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Part I – Training for Muscle Hypertrophy  
          It seems that most athletes, regardless of sport have realized the value of 
resistance training to enhance athletic performance.  However, there still appears to be 
a lot of confusion as to the best way to train to improve muscle hypertrophy (mass), 
strength, and power.  Since each of these characteristics requires a unique adaptation 
by the muscle, the manner in which they are trained should also be different.  Studies 
have shown that the pyramid system of training in which the athlete performs sets with a 
progressively heavier resistance with a corresponding decrease in the number of 
repetitions with the intention of developing mass, strength, and power simultaneously 
within the same workout is much less effective then training each characteristic 
separately within its own cycle in a periodized model.  The purpose of this series of 
articles is to provide an overview of different resistance training protocols that can be 
used to develop muscle mass, strength, and power.  

         Although one of the main goals for athletes in the off-season is to get stronger and 
more powerful, this may not be achieved if the training program does not include cycles 
that focus specifically on increasing muscle mass or muscle hypertrophy.  Morehouse 
(1976) found that a hypertrophied muscle possessed a greater potential to gain strength 
and power than a non-hypertrophied muscle.  Other studies have also indicate that lean 
body mass may be the most important factor for muscular strength and power gains 
(Komi, 1979; Stone et al, 1981).  This may be the result of an increase in the contractile 
properties of the muscle associated with hypertrophy that are then refined during 
strength training, resulting in greater than normal force production.  

Physiological Causes of Hypertrophy  
          When muscles are exposed to a progressive resistance weight-training program 



they must gradually adapt to the new loads that are placed on them otherwise over 
training will occur.  There are several biochemical and structural changes that occur 
within muscles that may result in an increase in the cross-sectional area of individual 
muscle fibers.  They are:  

1) Increase in the number and/or size of the myofibrils per muscle fiber due to an 
additional number of myofilaments (Gordon, 1967; MacDougall, Sale, Elder, Elder, & 
Sutton, 1976).  

2) Increase in the total amount of the contractile protein, particularly in the myosin or 
thick filament of the sarcomere (Gordon, 1967; Penman, 1969; MacDougall et al, 1979).  

3) Increase in the capillary density per muscle fiber (Fox, Bowers, & Foss, 1989).  

4) Possible increase in the amount of sarcoplasm in a muscle fiber (Morehouse & Miller, 
1976).  

5) Increase in the amount and strength of connective, tendinous, and ligamentous 
tissues (Tipton, Matthes, Maynard, & Carey, 1975).  

Hyperplasia and Muscle Hypertrophy  
          It has been suggested that an increase in muscle mass may be the result of a 
process known as hyperplasia.  Hyperplasia is the enlargement of a muscle through an 
increase in the number of muscle fibers.  This theory is based on studies that have 
demonstrated hyperplasia in animal muscles.  Studies using human subjects have not 
supported this theory (MacDougall, Sale, Elder, Elder, & Sutton, 1976; MacDougall & 
Sale, 1984).  

          MacDougall and Sale (1984) investigated the differences in muscle structure of 
the biceps brachii muscle among elite bodybuilders, novice bodybuilders, and untrained 
subjects.  Needle biopsies were used to extract small samples of muscle tissue.  Using 
an electron microscope the number of muscle fibers for a given area was counted.  The 
results of the study showed that the average number of fibers were the same for each 
group although cross-sectional area of the muscle differed. This indicated that 
differences in cross-sectional area were the result of an increase in the size of the 
muscle fibers rather than an increase in the number of fibers.  

Training To Increase Muscle Hypertrophy  
          In order for muscles to be enlarged beyond their normal size, they must be 
exposed to a training stimulus that is sufficient to cause overcompensation in the 
muscle.  Typically high volume, low intensity training is used for this purpose.  

Schmidtbleicher (1992) outlined four programs that could be utilized four times per week 
for 10-12 weeks, to increase muscle mass.  



1) Method one requires the athlete to perform 3-5 sets of 8-10 repetitions at an intensity  
of 80% of 1 repetition maximum (1RM) with a three-minute rest interval.  

