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INTRODUCTION TO SOFT TISSUE INJURY
Musculoskeletal soft tissue injuries (strains and sprains) are the most 
common injuries suffered by athletes. In American football, nearly 
70% of all injuries are sprains or strains (Feeley et al., 2008). This 
is not simply an issue of the intermittent play or the extreme contact 
involved in American football, since greater than 60% of all injuries in 
the English Premier League fall into this category as well (Hawkins 
et al., 2001). While musculoskeletal injuries are extremely common 
in elite sports, there have been very few attempts to understand 
the problem, and as a result, advancements in the prevention and 
treatment of these injuries have been slow. However, with the huge 
competitive and financial cost to teams when games are missed due 
to injury, this issue is starting to garner more attention. 

One of the reasons why musculoskeletal injuries are so high in 
elite sport is that in order to optimize performance, athletes have to 
maximize the stiffness of the musculoskeletal system. In endurance 
athletes, stiffness is directly related to their movement economy 
(Jones, 2002). The same thing is true for power athletes, such as 
football players since sprinting speed is directly related to leg stiffness 
(Chelly & Denis, 2001). Therefore, the greater the musculoskeletal 
stiffness, the better the performance. However, as passive stiffness 
rises, so does exercise-induced muscle injury (McHugh et al., 1999). 
Essentially, when the tendon is stiffer than the muscle is strong, the 
protective effect of the tendon is lost and the muscle ruptures. 

The first goal of this Sports Science Exchange is to help develop an 
understanding of how the musculoskeletal system works and why 
injuries occur when there is a breakdown in this system. The second 
goal is to present some data on the types of activity and nutrition that 
can be used to prevent soft tissue injuries or help athletes return to 
play faster. 

BASIC ANATOMY AND MECHANICS OF THE 
MUSCULOSKELETAL SOFT TISSUES
When they are working properly, muscles and tendons form a single 
unit that transfers the force produced in the muscle to the target bone 
with minimal injury. In order for this system to function properly, it 
requires the integration of the contractile proteins of the muscle, the 
intramuscular force transfer apparatus, the intramuscular connective 
tissue, and the tendon. Each of these separate systems plays an 
essential role in the development of force and power as well as the 
health of the muscle.

Muscle produces force when the contractile proteins (myosin and 
actin) cycle in an energy dependent manner (Huxley, 1967). Even 
though myosin and actin are the major players, other proteins are 
needed to hold the structure of the muscle in place (Figure 1). Proteins 
such as titin, nebulin α-actinin, desmin, the muscle LIM protein (MLP) 
and the muscle ankyrin repeat protein (MARP) all serve to make 
sure that the myosin and actin are positioned properly. They also 
ensure that all of the produced force is transmitted along the muscle 
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length as well as toward the sides of the fiber. As would be expected, 
these proteins (especially MARP and MLP) increase with resistance 
exercise to allow better force transfer (Barash et al., 2002, 2004; 
Woolstenhulme et al., 2006).

Even though most people believe that muscle develops force by 
sequential shortening of sarcomeres, in other words transmitting 
force longitudinally, in reality, greater than 80% of the force developed 
in a muscle fiber is transmitted laterally to the intracellular connective 
tissue (Ramaswamy et al., 2011). Lateral transmission has two main 
functions: 1) to transfer the force out of the working fiber so that it can 
continue to shorten; and 2) to bind adjacent fibers together to protect 
them from injury. These two functions make lateral transmission 
essential to performance since this determines the strength and 
power of a muscle as well as the likelihood of injury. Dystrophin is 
the best characterized of the lateral force transmission proteins and 
is well known because when it is mutated or absent in young boys, it 
results in muscular dystrophy, a disease characterized by repeated 
cycles of injury and repair of skeletal muscle. Without dystrophin, 
fibers lose one of the key proteins that binds them together and 
transmits force laterally (Ramaswamy et al., 2011). Therefore, in the 
absence of dystrophin, fibers function independently and when they 
slide relative to one another, this opens holes in the membrane that 
allow calcium to enter and cause degeneration of the fiber (Clafin & 
Brooks, 2008). Even though dystrophin is essential to force transfer, 
in young healthy muscle, dystrophin levels do not change with 
training (Parcell et al., 2009; Woolstenhulme et al., 2006). However, 
without dystrophin, the other primary force transfer protein complex, 
α/β integrin, increases in an attempt to compensate (Liu et al., 2012). 
Like dystrophin, integrins link the actin cytoskeleton on the inside of 
the fiber to the connective tissue on the outside, allowing the transfer 
of force and decreasing muscle injury (Boppart et al., 2006). Unlike 
dystrophin, this mechanical link increases following resistance 
exercise (Ogasawara et al., 2014), improving force transfer and 
making it harder to injure individual fibers.

