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ABSTRACT

Skeletal muscle is a heterogeneous tissue that exhibits nu-
merous inter- and intramuscular differences (i.e., architec-
ture, fiber composition, and muscle function). An individual
muscle cannot be simplistically described as a compilation
of muscle fibers that span from origin to insertion. In fact,
there are unique differences within a single muscle and
within single muscle fibers with respect to fiber size and
protein composition. Electromyographic data indicate that
there is selective recruitment of different regions of a muscle
that can be altered, depending on the type of exercise per-
formed. Longitudinal resistance-training studies also dem-
onstrate that individual muscles as well as groups of syn-
ergist muscles adapt in a regional-specific manner. The au-
thor speculates that no single exercise can maximize the hy-
pertrophic response of all regions of a particular muscle.
Thus, for maximal hypertrophy of an entire muscle, athletes
(particularly bodybuilders) are justified in incorporating var-
ious exercises that purportedly stimulate growth in a region-
al-specific manner.
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Introduction

Skeletal muscle has the unique ability to adapt in a
very specific manner to different forms of stress.

Specifically, high tension overload (i.e., resistance ex-
ercise, stretch, compensatory hypertrophy) results in
profound changes in muscle mass, muscle fiber size,
and to a lesser extent, muscle fiber number (2, 5, 6, 62,
96, 99). In humans, it is commonly accepted that heavy
resistance training can produce significant skeletal
muscle hypertrophy. Weight training programs for
various sports are currently an integral component of
the overall training scheme and are geared towards
maximizing performance in those respective sports.

However, bodybuilders engage in weight training not
to enhance performance in any meaningful athletic
sense, but to develop a high degree of muscle size,
shape, symmetry, and definition. Minimizing subcu-
taneous fat is important part to a bodybuilder’s phy-
sique. In a contest between bodybuilders, a panel of
judges in essence determines who has the best phy-
sique on the basis of the various criteria listed previ-
ously.

In comparison with other athletes and with sed-
entary individuals, bodybuilders display higher body
weights and limb circumferences (17, 100). However,
muscle fiber size is not always greater in bodybuilders
than in nonbodybuilders (63). In this case, greater
muscle fiber number may account for the larger mus-
cle mass seen in bodybuilders. In addition to empha-
sizing muscle hypertrophy in their training regimens,
bodybuilders also engage in what some popular lay
magazines refer to as isolation or shaping exercises.
The practice of performing different exercises for the
same muscle to alter the appearance or shape of that
particular muscle is common among bodybuilders
(79).

Although commonly accepted by bodybuilders, the
notion that a particular muscle’s overall shape can be
altered via a combination of particular exercises has
not been examined in the scientific literature. However,
I would posit that there exists a plausible theoretical
basis that supports the notion that bodybuilders can
alter the shape of their muscles.

The primary aim of this review is not to list all the
available publications related to the adaptive response
of skeletal muscle to resistance training, but to provide
a theoretical basis for the phenomenon of regional ad-
aptation in skeletal muscle. As a general background,
a brief account will be given of muscle fiber types and
neural, metabolic, hormonal, and cellular adaptations
to resistance training. Subsequently, this review will
focus on evidence that supports the theory that re-
gional adaptation of muscle and muscle fibers can be
induced via resistance training.
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Muscle Fiber Types

Skeletal muscle is a heterogeneous tissue that is com-
posed of 2 basic fiber types: fast-twitch and slow-
twitch. Fiber types have been categorized either on the
basis of pH lability of myofibrillar (myosin) ATPase
reaction (10), glycolytic/oxidative capacities (81), or
myosin heavy chain (MHC) isoform content (9). Ac-
cording to the classification system of Peter et al. (81),
there are 1 slow-twitch and 2 fast-twitch fiber types.
Slow-twitch fibers are referred to as slow, oxidative fi-
bers. These fibers have a slow contraction velocity, low
tension capacity, and high fatigue resistance. Fast-
twitch fibers can be divided into fast oxidative–gly-
colytic (FOG) or fast glycolytic (FG) fibers. FOG fibers
have a high oxidative and glycolytic capacity. FG fibers
have a low oxidative and high glycolytic capacity.
These fibers generate the most tension and have the
fastest contractile velocity, yet they fatigue the quick-
est. An alternative scheme by Brooke and Kaiser (10)
uses the classifiers I, IIa, IIb, and IIc to type muscle
fibers. Staron (92) further delineates fiber types (on the
basis of pH lability of myofibrillar ATPase) into I, Ic,
IIc, IIac, IIa, IIab, and IIb. The various C fibers (Ic, IIc)
represent fibers that have intermediate staining prop-
erties of both the type I and II fibers and that are anal-
ogous to fibers that express both fast and slow MHC
isoforms (92).

It is a common mistake to equate type IIa and IIb
fibers with the FOG and FG fibers, respectively. There
exists substantial overlapping in oxidative potentials
of the IIa and IIb fiber types (84). Also, some fibers
that may be type I fibers through histochemical criteria
may have contractile properties representative of fast
fibers. For example, the human adductor pollicis mus-
cle is composed of 80% type I fibers, yet it exhibits a
fast contractile time (24). Nonetheless, it is generally
true that the type I fibers are the most oxidative,
whereas the IIb fibers are the least.

Perhaps the best method of typing muscle fibers is
via immunocytochemistry or electrophoresis. Interest-
ingly, using these methods, the 3 major fiber types in
humans (I, IIa, IIb) were found to correspond to the
expression of 3 different MHC isoforms: MHCI,
MHCIIa, MHCIIb (92). This is significant in that it is
the MHC composition that determines the rate of
cross-bridge interactions and hence the contractile ve-
locity.