2) Method 2 consists of four sets of progressively increasing intensity (70-80- 85-90% of 
1RM) performing repetitions of 12, 10, 7, and 5 respectively with a two-minute rest 
interval.  

3) Method 3 requires an intensity of 60-70% of 1RM for 3-5 sets of 15-20 repetitions 
with a two-minute rest interval.  

4) Method four utilizes an intensity of 85- 95% of 1RM for 3-5 sets of 8-5 repetitions with 
a three-minute rest period.  

          Renowned Soviet biomechanist, Vladimir Zatsiorsky (1995) illustrated how 
training with sub maximal loads, similar to the protocols above, stimulated both the slow 
and fast twitch muscle fibers while training with maximal activates the fast motor units 
exclusively.  For this reason Charles Poliquin recommended that an athlete at some 
point in his/her training should attempt to develop muscle mass in only the fast motor 
units by performing 6-10 sets of approximately 6 repetitions with as heavy as load as 
possible with a 2-3 minute rest between sets.  

          Although many different protocols exist for developing muscle mass, it is 
important to remember that not all athletes respond equally to the same program, 
therefore it is important to experiment to find which protocol works best.  Having multiple 
programs available to the athlete also provides for variety in the workouts, alleviates 
boredom and also minimizing the risk of an athlete reaching a plateau in his/her training.  

In the next article I will examine concepts in strength development.  
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Part II – Training to Improve Muscle Strength  
     In the last newsletter I presented several protocols that are commonly used to 
increase muscle mass.  Keeping with the model of periodization in which strength 
training commonly succeeds the hypertrophy cycle this next article in the three part 
series will examine the many determinates of strength and protocols to maximize its’ 
development.  

     The physical expression of muscular strength is depended upon several factors.  If 
we are interested in improving muscular strength through weight training, it is important 
to be familiar with these factors so that we are better qualified to design and evaluate 
conditioning programs which are appropriate for the specific strength requirements of a 
given sport and the training methods which will yield the best results.  

Determinates of Strength  
     Muscular strength can be defined as the maximal force that a muscle or group of 
muscles can exert against an external resistance during a single effort at a specified 
velocity. Muscles act indirectly to overcome the external force that is placed on them by 
pulling against the bones of the skeletal system causing them to rotate about a joint 
thereby exerting force.  Several muscles act upon a joint in an organized manner to 
produce movement.  They can be classified according to their function during 
movement.  The Prime Mover or Agonist is the muscle that is most responsible for the 
given movement.  The Synergists assist indirectly in the movement increasing control 
and force production.  Antagonist muscles act in the opposite direction of the prime 
mover.  They assist joint stability and control during the movement and are responsible 
for the slowing down of limb speed during rapid movements.  For example, when 
performing a prone bench press the pectoralis major is classified as the prime mover 
however, it receives help from both the front deltoid and the triceps (synergists).  
Activation of the latissimus dorsi (lats) and the biceps help to stabilize the movement.  
Since the primary action of these muscles would be to pull the weight towards the body, 
as during a rowing movement, they play the role of the antagonist.  In order to maximize 
force production during a given movement, the actions of the prime mover, synergists, 
and antagonists must be coordinated.  

     Many other biomechanical and physiological factors also play an important factor in 
strength.  They include the lever system, muscle insertion, changes in moment arm, 
muscle fiber arrangement, muscle cross-sectional area, force-length relationship of 
muscle, force-velocity relationship of muscle, joint angle, and neural control.  

Levers  
     Movement by the body is produced by way of simple machines called levers.  As 



mentioned previously the muscles act upon bones to produce movement about a given 
joint resulting in force production. The amount of force that must be exerted by the 
muscle to overcome a given resistance is dependent upon three factors: the resistance 
(weight), the distance from the joint at which movement is taking place (fulcrum) to the 
resistance, and the distance from the fulcrum to insertion point of the muscle.  

