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Popping sarcomere hypothesis explains stretch induced muscle damage
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Summary force on stimulation rate is chandednd the optimum
] ] ] _ length is immediately shifted to longer lengthsn some
1. Exercise that ivolves stretching a muscle while gxheriments, usually in frog fibres, the tension at long
actve @use microscopic areas of damage, delayed O”ﬁg‘f th has been shown to increase, making the changes in

muscle soreness, and adaptation to withstand subsequgsation unable to fully account for the shift in optimum
similar eercise. lengtlP.

. . g
2. Longer muscle lengths are associated with greater Perhaps most importanfly eccentric  eercise

damage, and recent animajperiments shw that it is the  produces a rapid adaptation, so that a second similar bout of

length relate © optimum that determines the damage.  exgcise produces substantially less soreness and Tnjury
3. In humans walking down stairs, takingavat a

time increases the length of the muscle during theopping sarcomere hypothesis
lengthening and increases the delayed onset muscle

soreness. The popping sarcomerg/hothesi8 states that stretch
4. The observed pattern of damage is consistent withduced muscle damage results frorerw non-uniform
explanations based on sarcomere length instabilities lengthening of sarcomeres when eetituscle is stretched

5. The pattern of adaptation is consistent with thB&ond optimum length. If sarcomeres are bend
number of sarcomeres in series in a muscle beiﬁ’@t'mum length, then the longest sarcomeres will be the

modulated by ercise, especially the range of musclevealest, and so will be stretched more rapidly than the

lengths @er which eccentric xercise regularly occurs. others, and so become weakuntil rising passie &nsion
compensates for falling aeé tension. Br at least some
Muscle stretch muscles, this corresponds to lengths beyond filament

. ) . . overlap. (The situation in other muscles is unclear

When muscle is stretched during ®etiension  gepending on the origins of the resting tension.) As the
generation, thevent is commonly though not intuitiely,  \yealest sarcomeres are not at the same point along each
described as an eccentric contracti@ther terms include myofibril, this non-uniform lengthening leads to shearing of
pliometric contraction, or ae dretch. Themuscle IS myofiprils, eposing membranes, especially t-tubules, to
being forcibly lengthened ~while trying to shorteniage deformations. This is thought to lead to loss of
Enegetically the muscle is absorbing work, not performingacium jon homeostasis, and hence damage, either through
it. In common terms, the muscle is being used as aebralfearing of membranes or opening of stretch vateil
nota motor. o _ _ channel® It is postulated that the adaptation to eccentric

Eccentric contraction is an important function ofygcise consists of increasing the number of sarcomeres in
muscle, occurring during aviiies ranging from lowering a geries, so that a \gin muscle length corresponds to a
load to walking down hill.It is present in manforms of = gporter sarcomere length. In particukie adapted muscle

exacise, such as running, particularly whenwdonhill is  confines eccentric avtty to muscle lengths less than
included, horse-riding and skiing, where the action could Bgytimum.

better described as shock absorbing rather than braking.
Eccentric contractions seldom occur in cyclingyirgg or  Optimum length
swimming. ) ]
For a smple muscle where all fibres V& the same
Stretch induced muscle damage. number of sarcomeres in series, the optimum length for
tension generation during maximal aetion will be given

Itis a long standing observation that "unaccustomegly, ihe |ength of tendons, plus the product of the number of
eccentric gercise can lead to stibnd tender muscles K& g5rcomeres in series and the optimum length of a

day known as Delayed Onset Muscle Soreness, or DeM%aflcomere. & a muscle containing fibres with a range of
It has become apparent in recent years that unai\ccustomﬁqe number of sarcomeres in series, thevabrelation will

can mean at unaccustomed length, as well\adving an  approximately hold if the number of sarcomeres in series is
unaccustomed number of repefitions or unaccustomgghiaced with thearage number of sarcomeres in series.
forceg3 This is a ley d:)ser\a_\tlon that vy|ll be re_lnforced As the optimum length of a sarcomere igéixand tendons
later DOMS 'is accompanied by microscopic musclgye sigy to remodel, shifts in the optimum length with
damage, with multiple areas of damage scatterefgcise that occur within a ¥e days can be confidently

throughout the muscle, but each confined to a single*fibrgssigned to changes in the number of sarcomeres in series.
The maximum force is also reduced, the dependence of |, ihe popping sarcomere hypothesis, the optimum
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Popping sarcomex hypothesis

