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Summary

Reasons for performing study: Racing and training related
lesions of the forelimb superficial digital flexor tendon are a
common career ending injury to racehorses but aetiology
and/or predisposing causes of the injury are not completely
understood. 

Objectives: Although the injury takes place within the tendon,
the lesion must be considered within the context of the
function of the complete suspensory system of the distal
limb, including the associated muscles. 

Methods: Both muscle and tendon function were investigated
in vivo using implanted strain gauges in 3 Thoroughbred
horses walking, trotting and cantering on a motorised
treadmill. These data were combined with assessments of
muscle architecture and fibre composition to arrive at an
overview of the contribution of each muscle-tendon unit
during locomotion. 

Results: The superficial digital flexor muscle has fatigue-
resistant and high force production properties that allow its
tendon to store and return elastic energy, predominantly at
the trot. As running speed increases, deep digital flexor
tendon force increases and it stabilises hyperextension of the
fetlock, thus reinforcing the superficial digital flexor in limb
load support. The deep digital flexor muscle has fast
contracting properties that render it susceptible to fatigue. 

Conclusion: Based on these measurements and supporting
evidence from the literature, it is proposed that overloading
of the superficial digital flexor tendon results from fatigue of
the synergistic, faster contracting deep digital flexor muscle.

Potential relevance: Future research investigating distal limb
system function as a whole should help refine clinical
diagnostic procedures and exercise training approaches that
will lead to more effective prevention and treatment of
digital flexor tendon injuries in equine athletes.

Introduction  

Forelimb superficial digital flexor tendon (SDFT) injuries are
among the most common musculoskeletal injuries suffered by
Thoroughbred racehorses (Goodship 1993), accounting for

substantial loss to the racing industry (Rossdale et al. 1985). An
estimated 10–15% of all musculoskeletal racing injuries in the 
USA (Peloso et al. 1994), Japan (Kasahima et al. 2004) and New
Zealand (Perkins et al. 2005) result from SDFT lesions; this
figure may be even higher in the UK (Williams et al. 2001).
Much research has focused on the aetiology and pathogenesis of
tendon injury with numerous epidemiological studies identifying
associated risk factors such as older age (Kasashima et al. 2004;
Perkins et al. 2005), male gender (Takahashi et al. 2004; Perkins
et al. 2005), longer race distance (Cohen et al. 1997; Takahashi
et al. 2004), frequent high-speed work (Estberg et al. 1995), pre-
existing lesions (Pool and Meahger 1990) and sloppy track
conditions (Mohammed et al. 1992). To date, however, the
mechanisms responsible for this prevalent injury remain elusive. 

Current research suggests that tendon overload plays an
important role (Smith and Webbon 2005; Dowling and Dart 2005)
with collagen degeneration and degradation of key material
properties, such as ultimate tensile strength in the central core
region of SDFT, ultimately leading to rupture. Normal age-related
reduction in tendon crimp angle and changes in collagen fibril
morphology are believed to alter load-bearing properties of the
tendon predisposing it to local failure if overworked (Wilmink 
et al. 1992; Patterson-Kane et al. 1997a). It is also suspected that
such material property changes only increase the likelihood of
SDFT lesions, as even healthy tendons are susceptible to
accumulated subclinical microdamage due to cyclic fatigue and
repetitive overloading from galloping in training and racing
(Patterson-Kane et al. 1997b, 1998). Tissue repair and adaptive
processes are unable to keep pace with microdamage
accumulation (Hill et al. 2001), especially in mature tendons 
(age ≥2 years) (Smith et al. 1999). The repair process itself results
in large regions of the internal tendon becoming nonloadbearing,
subjecting the remainder to substantial overloading (Dahlgren 
et al. 2002). It is as yet unclear whether the initial lesion is caused
by a single traumatic, abnormally high loading event or
cumulative loading cycles, but both are likely to contribute
(Dowling et al. 2000). Progressive degenerative changes may
precede and predispose the SDFT to injury but high loads are
required for acute injury (Webbon 1977). 

