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Abstract The popularity of resistance training has grown immensely over the past 25

years, with extensive research demonstrating that not only is resistance training an
effective method to improve neuromuscular function, it can also be equally
effective in maintaining or improving individual health status. However, design-
ing a resistance training programme is a complex process that incorporates several
acute programme variables and key training principles. The effectiveness of a
resistance training programme to achieve a specific training outcome (i.e. muscu-
lar endurance, hypertrophy, maximal strength, or power) depends on manipula-
tion of the acute programme variables, these include: (i) muscle action; (ii)
loading and volume; (iii) exercise selection and order; (iv) rest periods; (V)
repetition velocity; and (vi) frequency. Ultimately, it is the acute programme
variables, all of which affect the degree of the resistance training stimuli, that
determine the magnitude to which the neuromuscular, neuroendocrine and muscu-
loskeletal systems adapt to both acute and chronic resistance exercise. This article
reviews the available research that has examined the application of the acute
programme variables and their influence on exercise performance and training
adaptations. The concepts presented in this article represent an important
approach to effective programme design. Therefore, it is essential for those
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involved with the prescription of resistance exercise (i.e. strength coaches, reha-
bilitation specialists, exercise physiologists) to acquire a fundamental understand-
ing of the acute programme variables and the importance of their practical
application in programme design.

Resistance training, also known as strength or
weight training, is well established as an effective
method of exercise for developing muscular fitness
(i.e. the ability to generate muscle force).['! Fleck
and Kraemer!?! describe the primary goals of resis-
tance training as improving muscular strength and
endurance, while other health-related benefits de-
rived from resistance training include increases in
bone mass, reduced blood pressure, increase muscle
and connective tissue cross-sectional area (CSA),
reduced body fat, and it may relieve low back
pain.’! Although modern technology has reduced
much of the need for high levels of force production
during activities of daily living, it is recognised in
both the scientific and medical communities that
muscular strength is a fundamental physical trait
necessary for health, functional ability, and en-
hanced quality of life.[ Therefore, exercise-induced
skeletal muscle growth (muscular hypertrophy) and
accompanying gains in strength expression (neuro-
muscular adaptations) are areas of interest not only
for the competitive athlete wishing to enhance per-
formance, but also for non-competitive individuals
who simply wish to alter their body composition or
increase their capacity to perform tasks requiring
muscular effort. Research over the past 50 years has
utilised various forms of resistance training (i.e.
single vs multiple sets, concentric vs eccentric ac-
tions, isolation vs compound movements) in order to
maximise such development.['>-1% This has seen the
incorporation of scientific literature with practical
application, offering a greater understanding of re-
sistance training programme design for the many
practitioners currently involved in the prescription
of resistance exercise. Proper programme design is
essential to maximise the benefits associated with
resistance training.”’) Thus, the purpose of this litera-
ture review is to provide recommendations for the
practical application of the acute programme vari-
ables and how they relate to programme design. In
addition, we outline several aspects of the adapta-
tions associated with resistance training.
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1. Resistance Training
Programme Design

Designing a resistance training programme is a
complex process incorporating several acute pro-
gramme variables!'" and key training principles!
(figure 1). Historically, programme design has been
more of an art than a science, yet science remains a
vital part of the process, as prescription of any
exercise requires an understanding of the underlying
scientific principles involved. Several key training
principles govern safe and effective resistance train-
ing programme design, including overload, specific-
ity, adaptation, progression, individualisation and
maintenance.?! When prescribing resistance exer-
cise, one must decide what constitutes an optimal
balance of these factors while considering the indi-
vidual’s current level of condition, trainable strength
characteristics and personal goals.!']