 

Once the force is transmitted laterally out of the muscle, it is passed 
to the intramuscular connective tissue. Like other connective tissues, 
the intramuscular connective tissue is largely composed of fibrillar 
collagens, elastin and ground substance (Jarvinen et al., 2002). 
Ground substance is the name given to the sugar-coated proteins 
that serve to bring and hold water within the tissue. The most 
abundant protein in connective tissue is collagen and specifically 
type I collagen. Collagen forms the mechanical backbone of the 
intramuscular connective tissue and of the tendons and ligaments 
within our bodies. The strength and stiffness of our connective 
tissues and tendons is therefore determined in part by the amount of 
collagen they contain. However, long thin collagen molecules would 
not be able to transfer force without the chemical crosslinks that 
bind them together (Marturano et al., 2014). Therefore, crosslinks 
between collagen molecules are required for a stiff connective 
tissue that transmits force effectively (Marturano et al., 2014; Reddy 
et al., 2002). In general, there are two kinds of crosslinks: enzymatic 
and non-enzymatic. The enzymatic crosslinks are mostly made by 
lysyl oxidase, a copper-dependent enzyme that links lysine residues 
of adjacent collagen fibers (Kagan & Li, 2003). Non-enzymatic 
crosslinks are also called advanced glycation end products (AGEs), 
since these crosslinks are formed when sugar molecules bind one 
collagen molecule to another. Since sugar is needed to make these 
crosslinks, AGEs are much higher in diabetics (Vlassara & Striker, 
2013) and higher AGEs results in greater stiffness (Reddy et al., 
2002). A practical consequence of this is that diabetics are more 
prone to musculoskeletal injuries (Ilan et al., 2003).

At each end of the muscle, the intramuscular connective tissue 
and the last sarcomeres of the muscle come together to form the 
myotendinous junction (the connection between the muscle and 
tendon) (Figure 2). This structure is one of the most important 
for determining the health of the muscle. There are two primary 
components of the myotendinous junction that protect a muscle 
from injury: invaginations and orientation. The interface between 
the muscle and the tendon is not a smooth/flat transition. Instead, 
finger-like invaginations are present at the interface (Polican Ciena 
et al., 2012). These invaginations serve two important functions that 
are responsible for the strength of this tissue. First, the invaginations 
increase the surface area that connects the muscle and tendon. 
Second, the invaginations mean that the interface is loaded in shear 
and not tension. To explain the difference, consider Velcro®. The 
strength of  Velcro® goes up when you have more loops and hooks 
(increased surface area of attachment) and it is nearly impossible to 
slide  Velcro®  fasteners past each other (load in shear). If instead you 
pull the two pieces directly away from each other (load in tension), 
the connection is much weaker and they come apart. The same is 
true at the myotendinous junction. The second important component 
of the myotendinous junction is its orientation. 