Although failure occurs in the SDFT, perhaps it is not an
inherent weakness of the tendon that is the initial source of the
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problem. The tendon and its muscle operate as a unit, therefore
their function (and dysfunction) in locomotion must be considered
together. But what is the function of the digital flexors in equine
locomotion? In an attempt to understand the function of the digital
flexor muscle-tendon units our laboratory investigated these
muscles in vivo. Additionally, we included digital flexor muscle
architecture and physiology as these 2 features are integrated in
the functional capability of the distal limb system. This approach
was taken to improve understanding of the system and its function
as a whole, and has led to an alternative hypothesis regarding the
potential causes of this important and debilitating injury. It is only
through an integrated approach to the function of the distal limb
that functional changes leading to SDFT lesions can be identified. 

Materials and methods

In vivo muscle and tendon measurements

All protocols were performed in accordance with policies and
standards of the Cornell University Animal Care and Use
Committee and Council of Veterinary Medicine. Data were
obtained from 3 Thoroughbred horses that walked (1.7 m/s), trotted
(4.1 m/s) and cantered (7.0 m/s) on a motorised treadmill. Muscle
fascicle length changes were monitored using sonomicrometry
crystals (Biewener et al. 1998; Hoyt et al. 2005) implanted along
muscle fascicles and tendon length changes with silastic strain
gauges (Jansen et al. 1993; Riemersma et al. 1996) attached directly
to the flexor tendons (Fig 1). Muscle fascicle and tendon strain were
calculated from initial lengths from calibrated in vivo gauge outputs
at the time of initial complete hoof contact. Tendon stress was
calculated from measured tendon strain using an average value of E
= 1.28 GPa for the elastic modulus of the digital flexor tendons
(Riemersma and Schamhardt 1985). Tendon forces were then
computed using tendon cross-sectional area (CSA) measured by
quantitative ultrasound. Tendon elastic strain energy (TEelas) was
calculated from average tendon stress using established methods
(Biewener and Baudinette 1995; Biewener 1998). 

Muscle fibre type composition

SDS-PAGE gel electrophoresis (Talmadge and Roy 1993; Stienen
et al. 1996) was used to determine myosin heavy chain (MHC)
isoforms present in single, skinned muscle fibres from the deep
digital flexor (DDF) and superficial digital flexor (SDF) muscles.
MHC isoforms are the molecular protein markers of fibre type.
Fibre type distribution determined by SDS-PAGE analysis were
combined with histochemical fibre typing results (Hermanson and
Cobb 1992) to provide a more complete representation of DDF
and SDF fibre physiology. 

Results

The SDF muscle produced high force levels through isometric and
eccentric contraction concurrent with high tendon strain. In
particular at a trot, stress and strain in the SDFT was substantial,
as was elastic energy storage (Table 1; Fig 2). Overall limb
loading (calculated from flexor tendon loading) and elastic energy
storage was found to decrease at a canter despite increased loading
of the deep digital flexor tendon (DDFT). This is consistent with
previous analyses of limb loading patterns at the trot-gallop
transition (Farley and Taylor 1991). Combined analyses of fibre
type distributions indicated that, overall, the SDF is composed of
a larger proportion of slow MHC-1 fibres, while the DDF muscle
as a whole contains a larger proportion of fast MHC-2A and fast
MHC-2X fibres (Table 2). 

TABLE 1: Tendon loading parameters measured over 4 consecutive contacts per n trials at each gait for 3 Thoroughbred horses

Tendon n Gait Speed (m/s) Strain (%) Stress (MPa) Force (N)

DDF 9 Walk 1.7 0.8 ± 0.2 10.9 ± 0.23 1058 ± 22.7
6 Trot 4.1 1.2 ± 0.3 15.5 ± 0.44 1521 ± 39.7
3 Canter 7.0 2.0 ± 0.1 25.1 ± 0.99 2446 ± 95.9

SDF 10 Walk 1.7 3.6 ± 0.1 45.7 ± 0.98 3802 ± 81.6
7 Trot 4.1 5.6 ± 0.2 71.8 ± 1.96 5971 ± 163
3 Canter 7.0 4.8 ± 0.2 61.7 ± 2.81 5136 ± 233

Values are grand mean ± s.e. and represent average, not peak, loading parameters; DDF = deep digital flexor tendon; SDF = superficial digital flexor tendon;
MPa = megapascals; N = Newtons.