It should be noted that muscle fiber types are dy-
namic entities that can be altered through exercise (96).
Rather than being static, it has been suggested that
muscle fibers fall within a continuum of different
types (i.e., I ↔ IIa ↔ IIab ↔ IIb); however, it has not
been demonstrated that muscle fibers are obligated to
follow this pattern (i.e., to transform a IIb fiber into a
type I fiber, does the fiber need to first express the IIa
MHC isoform?). For instance, rodents that were hind-

limb-suspended and treated with thyroid hormone ex-
pressed combinations of fiber types (e.g., hybrid fibers
that consisted of I/IIb) that were inconsistent with a
fiber type continuum (12). For a complete review of
skeletal muscle fiber types, see Staron (92).

Neural Adaptation

The motor unit serves as the functional unit of the
neuromuscular system (72). In most mammalian skel-
etal muscle, motor units are comprised of a single mo-
tor neuron and the multiple muscle fibers that it in-
nervates. In addition, motor unit populations differ be-
tween muscles (72). In general, small muscles such as
the external rectus of the eye, lumbricals, and inter-
ossei muscles have few muscles per motor unit (;100
or less), whereas larger muscles such as the medial
gastrocnemius can have up to nearly 2,000 muscle fi-
bers per motor unit (25, 54).

According to the size principle of motor unit re-
cruitment, the smallest motor units (i.e., slow-twitch
or type I) are recruited before the larger motor units
(i.e., fast-twitch—type IIa, type IIb) (72). Data derived
via glycogen depletion methods show that both fast
and slow units are scattered in a heterogeneous man-
ner across a muscle. This would suggest that one could
activate a muscle fiber (for instance in a slow motor
unit) while an adjacent fast fiber remains inactive. Fur-
thermore, using glycogen depletion techniques, one
can determine the extent to which certain motor units
are activated depending on the duration and intensity
of exercise. Gollnick et al. (30) had subjects perform
isometric contractions of the quadriceps femoris mus-
cle group. On the basis of the amount of glycogen de-
pleted from a particular fiber type, it was possible to
determine which motor units were preferentially ac-
tivated. They found that at 20% or less of maximal
voluntary contraction (MVC), slow-twitch fibers dem-
onstrated greater glycogen depletion than the fast-
twitch fibers. As the percentage of MVC increased, the
depletion of glycogen in the fast-twitch fibers in-
creased as well. Recent work by Tesch et al. (101) ex-
amined the effects of different loads on glycogen de-
pletion (5 sets of 10 concentric contractions at 3 loads).
At loads as low as 30 to 45% of subjects’ 1 repetition
maximum (1RM) on the knee extension, 40% of type
IIa fibers showed a significant loss of glycogen in the
fibers of the vastus lateralis muscle. At loads of 60%
of 1RM, 70% of these fibers showed a loss. Type IIab
1 IIb fibers showed no loss of glycogen at 30% or 45%
of 1RM; however, approximately 30% of these fibers
showed glycogen loss at 60% of 1RM. Moreover, the
percentage of type I fibers demonstrating glycogen
loss was similar (;35%) at all loads tested.

Thus, it is apparent that loads as low as 30–60% of
MVC can recruit a significant number of fast motor
units. It should be noted that attaining 100% MVC re-
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quires more than complete recruitment of motor units.
In addition, firing rate must be sufficiently high to pro-
duce 100% of MVC. Small muscles such as the first
dorsal interosseus muscle rely primarily on increased
firing frequency to elicit a 100% MVC because all of
its motor units are recruited at 50% of MVC, whereas
a large muscle such as the biceps brachii recruits motor
units up to 88% of MVC (71). There have been few
reports suggesting a reversal of the size principle (i.e.,
fast units recruited before slow units). Apparently,
high-force eccentric actions (74) preferentially recruit
fast units while inhibiting the slow units. Thus, it may
be possible to train oneself to selectively recruit spe-
cific fiber populations, depending on the type of ex-
ercise performed.

The initial increase in strength seen in beginning
weightlifters is likely due to a neural adaptation be-
cause muscle hypertrophy usually does not occur until
4 weeks or later after the commencement of training
(67, 76). Furthermore, the contribution of neural ad-
aptation to strength development is affected by the
complexity of the exercise task (16). Chilibeck et al.
(16) measured gains in strength and lean body mass
over a 20-week training period and found that hyper-
trophy of the upper extremity muscles occurred dur-
ing the first 10 weeks of training, whereas the lower
extremity and trunk muscles did not hypertrophy un-
til the last 10 weeks. The authors believe that for sim-
ple motor tasks such as the biceps curl exercise, early
gains in strength occur concurrently with muscle hy-
pertrophy. On the other hand, the more complex tasks
associated with trunk (e.g., bench press) and leg move-
ments (e.g., leg press) require a longer period for neu-
ral adaptation, thus delaying muscle hypertrophy.

Metabolism

Heavy resistance training relies primarily on the phos-
phagen and glycolytic systems because of the high
power outputs that are generated during this kind of
exercise (20). The type of resistance training performed
can have a profound effect on the energy systems that
are used. The typical bodybuilding workout, which in-
volves multiple sets using variable loads with limited
rest periods (,1 minute), produces much higher levels
of blood lactate than a typical powerlifting session,
which uses lower volumes but higher loads and rest
periods (20, 97). In addition, intramuscular triglycer-
ides are used for energy during short-duration heavy-
resistance exercise (23).

