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Summary

The force generated by skeletal muscle varies with generalizations can be made regarding the ‘normal’
sarcomere length and velocity. An understanding of the sarcomere length operating range of skeletal muscle. The
sarcomere length changes that occur during movement analysis suggests that many muscles operate over a narrow
provides insights into the physiological importance of this range of sarcomere lengths, covering 94+13% of optimal
relationship and may provide insights into the design of sarcomere length. Sarcomere length measurements are
certain muscle/joint combinations. The purpose of this found to be systematically influenced by the rigor state and
review is to summarize and analyze the available literature methods used to make these measurements.
regarding published sarcomere length operating ranges
reported for various species. Our secondary purpose is Key words: locomotion, actin, myosin, myofilament, sarcomere,
to apply analytical techniques to determine whether muscle design.

Introduction

It is difficult to hypothesizea priori, the ‘best’ sarcomere immobilized for several weeks at a sarcomere length far from
length operating range of muscle. From a purely mechanicalptimal added or removed sarcomeres to restore optimal
point of view, operation at or near the plateau of the activearcomere length at the length at which the muscle was
force/length relationship is appealing and is often tacithimmobilized (Wiliams and Goldspink, 1978). This work
presented as fact in physiology textbooks because this is tpeovided strong support for the simplifying assumption that
sarcomere length range that results in maximal forcenuscles adapt to function on the plateau of the force/length
production. Indeed, the basic shape of the force/lengtburve, but it should be noted that this result does not exclude
relationship has a profound influence on the nature of forcne possibility that other muscles may adapt such that they
generation in skeletal muscle (Gordon et al., 1966). From fanction over different stereotypical length ranges.
control point of view, sarcomere operation on the ascending In this study, we anticipated that, by evaluating a large
limb of the force/length relationship might be consideredenough data set of sarcomere length operating ranges, some
appealing because this range is inherently mechanically stabgeneral trends or principles might be elucidated. To this end,
any length perturbation creates an opposing force that restoree have created a broad survey of reported sarcomere lengths
sarcomere length to a stable value (Julian and Morgan, 197%at range across a variety of species and muscle functions.
Sarcomere operation on the descending limb of the force/
length relationship may be less appealing since it has been

stated that this portion of the curve is inherently unstable with Materials and methods
increasing length, resulting in decreasing force, etc. (Hill, Several methodological themes were apparent during the
1953). assembly of the data that comprise this review. Sarcomere

That most muscles operate within a stereotypical sarcomelengths were generally measured either by laser diffraction
length range is implied by the fact that serial sarcomere numbgg.g. Cutts, 1988) or by counting sarcomeres under
is very consistent for a given muscle among similar-sizednagnification (e.g. Dimery, 1985; Goulding et al., 1997). The
normal individuals of a species and that serial sarcomemange reported represents either the full range of motion
number is highly plastic and tightly regulated. For examplethrough which the specimen could be manipulated or a more
Wiliams and Goldspink demonstrated that musclegestricted ‘locomotory’ region identified by the analysis of
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Table 1.Filament lengths used in calculations of relative  lengths were first normalized tg for that species. In cases
sarcomere length change where optimal length was not measuiagdyas calculated from
thin filament length (Table 1). In cases where thin filament

Thick Thin Optimal - .

filament filament sarcomere length was unknown, sarcomere lengths from similar species

length length lengthi,o were used. Optimal length was taken as twice thin filament
Species {im) (um) (nm) length plus half the width of the bare zone. The width of the Z-
Carp 151 098 > 11 disk, which varies with fiber typg, was neglected ar)d is no_t
Cat 1.60* 112 243 expected to affect the results of this study. The exception to this
Chicken 1.60 0.95 208 formula was the hummingbird, in which thin filament length
Frog 1.60 0.98 2.08 was reported as the distance between opposing ends of both
Human 1.60 1.27 2.64 actin filaments bound to a Z-disk (Mathieu-Costello et al.,
Hummingbird 1.47 1.75 1.98 1992). This measure contains two actin filaments and the Z-
Monkey 1.60* 1.16 241 disk. Furthermore, they report a thick filament length of
Rabbit 1.60* 1.09 2.27 1.47um, which the present analysis assumed to represent
Rat 1.60* 111 24 fixation-induced shrinkage from the otherwise ubiquitous
Wild rabbit 1.60 112 2.27 measure of 1.m. The actin filament length calculated from

