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Abstract

We provide quantitative anatomical data on the muscle-tendon architecture and geometry of the pelvic limb of
an elite sprint athlete, the racing greyhound. Specifically, muscle masses, muscle lengths, fascicle lengths, pennation
angles and muscle moment arms were measured. Maximum isometric force and power of muscles, the maximum
muscle torque at joints and tendon stress and strain were estimated. We compare data with that published for a
generalized breed of canid, and other cursorial mammals such as the horse and hare. The pelvic limb of the racing
greyhound had a relatively large volume of hip extensor muscle, which is likely to be required for power produc-
tion. Per unit body mass, some pelvic limb muscles were relatively larger than those in less specialized canines, and
many hip extensor muscles had longer fascicle lengths. It was estimated that substantial extensor moments could
be created about the tarsus and hip of the greyhound allowing high power output and potential for rapid accel-

eration. The racing greyhound hence possesses substantial specializations for enhanced sprint performance.
Key words architecture; biomechanics; greyhound; locomotion; moment arms; muscle; sprinting; tendon.

Introduction

Greyhounds are elite sprinting athletes, having undergone
intense artificial selection for high-speed running and
aerobic stamina. They reach speeds of up to 17 m s™ for short
periods of time during racing (Jayes & Alexander, 1982;
Usherwood & Wilson, 2005). One prerequisite to effective
sprinting is the ability to rapidly accelerate. Acceleration
requires a large amount of mechanical work to be per-
formed to increase the kinetic energy of the body. The
pelvic limb anatomy of cursorial quadrupeds appears to be
specialized for ‘doing’ net work and achieving high power
output (Payne et al. 2005). It is predominantly hip extensor
muscles that are capable of this high power production —
unsurprising as quadrupedal runners have been described
as 'rear-wheel drive’, relying on torque generation at the
hip to propel the centre of mass forwards (Haxton, 1947;
Usherwood & Wilson, 2005).

Muscle architecture is a primary determinant of muscle
function (Lieber & Blevins, 1989; Lieber, 1993; Lieber &
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Friden, 2000). For example, obtainable muscle power is
proportional to muscle volume (Zajac, 1989, 1992), whilst
capacity for maximum isometric force generation, F,,,, can
be estimated from the physiological cross-sectional area
(PCSA) of a muscle. In addition, understanding of the
dynamic role of the limb can be enhanced by obtaining
measures of muscle moment arms (the perpendicular
distance between the line of action of muscle force to
the joint centre of rotation). Moment arms transform the
linear forces developed by muscles into rotational moments
that result in joint movements. Moment arms often vary
with joint angle (Thorpe et al. 1999; Payne et al. 2006a)
and so the relationship between linear and angular
displacement, and hence muscle dynamics, varies through
the stride cycle. The ground reaction force (GRF) moment
arm may also vary through the stride, and as limb effective
mechanical advantage (EMA) depends on both of the
above it could change dramatically through a stride. This
has important implications for the relationship between
muscle force and velocity, and centre of mass force and
velocity that could be important in achieving versatility of
locomotor function. This is also important, as an increase
in EMA decreases the mass-specific muscle force required
to maintain support during postural and locomotor
behaviours (Biewener, 1983).

Studies of muscle-tendon architecture in dogs have been
performed previously; however, these were either under-
taken in mixed-breed dogs (Shahar & Milgram, 2001) or
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examined only a few variables from a small selection of
muscles (Jayes & Alexander, 1982; Pasi & Carrier, 2003). To
obtain a full understanding of the functional design of the
musculo-skeletal system, and thus locomotor capabilities
of racing greyhounds, more detailed measurements
are needed. Muscle-tendon architecture differs markedly
between species and breeds that are adapted for different
locomotor functions (Pasi & Carrier, 2003; Payne et al.
2006b). In addition, there is evidence that exercise training
can alter muscle architecture (Kawakami et al. 1995; Abe
et al. 2000; Aagaard et al. 2001; Blazevich et al. 2003). Here we
will specifically consider racing greyhounds as an example
of the canid most likely to show extreme adaptations for
sprinting. We aim to provide detailed muscle and tendon
architectural measures along with quantification of muscle
moment arms. These will be analysed and compared with
published data from other species of fast runner and from
mixed-breed dogs, to reveal how the musculo-skeletal
system of the racing greyhound is able to facilitate such an
outstanding capacity for high-speed sprinting.

Materials and methods

Six racing greyhound cadavers (mass 31.8 + 2.6 kg) of unknown
age (though all were fully mature and young) were obtained less
than 24 h after euthanasia by a greyhound racing track vet. All
dogs had been racing competitively and training regularly until
death, and were euthanized for a variety of reasons including
racing injury (injured limbs were not dissected) and aggressive
behaviour. Cadavers were immediately frozen at -20 °C and then
stored at 4 °C for 48 h prior to dissection. Six left pelvic limbs were
dissected to enable measurement of muscle-tendon architecture
variables for all of the major pelvic limb muscles. Four right pelvic
limbs were used to quantify muscle moment arms.