Furthermore, an examination of biochemical
changes within skeletal muscle fibers reveals that re-
sistance training can increase levels of intramuscular
glycogen (65, 98). For instance, 5 months of resistance
training increased muscle glycogen content of the tri-
ceps brachii by 35% (65); cross-sectional data show
that bodybuilders have 50% higher glycogen concen-

tration than their sedentary counterparts (98). Al-
though longitudinal studies (20, 103) show that resis-
tance training has no effect on the intramuscular con-
centration of ATP, phosphocreatine, creatine, and en-
zymes of aerobic or anaerobic metabolism,
cross-sectional data comparing bodybuilders, Olympic
weightlifters, powerlifters, and sedentary men show
differences in muscle enzyme activities (103). Citrate
synthase and 3-OH-acyl-CoA-dehydrogenase (markers
of aerobic metabolism) are lower in bodybuilders,
power lifters, and Olympic weightlifters than in sed-
entary men. On the other hand, lactate dehydrogenase
activity was higher in the strength–power athletes
than in their sedentary counterparts. In comparing dif-
ferent strength–power athletes, bodybuilders have a
higher citrate synthase and myokinase activity within
the fast-twitch fiber population in comparison with
powerlifters and Olympic weightlifters (103).

With regard to metabolic characteristics, it is ap-
parent that the concentration of various aerobic and
anaerobic enzymes is usually sufficient to meet the en-
ergetic demands of heavy resistance training (102). It
should be noted that changes in substrate levels can
be enhanced via dietary supplementation (i.e., crea-
tine), and thus, in addition to one’s training protocol,
the dietary habits of each athlete can influence the met-
abolic characteristics of skeletal muscle (32).

Hormonal Response

The pattern of acute hormonal changes during and af-
ter a resistance training session has been studied ex-
tensively (31, 39, 48, 50–53). It has been theorized that
acute changes in serum hormones (e.g., testosterone,
growth hormone) affect the adaptive response of skel-
etal muscle to resistance training. A training protocol
that involves multiple sets of resistance exercises in-
duces higher levels of growth hormone and testoster-
one in comparison with a single-set protocol (31).
Kraemer et al. (50) demonstrated that Olympic-style
weightlifting can produce increased concentrations of
serum testosterone, cortisol, growth hormone, and
beta-endorphin. In an attempt to parcel out which
training variables most greatly affect acute hormonal
status, Kraemer et al. (53) examined the effects of load
(5 vs. 10RM), rest interval (1 vs. 3 minutes), and total
work on hormonal response in 9 male subjects. These
investigators found that serum testosterone increased
regardless of the kind of training protocol. On the oth-
er hand, serum growth hormone levels were highest
using the protocol that consisted of high total work, 1
minute of rest, and 10RM load. Kraemer et al. (51)
found similar results using both male and female sub-
jects with a protocol that consisted of a 5RM load, 3-
minute rest interval, and lower total work vs. a pro-
tocol that consisted of a 10RM load, 1-minute rest in-
terval, and higher total work. They found that serum
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growth hormone levels were significantly greater at all
time points examined in the 10RM protocol. Thus, it
is apparent that serum testosterone and growth hor-
mone can increase dramatically in response to an
acute bout of resistance training.

However, it is not entirely clear if acute changes in
serum hormone levels are physiologically meaningful
with regard to the hypertrophic response of resis-
tance-trained skeletal muscle. Jensen et al. (43) dem-
onstrated that serum testosterone concentration in-
creased during both endurance and strength training
sessions. In addition, maximal treadmill running, 2
hours of running at 70% of VO2max, 1 hour of running
by middle-distance runners, and marathon running
increased serum testosterone (34, 105, 106), whereas
14 hours of running (107-km race) and 19- and 42-km
kayak races produced a decrease in serum testosterone
(34, 59). It is not known why certain forms of exercise
produce increases in serum testosterone and others do
not.

With regard to a chronic adaptation, serum hor-
mones (i.e., serum testosterone, free testosterone, and
cortisol) in elite endurance athletes (swimmers) and
elite weightlifters did not appreciably change over the
course of 1 year (36). Although there is evidence that
suggests that an acute bout of high-volume resistance
training produces greater increases in serum growth
hormone, it has yet to be demonstrated that this results
in a greater skeletal muscle hypertrophy. Indeed, pro-
tocols that use high weight, low-repetition, low total
work schemes are just as effective in producing gains
in muscle mass as the higher-volume protocols (13, 18,
19, 73).

One could speculate that the transient increase in
serum growth hormone and testosterone is not nec-
essarily related to muscle protein accretion. For in-
stance, aerobic exercise, such as distance running, may
produce a rise in serum testosterone in response to the
high levels of tissue damage. This increase in serum
testosterone may be needed to blunt the degradation
of skeletal muscle tissue. On the other hand, weight
training may not produce the same absolute level of
muscle tissue disruption, and therefore muscle protein
accretion is observed. Or perhaps exercise, aerobic or
resistance, can produce an increase in serum testoster-
one or growth hormone as long as a sufficient amount
of one’s total skeletal muscle mass is activated. At this
point, the physiological significance of serum hormone
changes in response to various exercise protocols is
unclear.