their report (0.88m) was normalized to a thick filament length
of 1.6um to calculatdo. Thus, for hummingbird, this analysis
uses a thin filament length of 0, and thick filament length
of 1.6um, in contrast to the values of 1{1% and 1.47m,
animal movement (Dimery, 1985). Some investigators didespectively, reported by Mathieu-Costello and co-workers
not allow muscles to go into rigor prior to sarcomere lengtt{Mathieu-Costello et al., 1992).
measurement. Any of these methodological differences may Values were screened for normality using Bartlett’s test in
result in a systematic difference in reported sarcomerthe cases where parametric statistics were applied. In cases
lengths. where the data were non-normally distributed, they were
In addition to methodological differences, another difficultylog-transformed as a variance and skew stabilizing measure,
in comparing absolute sarcomere lengths among species is #ed statistics were calculated on the basis of these values.
variation in thin filament length and, hence, optimal sarcomer®linimum, maximum and mean sarcomere lengths were
length (o) that occurs among species (Walker and Schrodgompared among groups by one-way analysis of variance
1973). As a result, comparisons among absolute sarcomeg@NOVA). Cluster analysis was performed on relative
lengths are not instructive. (Optimal sarcomere length is defineshrcomere maxima and minima to determine whether
as the sarcomere length at which maximum tetanic tension $ystematic variations among studies could be identified. Eighty-
generated.) For the comparisons reported here, all sarcometiee sarcomere length data sets were included in this analysis

*The thick filament is assumed to be 1160 long in this species.
The value was not given in the original publication.
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Fig. 1. Histogram showing the relative 23
sarcomere lengths reported in the studies
reviewed. Turquoise columns represent the 5
minimum sarcomere length reported (reported
as per cent optimal lengthg) and blue columns
represent the maximum sarcomere length
reported. Mean minimum sarcomere length was 0 -
81+17 Lo (mean #sp., N=91) and mean 20 30 40 50 60 70 80 90 100 110120 130 140 150 160 170 180 190 200

maximum sarcomere length was 117+210% Per centof optimal length
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and assigned into hierarchical groups in a stepwise fashioh00+14 %o was more normally distributed, having a skewness
Euclidean distances were used, and clustering was determinefd0.38 and kurtosis 0f0.07. This suggests thab+14 % o
by centroid linkages. Significance leve) vas set to 0.05. would make a reasonable first approximation for a ‘generic’
muscle in the absence of other data.
A few systematic differences in sarcomere length estimates
Results and discussion attributable to methodology were identified by one-way
This survey includes muscles reported in 36 separate studiadlOVA. For example, maximum sarcomere length was
covering 51 different muscles from eight different speciessignificantly £<0.01) shorter if the analysis range was
yielding a total of 90 data sets. Specifically, the data wergestricted to locomotory muscle lengths. Interestingly, there
obtained from studies of six bird, 10 cat, three fish, eight frogyas no apparent difference in the minimum sarcomere length
one horse, 23 human, 13 mouse, 17 rabbit and 9 rat musclésiring locomotion and minimum observable sarcomere length.
The minimum and maximum sarcomere lengths of thesMlinimum sarcomere lengths, estimated by extrapolation
muscles are reported in Table 2, displayed as a histogram dutside the measured range using a mathematical model or
Fig. 1, and some are superimposed on a normalized force/lengthing measured muscle lengths, were shorter by 26% and
curve in Fig. 2. The summarized reports yield a mean minimur2 %, respectively, than those measured in muscles fixed at the
sarcomere length of 81+17% (mears.ee.,, N=90) of optimal  ‘short’ length. Furthermore, maximum sarcomere lengths
length Lo) and a mean maximum length of 117+20840f the  estimated by extrapolation to muscle lengths predicted by a
reported minimum sarcomere lengths, 90% were within thenathematical model were significantly long€<(.01) than
range of 50-110%. Of maximum sarcomere lengths, 90% those either extrapolated to measured muscle lengths or
fell within 92-167%0. On average, sarcomere lengthactually measured at the long extreme. Neither method of
operating range was 36+23.%0(Fig. 3), centered at 100 sarcomere length determination (diffractisarsuscounting
The distribution of operating ranges was highly skewed (skewia microscopy) nor rigor state had a significant effect on
1.48, kurtosis 2.31), with 90 % of the samples falling within arreported sarcomere length.
operating range of 9-901% The mean sarcomere length of Comparing among species, frog sarcomere lengths were

Fig. 2. Reported sarcomere length
operating ranges, graphically 100 ,"E—(Zl)(zz)
superimposed upon a normalized - \20)0) 20 Rat
sarcomere force/length curve. The - !