     There are three classes of levers.  Each one is determined by the position of the 
fulcrum in relation to the resistance and the muscle insertion (point of application of 
muscle force).  A first class lever exists when the fulcrum is located between the 
resistance and the muscle insertion (Figure 2-1).  This is the most efficient class of 
lever.  Given a constant resistance, as the distance between the fulcrum and the muscle 
insertion increases in relation to the distance between the fulcrum and the resistance, 
the less force a muscle must exert in order to overcome the resistance.  

 

     An example of a first class lever in the body is located in the head and neck region.  
The muscles at the back of the neck contract causing the head to rotate on the spine 
(fulcrum) and the chin to rise up.  The front part of the skull or face provides the 
resistance in this case.  

     A second-class lever exists when the resistance is located between the fulcrum and 
the muscle insertion (Figure 2-2).  A wheelbarrow is a common example of a second-
class lever.  As the distance between the fulcrum and the muscle insertion increases in 
relation to the distance between the fulcrum and the resistance, the better the 
mechanical advantage and therefore, the less force the muscle must exert.  



 

     A standing calf raise provides an example of a second-class lever in the body.  The 
toes serve as the pivot point (fulcrum) while the calf muscle (gastricnemius) contracts 
allowing the heel to be raised off the floor.  If you follow the line of force provided by the 
resistance, we see that resistance is located between the toes and the muscle.  
 
     A third class lever consists of the muscle insertion being located between the fulcrum 
and the resistance (Figure 2-4).  

 

     Such is the case in the arm during a biceps curl (Figure 2-5).  The biceps brachii 
contracts, causing the bones of the lower arm to rotate about the elbow (fulcrum) in an 
upward direction resulting in flexion of the elbow joint. This results in the lifting of the 
resistance that is held in the hand. Note that the muscle is located between the elbow 
joint and the resistance.  



 

     The distances between the fulcrum and the resistance and the fulcrum and the 
muscle insertion are often referred to as moment arms by biomechanists.  The length of 
the fulcrum-muscle insertion moment arm (Mm) or the fulcrum-resistance moment arm 
(Mr) may differ from one individual to another or during an activity, thereby accounting 
for differences in strength.  

Muscle Insertion  
     Differences in strength levels among athletes may be attributed in part to individual 
variations in the distance of the insertion of a tendon along a bone.  Mechanically 
speaking, athletes whose tendons are inserted on the bone further from the joint center 
should be able to lift heavier weights or require less force to lift a given weight because 
the fulcrum-muscle moment arm is longer; therefore the muscle is able to produce 
greater torque (force) about the joint.  

  The moment arm of the resistance is 11 times greater than that of the moment arm of 
the muscle.  Since the fulcrum-muscle insertion moment arm is shorter than the 
fulcrum-resistance moment arm, the muscle operates at a mechanical advantage of 
1/11, which means that the muscle must exert a force 11 times greater than the 
resistance in order to maintain an isometric contraction.  If the fulcrum-muscle insertion 
moment arm increases, then the force required by the muscle to maintain an isometric 
contraction decreases.  The mechanical advantage that is gained by an increase in the 
fulcrum-muscle insertion moment arm is associated with a loss of maximum speed of 
movement because as the distance of the muscle insertion increases from the joint 
center, the muscle has to contract more in order to make the joint move through a given 
range of motion (Harman, 1994).  

Changes In Moment Arm During Activity  
     During weight lifting exercises, the length of the fulcrum-resistance moment arm, 
expressed as the horizontal distance from the resistance to the joint center (fulcrum) 
varies.  For example during the performance of a biceps curl, at the beginning of the 
movement when the arms are extended downwards and the weight is held at thigh 
level, the horizontal length of the fulcrum-resistance moment arm is relatively small.  As 
the weight is curled upwards, the length of the moment arm increases until a maximum 
length is obtained when the arm is bent at approximately 90 degrees.  The point of the 
movement where the fulcrum-resistance point is maximized is often associated with the 



"sticking point."  As the weight continues to travel upward toward the shoulders, the 
horizontal length of the moment arm begins to decrease therefore; less force must be 
exerted by the biceps to lift the weight.  