Moreover, a confounding variable with regard to
growth hormone measurements is the technique used
to derive such measures. According to McCall et al.
(70), there is an apparent discrepancy between im-
munoassay-derived growth hormone (IGH) and bio-
assay-derived growth hormone (BGH) measures. Work
by Kraemer et al. (53) has shown that circulating levels

of IGH can increase in response to high-volume resis-
tance training; however, BGH was not determined.
McCall et al. (70) demonstrated that exercise that con-
sisted of unilateral plantar flexions had no effect on
levels of IGH; however, exercise caused a significant
increase in plasma concentrations of BGH. Future
work may need to address the differences in BGH and
IGH response to various resistance training programs.

Compartmentalization of Skeletal Muscle

An individual muscle is more than just a collection of
muscle fibers spanning the entire muscle belly with a
single muscle–nerve interaction. Instead, a muscle can
be divided into neuromuscular compartments, which
are distinct regions of a muscle, each of which is in-
nervated by an individual nerve branch and therefore
contains motor unit territories with a unique set of
characteristics. In other words, different portions of a
muscle may be called into play depending on the task
demands of the situation.

An examination of various strap muscles of the hu-
man lower extremity reveals a compartmentalization
within these muscles. The sartorius, gracilis, biceps fe-
moris, and semitendinosus muscles are each subdivid-
ed into compartments by 1 or more fibrous bands or
inscriptions (107). So rather than having a single mus-
cle fiber spanning the entire muscle, it is apparent that
each compartment must have its own distinct motor
units. Thus, for these muscles to contract smoothly,
there has to be cooperation between these different
compartments. But also, because each compartment
has its own innervation, it is possible that one can se-
lectively recruit a particular region of that muscle.

Moreover, the gracilis and sartorius are composed
of relatively short, in-series fibers (40). This contradicts
a common assumption that muscle fibers span the en-
tire origin to insertion of a muscle. Short in-series fi-
bers can be found to terminate intrafascicularly. Thus,
part of the tensile force from these short fibers is con-
veyed laterally onto surrounding fibers as well as
proximodistally (40). The implications of such an an-
atomical arrangement are unknown with regard to
muscle and muscle fiber hypertrophy. Could the pres-
ence of in-series short fibers contribute in part to re-
gional differences in growth along the length of a mus-
cle?

The distinction between anatomical and functional
characteristics of skeletal muscles is more evident in
other muscles. For instance, the human trapezius mus-
cle is an example of how 1 muscle can basically be
subdivided into 3 distinct functional regions on the
basis of the origin and insertion of the muscle (56, 57).
The upper portion elevates while the lower portion de-
presses the scapula. The midportion of the trapezius
can adduct the scapula. Because each region of the tra-
pezius has distinct attachments, it would make sense
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that specific movements could be performed that em-
phasize those regions. Moreover, there are other mus-
cles (e.g., biceps brachii, extensor carpi radialis longus
[ECRL]) that do not have an anatomical arrangement
that would suggest that there are distinct functional
abilities within that particular muscle, yet these mus-
cles do in fact respond in a region-specific manner (11,
22).

Intermuscular Fiber Type Differences
Although many human muscles contain approximate-
ly 50% fast and 50% slow fibers (28), it is evident that
there are certain muscles that may be primarily fast or
slow. For instance, the paravertebral muscles in hu-
mans are predominantly small-diameter type I fibers
(45, 104). The semitendinosus muscle contains a great-
er proportion (55–60%) of type II than type I fibers
(28). Within the triceps surae, the soleus muscle dem-
onstrates a range of slow fiber percentage from 70–
100% in humans, whereas the gastrocnemius tends to
have a higher percentage of fast fibers than other leg
muscles (44). Thus, it is apparent that in addition to
gross anatomical considerations, fiber type composi-
tion varies between muscles.

The significance of intermuscular fiber type varia-
tion with regard to training is at this point not fully
understood. For instance, should a resistance training
protocol be similar for the induction of hypertrophy
in the slow soleus vs. the fast gastrocnemius? Heavy
resistance training tends to produce hypertrophy of
type I and II fibers; however, type II fibers enlarge
proportionately more than type I fibers (49). Is there a
training protocol that can consistently induce similar
hypertrophy in type I fibers vs. type II? In essence,
should all muscles be trained similarly if the goal is
muscle mass accretion?

Intramuscular Fiber Type Differences
Fiber type differences are also evident within the same
muscle. This regionalization of fiber types suggests
that differing functional demands are placed on dif-
ferent regions of a muscle. According to Punkt et al.
(83), muscle fibers of rat extensor digitorum longus
(EDL) showed increased glycolytic activity near the in-
sertion, whereas the soleus muscle had increased oxi-
dative activity toward the midregion of the muscle.
Along the superficial–deep axes, the oxidative capacity
of all fibers from the soleus and EDL increased. Fur-
thermore, the fiber cross-sectional areas of the soleus
muscle fibers decreased from superficial to deep (83).
Lexell et al. (55) have shown that type I fibers are pre-
dominant in the deeper regions of human vastus la-
teralis muscle, whereas type II fibers are predominant
in the superficial regions. Sola et al. (91) have shown
that there is a greater proportion of slow fibers in the
deep regions of the human latissimus dorsi muscle,

whereas fast fibers predominate superficially. Also, the
fiber type distribution within the fascicles of the hu-
man vastus lateralis muscle show that a high propor-
tion of type IIb fibers are located around the periphery,
a prevalence of type I fibers are found within the fas-
cicle, and type IIa fibers are somewhat uniformly dis-
tributed (80). Furthermore, type II fibers predominate
around the periphery of the fascicles of the human bi-
ceps brachii, deltoid, and quadriceps femoris (66).