muscle length tads on three very important roles. In theduring the double step, reached 2 between 24 and 48 hours,
first, optimum length becomes a prime determinant of thmit leg B aily reached 0.4A General Linear Model of the
susceptibility; damage is predicted to occur only whe616 pain ratings was carried out for the foliog factors.
sarcomeres are used ybad optimum length. In the The time of measurement was tested as a discagiable,
second, the immediate shift in optimum length aftedue to the rise and fall of pain with time, and reached
eccentric rercise is a measure of damage, which igdgr p<0.0001. Thetime course is shown in Figure IThe
specific to eccentricxercise damage, and independent oEomparison between the A and Byde that is whether the
fatigue or damage that\iolves fibres ceasing to contract,leg had been supporting the body during single or double
both of which contribute to force dropere it is proposed stepping had p<0.0001, with thegléhat was stretched to
that the immediate shift indicates the number dbnger lengths shwing more pain. The length of the
overstretched sarcomeres, an early stage in the procssdbjects’ legs, measured as the height of the iliac crest
leading to DOMS.Experimentally the shift in optimum is abore te floor was significant as a lineaacfor with
closely correlated with theall in tension, but typically p<0.003, with taller people xperiencing less pain,
shaws less scattér In its third role, the position of the presumably because thedik step requires smaller angles
optimum is a measure of adaptatioh.muscle is gpected of flexion for taller people. Subjects also graded their
to be protected from injury if the optimum length is near toegular participation in eccentric and concentriereise on
or begond the maximum length at which the muscla five point scale. From these, arxeecise factor vas
undergoes eccentric contraction. calculated as the ddrence between the indeof
The importance of long length in determiningparticipation in eccentrically biaseaeecise and the inde
damage has been clearly demonstrated in frog sartorfos concentrically biasedxercise. Thisshaved p=0.0001,
muscles, rat vastus intermedius, and cast@cnemius. with high scores shwing less damage. Gender had
Furthermore it has been st that damage to an indilual  p<0.0001 when kglength vas remeed as a &ctor, but this
motor unit within a muscle undgring eccentric xercise became p<0.02 whenddength was included, suggestion

depends on that motor usitptimum lengtRC. that gender primarily acted through heigkiteight was not
) ) ) a ggnificant continuousdctor Measurements of optimum
Walking down stairstwo at atime length were not made.

A recent unpublished experiment from our
laboratories also showed a dependence of damage on length
for human knee extensor muscles. When we walkndo 2.5
stairs, the knee extensors of the supportigguredeigo an
eccentric contraction as thesupport the body as it is 2.0+
lowered to place thextended Ig on to he next step.This
does not normally cause muscle soreness, as it is & '°]
evayday «ercise. Descendinthe same distance twgeps %
at a time causes the muscles to undergo eccentfic 1.0
contractions at an unaccustomed longer length, while still
generating the same forces and absorbing the same amount™® |
of energy. 0.0
Twenty one students alked davn ten flights of 24 T ' ' ' '
stairs with instructions to land on their heels rather than 1 2 Days a?ter exem‘i‘se ° ®
their toes. For dternate flights, the stepped dan one step
with leg A leading, and then broughtgld3 dongside, so
that leg B absorbed all the energy of descending one fligitigure 1. Mean with SEM of pain ratings of kneetensor
in 24 eccentric contractions at short length, while the kndauscles after walking down staisipported by one ¢gfor
extensors of lg A were essentially inast. For the other five flights taken one step an a tinaed the other Ig for
flights, they stepped down te seps with Ig B leading, and five flights taken two steps at a tim&he lager steps
then brought lg A alongside, so that A was the supporting’f‘tretmed the muscles to longer lengths and produced mor
leg that underwent eccentric contraction at long lengthe  SOréness.
same amount of energy was absorbed as for the other
flights, but spread ver only 12 eccentric contractions
extending_to Ionger. muscle length. The relations between  These results are all in accord with thgpdthesis
left and right, dominant and non-dominant, and A and Bhat damage only occurs when muscle isvalstistretched
were randomized. _ _ _ beyond its optimum length, and that muscles adjust their
Subjects rated soreness in their left and righfptimum length by adjusting the number of sarcomeres so

quadriceps muscles twice daily for thexnereek on a scale that actve dretch normally occurs only at lengths less than
of 0 to 10, representing no pain anctreme pain optimum.

respectiely. Most &perienced only mild pain. Figure 1
shaws that the mean pain rating foglé, the support lg