2. Acute Programme Variables

The effectiveness of a resistance training pro-
gramme to achieve a specific training outcome de-
pends on several acute programme variables,*!! all
of which affect the degree of the resistance training
stimuli (table I). From the pioneering work of De-
Lorme,P! and DeLorme and Watkins,!'?! the concept
of progressive overload has become the foundation
of resistance training programme design. Their work
describes the classic programme variables of load,
frequency, duration and intensity, which have been
the cornerstone to achieve such overload. Krae-
mer'!! redefined the programme variables to better
describe how such variables are manipulated during
a workout in order to bring about the desired training
adaptation. More specifically, the redefined acute
programme variables included: (i) repetition maxi-
mum (RM) load; (ii) number of sets; (iii) choice of
exercise; (iv) order of exercises; and (v) rest periods.
A recently published position stand by the American
College of Sports Medicine!*! followed revision of
the above programme variables. The revised acute

Sports Med 2005; 35 (10)
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Resistance exercise prescription

Proper programme design

Acute programme variables

Key training principles

Muscle action Rest periods Overload Specificity
Loading and volume Repetition velocity Progression Individualisation
Ex selection and order Frequency Adaptation Maintenance

Specific training outcome

Varied ex order
30-60 sec btn sets and ex
1:0:1 tempo
2-3 d/wk

Large to small muscles
1-2 min btn sets and ex
2:1:2tempo
3-5 d/wk

Large to small muscles
3-5 min btn sets and ex
1:1:1tempo
3-5 d/wk

Muscular endurance Hypertrophy Maximal strength Power
ECC:CON ECC:1SO: CON ECC:1SO: CON ECC :CON
1-3 sets x 15-20RM 4-6 sets x 8-15RM 3-5 sets x 3-8RM 3-5 sets x 1-3RM
Single and multi-joint ex Single and multi-joint ex Single and multi-joint ex Multi-joint ex

Large to small muscles
5-8 min btn sets and ex
Explosive tempo
4-6 d/wk

Fig. 1. Proper programme design of resistance exercise for specific training outcomes incorporates the acute programme variables and key
training principles.>*4'" btn = between; CON = concentric; ECC = eccentric; ex = exercise; ISO = isometric; RM = repetition maximum.

programme variables are as follows: (i) muscle ac-
tion; (ii) loading and volume; (iii) exercise selection
and order; (iv) rest periods; (v) repetition velocity;
and (vi) frequency.

2.1 Muscle Action

Most resistance training programmes include dy-
namic repetitions of concentric (CON) and eccentric
(ECC) muscle actions, with isometric muscle ac-
tions suggested to play a secondary stabilising
role.ll Several training studies have demonstrated
that dynamic muscular strength and morphological
changes in muscle have been greatest when both
CON and ECC actions are used in a resistance
training programme.!'3 13! Furthermore, data pre-
sented by Kraemer et al.?!l and Durand et al.l*”!

© 2005 Adis Data Information BV. All rights reserved.

indicate that acute hormonal response is associated
with the specific muscle action used in acute resis-
tance exercise. Growth hormone (GH) secretion is
specific to the muscle action used during acute resis-
tance exercise, with CON actions producing a
greater GH response.l?"??l Collectively, these data
suggest that training should involve both CON and
ECC muscle actions.

2.2 Loading and Volume

Alterations of training load and volume have
been shown to affect hormonal,?32! neural?¢-281 and
hypertrophic!”-102°! responses and subsequent adap-
tations to resistance training. TanP" suggests that
the interplay between load and volume is the critical
factor in determining the optimal range of training

Sports Med 2005; 35 (10)
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= 3-5 sets per

multi-joint; mod

= 2—4 sets per exercise; MJ =

large muscle mass; low

isometric; Ige =

4-6 sets per exercise; 1ISO =

eccentric; high =

CON = concentric; ECC

repetition maximum; SJ = single-joint; sml = small muscle mass.

exercise; RM

stimuli in order to promote the neuromuscular adap-
tations associated with resistance training.

Load refers to the amount of weight assigned to
an exercise set’®! and is probably the most important
variable in resistance training programme design.?!
The training load can be determined by either RM
(i.e. the greatest amount of weight lifted with correct
technique for a specified number of repetitions) or
some percentage of the one repetition maximum
(1IRM).B! Prescribing load via the RM method is
thought to be superior to using a percentage of
1RM.[130331 From a practical perspective this elimi-
nates the need for repeated 1RM testing to keep the
exercise stimulus effective. It is recommended that
training load is increased by 2—10% when the indi-
vidual can perform the current load for one to two
repetitions over the desired number.[* The RM con-
tinuum relates training load to the broad training
effects derived.””! The continuum concept illustrates
that a certain RM emphasises a specific outcome
(i.e. muscular endurance, hypertrophy, maximum
strength, power); however, training benefits are
blended at any given RM.3! Heavy loads are used if
the goal is power (1-3RM) or maximum strength
(3-8RM), moderate loads for hypertrophy
(8—=15RM), and low loads for muscular endurance
(>20RM).!