Once the force from the muscle reaches the tendon, a healthy 
tendon transfers this force to the bone. Since muscle and bone are 
so different in their mechanical properties (compliant vs. stiff), this 
simple job (transferring force) is actually quite complex. To transfer 

Figure 1. Force transfer in muscle. A cartoon of a muscle fiber showing the thick and 
thin filaments and their attachments both longitudinally: titin, nebulin, α-actinin, 
muscle ankarin repeat protein (MARP), and muscle LIM protein (MLP), and laterally; 
dystrophin and the dystrophin associated glycoprotein complex (DGC), desmin and 
the integrins. The lateral force transfer proteins connect the cytoskeleton on the 
inside of the cell (β-actin) to the collagen-rich intramuscular connective tissue on 
the outside of the cell.
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the force from a compliant muscle to stiff bone without injury, the 
tendon has to act as a variable mechanical tissue (Figure 3A). This 
means that the tendon is compliant near the muscle and slowly 
becomes stiffer along its length until it nears the bone (Arruda et al., 
2006). This is achieved by varying the orientation and crosslinking 
of the collagen in the tendon. As discussed above, the orientation of 
the collagen changes rapidly at the myotendinous junction. When 
the collagen is not as well aligned it is less stiff since it first must 
align, and second, resist load. Once it aligns, the stiffness increases 
rapidly. Think of a frayed rope. The individual fibers of the frayed 
end have only a fraction of the stiffness of the knitted part, largely 
because they are all oriented in different directions. The second 
reason that tendons are more stiff near the bone is because in this 
region they are more crosslinked (Curwin et al., 1994).  As discussed 
above, crosslinking increases stiffness and since there are more 
crosslinks near the bone than the muscle, stiffness increases as you 
move from muscle to bone (Arruda et al. 2006). Interestingly, when 
a joint is inactive (such as when in a cast), the tendons that cross 
that joint lose the compliant region (Figure 3B) and become stiffer 
(Arruda et al., 2006), likely because crosslinks increase.

The result of the stiffer tendon is that athletes often suffer injuries 
to the associated muscle if they return to play too quickly after 
immobilization.

From the background above, the most important things to take 
away are: 1) stiffer tendons are better for performance but increase 
the risk of injury, 2) lateral transmission of force protects individual 
muscle fibers from injury by linking them to their neighbors, and 3) 
the compliant region of the tendon acts as a shock absorber and 
protects the whole muscle from injury. The next important question 
is, how is the compliant region of the tendon generated?

CELLULAR UNDERPINNING OF GRADED TENDON 
MECHANICS  
As discussed above, tendons have water within them thanks to 
their ground substance. In fact, over 60% of the mass of the tendon 
is water and this has important mechanical effects on the tissue. 
Together, the crosslinked collagen and water mechanically make 
tendons viscoelastic; they behave as both a liquid and an elastic 
solid. What this means for an athlete is that the faster a tendon is 
loaded, the stiffer it acts and the more energy it can store (Figure 
4). To understand this concept, think of yourself at a swimming 
pool. If you are in the shallow end with your hands on the bottom 
and you lower yourself into the water slowly, you barely feel the 
transition from air to water. This is because when you move slowly, 
the water acts more like individual molecules that are easy to move 
through. If instead you run and jump off the side of the pool and 
land on your belly, the water acts more like a sheet of connected 
molecules and as a result seems much stiffer; you feel the entry 
into the water much more, and come out with a red belly. If you go 
to the top of the 3-m diving board, jump off and land on your belly 
the water feels much stiffer still and you are lucky if you don’t end 
up in the hospital. By extension, when velocity is low, tendons work 
more like individual collagen fibrils, whereas at high speeds they 
act as a single unit. This is the likely explanation for how the graded 
mechanics of the tendon are generated and why this is lost during 
inactivity.

During slow movements, collagen molecules within the tendon 
act more independently. At the myotendinous junction (where the 
collagen invaginates with the muscle) (Figure 2), this means that 
the collagen near the muscle is pulled differently than its neighbor, 
resulting in a shear force that likely breaks the crosslinks between 
the adjacent collagen molecules. As the tendon moves closer to the 
bone, the collagen becomes better aligned and the shear stress 
is lost. In this way, active movement breaks crosslinks near the 
muscle, making the tendon less stiff in this region. If this is true, then 
immobilizing the muscle should prevent the breaking of crosslinks 
thus stiffening the muscle end of the tendon, exactly as we see in 
Figure 3. Therefore, the compliant end of the tendon is produced 
when shear forces break crosslinks between collagen molecules. 
This is why slow lengthening contractions are the most effective way 
to treat tendonopathies (Kingma et al., 2007). 