ranges are ordered from minimum T (29 28)

length to maximum length within a ) (<0)
study and are color-coded according e —\7).\(6) ;
to the species from which the data 8 . Rebbit
were obtainedLo, optimal sarcomere

length; Po, maximum tetanic tension.
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Table 2.Sarcomere length ranges reported in different species

Shortest sarcomere Longest sarcomere

length reported length reported Final cluster

Species Muscle Hm) (Lo) (um) (Lo) (see Fig. 5) Reference

Bird Patagialis 1.69 0.81 2.44 1.17 Short Ashmore et al., 1988

Bird Pectoralis 1.80 0.91 2.20 1.11 Short Mathieu-Costello, 1991

Bird Pectoralis major 1.69 0.81 2.19 1.05 Short Cutts, 1986

Bird Pectoralis major 1.85 0.89 2.26 1.09 Short Cutts, 1986

Bird Supracoracoideus 1.85 0.89 2.07 1.00 Short Cutts, 1986

Bird Supracoracoideus 1.84 0.88 2.19 1.05 Short Cutts, 1986

Cat Biceps femoris 1.60 0.66 2.84 1.17 Short Brown et al., 1996

Cat Biceps femoris 2.40 0.99 3.20 1.32 Long Chanaud et al., 1991

Cat Caudofemoralis 1.60 0.66 2.64 1.09 Short Brown et al., 1996

Cat Medial gastrocnemius 1.40 0.58 2.40 0.99 None Griffiths, 1991

Cat Sartorius 1.41 0.58 3.34 1.37 None Brown et al., 1996

Cat Soleus 2.00 0.82 3.60 1.48 Long Tardieu et al., 1977

Cat Soleus 1.60 0.66 3.20 1.32 Short Rack and Westbury, 1969

Cat Semitendinosus 1.32 0.54 3.42 1.41 None Brown et al., 1996

Cat Tibialis anterior 2.00 0.82 3.00 1.23 Short Tardieu et al., 1977

Cat Tenuissimus 1.87 0.77 3.01 1.24 Short Brown et al., 1996

Fish Red 1.91 0.91 2.20 1.04 Short Rome and Sosnicki, 1991

Fish White 1.75 0.83 2.20 1.04 Short Rome and Sosnicki, 1991

Fish ? 1.85 0.88 1.95 0.92 Short Lieber et al., 1992

Frog Cruralis 2.00 0.95 2.70 1.29 Long Lieber and Brown, 1993

Frog Gastrocnemius 2.40 1.14 2.90 1.38 Long Lieber and Brown, 1993

Frog Gluteus magnus 2.40 1.14 2.60 1.24 Long Lieber and Brown, 1993

Frog Gracilis 2.20 1.05 2.70 1.29 Long Lieber and Brown, 1993

Frog lliacus internus 2.10 1.00 2.50 1.19 Long Lieber and Brown, 1993

Frog Semimembranosus 2.10 1.00 3.50 1.67 None Lieber and Brown, 1993

Frog Semimembranosus 1.90 0.90 2.40 1.14 Short Lutz and Rome, 1996a

Frog Semitendinosus 2.10 1.00 3.50 1.67 None Lieber and Brown, 1993

Horse Semitendinosus 1.85 - 3.00 - None Mermod et al., 1988

Human Biceps femoris 1.20 0.45 3.17 1.20 None Cutts, 1988

Human Digastric 2.15 0.81 3.00 1.14 Short van Eijden et al., 1997

Human ECRB 2.00 0.76 3.10 1.17 Short Loren et al., 1996

Human ECRB 2.60 0.98 3.40 1.29 Long Lieber et al., 1994

Human ECRL 2.30 0.87 2.60 0.98 Short Loren et al., 1996

Human ECU 2.20 0.83 2.60 0.98 Short Loren et al., 1996

Human EDC 2.40 0.91 2.90 1.10 Short Fleeter et al., 1985

Human FCR 1.20 0.45 2.40 0.91 None Loren et al., 1996

Human FCU 1.10 0.42 2.40 0.91 None Loren et al., 1996

Human FCU 2.84 1.08 4.16 1.58 None Lieber et al., 1996

Human FCU 2.40 0.91 2.90 1.10 Short Fleeter et al., 1985

Human Gastrocnemius 1.01 0.38 4.41 1.67 None Cutts, 1988

Human Masseter 1.90 0.72 5.00 1.89 None van Eijden and Raadsheer, 1992

Human Palmaris longus 2.40 0.91 2.70 1.02 Short Fleeter et al., 1985

Human Rectus femoris 1.37 0.52 2.54 0.96 None Cutts, 1988

Human Semimembranosus 1.48 0.56 4.41 1.67 None Cutts, 1988

Human Soleus 1.26 0.48 3.36 1.27 None Cutts, 1988

Human Semitendinosus 2.23 0.84 3.67 1.39 Long Cutts, 1988

Human Tibialis anterior 1.09 0.41 3.32 1.26 None Cutts, 1988
systematically longer than those of all other speéte.003), Cluster analysis yielded no functionally identifiable