Volume describes the total amount of work per-
formed within a training session,?! and is typically
calculated as: (i) total repetitions (sets X repeti-
tions);** or (ii) volume load (sets X repetitions X
resistance).[*! Training volume is prescribed in terms
of the number of repetitions per set, number of sets
per session, and the number of sessions per week.!
The importance of training volume for maximal
strength and muscle size gains during the early
phases of resistance training have been previously
demonstrated.!!41633]

A meta-analysis by Rhea and co-workers!*®! re-
vealed that untrained individuals experience maxi-
mal strength gains with a mean training intensity of
=]12RM, while in trained individuals, =<8RM elicits
the greatest strength increase. Additionally, effect
size data clearly demonstrate that additional strength
increases accompany training beyond single-set pro-
tocols, with both untrained and trained individuals
experiencing greatest gains (approximately twice
the treatment effect of single sets) with a mean

Sports Med 2005; 35 (10)
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training volume of four sets per muscle group.
Therefore, resistance training programmes targeting
muscular strength and hypertrophy are best served
by moderate to heavy loads (6—15RM) and moderate
volume (3—4 sets per exercise).!!63)

2.3 Exercise Selection and Order for a
Specific Outcome

Exercise selection involves choosing exercises
for a resistance training programme.’!! Several
terms have been suggested for exercise classifica-
tion, including primary or assistance, structural or
body-part, and multi-joint or single-joint,>!!! all of
which are based on the size of the muscle area
involved. Single-joint exercises (e.g. leg extension,
bicep curl, pec deck) are often used to isolate specif-
ic muscle groups!!! and may pose a lesser risk of
injury because of the reduced level of skill and
technique involved.” However, multi-joint exer-
cises (e.g. power clean, squats, deadlifts) are more
neurally demanding®® and generally regarded as
most effective for increasing overall muscular
strength because they enable a greater weight to be
lifted.!! The literature indicate that both single- and
multiple-joint exercises are effective for increasing
muscular strength and hypertrophy,!'>1%17] there-
fore, both should be incorporated into the resistance
training programme design.

Exercise order refers to a sequence of resistance
exercises performed during one training session.3!)
Traditionally, exercises involving large muscle
mass (multi-joint) are performed first, followed by
exercises involving small muscle mass (single-
joint).["! The rationale behind this exercise order is
that large muscle mass exercises performed in the
beginning of the workout are more intense and re-
quire higher total energy expenditure than small
muscle mass exercises.*”) Furthermore, exercising
larger muscle groups first has been theorised to
provide a greater training stimulus to all the muscles
involved in an exercise,?33% which may offer
greater potential for tissue remodelling.

Sforzo and Touey!*®! examined the effect on mus-
cular performance of manipulating exercise order in
weight-trained men. The order of exercises pro-
gressed from large muscle mass (structural) to small
muscle mass (body-part) exercises (i.e. squat, leg
extension, leg flexion, bench press, military press,

© 2005 Adis Data Information BV. All rights reserved.

tricep pushdown) and vice versa (tricep pushdown,
military press, bench press, leg flexion, leg exten-
sion, squat). Significant main effects indicated that
the squat and tricep pushdown were significantly
better when executed first in the workout. Complet-
ing squats or tricep pushdowns at the beginning
produced 25% greater total force over four sets
compared with doing them later in the workout.
Additionally, when the exercise order went from
body-part to structural, a 61% decline in cumulative
bench press total force production across four sets
was recorded, when compared with structural to
body-part. These findings indicate that executing
large muscle mass exercises prior to small muscle
mass exercises maximises the total resistance lifted
during the exercise bout.

The relevance of these findings is the contention
that recruitment of a greater number of muscle fib-
res, due to increased total resistance lifted, may
enhance hormone-tissue interaction with a larger
percentage of the total muscle mass. Performing
large muscle mass, multi-joint exercises early in the
workout has been shown to produce significant ele-
vations in anabolic hormones.?*#% Kraemer and
Ratamess!*!! propose that such a response may po-
tentially expose smaller muscles to a greater re-
sponse than that resulting from performing small
muscle mass exercises only.