Muscle architecture

Muscles were systematically removed from the limbs. Incisions were
made in the muscle bellies along the plane of the muscle fascicles
(bundles of individual muscle fibres, visible to the naked eye). The
lengths of a random selection of 10 fascicles, taken from different
areas of the belly, were measured with digital callipers. The measure-
ment of muscle fascicles allows an estimate, rather than micro-
scopic measurement, of muscle fibre length. The tendons of origin
and insertion (if present) were removed, and tendon- and muscle
belly length and mass were measured [using a plastic-coated
flexible tape measure and set of electronic scales (EKS)]. Resting
pennation angle (to the nearest degree) was also measured using
a clear plastic protractor, and was defined as the angle between
the internal tendon (or aponeurosis) and the muscle fascicles.
Mean tendon cross-sectional area (CSA) was determined by divid-
ing tendon volume [tendon mass divided by a published value for
tendon density of 1.12 g cm™ (Ker et al. 1988)] by tendon length.
Muscle volume was determined by dividing muscle mass by a muscle
density of 1.06 g cm~ (Mendez & Keys, 1960). PCSA was calculated
as muscle volume/fascicle length. Isometric F,,, was estimated by
multiplying 0.3 MPa — the maximum isometric stress of vertebrate
skeletal muscle (Wells, 1965; Medler, 2002) — by PCSA. Some studies
correct calculations of PCSA (and consequently F,..,) for pennation

angle, as an oblique pennation angle means that a muscle may
experience a loss in vector force along its line of pull. In such cases,
PSCA is calculated as (muscle mass x cos 8)/(muscle density x fibre
length), where 6 is the pennation angle. We present F,,., results
for both methods here for comparison; however, values in our
graphs and final discussions are conducted without the correction
as most pennation angles are small (i.e. less than 30°, and thus 6
remains close to one). In addition there is convincing evidence
that pennation angle alters substantially during muscle contrac-
tion (e.g. Herbert & Gandevia, 1995; Azizi et al. 2008) and, also,
the calculation of F,, itself is not exactly precise due to the wide
range of muscle stresses available in the literature. Architectural
Index (Al) was calculated for muscles, which is an index that nor-
malizes muscle fascicle lengths for muscle length. It is useful as it
allows comparison of relative fascicle lengths in muscles of different
sizes, giving information about the configuration and shape of
the muscle. It is calculated as the ratio of muscle fascicle length to
total muscle belly length.

Tendon stress at maximum isometric muscle force was estimated
by dividing F,.., by the tendon CSA; this value was divided by the
Young’s modulus of tendon [taken to be 1.5 GPa as in Bennett
et al. (1986) and Ker et al. (1988)] to obtain estimates of tendon
strain. Tendon length change was estimated as the product of
tendon resting length and tendon strain. Instantaneous muscle
power was estimated as one tenth of the product of F,,, and
maximum fibre contraction velocity, V.., (Hill, 1938). A value of
3.8 L,s™" was taken as V,,, of dog muscle (L,= muscle fibre resting
length). This value was taken from in situ measurements from
canine gastrocnemius muscle (Ameredes et al. 1992) and is the
closest available estimate for this parameter. Of course this is only
approximate; it is important to stress here that these calculations
of F,., and V., can only provide us with information regarding
patterns of muscle functional capacity and not accurate quantita-
tive values.

Muscle moment arms

In a consistent order, flexion-extension moment arms of the major
pelvic limb muscles at the hip, stifle and tarsus were obtained
using the tendon travel method (Spoor & van Leeuwen, 1992).
This method works on the principle that the distance a tendon
moves while the limb travels through an angle in radians, is equal
to the perpendicular distance between the tendon and joint axis
(the moment arm). In simple terms, tendon displacement is deter-
mined with respect to the angle of the joint, enabling calculation
of the ‘effective moment arm’. Muscle bellies were transected and
nylon suture sewn into the stump of the muscle at its insertion.
Millimetre scales were super-glued (Loctite, USA) onto the longi-
tudinal axis of the long bones approximately in the plane of
the tendon to allow calibration and measurement of the tendon
excursion from photographs. Brass eyelets (0.5 mm diameter)
were screwed into predrilled holes in the long bones at the origin
of each muscle (or as close as possible), through which the suture
nylon was passed. A 50-g weight was tied to the end of the suture
nylon and allowed to hang over the edge of the dissection table
to ensure the nylon remained taut throughout. A small marker
was fixed to the nylon between the muscle stump and the eyelet.
A digital camera (Nikon D70) was positioned perpendicular to the
plane of joint motion, and digital images were acquired at 10°
intervals, as the joint was moved from maximum joint extension
to maximum joint flexion, and reverse. The marker, eyelet, and
millimetre scales were visible on each image (see Fig. 1). Tendon
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Fig. 1 Photograph depicting the experimental set-up for obtaining
muscle moment arms. See text for full method.

