Lecture Notes

Muscular System – Organ Level
Instructions: Read through the lecture while watching the PowerPoint slide show that accompanies these notes. When you see the <ENTER> prompt, press enter for the slide show so that you can progress through the show in a manner that corresponds to these notes.

SLIDE 1: As always, I want to remind you where we are in the course outline. We are currently in our third lecture topic for the semester – Anatomical Concepts Related to Human Movement. <ENTER>
SLIDE 2: At the beginning of this unit, I stated that the musculoskeletal system operates like a machine in which the skeletal system provides the structure, and the muscular system provides the force. We have finished the Skeletal System, where we learned about the structures – the bone and joints – that make up the machines we use for movement. We are now ready to begin our second topic in Anatomical Concepts Related to Human Movement – the Muscular System. In this topic, we will learn about the force that moves the structure, what factors influence that force, and how the various forces that act on the bones work together to produce fluid and meaningful movement. <ENTER>
SLIDE 3: In this topic, we will cover 3 areas: 

1. Organ Level Structure & Function

2. System Level Structure & Function

3. Injury to the Musculoskeletal System <ENTER>

SLIDE 4: Let’s begin with the organ level of the Muscular System. <ENTER>

SLIDE 5: Before we discuss the muscle organ itself, let’s quickly review the general structure and function of the Muscular System. There are ~ 434 muscles, which comprise about 40-45% of our body weight. Of these 434 muscles, there are about 75 pairs of muscles which we have learned this semester. These 75 pairs are the muscles most directly responsible for performance of motor skills we associate with work, daily living, sport, and exercise. These muscles are organized into muscle compartments. The muscular system utilizes 50% of body’s metabolism, and is controlled by somatic nervous system. <ENTER>

SLIDE 6: Three primary functions are associated with the muscular system. The first function is to provide force/torque for movement – specifically the maintenance of upright posture, body transport, and object manipulation. This function is the one that we will be concerned with in this course. The muscular system also aids in venous return and maintains body temperature. We will not discuss these functions this semester. <ENTER>

SLIDE 7: Now that we have reviewed the general structure and function of the muscular system, let’s begin our discussion of the organ level. What is the organ of the muscular system? Although we do not usually use the word organ to describe a muscle, the individual muscles of the body are the organs of the muscular system. The muscle organ is commonly called the muscle-tendon unit as well. What is important is that you understand that we tend to use the word muscle at three levels in the human body: the tissue level, the organ level, and the system level. It is important that you distinguish between these levels because the functions of each level are different, though inter-related. We will first review the structure of the muscle organ, and then we will discuss the function of the muscle organ. <ENTER>

SLIDE 8: Let’s begin with the structure of the muscle organ. As you recall, earlier this semester, we defined an organ as two or more tissues that perform one or more common functions. Therefore, the muscle organ, by definition, must be composed of at least two types of tissue. Do you know what those tissues are? <ENTER>

SLIDE 9: The first, and probably most obvious, is muscle tissue. There are three types of muscle tissue in the body: skeletal, cardiac, and smooth. The muscle organs of the muscular system are comprised of skeletal muscle tissue. From this point on, when we talk about muscle tissue, understand that we are talking specifically about skeletal muscle tissue. Some of the characteristics of skeletal muscle tissue that we will discuss do not apply to cardiac and smooth muscle tissue. Do you know where cardiac and smooth muscle tissue are located? 

Muscle tissue is also referred to as the active component of the muscle organ because force development in muscle tissue occurs as a result of innervation by the nervous system. In other words, force development occurs as a direct result of stimulation of the tissue itself. As we defined earlier, a tissue is a group of cells with similar structure and function, together with the extracellular substances located between them. Therefore, muscle tissue is comprised of a group of muscle cells, which are often called muscle fibers. Each individual muscle fiber runs the length of the muscle organ. <ENTER> 

SLIDE 10: Muscle fibers are further divided into myofibrils. <ENTER> These myofibrils are comprised of a series of structures called sarcomeres. <ENTER> The sarcomere is the smallest functional unit of muscle tissue. It is at the sarcomere level that the protein myofilaments (actin and myosin) are located <ENTER> and function to produce force as explained by the sliding filament theory. We will not discuss the function of muscle tissue at this level – we will save that for you to learn in Exercise Physiology. However, please know the basic structure of the muscle fiber and that it is at this level that active force is produced in the muscle organ. <ENTER>