-~ Leg supporting during double step
-o- Leg supporting during single step
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Sarcomere addition as a protective mechanism contractions, and because {ttege subject to muscle tears,
) ) o ) which are thought to occur during eccentric contractions in

The idea that adaptation to eccentrereise Consists ctyities such as sprinting where yhact as brakes on the
of adding sarcomeres in series in fibres has a numbergfiyarg swing of the Ig, particularly the lower lp They
supporting obseations. It ties in closely with the 416 also a camnient muscle to usexperimentally as
obsenations thadamage depends critically on the range Oﬁassi/e ension about the knee is smalleo most of the
lengths of the stretch compared to optimurt. alsO  anatomical range.The optimum knee angle for torque
explains wly biopsy studies hee been unable t0 s generation can be reliably measured by isokinetic
differences with adaptation, as the sarcomeres &fgnamometry where an angle torque cenis measured
unchanged. lis consistent with previous observations tha&uring maximum wluntary contraction with constant
the number of sarcomeres in series is capable ofuedati velocity shortening. Doing a number of cycles and
rapid chang¥, though the mechanisms are yet to be fu”)évefaging impraes the reliability.
elucidated. ltalso gves a eason for the rersal of Using this measure before and after a series of

training. Extrasarcomeres in series increase the @Ner gccentric gercises produced a significant shift of about 7°
consumption for isometric force w@opment. This ;, optimum knee angle for torque generatfon The
provides an incenge © shed un-needed sarcomeres in theygcise was a series of "hamstringwkrs”, where the
interests of efciengy of tension generation.Extensve g piact knelt on a pad with ankles restrained and hips
exacise ivolving only concentric contractionsould be  giraight, and leaned slowly foand from the knees as far as
expected to increase this, supporting the anecdoighssible before collapsing. This led to muscle soreness in
obsenration that "couch potatoes" are less prone to eccentfjq hamstring group. Some subjects repeated tbeige
exacise damage to knee extensors thgule gclists. In g days laterand sufered much less sorenesgain

this view, the number of sarcomeres is continuouslyccentric gercise, DOMS, increased optimum length and
modulated up or down to maximisefieiengy while adaptation all occurred together.

avading damage during "normal"_ acitly. Investigating_ A less well iwestigated consequence of the
the mechanisms of the adaptation is beyond our eXpert'Sehypothesis is that the unloaded shortenietpsity should
increase with eccentric training, as the unloaded shortening
velocity of a fibre is the sum of the velocities of the
Direct evidence for sarcomere number modulatiofarcomeres. Soniedications of this hee keen reportet,
has come from rat vastus intermedius muscles, the postdfgugh the long time course nekit difficult to rule out
knee atensord? Rats were trained by running on anfibre type change as an altermatexplanation.
climbing or descending treadmill for about 20 mins per day It has been noted in tetanically stimulated animal
for five days, in a protocol that had been previousiysho muscles with multiple fibre types that the damaged fibres
to cause damage to these muscle in the descending gratg largely fast twitch fibrés In sub-maximal wluntary
but not the climbing groul®. The muscles were fixed andactivity the opposite is trdé presumably because thast
then digested in acid. Intact fibres were identified in seriéitch fibres are not likely to be actied. Hencethe fast
dilutions of the digested muscle, and the number &fores can be seen as being susceptible in tetanic
sarcomeres estimated from fibre length and sarcomdentractions because there not recruited, and hence not
length, measured by laser fdiiction. From these the trained, during normal submaximal ady. If training
number of sarcomeres in fibres was calculated. All groug@nsists of increasing the number of sarcomeres, then slo
had quite broad distriltions of sarcomere numbers, but thénotor units should he longer optima than fast units, or
means were significantly i#rent between training groups. more preciselythe most susceptible units should/éahe
The descending trained animals had the largest sarcomg&@rtest optima and bast type. This was tested for cat
count, the climbing trained rats had the smallest counts, a@@trocnemius motor unit® It was found that all motor
sedentary rats had intermediate counts, though closer to tiéts with optimum length less than the whole muscle
climbing group. This could be interpreted as the respong@timum had a time to peak twitch of less that 50msec, that
to concentric ®ercise being either smaller or slower tharis all slav motor units had long optimalnterestingly a
the response to eccentriceecise. small number of fast twitch units had long optimum
In another series ofkperiment$?, vastus intermedius lengths, suggesting that théxave adapted to, and hence
muscles of treadmill trained rats were tested mechanicalere subject to, regular eccentrieeeise. Havever as he
while still in situ, that is attached to the bonest Wwith all experimental observation was that all damaged fibres were
other muscles about the knee joint reetb Thisavdds fast, not all fast fibres were damaged, tkistence of units
introducing  uncertainties into muscle length. In  thatare both fast and well adapted is not inconsistent.
descending trained rats the knee angle for optimum torque  Different optimum lengths may be due tofefiént
generation corresponded to longer muscle lengths thant@ndon lengths as well as feifent numbers of sarcomeres.
climbing trained rats, and the muscles of descending traindéhere a relatiely rapid (hours to days) shift of optimum is
rats suffered less damage from an acute bout of eccenfitwn, it is more likely that sarcomeres aredived than
contractions wer the same range of knee angles. tendon. Thisis less clear with experiments such as the
In humans the hamstring muscles are of particul&bove mwmparison of motor units, where the adaptation has
interest, because there used relatiely rarely for eccentric taken place ver a lifetime, so that tendon adaptations