Fig 1: Measurement of tendon length and fascicle length. Tendon length
changes from liquid metal strain gauges (LMSG; thick black line) and
fascicle length changes from sonomicrometry crystals (SONO; grey line)
are shown over 2 consecutive left forelimb contacts. All data are from an
exemplar trotting trial (4.1 m/s) and are shown without ordinates and
units for simplicity. Limb contacts were distinctly marked by signals from
foil strain gauges (HOOF) glued to the dorsal surface of the left forelimb
hoof. Solid vertical lines mark absolute timing of limb stance. Dashed
vertical line marks ‘functional contact time.’ The distinct pattern of the
HOOF signals (spike) was used to mark the beginning of function
contact time labelled ‘functional contact point’ (circle) when the hoof is
in stable contact with the treadmill surface and tendon strain is assumed
to be linear (hoof strain prior to this point indicates reversal of hoof
motion at the end of forward swing prior to hoof contact). The point in
time where the dashed vertical line (left) intersects both LMSG and
SONO signals is shown by the open squares with dashed line cross-hairs.
At these points, measurements of tendon length and fascicle length were
made and used as initial lengths for calculation of tendon strain and
fascicle strain, respectively.
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Discussion

Function of the digital flexor muscle-tendon units

The digital flexors and suspensory apparatus (interosseus muscle,
proximal sesamoid bones and distal sesamoidean ligaments) act in
parallel to support the fetlock joint in standing and during mid-
stance in all gaits (Dyce et al. 1996). The fetlock joint is a key
feature of the specialised distal limb of the horse. It is a hinge that
allows the hoof to align with the ground and stabilise contact; and
is also a key component of the elastic spring system of the limb
(Hildebrand 1987). The SDF is often considered most important
as part of the stay apparatus during passive standing (Swanstrom
et al. 2005) because SDF is composed of predominantly slow
muscle fibres (Hermanson and Cobb 1992). Slow, fatigue resistant
muscle is a metabolically economical method of supplementing
static support (Awan and Goldspink 1972; Burke 2001). It is often
assumed that slow muscle fibres are unable to produce force
rapidly enough to contribute to higher speed running (evidence

from cats, Felis catus: Burke 1978). However, the more prominent
role of the SDF is in locomotion. The suspensory apparatus is
fully capable of supporting static bodyweight passively (i.e. with
no metabolic cost) (Dyce et al. 1996) and does not require
supplement from the SDF. The physiological cross-sectional area
(PCSA) of SDF (indicative of the muscle’s force production
potential) is many-fold greater than necessary to support the
animal during passive standing (Zarucco et al. 2004), suggesting
that this force potential has another purpose. The position of the
limb at mid-stance, in any gait, is similar to that during standing
but the force applied can be much greater. The digital flexors
supplement support of the fetlock during locomotion when the
suspensory apparatus alone is inadequate. The SDF accomplishes
this with economical high force production using its
predominantly slow muscle fibres.

Load on each limb increases with speed as indicated by
increased force of both SDF and DDF muscles and loading of their
tendons (Table 1). The slow fibres of SDF are able to produce this
force rapidly enough because they primarily resist load applied to
the foot by ground contact through isometric (constant length) or
eccentric (lengthening) contraction (activity). This is contrary to
the shortening and positive mechanical work contractions expected
of most limb muscles that power locomotion. Both positive work
(net mechanical energy generated) and negative work (net
mechanical energy absorbed) require metabolic energy
expenditure, although the metabolic investment is lower when
active muscles are lengthened and perform negative mechanical
work (Curtin and Davies 1975; Constable et al. 1997). Stress and
strain were greater in the more gracile SDFT than in the more
robust DDFT at all gaits and speeds studied (Table 1). This
provides enhanced elastic energy storage because strain energy is
the product of stress and strain, therefore maximised when both are
of high magnitude (Fig 2). The distal limb contributes substantial
elastic energy storage (Biewener 1998) particularly in trotting
where potential and kinetic energy of the animal are in phase
(Gellman and Bertram 2002). The gallop is mechanically different
from the bouncing trot. In the gallop (including the slower version
of the gait, the canter), the relationship between potential and
kinetic energy varies over the stride (Minetti et al. 1999) and 
the opportunity to store and return elastic energy from the distal
limb is limited. The sequential 4-beat footfall pattern distinctive 
of the gallop is a strategy to limit energy loss (Ruina 
et al. 2005); elastic energy storage and return from the distal limb
does not appear to be a critical part of gallop function (Pfau et al.
2006). However, due to high limb loading in high-speed

TABLE 2: Distributions of myosin heavy chain (MHC) fibre types from forelimb DDF and SDF muscles of horses 