SLIDE 11: There are 5 properties of skeletal muscle tissue. <ENTER> Excitability (or irritability) is the ability to respond to chemical stimuli (ACh) by producing electrical signals (action potential). <ENTER> Conductivity is the ability to propagate the action potential along the plasma membrane. <ENTER> Contractility is the ability to shorten in response to a stimulus. It is this property that is unique to muscle tissue, meaning that no other tissue in the body has this ability. In the same way that the strength of connective tissue separated it from other tissues and uniquely suited it for the functions it serves, contractility uniquely suits muscle tissue for the function of generating force to do work. These first three properties are considered electrical properties. The last two properties are mechanical properties of the tissue, and we have learned these before. <ENTER> Muscle tissue is extensible (able to be stretched) and <ENTER> elastic (able to regain shape), thus making it adaptable to the forces that act upon it as well. <ENTER>

SLIDE 12: The second tissue found in the muscle organ is connective tissue (CT). CT is found throughout the muscle organ in 4 structures: the epimysium, the perimysium, the endomysium, and the tendon. The epimysium is the irregular collagenous CT that covers the outside of the entire muscle organ. The epimysium is sometimes called the deep fascia. Within the epimysium are found bundles of muscle fibers. These bundles are called fascicles, and each fascicle is surrounded by another CT covering called the perimysium. Within the bundles are individual muscle fibers that are also surrounded by a CT covering called the endomysium. The epi-, peri-, and endomysiums run parallel to each other and to the muscle fibers. As you can see, the bundling of the muscle fibers to form whole muscle requires significant CT. Therefore, it plays a very important role in muscle function. CT is called the passive component of the muscle organ, because its force production does not occur as a result of nervous stimulation but, as we have learned, because some other force imposes a stretch on the tissue. Therefore, CT can contribute to the total force output of the muscle organ if stretched. In addition to force production, CT stores energy, transfers energy via the tendon to the bone, and provides a pathway for blood vessels and neurons. The fourth structure is the tendon (or aponeurosis) which serves to connect the muscle tissue to the bone. The tendon forms as the epimysium, the perimysium, and the endomysium come together as the muscle fibers end. The CT is a continuous structure that runs the whole length of the muscle organ, from bone to bone, via these 4 structures. <ENTER>
SLIDE 13: Significant amounts of nervous tissue are found in the muscle organ as well, in the form of motor and sensory nerurons, and the sarcolemma. This nervous tissue is also considered a passive component of the muscle organ, but does not contribute directly to force output of the organ, except to conduct the stimulus for active muscle contraction. <ENTER>

SLIDE 14: An individual muscle organ contains anywhere from 40,000 (1st Dorsal interossei) to 1,000,000 (gastrocnemius) muscle fibers. These fibers are organized into 4000-5000 fascicles that contain 10-200 fibers each. An individual muscle fiber may contain up to 8000 myofibrils which run the entire length of the muscle fiber. An individual muscle fiber runs the entire length of the muscle organ, up to 10 cm long. <ENTER>
SLIDE 15: Finally, groups of muscles are contained within compartments that are defined by fascia. These compartments are considered functional groups, and all muscles in a compartment are often innervated by the same nerve (but not always). Examples of compartments for the thigh and lower leg are shown on the slide. The thigh has three muscle compartments: posterior, medial, and anterior. The shank has four compartments: posterior, deep posterior, lateral, and anterior. <ENTER>

SLIDE 16: Let’s now turn to a discussion of the function of the muscle organ itself. <ENTER>

SLIDE 17: The primary function of the muscle organ is to produce force for the purpose of movement, venous return, and body temperature maintenance. As we mentioned, at the tissue level, muscle tissue generates force through shortening, as described by the sliding filament theory. We have also learned this semester that connective tissue can produce force when it is stretched because of its elastic nature and its stiffness. We have just seen that the muscle organ contains both of these tissues. But, how do these two tissues work together to produce force by the entire muscle organ? We will use a model to illustrate force production by the muscle organ, and we will then discuss several factors that affect force output of the muscle organ as a whole. <ENTER>