having a mean length of 120.% Reported human sarcomere groupings. The first three clusters identified might be
lengths covered the widest range, with the shortest lengtlt®nsidered outliers from the main group (Fig. 4) for technical
comparable with those of cats (70Q8p and the longest reasons. Cluster 4 is composed of intraoperative measurement
reported lengths (130Rg) approaching those of frogs of the flexor carpi ulnaris (Lieber and Fridén, 1997) and
(135%L0). in situ measurements of biarticular semimembranosus and
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Table 2.Continued

Shortest sarcomere Longest sarcomere

length reported length reported Final cluster

Species Muscle pm) (Lo) (um) (Lo) (see Fig. 5) Reference

Human Temporalis 2.20 0.83 3.80 1.44 Long van Eijden et al., 1997
Human Vastus intermedius 2.03 0.77 2.48 0.94 Short Cutts, 1988

Human Vastus lateralis 2.07 0.78 3.53 1.34 Short Cutts, 1988

Human Vastus medialis 1.99 0.75 3.40 1.29 Short Cutts, 1988

Mouse Biceps brachii 1.98 0.83 2.50 1.04 Short Goulding et al., 1997
Mouse EDL 2.49 1.04 2.88 1.20 Long James et al., 1995

Mouse Gastrocnemius 1.83 0.76 2.34 0.97 Short Goulding et al., 1997
Mouse Longissimus dorsi, 1.74 0.72 2.00 0.83 Short Goulding et al., 1997

lumbar
Mouse Longissimus dorsi, 2.19 0.91 2.57 1.07 Short Goulding et al., 1997
thoracic

Mouse Pectoralis major 1.92 0.80 2.37 0.99 Short Goulding et al., 1997
Mouse Psoas 2.18 0.91 3.18 1.33 Long Goulding et al., 1997
Mouse Rectus femoris 1.81 0.75 2.28 0.95 Short Goulding et al., 1997
Mouse Soleus 2.28 0.95 2.57 1.07 Short James et al., 1995

Mouse Soleus 2.08 0.87 2.43 1.01 Short Williams and Goldspink, 1978
Mouse Soleus 2.00 0.83 2.60 1.08 Short Goulding et al., 1997
Mouse Trapezius 1.40 0.58 1.95 0.81 None Goulding et al., 1997
Mouse Triceps brachii 1.88 0.78 2.28 0.95 Short Goulding et al., 1997
Rabbit Adductor longus 1.64 0.72 2.11 0.93 Short Dimery, 1985

Rabbit Adductor magnus 1.81 0.80 2.11 0.93 Short Dimery, 1985

Rabbit BF1 1.94 0.85 2.56 1.13 Short Dimery, 1985

Rabbit BF2 2.06 0.91 2.59 1.14 Short Dimery, 1985

Rabbit Digastric 2.60 1.15 3.20 141 Long Weijs et al., 1982

Rabbit Gluteus maximus 1.53 0.67 2.11 0.93 Short Dimery, 1985

Rabbit Lateral gastrocnemius 1.55 0.68 2.69 1.19 Short Dimery, 1985

Rabbit Masseter 2.20 0.97 3.10 1.37 Long Weijs et al., 1983

Rabbit Medial gastrocnemius 1.63 0.72 2.40 1.06 Short Dimery, 1985

Rabbit Papillary 2.17 0.96 2.29 1.01 Short Hamrell and Hultgren, 1992
Rabbit Pterygoid 2.20 0.97 3.10 1.37 Long Weijs et al., 1982