travel was defined as the change in length between the marker
and eyelet through joint motion. Joint angle was determined
using the millimetre scales. Moment arms from muscles with wide
origins were measured by using a number of eyelets at the origin,
completing the procedure for each section of the origin, and
obtaining an average measure for tendon travel based on the
mean tendon travel at each origin/eyelet position. For muscles that
crossed more than one joint, the joint not of primary interest was
held in a fixed and neutral position throughout measurement.
Pictures were manually digitized using freeware software (ImaGe
J, National Institute of Health, Bethesda, MD, USA), and graphs of
tendon excursion versus joint angle in radians were plotted. Only
joint angles within a realistic range in terms of possible limb
postures during locomotion were considered (30-180°). Linear or
second/third order polynomial lines of best fit were plotted. These
were determined by selecting the lowest order polynomial regres-
sion line that visually fitted the data. Plots were visually inspected,
and individual estimates of moment arm were taken from photo-
graphs to ensure that regressions fitted the real trend of the data,
and not just because a high order of polynomial was used. Result-
ing polynomial regression equations were differentiated to give
the value for the moment arm (Hughes et al. 1998). For example
a regression equation of y = a8® + b + ¢ differentiates to give dy/
d6 =2a6 + b, which is the relationship between joint angle (6) and
instantaneous moment arm (y), given that moment arms change
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with joint angle. The maximum moment of force of a muscle
about its joint, M, was calculated using additional information
from dissections (see before) as

M = GAr, (1.1)

where ¢ is the maximum isometric stress of muscle (estimated at
0.3 MPa for vertebrate muscle Wells, 1965), A the cross-sectional
area of the muscle, and r the maximum muscle moment arm.

Statistical analysis

Selected greyhound muscle and tendon architectural parameters
were compared with those in a mixed-breed dog (Shahar &
Milgram, 2001) via an independent samples Student’s t-test
(significance level of P < 0.05).

Results

Muscle anatomy and architecture

The mean total mass of the major muscles of the pelvic
limb was 2769 + 46 g (mean % SD). When both pelvic limbs
were accounted for, this represents 18.5 + 0.3% of the total
body mass of a racing greyhound. In total, 21 of the
muscles of the pelvic limb were considered in this study;
their locations within the limb are identified in Fig. 2, and
abbreviations detailed in Table 1. Measured and calculated
architectural parameters for each muscle are also given in
Table 1. Muscle mass decreased distally within the limb;
biceps femoris was by far the heaviest muscle within the
limb (485 + 58 g), constituting 18% of the total muscle
mass of the limb. Fascicle length also decreased distally
within the pelvic limb as did the Al. Gastrocnemius (medial
and lateral heads), flexor digitorum profundus (FDP) and
flexor digitorum superficialis (FDS) had the smallest Als
and these were all very similar in value (between 0.07 and
0.14). The largest Als were found in the proximal limb, in
particular semitendinosus, semimembranosus, and sartorius
(0.70 to 0.88).

The muscle mass of each greyhound pelvic limb muscle
was normalized to total body mass, and compared with
published data (also normalized to body mass; Shahar &
Milgram, 2001, for a mixed-breed dog; Fig. 3). Greyhound
pelvic limb muscles were relatively larger in all but four
muscles. Biceps femoris and semitendinosus (two major
hip extensors) in a racing greyhound were in fact double
the relative mass when compared to a ‘normal’ dog, as
were many other muscles.

Tendons

All tendon data are provided in Table 2. Tendons of distal
muscles were the longest (for example FDS and FDP; 27.8 +
3.3 and 28.5 + 4.5 cm, respectively), whereas proximal
tendons tended to have larger cross-sectional areas (e.qg.
rectus femoris; 0.7 cm?).
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Table 1 Muscle data: muscle mass, volume, belly length, fascicle length, physiological cross-sectional area (PCSA), pennation angle, and estimated maximum isometric force and power. Values obtained for

muscle force and power were obtained as per methods described in text. Values indicate mean and SD (n = 6)

Belly length Fascicle length Pennation Corrected
Muscle Abbreviation Muscle mass (g) (cm) (cm) PCSA (cm?) angle (°) Frnax (N) Froax (N) Power (W)
Gluteus superficialis GSP 158 (59.5) 11.7 (1.8) 5.3 (1.3) 28.1 18 (16) 840 800 17
Gluteus medius GMD 120 (82) 12.3 (2.3) 5.2 (2.5) 21.8 30 (18) 650 565 13
Gluteus profundus GPF 35.2 (18.2) 8.4 (2.7) 4.4 (1.8) 7.5 0 (0) 230 230 3
Biceps femoris BF 485 (57.9) 26.9 (1.8) 14.3 (4.6) 32 0 (0) 960 960 50
Semimembranosus SM 170 (63.7) 23.2 (2.4) 20.4 2.7) 7.9 0 (0) 240 240 18
Semitendinosus ST 196 (90.5) 21.5 (2) 15.4 (2.9) 12 0 (5) 360 360 20
Adductor (combined) AD 270 (158) 18.8 (2.3) 9.9 (7.2) 25.7 9 (14) 770 760 30
Gracilis GRC 160 (84.9) 18.3 (4.3) 5.2 (4.3) 29 14 (12) 870 820 17
Sartorius SRT 207 (70) 25 (4.8) 19 (7.9) 10.3 5 (11) 310 310 10
Tensor fascia latae TFL 79.5 (35.3) 15.4 (4.1) 7.3 (5.1) 10.3 17 (23) 310 295 7
Vastus lateralis VL 137 (47.1) 19.8 (2.7) 12.8 (8.5) 10.1 12 (13) 300 300 15
Vastus medialis VM 101 (30) 18.5 (2) 3.7 (0.2) 25.8 25 (9) 770 700 10
Vastus intermedius Vi 71.6 (32) 18 (2.5) 8 (7.2) 8.4 14 (13) 250 250 8
Rectus femoris RF 267 (138.8) 20.5 (2.2) 9.6 (6.5) 26.2 20 (17) 790 740 30
Gastrocnemius lateralis GL 40.9 (17.2) 14.2 (1.5) 1.7 (0.6) 22.7 25 (14) 680 620 4
Gastrocnemius medialis GM 45.1 (12) 14.9 (2.2) 2.1 (0.5) 20.3 36 (19) 610 490 5
Tibialis cranialis TCN 25.2 (10.9) 13.4 (4.4) 6 (4.7) 4 20 (15) 120 110 11
Extensor digitorum longus EDL 36.3 (12.7) 15 (1.3) 6.6 (4.9) 5.2 6 (8) 155 155 3
Peroneus longus PL 21.7 (8) 11.5 (3.6) 2.2 (1.3) 9.3 20 (8) 280 260 2
Flexor digitorum profundus FDP 31.2 (8.3) 13.8 (3.1) 1.4 (0.4) 21 35 (17) 630 520 3
Flexor digitorum superficialis FDS 53.4 (20) 16.1 (3.3) 1.2 (0.6) 42 32 (12) 1260 1070 6
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A M. Biceps Femoris