SLIDE 18: The diagram on the slide is a mechanical model of the whole muscle that was developed in 1934 by A.V. Hill to describe muscle function. According to his model, the muscle organ has three components: the contractile component (CE), the parallel elastic component (PEC), and the series elastic component (SEC). The contractile component generally represents the muscle tissue, the portion of the muscle that converts the stimulation of the nervous system into a force as described by the sliding filament theory. The SEC generally represents the tendinous attachments at either end of the muscle although it would include any elastic tissues in series with the muscle tissue. When the CE produces force, that force is also applied to the SEC. The SEC is stretched and develops its own force, and then transfers that force to the bone. The PEC generally refers to the fascia that surrounds the compartments, the epi-, peri-, and endomysiums, but also refers to any elastic elements that run parallel to the muscle fiber itself. This component does not develop force when the CE produces force, since it is not stretched. However, an external force applied to a muscle which causes the muscle to stretch, produces a stretch in the SEC and PEC, which allows them to develop an elastic force in response to that stretch.  <ENTER>

SLIDE 19: In other words, when the muscle tissue is stimulated to contract or shorten, it produces a force that is applied to the SEC. The SEC then stretches in response to this force application and develops a force of its own, which is then transferred to the bone. If the force that is transferred to the bone produces a torque that is greater than any opposing torques applied to the bone, then the bone rotates in the direction of the applied muscle torque. The entire muscle shortens as the bone moves through the ROM. In this scenario, the PEC does not contribute to the force output of the muscle. If the force that is transferred to the bone produces a torque that is less than any opposing torques applied to the bone, then the bone rotates opposite the direction of the applied muscle torque. The entire muscle lengthens as the bone moves through the ROM. In this scenario, not only are the CE and SEC producing force, but the PEC also gets stretched in the latter portion of the ROM and produces a force of its own. Now that we understand better what is happening at the muscle organ level, let’s examine the factors that affect force output of the muscle organ.

SLIDE 20: There are numerous factors that affect the force output of a muscle. These factors can be grouped into 3 categories: <ENTER> physiological factors, neural factors, and biomechanical factors. We will briefly discuss the physiological and neural factors, and then spend more time discussing the biomechanical factors. There are two physiological factors that we will discuss at the whole muscle level: CSA and fiber type. <ENTER>

SLIDE 21: Cross-sectional area is a measurement of the end-on view of the area at the level at which the section (cut) has been made. <ENTER> It indicates the number of force-generating units (the myofibrils) that are lying in parallel in the muscle. Therefore, the greater the CSA, the more myofibrils that are located in the muscle, the more force that the muscle tissue can produce. CSA accounts for about 50% of the strength that a person has. Obviously, there are other factors that influence the strength output of an individual. CSA can be measured through dissection of cadavers or through use of imaging procedures (ultrasound, CT scan, MRI). <ENTER> CSA can be increased through training, and has been the focus of much of the strength & conditioning research for years. Bigger muscles produce more force. However, bigger muscles also mean more mass and in many sports, this increase in mass can be a detriment to performance. Therefore, more recent research has begun to explore how to increase muscle force output while maintaining muscle mass. The rest of the factors we’ll discuss will address this question. <ENTER>
SLIDE 22: The second physiological factor is muscle fiber type. Although several methods are used to classify muscle fibers, there are basically three types of muscle fibers found in the human body. <ENTER> The Type I (or SO, slow-oxidative) fibers are red muscle fibers that have slow contraction times, low force output, and high endurance capacity. <ENTER> The Type IIa (or FOG – fast-oxidative-glycolytic) fibers are red muscle fibers that have fast contraction times with moderate force output and moderate endurance capacity. <ENTER> The Type IIb (or FG – fast-glycolytic) fibers are white muscle fibers that have fast contraction times with high force output and low endurance capacity. Therefore, a muscle with a large proportion of FG fibers will have greater force capacity than a muscle with a large proportion of SO fibers. The proportion of muscle fibers varies across muscles and across people, therefore, it is another explanation for varying strength levels across individuals. <ENTER> Training cannot alter fiber types; it can only enhance the characteristics of the fiber that exists. However, muscles and people with a high proportion of FOG fibers can train those fibers to resemble either FG or SO fibers in terms of their endurance and force capabilities. Therefore, training can have some effect on the contribution of the FOG fibers to force output of a muscle organ. <ENTER>
SLIDE 23: Percentages of Type I fibers for selected muscles in the body are presented in the table in the diagram. These percentages can vary across people, however, they represent on average the proportion that is found in various human muscles. Can you see a relationship between the percentage of Type I fibers and the general function that that muscle serves? <ENTER>
SLIDE 24: The second group of factors that affect force output of the muscle organ are neural factors. There are two factors that we will discuss here. The first is muscle fiber activation. <ENTER>