Fibre type
Muscle MHC-1 (%) MHC-2A (%) MHC-1-2A (%) MHC-2Xb (%) Source

DDF
Humeral head (short) 12.7 83.5 3.8 - Present study*

44 51 - 4 Hermanson and Cobb (1992)a

Humeral head (long) 33 55 - 13 Hermanson and Cobb (1992)a

SDF
44.3 48.1 7.6 - Present study*
54 45 - 1 Hermanson and Cobb (1992)a

MHC-1 (slow, oxidative); MHC-2A (fast, oxidative/glycolytic); MHC-1-2A (slow/fast, hybrid); MHC-2X (fast, glycolytic); *Fibre type from SDS-PAGE analysis on
single, skinned fibres (n = 79 DDF fibres; n = 79 SDF fibres); aFibre type from histochemical and immunocytochemical staining of mid-belly muscle fibres;
bFastest MHC isoform found in horse skeletal muscle.

Fig 2: Bar plot of grand means ± s.e. of peak tendon elastic strain energy
(TEelas) of DDF and SDF insertion tendons with gait and speed for 
3 Thoroughbred horses. Gaits and speeds are the same as presented in
Table 1: walk (1.7 m/s), trot (4.1 m/s) and canter (7.0 m/s). Bars represent
means of 4 consecutive left forelimb contacts averaged over n trials.
Although the material properties of both tendons are virtually identical,
the reduced level of energy storage in the DDF muscle-tendon unit is due
to its architectural robustness and the reduced level of muscular loading.
Number of trials analysed for each gait DDF: n = 9 walk, n = 6 trot and
n = 3 canter. Number of trials analysed for each gait SDF: n = 10 walk, 
n = 7 trot, n = 3 canter.
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locomotion, the digital flexor complex must actively support the
fetlock. Therefore, depending on the gait and speed involved,
substantial digital flexor tendon strain is involved as previously
shown in vivo (Lochner et al. 1980; Stephens et al. 1989;
Riemersma et al. 1996). Exploiting the potential for digital flexor
tendon specialisation to accommodate large peak strains 
and effectively store and return elastic energy during running 
also requires specific muscle architecture and physiology (Ker 
et al. 1988). 

Digital flexor muscle architecture and physiology

The digital flexor complex has remarkably diverse muscle
architecture. The SDF, in mature Thoroughbreds, has extremely
short muscle fibres (3–12 mm) arranged in a multipennate
architecture (Brown et al. 2003). This provides a large PCSA and
high force production (Zarucco et al. 2004) but diminishes the
muscle’s capacity to generate positive mechanical work across the
fetlock joint. Muscles perform positive mechanical work by
shortening while producing force to cause motion at their distal
attachment, thus providing power for locomotion. This is not
possible for the SDF because all of the limited contractile potential
of its extremely short fibres would be absorbed by stretching its
highly compliant tendon. Rather, activity of SDF produces high
force to resist loads externally applied to the limb by bodyweight
as the limb contacts the substrate in locomotion. This is evident in
the isometric and eccentric contraction observed in SDF during
stance, particularly as speed increases beyond the walk.

The DDF is a complex muscle comprising 3 main heads:
humeral, ulnar and radial. In particular, the humeral head makes
up the majority of the DDF muscle mass and is divided into short
and long compartments (Hermanson and Cobb 1992). The short
compartment is relatively small and, contrary to its name, has
extremely long fibres (110–117 mm) (Brown et al. 2003; Zarucco
et al. 2004) arranged in a unipennate architecture with a relatively
small PCSA. The long compartment is more massive, with a large
PCSA due to a multipennate architecture and fibre lengths more
similar to SDF (fibres range from 26 mm in the deeper region to
12 mm superficially (Zarucco et al. 2004).

Thoroughbreds racing at a full gallop approach speeds of 
20 m/s (Leach et al. 1987). To achieve these speeds limb muscles
must produce high force and power with rapid contraction
velocity. Fast muscle fibre types (i.e. containing fast myosin heavy
chain [MHC] isoforms) are glycolytic and fatigue readily.
Combined fibre type analyses reveal that the forelimb DDF
muscle is composed overall of a larger proportion of fast MHC
isoforms than the predominantly slower SDF (Table 2). For
example, despite the similarity in muscle architecture, the long
compartment contains >50% fast MHC-2A fibres and as much as
13% fast MHC-2X fibres (Table 2), the fastest isoform found in
horse muscle. Failure of the SDFT occurs most often as the horse
approaches the end of a race (Palmer 1986), when it is reasonable
to expect that fast fibres recruited in the DDF are fatigued. The
SDF, with its large PCSA and higher proportion of slow fibres, has
the physiological capacity to sustain high force production
activity, even though contracting isometrically or eccentrically.