M. Rectus femoris

M. Semitendinosus

M. Gastrocnemius
lateralis

M. Flexor digitorum

B M. Sartorius profundus (lateral head)

M. Tensor fascia lata M. Flexor digitorum

M. Vastus lateralis superficialis

M. Gluteus
medialis

M. Gluteus
superficialis

M. Semimembranosus

M. Semitendinosus

Fig. 2 (A) Superficial musculature of the greyhound pelvic limb. (B) Proximal musculature of the greyhound pelvic limb (M. biceps femoris removed).
(C) Deep musculature of the proximal pelvic limb and distal limb musculature of the racing greyhound. Ms. biceps femoris, tensor fascia lata, sartorius,
vastus lateralis, gluteus superficialis, gluteus medius and gluteus profundus have been removed.

Table 2 Tendon data: mass, volume, and resting length, and estimated cross-sectional area (CSA), stress, strain, and length change of selected pelvic
limb tendons. Estimated parameters calculated using methods described in the text. Data are means (n = 6). Values in brackets are standard deviations

Volume CSA Stress Strain Length
Muscle tendon unit Mass (g) (cm?3) Rest length (cm) (cm?) (MPa) (%) change (mm)
Semitendinosus 1.0 (0.8) 1.8 7.5 (1.5) 0.2 15 1.0 0.8
Gracilis 2.5 (0.7) 2.2 5.4 (0.9) 0.4 21 1.4 0.8
Sartorius 1.0 (0.5) 0.9 3.2 (1.0) 0.3 5 0.4 0.1
Tensor fascia latae 6.5 2.2) 5.8 16.5 (2.8) 0.4 7 0.5 0.8
Rectus femoris 8.5 (4.9) 6.9 10.4 (3.5) 0.7 12 0.8 0.8
Vastus 7.8 (6.7) 2.8 7.8 (3.1) 0.4 7 2.5 1.9
Gastrocnemius 18.4 (2.5) 5.5 15.4 (5.0) 0.4 37 2.5 3.8
Peroneus longus 2.8 (1.2) 1.7 19.4 (3.0) 0.1 26 1.7 3.4
Tibialis cranialis 1.2 (1.0) 1.9 15.7 (3.6) 0.1 40 2.7 4.2
Extensor digitorum longus 0.8 (1.6) 2.2 14.5 (4.3) 0.2 7 0.4 0.6
Flexor digitorum profundus 7.8 4.7) 6.9 28.5 (4.5) 0.2 27 1.8 5.1
Flexor digitorum superficialis 9.2 (5.4) 8.2 27.8 (3.3) 0.3 43 2.8 7.9
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Fig. 3 Muscle mass of individual pelvic limb muscles scaled to total
body mass. Pale bars represent racing greyhound data from this study
(mean £ SD), whilst dark bars show data from Shahar & Milgrim (2001)
for a mixed-breed dog.

Table 3 Pelvic limb segment lengths used to scale muscle moment arm
measurements

Dog Sex Mass Femur Tibia
Number (M/F) (kg) length (cm) length (cm)
1 F 27 19.0 23.0
2 M 34 20.0 27.0
3 M 33 20.5 27.0
4 M 28 20.0 26.0

Muscle moment arms

Moment arms were scaled by segment length as in previous
studies (Williams et al. 2007a,b). Segment lengths for each
subject can be found in Table 3 whilst moment arm curves
are given in Fig. 4. These data are presented such that
muscles acting to extend a joint have negative values,
whereas flexors of a joint have positive values; however,
only the absolute value is of concern here.