The semitendinosus muscle contains more type II
fibers distally than proximally (28). The latissimus
dorsi contains more fast fibers in the anterolateral and
middle segments in comparison to the superior seg-
ment (90), and the short head of the biceps brachii con-
tains a greater percentage of fast-twitch fibers vs. the
long head (21). Furthermore, there is a greater per-
centage of fast-twitch fibers at the insertion of the bi-
ceps brachii (long and short head) and soleus muscles
in comparison to the origin (21).

Intrafascicular fiber type differences suggest that
functional properties of a muscle vary systematically
within that muscle. Sjostrom et al. (89) hypothesize
that muscle fibers on the boundaries of fascicles may
be bound more firmly or at least differently than those
located within the fascicle. Thus, muscle contraction or
stretch impose different physical conditions on differ-
ent fibers depending on their position. Is it possible
that shear forces imposed during muscle contraction
are greater on muscle fibers located at the periphery
of fascicles and therefore cause more myofiber injury?
Would an increase in injury lead to a different adap-
tive response with regard to muscle hypertrophy?

Further, the functional significance of regional dif-
ferences in fiber composition within the same muscle
may be similar to that posited with regard to inter-
muscular fiber type differences. On the basis of the
preponderance of evidence that shows that heavy re-
sistance training induces a preferential hypertrophy of
type II or fast fibers, it would be plausible that a nor-
mal response of skeletal muscle would be to enlarge
in a nonuniform manner. That is, those regions of a
muscle that are predominantly fast-twitch would en-
large proportionately more than those that are slow-
twitch. Thus, is it possible to emphasize particular
kinds of exercise or training protocols (e.g., high vs.
low volume) that could selectively hypertrophy parts
of a muscle and in essence change the shape of that
particular muscle?

Single Fiber Heterogeneity

Single fiber electrophoresis and immunocytochemical
detection reveal that more than 1 MHC isoform can
be expressed within 1 muscle fiber (4, 7, 47). Single
fibers from the biceps brachii muscle coexpress MHC
type I and IIa isoforms as well as a combination of
type IIa and IIb isoforms (47). Interestingly, body-
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builders have a decreased coexpression of fibers with
the IIa/IIb combination in comparison to sedentary in-
dividuals (47). Also, sprint training decreases the in-
cidence of muscle fibers that coexpress the type IIa and
IIb isoforms (4).

The physiological significance of having fibers with
multiple isoforms is unclear. However, differential ex-
pression of MHC isoforms could arise along the length
of a single fiber because of local control of myonuclei.
The DNA unit (or myonuclear domain) represents a
theoretical amount of cytoplasm that each myonucleus
governs (15). Slow muscle fibers have a greater nucle-
us-to-cytoplasm ratio than fast fibers; thus, the DNA
unit is more limited in slow than in fast muscle fibers
(105). After bilateral surgical ablation of the plantaris
and gastrocnemius muscles in the rat (i.e., functional
overload), the soleus muscle demonstrated an in-
creased fiber size and mean myonuclear number in
comparison with intact rats (68). In addition, the ad-
ministration of growth hormone plus insulin-like
growth factor 1 further increased mean fiber size and
myonuclear number above functional overload alone.
Thus, the DNA unit is maintained as a muscle fiber
enlarges (68).

It would seem plausible that different exercises
would stress different parts of a muscle and its muscle
fibers. Perhaps this could alter gene expression within
that particular myonucleus, resulting in the expression
of particular MHC isoforms. Nonetheless, it is evident
that skeletal muscle is heterogeneous between muscles,
within a muscle, and within single muscle fibers.

The notion that a particular resistance exercise will
cause the entire muscle belly to grow in a uniform
manner is at odds with the fact that muscles and mus-
cle fibers are themselves heterogeneous. For instance,
if one’s goal was to induce maximal hypertrophy of
the biceps brachii muscle, could any elbow flexion ex-
ercise achieve this? Would altering the angle of the
shoulder joint affect the adaptive response of the bi-
ceps brachii muscle?

Electromyographic Evidence

There are several studies that have used electromy-
ography (EMG) to determine the action of muscles
surrounding a particular joint. The fact that a muscle
does not have uniform EMG activity during a specific
motion supports the notion that there is a regional-
specific response during an acute bout of exercise.
Whether a regional difference in EMG activity during
an acute bout of exercise leads to regional differences
in muscle hypertrophy is an unproven yet plausible
notion. Nonetheless, it is clear that muscles do not act
in a homogeneous fashion during an acute bout of ex-
ercise.

Barnett et al. (8) examined the effects of different
bench angles and grip widths on muscle activity

around the shoulder. The clavicular head of the pec-
toralis major as well as the long head of the triceps
brachii were more active when using a narrow grip
vs. a wide grip on the bench press. Also, the activity
of the anterior deltoid increases as the degree of trunk
inclination increases (8). Glass and Armstrong (29)
found that the sternal portion of the pectoralis major
is more active during a decline bench press in com-
parison with an incline bench press. There is evidence
that suggests that a free weight bench press at a load
equal to 60% of 1RM results in greater muscle activity
than a machine bench press in the anterior and middle
deltoid muscles (71). This is likely due to the need for
these muscles in stabilization of the shoulder joint dur-
ing a free weight bench press.

Brown et al. (11) showed that when the elbow was
flexed to 1208, the short head was activated more than
the long head of the biceps brachii muscle during su-
pination. The greater the elbow was extended, the
more the long head of the biceps came into play. En-
glish et al. (22) examined the ECRL muscle and found
that when wrist extension was performed, the proxi-
mal ECRL was activated more than the distal ECRL.
However, during radial deviation, only the proximal
ECRL was activated. The distal ECRL is essentially in-
active.