Distal limb system function and implications for flexor tendon injury

The architectural similarity of the long compartment of the DDF
and the SDF suggests they work synergistically at moderate-to-

fast running speeds. Loadbearing in the DDFT systematically
increases with speed (Table 1) indicating an increased support role
at fast galloping speeds. Fatigue of the fast fibres of DDF will
compromise the muscle’s ability to support the fetlock, increasing
the load on the SDF muscle-tendon unit. The low safety factor of
this long, thin tendon (Ker et al. 1988) brings SDFT dangerously
close to its maximal strain limit. Therefore, although injury to the
core region of SDFT has been attributed to degenerative structural
and material property changes in collagen fibril micromechanics
(Wilmink et al. 1992; Crevier et al. 1996) and matrix composition
(e.g. collagen content, GAG, COMP and water content: Birch 
et al. 2002; Smith et al. 2002; Batson et al. 2003), overloading of
the tendon is probably due to differential fatigue of the digital
flexor muscles. Such a mechanical trigger for SDFT injury is
consistent with fatigue overload suggestions by Webbon (1973).
However, it is not diminished contractile function of the SDF
muscle itself that predisposes SDFT to injury (Webbon 1977;
Takahashi et al. 2004), but rather fatigue of the faster DDF muscle
that leaves the SDFT to bear an overload at high galloping speeds. 

The fetlock joint is supported by a mechanically redundant
system of 3 independent muscles, the DDF, SDF and interosseus.
The interosseus functions as a passive suspensory support; it has
muscle fibres but these are extremely short in the mature horse 
(<1 mm) and represent 10% or less of the muscle’s total cross-
sectional area (Soffler and Hermanson 2006). The SDF retains a
large volume of functional muscle fibres, but their extremely
reduced fibre length means that they are incapable of generating
positive mechanical work. Rather, the large PCSA and
predominance of slower fibres make this muscle economical at
providing high resisting force needed for the SDFT to store and
return elastic energy effectively. It is probable that this role is
more important to economical trotting than it is to high-speed
galloping. The complex DDF muscle shares some functions with
the SDF, but appears to be more important in higher speed
running. It has a higher proportion of faster fibres and a more
robust tendon to apply high magnitude force rapidly in high-speed
galloping. This makes the DDF susceptible to fatiguing, at which
time the role of fetlock support increases for the passive
suspensory apparatus and more fatigue resistant SDF. As a passive
component, the properties of the interosseus are limited and
determined by its architecture. The SDFT is vulnerable to
overloading because it is the only remaining component that can
actively respond to any decrease in DDF contribution. This
scenario is consistent with observation that SDFT ruptures
commonly occur near the end of a race (Peloso et al. 1994), at
longer race distances (Takahashi et al. 2004) and on sloppy track
surfaces (Mohammed et al. 1992). The soft footing of a sloppy
track requires greater energy expenditure in each step
preferentially fatiguing the DDF muscle. Soft footing should not
increase prevalence of SDFT rupture if impact is responsible for
overloading the tendon.

Tendon injuries probably result from several factors and the
pathogenesis of many SDFT lesions may be more complex than
described here. DDFT lesions occur, although much less
frequently and in different regions of the tendon, indicating that
multiple causes of digital flexor tendon rupture exist. Chronic
overuse can lead to decrease in mechanical integrity of any
tendon. One neglected aspect of the distal limb system’s
functional organisation has been described and a hypothesis
proposed that is consistent with new evidence and improved
understanding of in vivo system function. A more complete
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understanding of digital flexor function should help refine
therapeutic procedures and exercise training approaches that
should lead to more effective prevention and treatment of SDFT
injuries in performance horses. The evidence generated in this
study, combined with a variety of material available in the
literature, led directly to the proposed hypothesis. At this time it
remains a hypothesis and future studies are needed for
verification. However, definitive testing of this system will require
an alternative experimental approach and the development of less
invasive technologies than are currently available because of the
sensitivity of horses, especially at higher running speeds when
loading is extreme. 
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