Moment arms at the hip joint

The moment arm of BF at the hip (Fig. 4A,B) remained
constant with changing joint angle. The moment arm of
semimembranosus showed a small (linear) increase in moment
arm as joint angle increased. Those of gluteus medius and
semitendinosus were very small at maximum joint flexion,
and increased linearly with increasing joint angle, both
showing maximum moment arms at maximum joint exten-
sion. The moment arm of gracilis decreased linearly with
increasing hip joint angle.

Moment arms at the stifle joint

Moment arms of semitendinosus, gracilis, gastrocnemius and
biceps femoris all decreased linearly with increasing stifle
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Fig. 4 Moment arm curves for individual pelvic limb muscles at

(A) the hip, (B) the stifle and (C) the tarsus joints. Moment arms are scaled
to limb segment lengths, as described in the text. Segment lengths can
be found in Table 4.3. Positive values for moment arms indicate muscles
that act to flex a joint, whereas negative values indicate joint extensors.
Arrows indicate the functional range of joint motion during stance in
galloping greyhounds (Williams, unpublished data).

extension. The mean maximum moment arm (Table 4) was
greatest in semitendinosus (at maximum joint flexion),
followed by gracilis — also at maximum stifle flexion. Biceps
femoris had the smallest maximum moment arms at this joint.
The moment arm of semimembranosus increased, however,
with joint extension (linearly). Moment arms of the stifle flexors
sartorius and tensor fascia lata decreased with joint extension,
in contrast to those of the vastus group of muscles and rectus
femoris, which increased along with stifle joint angle.

Moment arms at the tarsus

The moment arms of gastrocnemius and FDS were large
and constant throughout the tarsal joint range of motion.

© 2008 The Authors
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Table 4 Mean maximum moment arms (range given in brackets), maximum joint moments (calculated as described in the text), and muscle fascicle
length : moment arm ratios for greyhound pelvic limb muscles. Fascicle lengths for grouped muscles were calculated as weighted harmonic means
(Alexander et al. 1981). Moment arms used for calculations are the mean of the maxima. n=4

Joint angle of

Mean maximum Maximum Muscle fascicle

Joint of maximum moment arm muscle moment joint moment length : moment
Muscle-tendon unit action (i.e. max flexion/extension) arm (cm) of force (Nm) arm ratio
Gluteus superficialis Hip Max. flexion 0.3 0.2 17.7
Gluteus medius Hip Max. extension 4.0 2.7 1.3
Gracilis Hip Max. flexion 6.3 5.4 0.8
Stifle Max. flexion 5.2 4.5 1.0
Sartorius Hip Max. flexion 14.1 2.1 1.4
Stifle Max. flexion 1.8 0.3 10.6
Tensor fascia latae Hip Max. flexion 13.6 3.4 0.5
Stifle Max. flexion 1.3 0.3 5.6
Biceps femoris Hip All 2.9 2.8 4.9
Stifle Max. flexion 0.4 0.4 34.1
Semimembranosus Hip Max. extension 6.0 1.4 3.4
Stifle Max. extension 0.8 0.2 243
Semitendinosus Hip Max. extension 10.8 3.9 1.4
Stifle Max. flexion 9.1 3.3 1.7
Rectus femoris Hip Max. extension 2.4 1.9 3.9
Stifle Max. extension 2.5 2.0 3.8
Vastus Stifle Max. extension 3.1 4.1 2.6
Gastrocnemius Stifle Max. flexion 1.6 2.1 1.2
Tarsus All 3.1 4.1 0.6
Tibialis cranialis Tarsus All 2.2 1.0 2.8
Extensor digitorum longus Tarsus Max. extension 2.2 0.2 2.9
Flexor digitorum profundus Tarsus Max. extension 0.8 0.5 1.8
Flexor digitorum superficialis Tarsus All 3.1 3.9 0.4

The moment arm of tibialis cranialis did not change with
joint angle, and that of extensor digitorum communis
became larger as the tarsus joint angle increased.

Discussion

Specialisations for high-speed sprinting:
proximal muscles

The apparent augmentation of muscle volume in greyhounds
may be an inherent genetically acquired characteristic, or
due to the mechanism of skeletal muscle hypertrophy
with training (Goldberg et al. 1975; Goldspink et al. 1995)
- or a combination of both. However, this adaptation will
clearly increase the potential for improved muscle power
output (maximum muscle power is roughly proportional
to muscle mass or volume). Similar results have been shown
in a study between two extreme breeds of horse, with
Quarter horses (sprinters) showing larger muscle volumes
than Arabs (endurance) (Crook et al. 2008). The greyhound is
of relatively leaner body form than ‘'normal’ dogs, and so
it is possible that differences in muscle mass relative to
body mass can partly be attributed to this factor (although
we cannot quantify to what extent). Some greyhound muscles
appear to show larger amounts of hypertrophy than others,
for example in the hamstrings, where both biceps femoris