2.4 Rest Periods

The time dedicated to recovery between sets and
exercises is termed the rest period.l*! The length of
the rest period is dependent on the training goal, the
relative load lifted, and the training status of the
individual. However, Fleck and Kraemer™ point out
that this variable is often overlooked in resistance
exercise prescription. The rest period is a primary
determinant of the overall intensity,'!) as rest period
length is strongly related to the load lifted.[*!! More-
over, it affects metabolic and hormonal demands,*?!
as well as performance of subsequent sets.[*3! The
rest period length not only determines how much of
the adenosine triphosphate (ATP)-phosphocreatine
(PCr) energy source is recovered?® but also how
high lactate concentrations increase in the
blood.[*#31 Both ATP and PCr resynthesis should be
complete in 3—5 minutes.[346]

Sports Med 2005; 35 (10)
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Kraemer and co-workers!*?! examined the influ-
ence of rest period length on blood lactate, hormone
concentrations, and metabolic responses to an acute
bout of resistance exercise in young men and wo-
men. They used two distinctly different complete-
body heavy-resistance exercise routines: protocol 1
(P-1) consisted of SRM loads with 3-minute rest
periods, while protocol 2 (P-2) was a I0RM-based
workout with 1-minute rest periods. Whereas both
protocols develop strength, P-2 is typical of that
used by bodybuilders for increases in muscular hy-
pertrophy.* P-2 (10RM; 1-minute rest periods)
proved to be more demanding, with significantly
greater total work (J) and blood lactate concentra-
tions. Additionally, the more anaerobic P-2 routine
produced a clear and sustained increase in the ana-
bolic hormones (testosterone and GH). The authors
concluded that the combined effects of a higher
volume, shorter rest periods and moderate intensity
provide a more favourable hormonal milieu for pro-
moting skeletal muscle growth.#?!

Therefore, when prescribing rest periods, if the
resistance exercise programme is designed for pow-
er then 5—-8 minutes is necessary, while 3—5 minutes
is required for maximal strength.?>#71 If the pro-
gramme is designed for muscular hypertrophy,
shorter rest periods of 1-2 minutes are pre-
scribed.!?#?! Finally, if the goal is muscular endur-
ance, rest periods of 30—-60 seconds are used.*?”

2.5 Repetition Velocity

Interestingly, few studies have investigated the
effects of different velocities utilising isotonic
equipment, with the majority of literature citing
isokinetic protocols. However, in the context of this
article, the practical application of isotonic training
is most pertinent as this is the most commonly
available form of resistance exercise.[*8! MacDou-
gall!¥ states that the magnitude of the hypertrophy
response depends not only on the intensity of exer-
cise but also on the length of time that the muscle is
under tension. Therefore, the recommended ‘gold
standard” for repetition velocity as outlined by
Westcott et al.*1is a 2 : 1 : 4 cadence (2 sec CON;
1 sec pause; 4 sec ECC). Theoretically, such a
cadence should maximise muscle tension, and may
result in greater strength and hypertrophic adapta-
tions. This contention is supported, in part, by the

© 2005 Adis Data Information BV. All rights reserved.

findings of Keeler and colleagues!'”! who report that
performing one set of 8-12 repetitions at a slow
velocity (2 sec CON; 4 sec ECC) compared with
super slow velocity (10 sec CON; 5 sec ECC) result-
ed in significantly greater strength gains (39% vs
15%, respectively). Furthermore, moderate (2 sec
CON; 2 sec ECC) and fast (1 sec CON; 1 sec ECC)
velocities have been shown to maximise hormone
response!?’! and result in significantly greater meta-
bolic cost (155 + 28 kcal vs 107 *+ 20 kcal) than
super slow (10 sec CON; 4 sec ECC) protocols."!
Generally, it is recommended that a slow repetition
velocity (2 sec CON; 4 sec ECC) be used for novice
and intermediate trainers.*! For advanced trainers
the inclusion of a velocity continuum from slow to
fast may maximise strength and power gains at a
specific velocity; however, the use of faster veloci-
ties may increase the probability of injury to the
musculoskeletal system. 4"