Muscle Fiber Arrangements  
     The variations in force measured by a contracting muscle per square centimeter 
have been found to vary (Alexander & Vernon 1975; McDonagh & Davies, 1984).  
These differences may be partly due to the various arrangements of the muscle fibers 
within a given muscle (Harman, 1994).  Muscles are classified according to the 
arrangements of their fibers into one of three groups: parallel fibred or longitudinal, 
fusiform, and pennate.  The pennate group can be further subdivided into unipennate, 
bipennate, and multipennate.  

     In a parallel-fibred or longitudinal muscle, the fibers are arranged so that they run 
parallel to the line of action of the muscle.  The line of action can be defined as the line 
connecting the distal and proximal tendons (Herzog, 19??).  The rectus abdominis 
muscle is an example of a parallel-fibred arrangement. Fusiform muscles are also 
arranged so that their fibers run parallel to the line of action.  This arrangement is found 
in the biceps brachii muscle of the upper arm.  In a pennate muscle the fibers run at a 
line of action to the muscle.  In a unipennate muscles, the fibers run at an angle to the 
line of action but are also arrange so that they run parallel to one another.  The tibialis 
posterior muscle of the lower leg is a unipennate muscle.  In bi and multipennate 
muscle the fibers also run at an angle to the line of action however, there are two or 
more branches of fibers that run in different directions.  An example of bi and 
unipennate muscles is the rectus femoris muscle of the thigh and the deltoid muscles of 
the shoulder, respectively.  

Muscle Cross-Sectional Area  
       If were given a set number of sarcomeres and assumed that each sarcomere takes 
up the same volume and can exert the same amount of force, the manner in which we 
arrange them to form a muscle fiber may effect the strength production of that muscle.  
If we arranged the sarcomeres end to end (in series) so that they formed a long muscle 
fiber, we would expect that muscle to be able to exert force over a long range.  
However, if we arranged the sarcomeres side by side (in parallel) to form a short muscle 
fiber with a larger cross-sectional area, the range in which the fiber could produce force 
would be smaller but the peak force would be greater.  This is because the forces of the 
sarcomeres arranged in parallel would summate resulting in a greater force output.  
Therefore, one could hypothesize that the greater the cross-sectional area of a muscle, 
the greater the force it can generate.  

     This hypothesis was supported by a study by Ikai & Fukunaga (1968) who found that 
the force a muscle could exert might be a function of its cross-sectional area rather than 
its volume.  The results showed that the average strength per unit cross-sectional area 
of the flexor of the upper arm was 6.3 kg/cm2 (standard deviation of +0.81 kg/cm2).  



     Harman (1994) best illustrated the relationship between strength, cross-sectional 
area, and volume in his comparison of athletes of varying heights and mass.  He stated 
that a taller athlete, with the same cross-sectional area of a given muscle as a shorter 
athlete, has a greater mass due to a larger muscle volume (volume=cross-sectional 
area x muscle length).  Since both athletes have the same cross-sectional area, their 
strength levels should be the same.  For this reason shorter football players with a large 
muscle mass, such as running backs, often have a greater strength to body weight ratio 
than the taller heavier players including offensive and defensive linemen.  

Force-Length Relationship of Muscle  
     The force-length relationship of muscle can be defined as the relation between the 
maximal forces a muscle (of fiber, or sarcomere) can produce as a function of its 
length.  This concept was originally described by Blix (1894) and was supported by a 
study done by Gordon, Huxley, and Julian in 1966 using isolated fibers of frog skeletal 
muscle.  They observed that at long sarcomere lengths force production was zero.  As 
the length of the sarcomere became shorter force output increased until a maximum 
output was reached at a sarcomere length between 2.0 and 2.17 micrometers (um).  As 
the length of the sarcomere continued to decrease past this point, force production also 
decreased.  

     The mechanism behind the force-length relationship can be described by the cross-
bridge theory of muscle contraction.  If each cross-bridge is thought to generate the 
same amount of force and that the cross-bridges are arranged at regular intervals along 
the thick filament, it can be concluded that the greater number of cross-bridges attached 
to the thin filament, as a result of the overlap between the thick and thin filaments, the 
greater the force production.  Inversely, the less overlap between the thick and thin 
filaments, the less force produced.  At long sarcomere lengths, the thick and thin 
filaments no longer overlap; therefore no cross-bridges are formed resulting in a force 
production of zero.  