© 2008 The Authors

and semitendinosus appear specifically hypertrophied in
the greyhound, whereas semimembranosus shows little
difference in relative mass compared with the mixed-breed
dogs. We suggest such differences highlight functional
distinctions between muscles in this group (which are also
highlighted by muscle moment arm data — see later). Perhaps
semitendinosus and biceps femoris play a somewhat more
important role in propulsion (hip/tarsus extension) than
semimembranosus (which is more medially placed and so
may have a more significant role in medial stabilization of
the stifle or hip adduction). Without biomechanical analysis
to compliment this data, however, we cannot be certain.
Architectural Index (Fig. 5) was not different between
greyhounds and mixed breeds in many muscles. The
exceptions were biceps femoris, gluteus profundus, extensor
digitorum longus (EDL) and rectus femoris, all of which
had higher Als in the racing greyhounds, indicating
relatively longer fascicles. With the exception of EDL, these
muscles are all extensor muscles situated within the proximal
pelvic limb. This trend towards longer fascicles here may
be an adaptation again towards higher power output
of these muscles, and mirrors the results from a study com-
paring fascicle lengths of extensor muscles in sprint and
endurance human athletes (Abe et al. 2000). A marked
increased muscle volume in the greyhound (see above),
combined with a (lesser) increase in fascicle length will

Journal compilation © 2008 Anatomical Society of Great Britain and Ireland



368 Pelvic limb anatomy of the racing greyhound, S. B. Williams et al.

0.8

o
o
)

Architectural Index (Al)
o o
N IS

& & %Q%é OQ‘O WL O%OQQéZ(( & A0 > &

-0.24

Fig. 5 Architectural Index (calculated as described in the text)
for individual pelvic limb muscles of greyhounds (pale bars) and a
mixed-breed dog (dark bars; Shahar & Milgrim, 2001).

result in an increase in PCSA of the muscle. Hence the
maximum amount of force the muscle can generate is
increased (but only due to increased muscle volume). An
increased fascicle length places the respective muscle
further to the right, and into the ‘power producing’ region
of the F,,, vs. fascicle length plot (Fig. 6A). A specialisation
toward high power production would be beneficial for
an elite sprinter as they require the capacity to perform
increased amounts of muscle work to accelerate quickly
and to maintain fast running speeds.

The previous study (Shahar & Milgram, 2001) used only
one cadaver, and therefore variation in anatomical para-
meters between animals should be kept in mind when
interpreting these results. Also in that study, fascicle lengths
were taken via a different method (partial digestion) and
it is not clear how this method compares with ours. Finally,
when relating muscle architecture to power output of muscle,
especially comparatively, the results must be considered
carefully. Although muscle volume is roughly proportional
to power output, fibre type compositions and contraction
velocities differ between breeds, species and individual
muscles within a limb (Snow & Guy, 1980; Guy & Snow, 1981).
Thus, confounding factors exist which may complicate the
picture presented here, and these should be taken into
consideration when broadly comparing muscle function.

The greyhound has a large number of muscles that appear
capable of generating substantial amounts of work (Fig. 6B).
Net mechanical work (to increase the kinetic energy of the
body, for example during acceleration or jumping) is likely
to be achieved either by leg extension or via torque genera-
tion at the hip. The main contributors to potential power
output of the limb are predominantly hip and leg extensor
muscles supporting this concept. Biceps femoris and adductor
— hip extensors — are the largest (and therefore most
powerful). Rectus femoris (a stifle extensor/hip flexor) is
also particularly powerful. It can also generate reasonable
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Fig. 6 (A) Schematic representation of the effect of increased muscle
volume and Architectural Index on muscle power output. The star
represents the position of the hypothetical muscle on the plot. Arrows
show how the position of the star is likely to move towards that of
powerful muscles (pale blue region) with increased muscle volume and
Architectural Index. (B) F. against fascicle length for individual racing
greyhound pelvic limb muscles.

amounts of force, as it has relatively short fibres in relation
to its muscle length. This architecture suggests that rectus
femoris may have sufficient power and force generating
capabilities to be a potential candidate for a muscle that
is used in creating rapid hind limb protraction. Fast pro-
traction of the hind limb may be as important as forelimb
protraction to an animal locomoting at high speeds
(Wilson et al. 2003).

Specialisations for high-speed sprinting: distal muscles

Unfortunately, it was not possible to perform a similar across-
breed comparison for distal limb muscles, as no published
data were available. However, it would be interesting to
consider these muscles both in terms of potential differences
in muscle architecture and the properties of their series-
elastic elements between sprinting and generalist canids.
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Nevertheless, we can still consider the functional adapta-
tions of the racing greyhound distal limb independently.

Gastrocnemius was seen to have high force generating
potential in the greyhound [though it appears less impres-
sive than in the hare (Williams et al. 2007a)]. This might be
explained by the variation in limb postures between
species (i.e. from an upright posture in large species to
more crouched in smaller species). A crouched posture may
increase torques at the tarsus, as the GRF seems to pass
close to the knee in many animals, and therefore animals
with such a posture might require increased reliance on
the gastrocnemius muscle tendon unit (MTU). Conversely,
as the GRF vector should always originate in the foot, the
GRF moment at the metatarsophalangeal (MTP) joint will
be determined predominantly by anatomy and whether
the animal is unguligrade or digitigrade. An upright
posture as seen for example in the horse may therefore
predispose an animal to increased torques at the MTP joint
and result in enhanced importance of the digital flexor
musculature. Alternatively, the relative significance of the
gastrocnemius (and FDS) muscles in generating force may
be a distinction between animals that undergo mostly long
distance steady-state economical locomotion (horse), and
those more suited to unsteady activities and mechanical
work production.