2.6 Frequency

Training frequency refers to the number of train-
ing sessions completed in a given time period (i.e. 1
week),?! and is a function of the type of training
session, the training status and recovery ability of
the individual.®¥ The rest period between sessions
must be sufficient to allow for muscular recupera-
tion and development while alleviating the potential
for overtraining.''! Numerous resistance training
studies have used frequencies of 2-3 days/week in
previously untrained individuals.['417:29:35:51.52] Thig
frequency is suggested to be an effective initial
frequency,™ whereas, 1-2 days/week appears to be
an effective maintenance frequency for novice train-
ers.3% Empirically, it has been observed that com-
petitive lifters use a training frequency of 5-7 days/
week in order to maximise muscle size and strength
gains.[*4

It is the view of Feigenbaum and Pollock!!% that a
2 days/week training frequency allows more time
for recuperation, is less time consuming and there-
fore may enhance adherence. Furthermore, 2 days/
week programmes appear to produce 80-90% of the
strength gains of more frequent programmes in un-
trained individuals.!'%1%1 Additionally, Carroll et
al.;b? reported that when resistance training was
equated for both time and number of sessions, 2
days/week resulted in a significant increase in the

Sports Med 2005; 35 (10)
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proportion of myosin heavy chain Ila compared with
3 days/week. Collectively, the above studies imply
that training frequencies of 2 days/week are effec-
tive in promoting muscular adaptations in novice
trainers.

Most recently, Rhea and co-workers®*®! deter-
mined the dose response for strength development,
reporting that untrained individuals see a consistent
dose response as the training frequency increases up
to 3 days/week. For trained individuals, 2 days/week
(per muscle group) elicited the greatest strength
increases. The strength increases accompanying the
lower training frequency for trained individuals may
be a result of higher training volumes. Therefore, it
is recommended that untrained individuals perform
a complete-body protocol 2-3 days/week. As train-
ing status increases, changes in frequency to 3—4
days/week may accompany changes in programme
design (i.e. upper/lower-body split), with training
frequencies of 4-6 days/week suggested for ad-
vanced trainers.

3. Skeletal Muscle Adaptations to
Resistance Training

Skeletal muscle is a highly plastic tissue that
readily adapts to changes in loading state. Increasing
the load imposed on skeletal muscle elicits adapta-
tions that result in increased muscle size and
changes in contractile characteristics.”¥! The fact
that resistance training and other forms of mechani-
cal loading cause an increase in muscle size is well
established.!'7343%] In theory, an increase in muscle
size could occur as a result of an increase in fibre
size,['”! an increase in fibre number,! and/or an
increase in the amount of connective tissue in the
muscle,'3) all of which are adaptations that contrib-
ute to the enhancements in strength observed during
resistance training.

Ultimately, it appears that three processes are
implicated with the hypertrophic response of skele-
tal muscle to resistance exercise. The first is the
anabolic process necessary for the accretion of pro-
tein to support fibre enlargement.’7>8 The second
process involves the proliferation of satellite cells,
which may provide additional myonuclei to the en-
larging fibres.’3 The third process termed an ‘anti-
catabolic effect’ may be achieved by a reduction in
cortisol-induced protein degradation.!'’? Pharmaco-
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logical doses of glucocorticoids result in increased
3-methylhistidine (3-MHIS) excretion, suggesting
that proteolysis in skeletal muscle is increased,*! as
3-MHIS is assumed to be an index of contractile
protein degradation.!®® Conversely, attenuation of
the cortisol response favours the conservation of
myofibrillar protein, resulting in enhanced skeletal
muscle growth.!'” The hormonal interaction mediat-
ing the subsequent changes in the structural and
functional properties of skeletal muscle fibres pro-
vide the basis for the anabolic and anti-catabolic
processes.