Figure 3. Regional mechanics of tendon. The mechanics of (A) healthy tendon 
or (B) tendon after 5 wk of immobilization. Note that in a healthy tendon, the 
muscle end of the tendon (red) stretches much more than the bone end 
(green), whereas the mid-tendon region shows intermediate mechanics. 
By contrast, after forced inactivity, all regions of the tendon become stiffer. 
Adapted from Arruda et al., 2006.

Figure 2. The myotendinous junction. On the left are the last sarcomeres of 
a muscle and on the right is a collagen-rich tendon. In the middle, fingers of 
collagen interdigitate into the end of the muscle. This increases the surface 
area between the muscle and tendon and means that the interface loads in 
shear, both of which make the interface stronger.
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Slowly moving a heavy weight causes more shear and breaks more 
crosslinks, resulting in the return of the compliant end of the tendon. 

In contrast to slow exercises, during fast movements, collagen 
molecules within the tendon act more as a single unit. As a result, 
the individual fingers of collagen that invaginate into the muscle 
are stiffer, stretch less, and this generates less shear stress and 
breaks fewer crosslinks. In football, where athletes are continuously 
accelerating, decelerating and colliding, the majority of the sport 
is composed of these types of ballistic movements that increase 
the stiffness. This might be why massage and rolling are popular 
with these athletes since massage can decrease passive stiffness 
(Huang et al., 2010). However, incorporating slow movements into 
the training program may have a more beneficial effect in the long 
run.

Regardless of the type of loading the tendon undergoes (fast 
or slow), lysyl oxidase (the enzyme that makes new crosslinks) 
increases more than 20-fold (Heinemeier et al., 2007). The result is 
that with slow movements you break and re-form crosslinks, keeping 
the tendon stiffness about the same, whereas with fast movements 
you add new crosslinks to those that already present in the tissue, 
making the tendon progressively stiffer. This is why high-speed 
ballistic movements are best to build power (Foure et al., 2012, 2013).

TRAINING TO IMPROVE SOFT TISSUE FUNCTION 
For years, scientists, coaches and athletes considered tendons 
and ligaments mechanical bands that did not respond to exercise. 
However, it is now clear that these tissues respond to loading. 
For example, the patellar tendon in the plant leg of fencers and 
badminton players is 20-30% larger than their trail leg (Couppe et 
al., 2008). Since the core collagen in a tendon does not turn over 

between ages 17 and 70 (Heinemeier et al., 2013), this suggests 
that a tendon grows like a tree, adding successive rings of collagen 
that make the structure stronger and more resistant to injury.

Since we can add collagen to our connective tissues, understanding 
how to exercise to increase the synthesis of collagen and improve 
the stiffness of the connective tissue is essential to performance. 
The cells within tendons, ligaments and intramuscular connective 
tissue do not respond to exercise in the same way muscle does. 
Unlike muscle that continues to adapt as long as it is active (Baar, 
2009), connective tissue cells are more like those in bone and rapidly 
shut off following the start of exercise (Paxton et al., 2012). Within 10 
min of starting an activity, the cells in connective tissue begin to turn 
off and are shown to take a full 6 h to become responsive to exercise 
again (Paxton et al., 2012). The result is that, like bone (Burr et al., 
2002), tendons make more collagen and become stronger when they 
are exercised intermittently; 10 min on, 6 h off, 10 min on, and so on 
(Paxton et al., 2012). A second interesting thing about connective 
tissue cells is that neither the load (Heinemeier et al., 2007) nor the 
frequency (i.e., running vs. walking) of loading matters (Paxton et 
al., 2012). Therefore, even small range-of-motion exercises with a 
very light weight are effective at increasing collagen synthesis and 
connective tissue function. This information can be used to prevent 
injury and accelerate return to play following injury: repeated short 
periods of activity that load the connective tissue followed by long 
periods of rest appear to be optimum for connective tissue.