Tendon length change : muscle fascicle length (TLC : MFL)
ratios were calculated for selected muscle-tendon units
(Fig. 7). This ratio gives an indication of the relative active
vs. passive contribution of the MTU during locomotor
functions. For example, a high value indicates that an MTU
has a high dependence on passive length change (tendon
elongation), whereas a low value indicates a greater con-
tribution of active length change (i.e. muscle shortening).
Distal limb MTUs in the racing greyhound had the highest
values for the TLC : MFL ratio (in particular the digital
flexors), suggesting a greater amount of ‘compliance’ than
their proximal counterparts. Traditionally, it has been
suggested that MTUs with ratio values above 0.4 are those
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Fig. 7 Tendon length change: Muscle fascicle length (TLC : MFL) ratio
for selected pelvic limb muscle tendon units. Tendon length change is
based on that at F,,.
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which function as ‘biological springs’, storing and releas-
ing elastic energy during locomotion. The greyhound
pelvic limb FDS exceeds all other pelvic limb muscles in
terms of force generating capacity and has a TLC : MFL ratio
of 0.66. It is likely therefore to act in a spring-like manner
during locomotion, undergoing significant passive length
change and energy storage.

The TLC : MFL ratio for FDP falls just below the 0.4 threshold
(0.36; Fig. 7). Given that our values for tendon length change
are based on several assumptions and estimations, there is
substantial imprecision in this value and so it is probable
that FDP stores some elastic energy. When compared to
the same ratio in the horse (Payne et al. 2005), however,
this value is certainly less than might be expected. None-
theless, the hare FDP also has a relatively low value for this
ratio [0.2 (Williams et al. 2007a)], and so it seems likely
that FDP only properly functions as an elastic energy store
in horses, and not in greyhounds and hares. This may be
due to animal size effects, a greater reliance of the horse
on energy-saving mechanisms for locomotion, or differing
limb postures between species. Muscles with specialized
architecture such as the FDP have been suggested to func-
tion as dampers, dissipating vibrations in the limb caused
during locomotion (Wilson et al. 2001), and horses would
have a greater need to damp these vibrations that occur at
foot impact due to the rigid foot and preponderance of
elastic tissues in the limb. Perhaps the absence of any
‘shock-absorbers’ on the feet in horses may be a factor in
this — dogs have soft pads which damp much of the impact
associated with foot contact. In addition, the relatively
massive trunk which a horse must ‘carry’ (due to their large
gut for processing vast amounts of energy-poor foods) adds
considerably to body mass and thus increased in forces
during locomotion.

The significance of moment arm measurements

Muscles create forces which cause the rotation of limb seg-
ments about joints. The rotational force (moment) about
a joint is determined by a combination of the PCSA and
maximum isometric stress of a muscle (i.e. F,.,), but also
the moment arm of the muscle. This moment arm can vary
with joint angle and hence posture [Fig. 4 (Spoor et al.
1990; Payne et al. 2006a; Williams et al. 2007a,b)], and
thus the ratio of muscle force and joint torque (and muscle
velocity and joint velocity) can also vary. This means that a
muscle may be able to function differently depending on
the position of the joint/limb (and hence the stage of the
stance phase/stride cycle).

Moment arms at the hip joint

There was no distinct trend for either increasing or decreasing
moment arm with joint position for individual groups of
hip muscles (i.e. flexors or extensors). Of the hip extensors,
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semitendinosus showed the greatest change throughout
joint range of motion, and equally the greatest maximum
moment arm of the hip extensors. This suggests semitendin-
osus has an important role in creating a large muscle
torque at the hip joint, particularly when the hip is extended,
such as during the propulsive phase of stance. Gluteus
medius and semimembranosus exhibited a similar pattern
to that observed in semitendinosus; however, maximum
moment arms were less. The moment arm of biceps femoris
did not change with joint angle. This may indicate a require-
ment for biceps femoris to produce high force throughout
the stride cycle such that a constant moment arm is actually
an adaptation towards increased versatility of the muscle.
More likely, though, is that biceps femoris is an extremely
large muscle and so finding the exact line of action is difficult
within the constraints of the method used. Hence our
results likely give a reasonable average moment arm for
biceps femoris but may not truly represent the line of pull
of this muscle across its entire belly. Biceps femoris is so
large and arranged such that it is unlikely to act as a single
functional unit — different regions of the muscle may
perform distinct functions. The ratio of muscle fascicle
length : moment arm length (MFL : MA) indicates the ability
of a muscle to move a joint through large ranges (Thorpe
et al. 1999; Payne et al. 2006a). This ratio was higher for
biceps femoris at the hip than for any other major hip
extensor muscle, save for gluteus superficialis, suggesting
biceps femoris acts over a wide range of hip joint angles.

Moment arms at the stifle joint

All the stifle flexors, with the exception of semimembranosus,
showed a decrease in moment arm with stifle extension, and
maximum moment arms at full joint flexion. This suggests
that whilst semimembranosus could create its greatest
torque when stifle flexion is initiated (and thus may be
important in this initial movement); the remaining stifle
flexors create larger moments when the stifle is already
flexed to maintain this posture.