3.1 Muscle Fibre Size

One of the most commonly studied adaptations to
resistance training is the increase in fibre CSA, or
hypertrophy. It is well established that resistance
training promotes hypertrophy among each of the
three major fibre types in humans (type I, Ila and
1Ib) as identified by Brooke and Kaiser.!°!! Numer-
ous resistance training studies report that type Ila
fibres display the greatest growth, followed by type
IIb, with type I fibres typically exhibiting the least
amount of hypertrophy.[1729°6:38.62-641 [n general,
type I fibres depend on a reduction in protein degra-
dation, whereas type II fibres depend on an increase
in protein synthesis, thus resulting in an absolute
increase in fibre CSA.[%4

Moreover, the percentage increase in hypertro-
phy in response to resistance training is similar for
men and women,['3636%1 although absolute increase
in fibre CSA tends to be greater in men.[%! In
untrained individuals, increases in fibre CSA are
10-31% in type I fibres?>?1 and 20-45% in type 11
fibres.[?*671 It is suggested that the increased hyper-
trophy of the type II fibres may reflect greater rela-
tive involvement during maximal or near-maximal
contractions (as with heavy-resistance exercise) of
these high-threshold units than would normally oc-
cur with activities of daily living.[%8]

With chronic (12-26 weeks) resistance training,
increases in fibre CSA are the result of increased
myofibrillar area, with little or no change in the
myofibrillar packing density. Myosin and actin fila-
ments are added to the periphery of each myofibril,
thus creating larger myofibrils without altering fila-
ment packing density or cross-bridge spacing.!'8!
However, the magnitude of this hypertrophic re-

Sports Med 2005; 35 (10)
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sponse varies considerably and is dependant upon a
number of factors, including the individual’s re-
sponsiveness to training, the intensity and duration
of the training programme, and the training status of
the individual prior to commencement of the pro-
gramme. %]

3.2 Muscle Fibre Type Conversion

Resistance training produces a shift in the myosin
adenosine triphosphatase (mATPase) fibre type pro-
file and the myosin heavy chain composi-
tion.[2%3268.701 Tt is apparent that resistance training
results in transitions within the type II subtypes,
with an increase in the percentage of type Ila fibres
and a proportional decrease in the percentage of type
IIb fibres.['7:6367 However, no convincing evidence
has been found for detectable shifts between type I
and type 1II fibres.”!

A series of studies by Staron et al.[936771l ex-
amined skeletal muscle adaptations following
heavy-resistance training in men and women. Fol-
lowing 20 weeks of heavy-resistance training in
untrained women, Staron et al.l®”! reported a signifi-
cant decrease in type IIb fibres (16.2% pre-training
vs 2.7% post-training), with a concomitant increase
in type Ila fibres (32.5% vs 39.3%). Staron and
colleagues!’! reported similar findings while inves-
tigating the effects of a much shorter training period
(6 weeks). In support of their previous works, a
significant decrease in the percentage of type IIb
fibres had occurred (24.9% pre-training vs 6.7%
post-training).

To determine the time-course for specific muscu-
lar adaptations during the early phase of resistance
training, Staron et al.[%] extracted muscle biopsies at
the beginning and every 2 weeks during 8 weeks of
resistance training in untrained men and women. A
significant decrease in percentage of type IIb fibres
was observed in women after just 2 weeks (four total
workouts) and in men after 4 weeks (eight total
workouts). Over the 8-week training period the type
IIb fibre types decreased from 21.4% to 7.9%, and
total fibre content decreased 20.7% to 9.5%. The
authors concluded that the time-course for the alter-
ation of the phenotypic expression of specific con-
tractile proteins appears to be an adjustment that can
occur after only a few workouts.

© 2005 Adis Data Information BV. All rights reserved.

Interestingly, Andersen and Aagaard”"! reported
that 90 days of detraining following 90 days of
heavy-resistance training in untrained men evoked
an overshoot in the amount of type IIb (IIx) fibres to
values significantly higher than those observed both
pre- and post-training (18.8% vs 10.2% vs 4.1%,
respectively). This corresponded with a significant
decrease in type Ila percentage. The authors postu-
lated that this overshoot or ‘boosting” phenomenon
arises from the abrupt withdrawal of the stimulus
from the muscle.