      The decrease in force observed at the shorter sarcomere lengths (below 2.0 um) by 
Gordon, Huxley, and Julian (1966) was originally associated with the double overlap of 
the thin myofilaments resulting in the interference of the cross-bridges causing a 
reduction in force production however, this may not be the case.  Studies by Ruedel and 
Taylor (1971) and Fabiato and Fabiato (1975) have illustrated that the release of Ca2+ 
from the sarcoplasmic reticulum (a system of tubules that surround the muscle 
myofibrils which contain large amounts of calcium (Ca2+) that is important for muscle 
contraction) is dependent upon the length of the sarcomere.  At a shorter sarcomere 
length the release of Ca2+ from the sarcoplasmic reticulum decreases, resulting in the 
incomplete activation of the sarcomere.  

     A recent study by Herzog, Grumaraes, Anton, & Carter-Erdman (1991) on the force-
length properties of intact human rectus femoris muscles of high performance runners 
and skaters\cyclists has suggested that the force-length properties of a given muscle 
may be altered through chronic training.  Runners use the rectus femoris in an 
elongated position during training compared to speed skaters and cyclists.  For this 



reason the researchers hypothesizes that chronic training would change the force-
length relationship of the muscle in order to meet the specific demands of the sport. The 
test results obtained using a Cybex II dynamometer showed that the rectus femoris 
muscles of the runners were stronger at relatively long muscle lengths while cyclists 
were found to be strongest at shorter muscle lengths.  Therefore, the researchers 
concluded that the demands imposed by high performance training are sufficient to alter 
the force-length properties of intact human skeletal muscle.  

Force-Velocity Relationship of Muscle  
     The force-velocity relationship can be defined as the relation between the maximal 
forces a muscle can produce as a function of its instantaneous rate of change in length.  
Hill (1938) originally developed this concept while studying isolated animal muscle.  He 
observed that the force produced by a muscle decreased as the velocity of the 
contraction increased.  Knowing that the speed of contraction for a fast twitch muscle 
fiber is approximately twice as fast as that of a slow twitch (Herzog, 19..).  

     Today the force-velocity properties of human muscle can be tested using an 
isokinetic dynamometer. An isokinetic dynamometer allows us to set the velocity at 
which a given movement will be performed.  For example, by setting the velocity at 60 
degrees/second during a leg extension on a Cybex II isokinetic dynamometer, we are 
able to measure the maximal force an athlete can exert against the leg pad.  By varying 
the speed at which an athlete performs a given movement and measuring the 
corresponding force produced, a force-velocity profile can be determined.  

Joint Angle  
     The angle of the joint through which movement occurs can also effect strength 
production.  There are two primary reasons for this.  First, at any given joint angle the 
length of the horizontal moment arm as measured from the joint center to the resistance 
can vary.  As mentioned earlier, the longer the moment arm, the greater the force that 
must be exerted by the muscle in order to overcome the resistance.  The second reason 
is associated with the force-length relationship of muscle.  Sarcomere length will vary 
with the joint angle.  In general, the greater the joint angle, the longer the sarcomere.  
Inversely, the smaller the joint angle, the shorter the sarcomere length.  Since we know 
that the force production of a sarcomere is a function of the total number of cross-
bridges attached to the thin filament, except at very short sarcomere lengths, we can 
conclude that an individual's strength is greater at shorter sarcomere lengths than 
longer lengths.  

Neural Control  
     Neural factors play a very important role both in the development and the expression 
of strength.  A study by Moritani & DeVries in 1979 demonstrated that much of the 
strength gains that occur during the early stages of training could be attributed to neural 
adaptations rather than hypertrophy.  The two primary neural responses which account 
for the variations in the force production of a given muscle are a variation in the number 
of motor units contracting at a given time, called multiple motor unit summation and 



variations in the synchronization or frequency of contraction of a single motor unit, or 
wave summation (Fox, Bowers, & Foss, 1989).  