SLIDE 25: Obviously, the more muscle fibers we can activate, the greater the maximal force that the muscle can produce. Recruitment of muscle fibers occurs through the recruitment of  individual motor units (MU) rather than individual muscle fibers. <ENTER> A MU consists of a single motor neuron and all the muscle fibers its axon supplies. <ENTER> When a MU is stimulated, all of the muscle fibers in the MU respond by attempting to shorten (All-or-None Principle). <ENTER> All muscle fibers in a MU are of the same muscle fiber type. <ENTER> The number of muscle fibers in a single MU varies from 10 (eye muscles) to 2000 (gastrocnemius), and <ENTER> there are 120-580 MUs per muscle. <ENTER> The size of MU (# of fibers) influences precision and force of movement. A small ratio of muscle fibers to MU is capable of more precise movements while a large ratio is capable of producing more force. <ENTER>

SLIDE 26: The large number of MU per muscle allows us to easily grade our force output to the demands of the task. <ENTER> When a large force output is needed from a muscle, more and more MU are recruited within the muscle, as shown in the diagram on the slide. In the middle of the top graph, the force output is greatest as indicated by the peak on the force-time curve. If you draw a vertical line from this point through the graph below, you can see that at that point in time, all 5 MU are firing. As force drops off, the number of MU that are active decreases as well. <ENTER> There remains some uncertainty about whether individuals can maximally activate their muscles and if not, whether the maximal activation can be enhanced through training. More research needs to be done in this area to determine training effects. <ENTER>

SLIDE 27: The second neural factor is rate of MU activation. If we look at the diagram on the slide, we see that as rate (frequency, or how often) of MU activation increases (red circle) <ENTER>, the force output of the muscle increases (blue circle) <ENTER>. The relationship between force and frequency of MU activation is shown in the bottom graph. As frequency increases (x-axis), the force output increases (y-axis). 

SLIDE 28: Why does this occur? Well, when a single MU is stimulated, it produces what is called a twitch response <ENTER> where it produces force and then relaxes back to its resting state. If the next activation occurs before the force level returns back to its resting state, then the second twitch “chains”  onto the previous twitch, and is able to achieve greater force output. <ENTER> If the MU continues to be activated in this manner, then the force output continues to increase to a maximal point called tetanus. <ENTER> The greater the frequency, the greater tetanic response is. <ENTER> Again, how this response can be enhanced through training is unknown. <ENTER>

SLIDE 29: The third group of factors that affect force output of the muscle organ is biomechanical. There are three factors in this group that we will discuss. The first factor is muscle architecture. <ENTER>

SLIDE 30: The primary feature of muscle architecture that we will examine is the arrangement of the muscle fibers in the muscle organ. Two basic types of fiber arrangements exist: non-pennate and pennate. <ENTER> A non-pennate arrangement is one in which the muscle fibers run parallel to line of pull of the muscle, so that the fiber force is in the direction of the overall muscle force vector. Non-pennate arrangements are also called fusiform or longitudinal arrangements. Examples of non-pennate muscles are the biceps brachii, brachialis, tibialis anterior, and sartorius. <ENTER> Pennate arrangements are ones in which the muscle fibers run diagonally with respect to the line of pull of the muscle, sort of like a feather. The angle that is formed between the line of pull of the muscle and the line of the muscle fibers is called the pennation angle. <ENTER> Pennate muscles are further subdivided into unipennate (fibers run obliquely in one direction), bipennate (fibers run obliquely in two directions) and multipennate (fibers run obliquely in more than 2 directions). Examples of pennate muscles are the semimembranosus, flexor pollicis longus, tibialis posterior, extensor digitorum longus (all unipennate), gastrocnemius, soleus, vastus medialis, vastus lateralis, rectus femoris (all bipennate), deltoid, and gluteus maximus (multipennate). Most muscles in the upper extremity are non-pennate, while most muscles in the lower extremity are pennate. <ENTER>

SLIDE 31: On this slide is a list of pennation angles for some muscles in the body. Pennation angles can be as high as 25°. <ENTER> 