Rabbit Rectus femoris 1.32 0.58 271 1.19 Short Dimery, 1985

Rabbit Semimembranosus 1.86 0.82 2.06 0.91 Short Dimery, 1985

Rabbit Tibialis anterior 1.88 0.83 2.75 1.21 Short Dimery, 1985

Rabbit Temporal 2.10 0.93 2.80 1.23 Long Weijs et al., 1982

Rabbit Tensor fascia latae 231 1.02 2.52 1.11 Long Dimery, 1985

Rabbit Vastus lateralis 2.41 1.06 2.86 1.26 Long Dimery, 1985

Rat Diaphragm 2.32 0.97 2.88 1.20 Long Poole et al., 1994

Rat EDL 2.33 0.97 3.09 1.29 Long Ledvina and Segal, 1994
Rat Gastrocnemius 1.58 0.66 3.05 1.27 Short Mathieu-Costello et al., 1988
Rat Gracilis 1.71 0.71 2.53 1.05 Short Mathieu-Costello et al., 1988
Rat Masseter 1.90 0.79 2.80 1.17 Short Nordstrom et al., 1974

Rat Soleus 2.22 0.93 3.17 1.32 Long Ledvina and Segal, 1994
Rat Soleus 1.62 0.68 2.55 1.06 Short Mathieu-Costello et al., 1988
Rat Temporal 1.80 0.75 2.20 0.92 Short Nordstrom et al., 1974

Rat Ventricle 2.01 0.88 2.19 0.96 Short Grimm et al., 1983

BF, biceps femoris; ECRB, extensor carpi radialis brevis; ECRL, extensor carpi radialis longus; ECU, extensor carpi uhanse D
digitorum communis; EDL, extensor digitorum longus; FCR, flexor carpi radialis; FCU, flexor carpi ulnaris.

semitendinosus muscles of the frog (Lieber and Brown, 1993)o errors in extrapolation in the mathematical model used
These techniques measure sarcomere length in fresh tissue &8dtts, 1988) and estimation of human masseter, another
may have slightly distorted the muscle. Cluster 3 consists afomplex muscle approximated by a model (van Eijden and
estimates of human gastrocnemius and semimembranostgadsheer, 1992). Cluster 2 consists of six more estimates
both biarticular muscles that would be particularly susceptiblérom mathematical models of two-joint muscles (Brown et al.,
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Fig. 4. Initial clustering of 89 out of the 90 data sets reviewed. Two
could not be included because of incomplete data. Each cluster is
represented by a specific symbol and color. While the data can be
classified statistically into four clusters, technical details justify
considering cluster 1 (black circles) in the absence of the outlying
clusters, numbered 2—4. Cluster 1 is further subdivided in Flg, 5.

optimal sarcomere length.
1996; Griffiths, 1991), technically challenging ultrasound

measurements (Griffiths, 1991) and mouse trapeziu
(Goulding et al.,, 1997), which is described as ‘prone tainderestimation of actual sarcomere lengths. Despite the lack
supercontraction’. The remaining muscles form a single groumf significance of rigor state as an influence on either endpoint
with a mean minimum sarcomere length of 86+12%nd a measure in the complete data set, there is a significant
maximum sarcomere length of 114+1886which will be  (P<0.001) difference between the long (minimum 984%%
referred to as the ‘main group.’

Further clustering within the main group was not as easil

Fig. 3. Histogram showing the range of sarcomere lengths ove
which each muscle studied operated in the 91 data sets reviewe
Note that the distribution is highly skewed (skewness 1.48, kurtosi
2.31) towards small lengths, with the mean operating range beir
36+25 % o, wherelg is optimal sarcomere length.

attributed to methodology, nor was any pattern obvious. Mos 160

clusters contained both anti-gravity (or power-producing) an 3 R L ong cluster
non-antigravity muscles through at least six further divisions f’__ A N
Both fast-contracting and slow-contracting muscles could b & 140 A R A
found in most clusters. The most apparent division of thi 2 ° R ¢ VN
primary group was into two clusters (Fig. 5). Group 2 (referrec S ° o R A R
to as ‘long’) could be considered to be muscles with substanti § 120 Y A, A
operating range on the descending limb of the force/lengt £ *e % .

curve, while group 1 (referred to as ‘short’) could be ; o o Jo e

considered to be muscles that operate more on the ascend 2 100{ ‘Short cluster . %o :.‘ °

limb and plateau region of the force/length curve. Both group % o o0, .

display similar operating ranges (long, 32+154% short, = °

27+£16%.0; P=0.20), centered about different midranges 80 °

(long, 114+5%, short, 94+7%p; P<0.001). The short 50 60 70 80 90 100 110 120
group contains almost all the muscles measured over tt Minimum sarcomere length (%)