Taken together, these data lend support to the
contention that transition between fibre subtypes
(la < IIb) might follow energy requirements!’?!
and this may represent a positive strength adapta-
tion.’?! According to Bottinelli and colleagues,!”?!
type IIb fibres display the highest tension cost, while
fibre types IId(x) and Ila are intermediate, and type I
fibres are the lowest. Therefore, imbalance between
energy requirement and energy supply may re-
present an important signal triggering an appropriate
adjustment in fibre type expression'’?! and may pre-
sent a possible mechanism underlying the transition
between fibre subtypes.

3.3 Muscular Strength

Strength development involves the coordinated
functioning of several processes,”! with the ability
to produce maximal force attributed to both neural
and muscular components.[* Several studies have
shown that 6-21 weeks of resistance training pro-
duces significant increases in maximal dynamic
strength.[15:17:262952661 Collectively, these studies
highlight that the early increases in strength are
associated mainly with neural adaptations, while
hypertrophic responses begin to occur at the latter
stages of training.

Additionally, it is well established that muscular
strength is proportional to fibre CSA.">7"I However,
not all resistance training studies have shown in-
creases in muscular strength with significant
changes in fibre CSA.3631 This supports the theory
that neural adaptations are the predominant mecha-
nism for increases in muscular strength in the early
phases (first 6-8 weeks) of resistance training.>74!
In the later phases (12-26 weeks), the gradual in-
crease in the size of the myofibrils (hypertrophy),
and perhaps greater fast fibre type conversions (Ila
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<> IIb), contribute to the strength gains associated
with longer term resistance training.[>>63

Although men are typically stronger than wo-
men,!”! both sexes respond to resistance training in
a similar fashion.[6>6.791 Abe et al.[® investigated
the time-course of skeletal muscle adaptations re-
sulting from 12 weeks of progressive heavy-resis-
tance training (complete-body; 6 exercises; 4 sets X
8—12 repetitions at 60-70% 1RM; 3 days/week) in
50 untrained middle-aged men and women. 1RM
knee extension (KE) and chest press (CP) exercises
were measured at baseline and weeks 2, 4, 6, 8 and
12. Strength increased significantly at week 4 in the
women, and at week 2 (KE) and at week 6 (CP) for
the men. The mean relative increases in KE and CP
strength were 19% and 19% for the men and 19%
and 27% for the women, respectively. The authors
concluded that the time-course and proportions of
the increase in strength were similar for both the
men and the women.

4. Conclusion

The popularity of resistance training has grown
immensely over the past 25 years,3% with extensive
research demonstrating that not only is resistance
training an effective method to improve neuromus-
cular function, it can also be equally effective in
maintaining or improving one’s health sta-
tus.[13:1080-821 Fyrthermore, resistance training is
suggested to be beneficial in enhancing muscular
fitness in the prevention and management of several
pathological conditions.®3 As such, most profes-
sional and government health organisations now
support the inclusion of resistance exercise in their
recommendations.'*#3 Deschences and Kraemer!3"!
highlight that initial training and health status, along
with the specific programme design, affect the mag-
nitude of neuromuscular adaptations. Ultimately, it
is the acute programme variables that determine the
degree to which the neuromuscular, neuroendocrine
and musculoskeletal systems adapt to both acute and
chronic resistance exercise. Therefore, it is essential
that those involved with the prescription of resis-
tance training (i.e. strength coaches, rehabilitation
specialists, exercise physiologists) acquire a funda-
mental understanding of the acute programme vari-
ables and the importance of their practical applica-
tion in programme design.

© 2005 Adis Data Information BV. All rights reserved.

Acknowledgements

This research was funded by an Australian Postgraduate
Award protocol # 03/144. The authors have no conflicts of
interest that are directly relevant to the content of this review.
In memory of the late Dr Kyle Tarpenning.