Sarti et al. (87) compared the average EMG activity
of the upper and lower rectus abdominus muscle dur-
ing a curl-up and posterior pelvic tilt exercise. The up-
per rectus abdominus muscle showed significantly
greater activity than the lower rectus abdominus mus-
cle during a curl-up. On the other hand, posterior pel-
vic tilt exercise produced greater activity than the curl-
up in the lower rectus abdominus muscle. The notion
that the lower and upper rectus abdominus muscles
are activated differently in response to different exer-
cises is supported by other investigators (58).

During the squat exercise, the rectus femoris, vas-
tus lateralis, and vastus medialis were more active
than the biceps femoris and semimembranosus mus-
cles, indicating that the squat stresses the quadriceps
muscle group more than the hamstrings (33). Accord-
ing to Signorile et al. (88), the vastus medialis produc-
es the greatest electrical activity during a knee exten-
sion at the same angle as the vastus lateralis and rectus
femoris, approximately 908; however, Gryzlo et al. (33)
found that during short-arc knee extension, the vastus
medialis and lateralis were most active during the last
158 of extension.

Human Resistance Training

Heavy resistance training produces gains in muscle
mass that are primarily due to muscle fiber hypertro-
phy; however, muscle fiber hyperplasia cannot be
ruled out (5, 6, 35, 60–64, 69, 78, 82, 99). The increase
in muscle cross-sectional area is primarily due to pref-
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erential hypertrophy of type II fibers (65, 82, 95, 96);
however, type I fibers have been shown to experience
hypertrophy similar to type II fibers under a low-rep-
etition, high-load training protocol (18). One’s training
status can profoundly affect the adaptive response. In-
dividuals who are already resistance-trained do not
usually make the same gains in muscle mass observed
in untrained individuals (2, 37, 38).

Staron et al. (96) examined 24 untrained women
before and after a 20-week resistance training program
that primarily stressed the muscles of the lower ex-
tremity. These investigators found that all fiber types
increased in cross-sectional area: I (115%), IIa (145%),
IIab 1 IIb (157%). Furthermore, they found a signifi-
cant decrease in the percentage of IIb fibers with an
increase in IIa fibers. The decrease in the percentage
of IIb fibers occurs after only 2 weeks of training in
women and 4 weeks in men (94). This shift from type
IIb to IIa muscle fibers is common with resistance
training (49). In fact, the percentage of IIb fibers can
decrease to ,1% of the total fiber population (95).
Moreover, there is no evidence that resistance training
results in a type II to I shift or vice versa (93).

MacDougall et al. (61, 64) examined the response
of untrained individuals to heavy resistance training
over a 22–26-week period and found significant in-
creases in type I (127–31%) and type II (133–39%)
muscle fiber areas in the triceps brachii. However, a
study of similar duration in elite male and female bod-
ybuilders showed small (p . 0.05) gains in type I
(11.9–6.5%) and type II (1.2–11.4%) fiber areas (2).
However, these competitive bodybuilders had a sig-
nificant increase in whole-muscle cross-sectional area
(1;8%) (2). Upon further inspection of the data from
the study by Alway et al. (2), it is clear that making
conclusions on the basis of grouped data can be highly
misleading. Although most of the subjects had gains
in muscle cross-sectional area of ;8%, 2 subjects ex-
perienced a decrease (23.3%, 211.7%), whereas an-
other had a tremendous increase (119.2%). Thus, there
are distinct differences in the training response that
may be due to factors such as genetics, diet, or drug
use.

A severe limitation of the majority of resistance
training studies is the reliance on data from a single
muscle biopsy. In fact, several studies have shown that
changes in muscle cross-sectional area are incongru-
ous with changes in muscle fiber size. This is due to
region-specific adaptation that a muscle can undergo
in response to resistance training.

Regional Adaptation—Human Resistance
Training

Hisaeda et al. (41) examined college-age women who
performed isotonic knee extension exercise 3 times a
week for 8 weeks. These investigators found a prefer-

ential hypertrophy of the rectus femoris and vastus
lateralis muscles in comparison with the vastus me-
dialis and intermedius muscles. On the other hand,
Narici et al. (77) showed that 8 weeks of isokinetic
knee extensions resulted in preferential hypertrophy
of the vastus medialis and intermedius muscles com-
pared with the vastus lateralis and rectus femoris.

In a long-term study, Narici et al. (75) examined
the effects of 6 months of weight training (unilateral
isotonic knee extensions) on the quadriceps femoris.
Quadriceps cross-sectional area increased ;19% in the
proximal and distal regions but only 13% in the cen-
tral portion of the muscle. There were intermuscular
differences with regard to hypertrophy. The average
increase in muscle cross-sectional area was as follows:
rectus femoris (127.9%), vastus lateralis (119.5%),
vastus medialis (18.7%), and vastus intermedius
(17.4%). Moreover, there was nonuniform hypertrophy
within each muscle. The vastus lateralis and rectus fe-
moris showed the greatest hypertrophy in the distal
region, whereas the vastus intermedius and medialis
muscles demonstrated the greatest growth in the prox-
imal portion. Interestingly, a biopsy taken from the
midregion of the vastus lateralis showed little change
(11.9%, not significant) in mean fiber area.