‘locomotory’ range, with the exception of the rabbit vastus

lateralis and tensor fascia latae muscles (Dimery, 1985) arFig. 5. The first division of cluster 1 from Fig. 4, representing 73 of
the mouse extensor digitorum longus muscle (James et cthe 90 data sets reviewed. This subdivision illustrates the separation

1995). The long group consists primarily of sarcomere IengtkOf the _cluster nto  two - separate  groups of measurements,
measured at the extremes, as opposed to extrapolated characterized by the rigor state of the muscles at the time of

. . . . sarcomere length measurement. Both minimum and maximum
SpeCImens fixed or held at th_ose extremes without rigor (e"sarcomere length are longer in the cluster for which sarcomere length
Lieber and Brown, 1993; Weijs et al., 1982).

measurements were made prior to the muscles entering KNgafY

The high prevalence of non-rigor muscles in the long groucompared with the cluster for which sarcomere length measurements
suggests that these sarcomere lengths may be systematiciwere made after permitting the muscles to enter rigs52). Lo,
overestimated or that rigor results in systematicoptimal sarcomere length.
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maximum 130+9%g) and short (minimum 809 Kp; length in normal and dystrophic chick musclézp. Neurol.101,
maximum 107+12 %) groups. 221-2217.

The main objective of this work was to assemble thdrown, |. E., Liinamaa, T. L. and Loeb, G. E.(1996). Relationships
published sarcomere length operating ranges of different between range of. moti.orh,o.and passive force in five strap like
animals. We then attempted to examine these reports critically ™uscles of the feline hind limd. Morph.230 69-77.
to determine a ‘typical range. Starting with 90 muscles, 16 werg"a1aud. C. M., Pratt, C. A. and Loeb, G. E(1991). Functionally
discarded as methodological or technical outliers, leaving the complex muscles of the cat hindiimb. II. Mechanical and

- - architectural heterogeneity within the biceps femdesp. Brain
main group of 73. Cluster analysis revealed that a further 21 p.q a5 257570 g y P w

reports could be considered statistical outliers, leaving a fin@d,is A. (1986). Sarcomere length changes in the wing muscles

population of 52 muscles whose lengths span from 80£9 t0 during the wing beat cycle of two bird speci@sZool., Lond209
107+12%.0 with an excursion of +13% centered around 183-185.
94%. 0. This range represents a substantial portion of the€utts, A. (1988). The range of sarcomere lengths in the muscles of
ascending limb, the entire plateau and a small region of thethe human lower limbJ. Anat.160, 79-88.
descending limb of the force/length curve. It should be noteBimery, N. J.(1985). Muscle and sarcomere lengths in the hind limb
that this description does not accurately describe each individual©f the rabbit Qryctolagus cuniculysduring a galloping stridel.
muscle. Even within the short group, muscles operating on a0l Lond.205 373-383.
substantial portion of the descending limb could be found. Fleeter, T. B., Ad‘f"ms' J. P., Brenner, B. an.d Podolsky, R. J.

. . . (1985). A laser diffraction method for measuring muscle sarcomere

Sarcomere length operation over a restricted, near-optimal

. . . . lengthin vivo for application to tendon transferd. Hand Surg.
range has been reported in fish muscle during steady swimming; ga 542_546.

in red muscle and during the startle response in white musc€srgon, A. M., Huxley, A. F. and Julian, F. J.(1966). The variation
(Rome et al., 1992; Rome and Sosnicki, 1991; Rome et al.,in isometric tension with sarcomere length in vertebrate muscle
1993). The results of these studies suggest that fish havefibres.J. Physiol., Lond184, 170-192.
optimized the muscle fiber/spinal curvature relationship suctoulding, D., Bullard, B. and Gautel, M. (1997). A survey ofn
that swimming produces sarcomere length changes andsitusarcomere extension in mouse skeletal musclkluscle Res.
sarcomere contraction velocities very close to optimal across aCell Motil. 18, 465-472.
variety of swimming speeds. The differences in muscle desig(ﬁriffiths, R l. (1991)..Sh0rtening of muscle fibres during stretch of
between the red and white muscles of the fish are complemented® a?t"’e ‘i]atpnr:eq'al' gf“?f;g”;'f; ;“3%50'61 The role of tendon
: - L : compliance.J. Physiol., Lond¢ —236.
by_the. differences in .actlvatlon of the muscles et varlou%rimm, A F. Lin, H-L. and Grimm, B. (1983). The pattern of
swimming speeds. Slmllarly, the large power-producing m.uscle sarcomere lengths through the left ventricular free wall: differences
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