NUTRITIONAL INTERVENTIONS TO IMPROVE SOFT 
TISSUE FUNCTION 
Compared to muscle, the science of nutritional interventions that 
can improve soft tissue function is in its infancy. One paper has 
shown that whey protein can improve tendon function (Farup et 
al., 2014). Other than that, at this point there are no papers that 
have studied the effect of diet on soft tissue in humans. However, 
using a tissue engineered ligament model we have shown that 
certain amino acids and vitamin C can improve collagen synthesis 
(Paxton et al., 2010). The amino acids in question, including proline, 
lysine, hydroxylysine and hydroxyproline, are enriched in gelatin, 
which is made from the tendons and ligaments of cows. We have 
now begun feeding gelatin to athletes and have seen extremely 
positive responses on collagen production and return to play in 
athletes after injury (Shaw & Baar, unpublished). However, larger 
scale clinical trials are needed to determine the effect of gelatin on 
tendon collagen synthesis in people.

Even though it is presently unclear whether specific nutrients can 
positively affect soft tissue function, the physiology of tendons and 
ligaments suggests that nutritional interventions designed to improve 
soft tissue function will need to be performed differently than those 
designed for muscle. Since tendons and ligaments have limited 
blood flow, they get their nutrients though bulk fluid flow. Here, think 
of a sponge that gets wrung out and put into a liquid. As the sponge 
expands, it draws fluid in. The same is true for soft tissues. As they 
are loaded, the fluid moves out and when they relax, fluid is drawn 

 

 
 

Figure 4. Viscoelasticity in tendon. This cartoon depicts how the rate 
that a tendon is loaded changes its mechanics. When a tendon is 
loaded slowly, it is less stiff and stores less energy before it fails than 
the same tendon when it is loaded at a faster rate.
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in from the environment. As a result, the nutrient has to be present 
in the environment before exercise for the loading to deliver it to the 
soft tissue.

SCIENCE-BASED RECOMMENDATIONS FOR TRAINING TO 
MAXIMIZE SOFT TISSUE HEALTH AND PERFORMANCE 
From the background provided above, a series of recommendations 
can be developed to maximize performance and minimize the risk of 
soft tissue injury.

•	 Because of the extreme plyometric load involved in football, 
slow movements should be incorporated into the training 
program during the season to maintain the compliant region of 
the tendon and protect against muscle injury.

•	 To further prevent soft tissue injuries, consider incorporating 
a connective tissue health session into training. This type of 
session would involve 5-10 min of activity targeted to a specific 
area that is prone to injury. For example, wide receivers, 
defensive backs, running backs and linebackers would do a 
session to target the hamstrings, quadriceps and gluteals, 
whereas quarterbacks would target the throwing shoulder. 
These exercises could be done with a light weight and a limited 
range of motion if necessary. The connective tissue health 
session should be performed either 6 h before or after any 
other training.

•	 Preliminary work suggests that 30-60 min before both the 
connective tissue health session and practice, players should 
be encouraged to consume >2 g of gelatin in either liquid or gel 
form. 

•	 In the offseason, more fast movements can be performed in 
the gym since the weekly plyometric load on the athlete is 
much lower at this time of year. However, incorporating some 
slow movements will improve musculoskeletal health as well as 
provide a greater stimulus for the muscle to grow.

•	 Athletes early in the process of recovery from soft tissue 
injury should be encouraged to perform three separate short 
training bouts (5-10 min) spaced 6 h apart throughout the day. 
Incorporating gelatin prior to at least two of these recovery 
sessions may augment collagen synthesis in tendon, ligament, 
cartilage and bone, and accelerate return to play.
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