Evidence for sarcomere number modulation
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cannot be ruled outHowever, the basic fipothesis that

muscle adapts optimum length tovoml eccentric 25 < o Climbing
contractions bgond optimum is not affected by this e Descending
complication.

20 —
Areother mechanismsinvolved?

gle (°)

It is possible that adaptation of optimum length doe& 15 |
occur but that other adaptation mechanisms are alsg
important. Thiswas tested by training more rats asg
described abee, ether climbing or descending. Al 8 1p _
animals were then anaesthetised, and the vastus interme@Js
subjected to a series of 20 eccentric contractioAl. =
stretches had an amplitude of 27° of knee angils, bic 5 -
beginning at diferent knee angles. In some animals stretc

began at he measured optimum angle, while in others it

began from 90° of knee angle One way of analysing these 0—®
data is shown in Figure ZDamage has been quantified by ! ! ! ! ! ! ! !
the immediate shift in optimum angle, but the tension 9 8 80 75 70 65 60 55

decrease shows similar resuli&’hen the damage is plotted
agpinst the absolute knee angle from which the eccentric
contractions bgen, the climbing and descending trained
muscles clearly fall on tevdistinct lines, confirming both 25 — o Climbing
the «istence of a training effect and the dependence of e Descending
damage on muscle length. When the same damage dataare 20
plotted aginst the angle rela © optimum from which "

the acute eccentric contractionggae the tvo groups All ?

on the same line. Damage still depends on sarcomese 5 _
length, but not independently on trainingStatistical g
analysis of the data confirmed these conclusions. If trainirg

group (discrete) and absolute knee angle (continuous) wége 10 —
used as factors in a General Linear Model, growgs wO

highly significant. If absolute knee angle was replaced b

relatve knee angle, group was no longer significafhis & 5 —
indicated that déct of training attributable to mechanisms?’

other than the shift in optimum length was not statistically

Absolute included knee angle (°)

@ O®

significant. 0o-®
These ideas and observationsréhdeen useful in ! ! ! ! !
directing current research into eccentriereise, such as 40 30 20 10 0

examination of the role of transverse teés® and in muscle

injury preventionis Included angle relative to optimum (°)

Summary Figure 2. The shift in optimum angle after acute eccentric
contractions from various initial lengths, in climbing and
There is nw an etensve body of evidence that descending trainedats. Inthe upper panel, data ardot-
damage from eccentricx@cise is strongly dependent onted against the absolute knee anglenfrwhid sretches
the sarcomere lengthsves which the stretching occurs. pggan. Themuscles sttched fom 90° ae on he left, and
Adaptation in a number of preparations has beewisho those stetched from optimum length wegeneally longer
be accompanied by a shift in optimum length, and the shifhd moe damaged. Mostimportantly the climbing and
has been shown to account for the major portion of thescending animals ardearly sepaated. Inthe lower
adaptation. Allof this provides evidence that damageanel the same data emotted against angle relative to
occurs when sarcomeres areydied optimum, the central optimum. Inthis case the muscles etithed from optimum
prediction of the popping sarcomergpbthesis. Thiss all appear at zes, and those sétched from 90° a gener-
true whether the stretch progresses to damage by tearingaf stretched fom less than optimum and daged less. In
structures or by opening of stretch aatiéd channels. this casethe climbing and descending trained animale ar
not separated.
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