al(10) reported a higher passive resistive torque
for older women at common joint angles when the foot was dorsiflexed through a range of
motion indicating an increase in passive stiffness for oldemen whencompaed to their

younger counterparts Ochala et al(42) reported higher musculotendionous passive stiffness
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during sinusoidal stretches in the oldeenn however, theyconcluded that with aging, the
muscle and tendomight be affected differently.FurthermoreNarici et al.(40) concludedthat
the AT was less stifin older men over the age 0D6 In the present study, the muscle and
tendon bothHengthen to contributé the increased range of motiam older adults However,
due to the increased tendon compliance that occurs with aging, the tendon cahinibreeo
the increase in MTU length.

With aging, there are modifications within the museled tendonthat specifically
influence the compliance of these tissu€dder adults witha higher proportiorf type | fibers
(28) havean increased collagasontentalong withdifferent isoforms of the titin proteiwhich
yield greater 8ffness compared to youngdults (3,23,27,39) Additionally, amongstolder
adults there is aeplacement otontractiletissue with adiposandconnedive tissue(44,47)as
well asincreass in collagen crosslinking14) and concentratio3). Thus, increasein both
connective tissue .@. perimysiumand collagen crosiinking may reduce the muscles ability to
lengthen in older adults.Currentin vivo technology makes it difficult to assess th@ecific
properties that contribute tihe agerelatedincreasein tendoncompliance However,in vitro
studies have examined the agéated changes in tendo(0,51,5560,6]) and havereported
increases intendon cross sectional areand a simultaneouslyeduction in collagen fibril
diameter thatesuls in reduction in tendon qualitgndlower stiffnessvalues(55). In addition,
Ippolito et al.(20) found increases irthe volume of the extracellular matrixthus causing a
relative decrease in the number olis@er unit of tissue surfaceithin rabbit AT. The authors
suggested there wesss organization ahe collagen fibril and subsequently less stiffn@€.
Similar studies thahave examined excised tendohswve also reporteddecreass in collagen

extracellular waterand mucopolysaccharide contewith a subsequent increase in elastin
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content which is thought to contribute to the agependenteduction of stiffness withirthe
tendon(51,55,5861). Further research is warranted to look at other specific mechanisms within
the humanAT that contribugésto the increased compliance seen to occur with incrgage.

In the present studyt was important that each sitht be passive to ensure thhe
viscoelastic creep responsesc(ease in joint range of motion) could be attributedthe
mechanical properties of thauscleandbr tendonratherthan changes in muscle activation
Gajdosik et al(11) previously reported that stretchesnbe defined apassive when surface
EMG amplitude values are less tha¥ of the EMG amplitude values obtaineturinga MVC.

The mean normalized MG and SOL EMG amplitude valngbe current studyere 1.20 and
1.68%, espectivelyand therefore can be determinasl passive. However, in order to adhere
with the recommendations of Gajdosik et &l1), five participants from each group were
excludeddue totheir EMG amplituck valuesexceeding these recommended values

In conclusion, young and old men experienced viscoelastic creep during-th€B0
stretch accompanied by increases in MTU, MG, and AT length. The young men experienced
greater increases in ankle joint pamiti MTU length, and MG length and smaller increases in
AT length from pre to poststretch when compared to the older men. Further research is
warranted in human models to identify the specific mechanisms within the muscle and tendon

that account for thancreased length in both age groups.
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APPENDIX A: FIGURES
Appendices are not to be copyrighted

Figure 1.
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Figure 2

US distance
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Figure 3.

55

Total participants enrolled
(N=46)
Young participants Old participants
enrolled enrolled
(a=24) (a=22)
6 participants 6 participants
excluded excluded
5 participants 1 participant 5 participants 1 participant
displayed was observed displayed was observed
EMG activity as an outlier EMG activity as an outlier
>5% (+28D) >5% (+25D)
Young participants 0Old participants
included for included for
subsequent analysis subsequent analysis
(m=18) (a=16)
Total participants included
for subsequent analysis




APPENDIX B: TABLES

Table 1.
Variable Young (n=18) Old (n= 16)
Age (yr9 19.78 + 2.39 68.81 + 2.90
Height (cm) 174.71 + 6.56 175.94 + 3.84
Mass (kg) 71.45 + 9.23 83.01 + 11.36*

All values presented as mearsD; *significant difference between age gro(ps0.01)
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Table 2.

Variable Group Pre-stretch Post-stretch Change
Ankle ioint bosition () YOUNd  101.06+4.98  103.07 £ 5.45* 201+ 0.98
nkle joint position (i) 4 00.44 +7.30  100.84 + 7.36* 1.41 + 0.72
Young  46.05+233  46.20+ 2.30* 0.16 + 0.07
MTU length (cm) old 45.80 £ 1.91 4591+ 1.93* 0.1+ 0.06
MG length (cm) Young  23.43+282 2355+2.82% 0.11+0.04
9 old 2474+191 2477+1.91* 0.04+0.02
AT length (cm) Young  22.61+247  22.65+2.46* 0.04+ 0.04
9 old 21.06+2.02 21.13+2.04* 0.07+0.04

Values are expressed mgan + SDCT, constant torque; MTU, muselendon unit; MG, medial gastrocnemius;
AT, Achilles tendon*Increase from preto poststretch(P<0.05); * Difference between age grou(#<0.05).
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