SLIDE 32: The advantage of a pennate arrangement is increased force output. This increased force output is possible because pennation allows for more muscle fibers packed in parallel per volume of muscle, in other words, greater fiber density. <ENTER> This should sound very similar to the idea of increased CSA as discussed earlier. We now need to further refine our definition of CSA. There are two types of CSA that can be measured: anatomical CSA and physiological CSA. The anatomical CSA (ACSA) is the cross-section of the muscle perpendicular to the long axis of the muscle. The physiological CSA (PCSA) is the cross-section in the plane perpendicular to the direction of the muscle fibers. In the non-pennate arrangement, the ACSA (black line) and PCSA (green line) are the same. <ENTER> However, in the pennate arrangement, they are not the same. The ACSA <ENTER> does not provide an accurate reflection of the number of fibers that lie parallel to each other for the pennate muscle, but the PCSA does. <ENTER> This next diagram illustrates the advantage better. <ENTER> If muscle fiber lengths are equal, the pennate arrangement allows the same number of fibers to be packed parallel into a smaller ACSA. Therefore, for a given ACSA, fiber density increases. <ENTER>
SLIDE 33: Although more force is produced by a pennate muscle, not all of the force is transmitted to the tendon – the amount of force transmitted decreases with increases in angles of pennation. Let’s use force vectors to help us better understand this concept. When a non-pennate muscle produces force <ENTER>, all of the force is directed along the line of the tendon, and therefore, all of the force is transferred to the tendon. If a pennate muscle produces the same amount of force <ENTER>, only a percentage of this force is directed along the line of the tendon, as we can illustrate using vector resolution. <ENTER> Only the portion of the force directed along the tendon is transferred to the tendon, which is less than the force exerted at the fiber level. <ENTER> Although this may seem to offset the advantage of increased fiber density, the force advantage gained by the pennate arrangement is greater than the loss of force that occurs due to the same arrangement. 

Vector resolution can also help us understand the advantage that the non-pennate structure. Just as all of the force in the pennate muscle is not transferred to the tendon, neither is all of the fiber length change transferred to the whole muscle either. In a non-pennate muscle, when the muscle fiber contracts and shortens, all of the shortening is transferred to the tendon and, thus, the whole muscle. <ENTER> In a pennate muscle, this total transfer does not occur. <ENTER> Therefore, a non-pennate muscle is able to work through a greater ROM, and because of this, it has an increased velocity of shortening for the fiber and the whole muscle as well. <ENTER>
SLIDE 34: On this slide is a list of anatomical CSAs and PCSAs for the ankle plantar flexors. Pennate muscles have PCSAs that are 2.5-9 times their anatomical CSAs. The larger the pennation angle, the greater the difference between ACSA and PCSA. <ENTER> 

SLIDE 35: In summary, <ENTER> a pennate fiber arrangement increases force output of the muscle because of an increase PCSA for a given volume of space. <ENTER> A non-pennate arrangement allows the muscle to work through a greater range of muscle lengths, which increases ROM about the joint and provides a greater operating range for the muscle. Non-pennate muscles also shorten at higher velocities, potentially producing faster movement speeds for a given segment. <ENTER> Increased pennation angles are an adaptation of muscles to training, so that fiber density can be increased in the muscle. However, no research to date has demonstrated that a specific training protocol can be used to alter pennation angle in a desirable manner. <ENTER>

SLIDE 36: The second biomechanical factor is the force-length relationship. The force-length relationship of the whole muscle is influenced by the force-length relationship of its two tissue components – the muscle tissue and the connective tissue. Before we can understand the force-length relation of the whole muscle, let’s examine the individual components. <ENTER>

SLIDE 37: The diagram on the slide presents the force-length relationship for the muscle fiber. Muscle fibers produce their greatest force at a length slightly greater than resting length – somewhere between 80-120% of resting length. Most muscles in the body operate within this range of lengths. However, when the muscle fiber is shortened to a length that is less than this, force output decreases due to overlap of the myosin and actin filaments which reduces the number of cross-bridges formed. At lengths greater than this range, force output of the fiber also decreases because the myosin and actin filaments are too far apart to allow all CBs to form. <ENTER>

SLIDE 38: Therefore, on this figure, the force-length relationship for the active component of the muscle organ (the muscle tissue is depicted by this curve. <ENTER> <ENTER>