Ten young adults (5 men and 5 women) performed
leg-extension exercises concentrically with 1 leg and
eccentrically on the other leg (14). They trained 3 times
per week for 20 weeks, doing 4 sets of 10 reps with a
1-minute rest between sets. The cross-sectional area of
the quadriceps muscles was measured at 2 levels: 25%
and 75% of the femur’s length measured from the knee
joint. Both the concentrically and the eccentrically
trained legs produced increases in muscle cross-sec-
tional area (15.1% concentric leg, 14.0% eccentric leg)
but only in the proximal region of the quadriceps fe-
moris muscle, with no change occurring distally. Al-
though it is generally accepted that it is the eccentric
part of a muscle contraction that is essential for
growth, it is apparent that, at least in previously un-
trained persons, concentric contractions alone may
provide a sufficient hypertrophic stimulus.

In a similar study done by Housh et al. (42), pre-
viously untrained male college students were trained
to perform 6 sets of 10 reps of unilateral knee flexion/
extension and elbow flexion/extension of the nondom-
inant limbs concentrically on an isokinetic device 3
times a week for 8 weeks. The contralateral limb
served as the control. The triceps brachii muscle ex-
perienced growth at the proximal and middle levels,
but not distally, with the greatest changes occurring
in the middle. For the quadriceps group, only the rec-
tus femoris (at all 3 levels), the vastus lateralis (middle
level), and vastus intermedius (middle level) increased
in cross-sectional area. For the hamstring muscles, the
biceps femoris (middle level) and the semitendinosus
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(distal level) increased in size with no change in the
semimembranosus.

Other work further confirms that the upper-ex-
tremity muscles enlarge in a nonuniform manner sim-
ilar to lower-extremity muscles (46). Sixteen weeks of
unilateral triceps brachii exercises resulted in signifi-
cant growth in the middle region of the triceps brachii
muscle with no change in the proximal or distal end.
Using male subjects with previous weightlifting ex-
perience, McCall et al. (69) found that 12 weeks of
training (with emphasis on the elbow flexors) revealed
greater increases in cross-sectional area in the biceps
brachii (112.6%) than the brachialis muscle (17.7%).
Interestingly, the triceps brachii muscle (125.1%) in-
creased more than either elbow flexor despite the lack
of emphasis on this muscle.

Roman et al. (85) found that 12 weeks of training
the elbow flexors in elderly men resulted in regional
differences in muscle hypertrophy. The greatest in-
crease in cross-sectional area occurred in the distal
belly of the elbow flexor muscles with little if any
change proximally. These investigators used magnetic
resonance imaging technology to determine muscle
cross-sectional area of the elbow flexors along the en-
tire length of the arm. Interestingly, there was as much
as a 73% difference in cross-sectional area between
two segments 10 mm apart. This would suggest that
the best measure of muscle growth should involve se-
rial cross-sectional area measurements coupled with a
muscle volume measurement. Relying solely on a sin-
gle anatomical cross-sectional area may not accurately
reflect muscle growth and may in fact be an overesti-
mation.

In addition to the data on human subjects, various
animal models of muscle enlargement have verified
that skeletal muscle adapts in a nonuniform manner.
Using the compensatory overload model, Sakuma et
al. (86) demonstrated that type IIb fiber areas in-
creased more in the middle and distal regions of the
plantaris muscle vs. the proximal region. Gardiner et
al. (27) found that in medial gastrocnemius undergo-
ing compensatory growth, type I fibers were largest at
the middle to rostral portion, whereas type II fibers
were largest in the more caudal sections of the muscle.
Stretch overload results in nonuniform increases in
muscle fiber cross-sectional area and muscle fiber
number in the anterior latissimus dorsi muscle (1, 3,
6, 7). Furthermore, the expression of various myosin
isoforms varies between regions of the stretch-en-
larged anterior latissimus dorsi muscle (3, 7).

Limitations of Current Research

It is evident that there are inter- and intramuscular
variations in muscle size and fiber composition. These
differences may be due to differing nerve supplies, ge-
netic influences, or environmental stress (i.e., exercise).

However, exercise (in the form of resistance training)
is the paramount variable that is under the control of
athletes. Although muscle enlargement is primarily
due to increased fiber cross-sectional area, one cannot
rule out de novo fiber formation. It is apparent that
muscle growth is not merely a function of fiber hy-
pertrophy or fiber hyperplasia. In fact, the few studies
that have examined changes in muscle cross-sectional
area and fiber cross-sectional area have produced odd
results. Six months of unilateral isotonic knee exten-
sions resulted in a 20% increase in the vastus lateralis
muscle cross-sectional area, yet mean fiber area in-
creased only 1.9% (75). Conversely, Frontera et al. (26)
showed that 12 weeks of isotonic training of the lower
extremity resulted in a 28% and 34% increase in type
I and II fiber areas, respectively; however, quadriceps
cross-sectional area increased only 11%. It is evident
that relying solely on fiber area data derived from a
single biopsy can grossly over- or underestimate the
true hypertrophic response of a muscle.

Further, it is common to measure muscle cross-sec-
tional area where the circumference is greatest. Yet
even reliance on a single cross-section may not be an
accurate indicator of the hypertrophic response. For in-
stance, resistance training of the elbow flexors pro-
duced no change in type I fiber area of the biceps bra-
chii, a 37% increase in type II fiber area of the biceps
brachii, a 23% increase in the elbow flexor (biceps bra-
chii 1 brachialis) cross-sectional area, and a 14% in-
crease in elbow flexor muscle volume (85). It is appar-
ent that measures of muscle fiber area and muscle
cross-sectional area do not accurately reflect the true
hypertrophy (i.e., changes in volume) of the muscle,
though muscle cross-sectional area measurements are
more accurate indicators of the hypertrophic response
than muscle fiber area data derived from single biop-
sies. Future investigations should include measures of
muscle volume or multiple cross-sectional area mea-
sures of the involved muscle and multiple biopsy sites
for a more accurate picture of a muscle’s adaptive re-
sponse.