The moment arms of both the vastus group of muscles
and rectus femoris followed similar trends, being greatest
at maximum joint extension. This appears to be a similar
adaptation to that present in many of the hip extensor
muscles, with the muscles being able to create their greatest
torque during late stance, when the need for propulsion
is greatest and the limb is at its most extended. This trend
was opposed in both tensor fascia latae and sartorius, with
the moment arms of these muscles decreasing with stifle
joint extension. They may therefore be involved in initia-
tion of stifle extension.

Moment arms at the tarsus joint

Neither the moment arm of gastrocnemius or FDS changed
with tarsus joint angle. Both also had very similar moment

arm lengths, unsurprising given their similar position within
the limb. Nevertheless, the gastrocnemius muscle is able to
create a maximum extensor moment of over 5 Nm at the
tarsus joint (Table 4), greater than that of any other muscle,
at any other joint. Both muscles have exceedingly small
MFL : MA ratios, indicating that they do not move the
tarsus joint through large ranges. This appears something
of a paradox, given that one might expect that if a muscle
were to function over a limited range of limb postures (as
suggested by the MFL : MA ratio of both muscles), then
the muscle moment arm would be greatest in this limited
range, to create the greatest moment of force. The series
elastic component of the muscles may confuse the issue
here. Perhaps tendon elongation as opposed to muscle
length change is enough to permit a larger range of motion
at the tarsus, and so function over a wide range of postures
is possible, which is why there appears to be no optimized
MA length for a specific joint angle. It may be essential for
amuscle to be able to function over a large range of tarsus
joint angles. Changes in limb posture can influence the
EMA of the limb (Biewener, 1990, 1991), which may change
the mass-specific muscle force required during different
locomotor tasks. Were such a strategy, to alter EMA for
different activities, employed in an animal (for example
to enable lesser musculo-skeletal specialisation towards a
specific locomotor function), it might be advantageous to
be able to create high torques across a wide range of joint
positions. This concept of ‘dynamic gearing’ has been
discussed in detail in previous work (Williams et al. 2007a),
and may be particularly relevant for an elite sprinter such
as the racing greyhound, to enable effective high-speed
steady-state running and rapid acceleration. In addition,
gastrocnemius is biarticular and this may have further
implications for its function; for example, it may play a role
in power transfer between limb segments. However, this
is beyond the scope of this study.

Joint moments

The total maximum torque that the combined pelvic limb
musculature can produce at each joint (taken as the sum
of each individual maximum muscle moment of force) is
shown in Fig. 8. At both hip and tarsus joints the potential
extensor moment is higher than the potential flexor
moment. This is not the case at the stifle joint, which may
reflect the presence of a large number of biarticular hip
and tarsus extensor muscles that cross the flexor aspect of
this joint. The highest moment generating capacity is in
the hip extensor musculature, reflecting the commonly
held view that quadrupeds power locomotion by a torque
about the hip joint, created by the hip extensor muscula-
ture (Usherwood & Wilson, 2005). The ratio of muscle
moment arm to muscle fascicle length (Fig. 9) gives us
information regarding the roles of muscles in movement,
and also corroborates this view. It distinguishes which
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Fig. 8 Total maximum isometric joint torque for flexor (pale) and
extensor (dark) muscle groups at each joint within the racing greyhound
pelvic limb.
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Fig. 9 Muscle moment arm length versus muscle fascicle length. This

ratio gives information regarding the individual roles of muscles during
movement. Abbreviations are given in Table 1. Blue symbols show muscles
crossing the hip joint, green crossing the stifle, and red crossing the tarsus.

muscles operate over a wide range of motion (bottom
right) and which ones are more suited to 'holding’ or
maintaining posture (top left). Those which are capable
of generating high torque over a wide range of postures
are on the top right and include, amongst others, the
hip extensors semitendinosus and semimembranosus. This
highlights the ability of these muscles to produce high hip
torques at many possible limb postures in this elite sprinter.

Conclusions

In conclusion, we have detailed the muscle-tendon archi-
tecture of the racing greyhound pelvic limb. We have
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compared our findings to those found in other fast
quadrupedal runners, and have discussed the implications
of the functional adaptations of the greyhound pelvic limb
for sprinting performance. In addition, we compared results
found here with those previously published in a mixed-
breed dog, to illustrate specialisations for sprinting. We
conclude the following:

1) Compared to ‘normal’ dogs, the racing greyhound
benefits from extreme specialisation for propulsion. The
hip extensors and rectus femoris in particular are capable of
producing large amounts of power, and the hip extensors
of generating high torques over a wide range of postures.
2) Some distal muscles appear specialised for elastic energy
storage (FDS, gastrocnemius); however, FDP appears not to
act as an elastic energy store in the greyhound pelvic limb.

The mechanism of elastic energy storage and release in

compliant MTUs implies the greyhound maintains the
ability to locomote efficiently at high speeds, whilst the
architecture of proximal musculature and capacity to
produce substantial extensor moments about the tarsus
and hip allows high power output and hence rapid
acceleration. The greyhound hence appears to possess
substantial specialisations for sprint performance and
appears to be outstandingly anatomically suited to its role
as an elite sprint athlete.
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