SLIDE 39: This curve <ENTER> represents the force-length relationship for the SEC and PEC components of the muscle. These components develop tension when stretched (due to elastic properties), which assists to stop over-lengthening of the muscles. The force produced by CT depends on velocity of stretch. A greater velocity will result in greater force production by the CT. Force of CT varies across muscles due to differences in CT’s resting lengths and the amount of CT in each muscle. The SEC and PEC contribute ~47% of passive torque produced in the midrange of movement. The other half is produced by the joint capsule. Because the SEC and PEC produce passive force, they can protect joint by resisting at the ends of the ROM when muscle activation is delayed, especially with an unexpected perturbation. <ENTER>

SLIDE 40: This curve <ENTER> represents the total force output of the muscle organ as a function of length. At short lengths, the force produced in the muscle is due only to the active muscle contraction. This force is then transferred to the SEC, which then transfers the force to the bone. At extreme lengths of the muscle, the force in the muscle is almost exclusively elastic or passive. Total force output is maximized at longer muscle lengths due to the elastic contribution, but activation and initiation of movement is difficult because the active component has very low force producing potential. <ENTER>

SLIDE 41: Now let’s consider the practical application for this force-length relationship. The shortest length at which a muscle can produce active force is 60% of resting length. Therefore, a whole muscle can produce force and shorten to ~half its resting length (not including its tendons). The longest length at which a muscle can actively produce force is ~1.5X its resting length, or 160% of resting length. Therefore, the range of lengths that a muscle can actively produce force is ~60-160%. Passive force in the SEC and PEC is developed once a muscle is stretched beyond its resting length, developing force at lengths up to 200% of resting length. At lengths >160%, force production is entirely passive. Maximum force produced by a muscle is the sum of the active and passive components and is produced at ~110-120% of resting length. Most single joint muscles operate well within this range of 60-160% of resting length. <ENTER>

SLIDE 42: However, multijoint muscles (muscles that span more than one joint) are not constrained to operate within this range. They do not shorten below 60% but are much more susceptible to being placed in very shortened positions where force output can be severely compromised. Multijoint muscles are also able to reach lengths of >160%, where they can develop greater force than they would be able to with the active tissue. Therefore, multijoint muscles have unique advantages and disadvantages in their contribution to human movement. We will discuss these a little later. <ENTER>

SLIDE 43: The third biomechanical factor is the force-velocity relationship. Let’s examine how muscle force is influenced by the speed of shortening of the muscle fiber. <ENTER>

SLIDE 44: In a concentric muscle action where the muscle fibers shorten to produce force, force output decreases as velocity of shortening increases. Maximum force is generated at zero velocity (isometric muscle action) and maximum velocity occurs at zero load. Zero load is never achieved because of the weight of the limb that must be lifted. The mechanism behind this has to do with the cycling rate of cross-bridges. As the velocity of shortening increases, fewer cross-bridges are attached at one time, resulting in less force production. At zero velocity, the largest number of cross-bridges are attached. In an eccentric muscle action where the muscle fibers lengthen while  producing force, the force that the muscle fibers can produce increases with increasing velocity, up to 110-180% of the force produced isometrically. This occurs because the elasticiy of the muscle fibers and the PEC assoicated with the muscle fibers allows the tissue to produce force while being stretched. As mentioned earlier, this elastic force increases as stretch velocity increases. This increase in force continues until velocity reaches a point where muscle can no longer control the movement. You must be careful not to confuse contraction speed with movement speed. The relationship discussed here refers to contraction speed, not movement speed. While movement speed can parallel contraction speed, there are also instances where these two do not parallel each other. For example, if you choose to contract your muscles isometrically, with no visible movement of the limb, you may choose to contract your muscles very quickly or very slowly. The force output associated with these contractions will differ, though the movement velocity of your limb is the same in both cases – zero.  <ENTER>

SLIDE 45: We have now discussed 7 factors that have been identified as determinants of muscle force output at the organ level. The extent to which each of these factors can be altered with training remains to be seen, but research offers future promise that effective alternative training techniques can be developed. <ENTER>

SLIDE 45: In summary, the muscle organ is comprised of two types of tissue - connective tissue and muscle tissue - both of which contribute significantly to the force output of the muscle organ. At the organ level, we have identified numerous factors that affect force output of the muscle organ. Historically, strength & power training have focused on increasing the size of the muscle (CSA) to increase muscle strength, but more recent research has explored how to alter these other factors through training in a manner that would enhance muscle strength without the disadvantages that occur with increased muscle size. While much research remains to be done in this area, identification of these factors allows us to better understand muscle strength and explore alternative training methods that may be effective in increasing muscle strength. <ENTER>