Certainly, the complexity of exercise-induced skel-
etal muscle hypertrophy is prodigious. Our current
scientific understanding of the relations between the
musculoskeletal, endocrine, and nervous systems with
regard to the hypertrophic process is in its infancy.
Numerous variables (i.e., age, training status, nutri-
tional habits, drug use, sex, genetic predisposition) are
known to affect the adaptive response of various bio-
logical systems to resistance training. Furthermore, the
multiple variables that need to be accounted for in de-
signing resistance training programs (i.e., repetitions,
sets, exercise selection, exercise order, rest intervals,
training frequency, recovery days) make it extremely
difficult to make comparisons between different train-
ing programs. Thus, one should remain cognizant of
the limitations that exist in the interpretation of the
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available data on the adaptive response to resistance
training.

What Does This All Mean?
Skeletal muscle plasticity is amply demonstrated by
the tremendous hypertrophy observed in resistance-
trained individuals. It is nonetheless apparent that the
adaptive response of skeletal muscle is quite hetero-
geneous. The particular muscle, muscle architecture
(i.e., pennate vs. parallel), muscle fiber type, mode of
contraction, exercise load and volume, training status,
genes, etc. are all factors that affect the adaptive re-
sponse of skeletal muscle.

Isotonic knee extension training produces prefer-
ential hypertrophy of the rectus femoris and vastus
lateralis muscles in comparison with the vastus me-
dialis and intermedius muscles (41, 75). On the other
hand, isokinetic knee extensions resulted in preferen-
tial hypertrophy of the vastus medialis and interme-
dius compared with the rectus femoris and vastus la-
teralis. Are these differences due to the type of con-
traction used during training? The elbow flexors show
greater hypertrophy in the distal vs. proximal region
(85). Would altering the choice of exercise result in a
different adaptive response? Or is the normal response
of muscle to resistance training a nonuniform hyper-
trophy?

The majority of studies have examined the arm and
thigh musculature. These studies have shown that sig-
nificant gains in muscle cross-sectional area occur in
the arm and thigh muscles as a result of a resistance
training program. Anecdotal reports from bodybuild-
ers suggest that certain muscles (e.g., wrist flexors,
plantar flexors) do not respond as well as other mus-
cles (e.g., elbow flexors, knee extensors) to resistance
training. Is there an anatomical or physiological reason
for this alleged difference in response between the dis-
tal and proximal regions of the limb muscles? Or
should all muscles respond similarly regardless of lo-
cation?

We know that the majority of resistance training
studies demonstrate a preferential hypertrophy of type
II fibers. Does that mean that type I fibers do not have
the capacity to attain the same degree of hypertrophy
as do type II fibers? Conversely, there may be resis-
tance training programs that can induce similar or
perhaps superior hypertrophy of type I fibers. Another
factor that may affect muscle growth is the particular
architecture of the muscle. Should all muscles respond
equally regardless of their fiber arrangement (i.e., pen-
nate vs. parallel)?

Conclusion
Skeletal muscle is a complex tissue that shows a pro-
digious capacity for growth. The notion that an indi-
vidual muscle is just a compilation of muscle fibers

that traverse from origin to insertion is simplistic and
egregiously flawed. There are obvious differences be-
tween muscles with regard to size, architecture, and
fiber composition. Moreover, within the same muscle,
one can find regional differences in fiber size and fiber
composition. Within a single fiber, one can find differ-
ences in MHC isoform expression and diameter.

Thus, it would make sense that the response of
skeletal muscle to resistance training would be a non-
uniform hypertrophy. In fact, the idea that a muscle
would respond in a uniform fashion would seem im-
plausible in light of the fact that there are distinct
physiological/anatomical differences within a single
muscle.

The existing studies (both acute and chronic train-
ing) show that within a given muscle, there is not a
homogeneous response with regard to electrical activ-
ity (as measured by EMG), changes in muscle area,
muscle fiber area, or even fiber number. To further our
understanding of skeletal muscle plasticity, future
studies should describe the regional differences in
skeletal muscle with regard to muscle growth and per-
haps elucidate the mechanism(s) behind such differ-
ences.

Practical Applications
I would posit that there is no single best exercise for
inducing hypertrophy of specific skeletal muscles. Nor
has it been shown that there is a single best training
protocol for inducing skeletal muscle hypertrophy. The
designation of a ‘‘hypertrophy phase’’ using the clas-
sical periodization scheme is misleading because low-
repetition, high-load protocols can also induce signif-
icant hypertrophy. The fact that muscle responds in a
nonuniform manner indicates that there may be dif-
ferent recruitment patterns with different exercises
and as such, it would be advisable for bodybuilders to
engage in different exercises to induce hypertrophy of
different regions of a muscle.

On the basis of the limited available data, it would
seem that with regard to the pectoralis major, biceps
brachii, triceps brachii, rectus abdominus, and quad-
riceps femoris muscles, varying exercise selection
should be an integral feature of the bodybuilders’
training program. For other strength–power athletes
(e.g., Olympic-style weightlifters), this may not be as
important because the goals are quite different (i.e.,
performance vs. appearance).
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