Multiple Motor Unit Summation  
     Each individual muscle is made up of thousands of muscle fibers, however there are 
much fewer motor nerves.  In order for each of the muscle fibers to be innervated by a 
motor nerve it is apparent that each nerve must branch out to several fibers.  A single 
motor nerve and all of the muscle fibers it innervates is called a motor unit.  All fibers in 
a motor unit contract maximally, simultaneously, when stimulated by the motor nerve.  It 
is not possible to active only a selected number of muscle fibers in a motor unit.  This is 
known as the All or None Principle.  For example, have you ever gone to pick up an 
object such as an empty box thinking that it was heavier than it really was?  What 
happened?  In most cases the force you generated through your muscles was much 
greater than the force required, resulting in an unexpected, over-exaggerated motion.  
What happens in this situation is that the mind perceives the box as being a certain 
weight.  It then sends information to the muscle via the nervous system as to how many 
motor units and ultimately how many muscle fibers need to be recruited in order to lift 
the box.  Knowing that motor units can only contract maximally when recruited, if the 
weight of the box does not match up with the weight perceived by the mind and the 
corresponding recruitment of motor units, excessive force is applied by the muscle.  

     Multiple motor unit summation refers to the ability of varying force output according 
to the number of motor units that are contracting.  The force produced when only one 
motor unit is contracting is smaller than the force produced if several units are 
contracting simultaneously.  

     The amount of force that a single motor unit can produce is also dependent upon its 
size or the number of muscle fibers included in the unit.  If each muscle fiber is able to 
produce the same amount of force, then it stands to reason that a motor unit that 
contains a greater number of muscle fibers is able to produce more force.  

Wave Summation  
     When a motor unit responds to a single stimulus, a twitch occurs followed by 
relaxation.  If the same motor unit receives a second stimulus before it has completely 
relaxed from the previous twitch, the two twitches summate resulting in a force greater 
than the single twitch.  If stimuli continue at a high enough frequency, the twitches 
continue to summate until they are completely fused.  The force produced during a 
fused contraction may be three to four times greater than that produced by a single 
twitch (Fox, Bowers, & Foss, 1989).  

     In a similar manner, gradients of force produced by a muscle are also dependent 
upon the synchronicity of contraction among motor units within a muscle.  During a 
maximal contraction all of the motor units are simultaneously stimulate at high 
frequency.  This results in the summation of forces within a given muscle.  The degree 
to which the motor units synchronously contract is thought to be improved through 



resistance training (Moritani & deVries, 1979; Sale, MacDougall, McComas & 
McComas, 1983).  

DEVELOPING STRENGTH  
     Although the development of strength and associated protocols for elite level 
athletes is a very complex process, the following protocols    The scientific community is 
fairly unanimous on which methods are best in order to increase strength. A study done 
by Capen (1956) suggested that the use of heavy weights, so that a maximum of five 
repetitions could be performed for three sets, three times per week, was superior for the 
development of muscular strength.  Unfortunately, this study failed to statistically 
establish whether or not training three times per week was significantly superior to 
training twice a week.  

     Berger (1962) examined nine different weight-training programs to determine which 
was most effective for the improvement of strength.  His study was conducted utilizing 
the bench press over a period of twelve weeks.  Subjects were placed into one of the 
training programs that consisted of one, two, or three sets of two, six, and ten 
repetitions.  Each subject trained three times per week.  The results showed that three 
sets of six repetitions, three times per week, was best for improving muscular strength 
in the bench press.  

     From these studies we can conclude that 3-5 sets of 4-6 repetitions, 2 or 3 times per 
week using a resistance which causes momentary muscular fatigue on the final 
repetition, is best for developing muscular strength.  

     Morehouse (1976) stated that a hypertrophied muscle had a greater potential to gain 
strength and power than a non-hypertrophied muscle.  These findings suggested that 
for maximal strength gains to occur, a preparatory phase, emphasizing the development 
of muscle hypertrophy, must precede the strength development program.  
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