References
1. Hass CJ, Feigenbaum MS, Franklin BA. Prescription of resis-
tance training for healthy populations. Sports Med 2001; 31:
953-64
2. Fleck SJ, Kraemer WJ. Resistance training: basic principles part
1. Phys Sportsmed 1988; 16: 160-71
3. Kraemer WJ, Ratamess NA, French DN. Resistance training for
health and performance. Curr Sports Med Rep 2002; 1: 165-71
4. American College of Sports Medicine. Position Stand: progres-
sion models in resistance training for healthy adults. Med Sci
Sports Exerc 2002; 34: 364-80
5. DeLorme TL. Restoration of muscle power by heavy resistance
exercises. J Bone Joint Surg Am 1945; 27: 645-67
6. Capen EK. Study of four programs of heavy resistance exercises
for the development of muscular strength. Res Q 1956; 27:
132-42
7. O’Shea P. Effects of selected weight training programs on the
development of strength and muscle hypertrophy. Res Q 1966;
37: 95-102
8. Thorstensson A, Karlsson J, Viitasalo JH, et al. Effect of
strength training on EMG of human skeletal muscle. Acta
Physiol Scand 1976; 98: 232-6
9. Sale DG. Neural adaptation to resistance training. Med Sci
Sports Exerc 1988; 20 (5 Suppl.): 135-45
10. Feigenbaum MS, Pollock ML. Prescription of resistance train-
ing for health and disease. Med Sci Sports Exerc 1999; 31:
38-45
11. Kraemer WJ. Exercise prescription in weight training: manipu-
lating program variables. Natl Strength Cond Assoc J 1983; 5:
58-61
12. DeLorme TL, Watkins AL. Techniques of progressive resis-
tance exercise. Arch Phys Med 1948; 29: 263-73
13. Colliander E, Tesch PA. Effects of eccentric and concentric
muscle actions in resistance training. Acta Physiol Scand
1990; 140: 31-9
14. Dudley GA, Tesch PA, Miller BJ, et al. Importance of eccentric
actions in performance adaptations to resistance training. Aviat
Space Environ Med 1991; 62: 543-50
15. O’Hagan FT, Sale DG, MacDougall JD, et al. Comparative
effectiveness of accommodating and weight resistance training
modes. Med Sci Sports Exerc 1995; 27: 1210-9
16. Ostrowski KJ, Wilson GJ, Weatherby R, et al. The effect of
weight training volume on hormonal output and muscular size
and function. J Strength Cond Res 1997; 11: 148-54
17. Tarpenning KM, Wiswell RA, Hawkins SA, et al. Influence of
weight training exercise and modification of hormonal re-
sponse on skeletal muscle growth. J Sci Med Sports 2001; 4:
431-46
18. MacDougall JD. Adaptability of muscle to strength training: a
cellular approach. In: Saltin B, editor. Biochemistry of exer-
cise. VI. Champaign (IL): Human Kinetics: 1986: 501-13
19. Keeler LK, Finkelstein LH, Miller W, et al. Early-phase adapta-
tions of traditional-speed vs superslow resistance training on
strength and aerobic capacity in sedentary individuals. J
Strength Cond Res 2001; 15: 309-14
20. Kraemer RR, Kilgore JL, Kraemer GR, et al. Growth hormone,
IGF-1, and testosterone responses to resistive exercise. Med
Sci Sports Exerc 1992; 24: 1346-52

Sports Med 2005; 35 (10)



850

Bird et al.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Kraemer WJ, Dudley GA, Tesch PA, et al. The influence of
muscle action on the acute growth hormone response to resis-
tance exercise and short-term detraining. Growth Horm IGF
Res 2001; 11: 75-83

Durand RJ, Castracane VD, Hollander DB, et al. Hormonal
responses from concentric and eccentric muscle contractions.
Med Sci Sports Exerc 2003; 35: 937-43

Gotshalk LA, Loebel CC, Nindl BC, et al. Hormonal responses
to multiset versus single-set heavy-resistance exercise. Can J
Appl Physiol 1997; 22: 244-55

Raastad T, Bjoro T, Hallen J. Hormonal responses to high- and
moderate-intensity strength exercise. Eur J Appl Physiol 2000;
82: 121-8

Smilios I, Pilianidis T, Karamouzis M, et al. Hormonal re-
sponses after various resistance exercise protocols. Med Sci
Sports Exerc 2003; 35: 644-54

Ahtiainen JP, Pakarinen A, Kraemer WJ, et al. Acute hormonal
and neuromuscular responses and recovery to forced vs maxi-
mum repetitions multiple resistance exercises. Int J Sports
Med 2003; 24: 410-8

Judge LW, Moreau C, Burke JR. Neural adaptations with sport-
specific resistance training in highly skilled athletes. J Sports
Sci 2003; 21: 419-27

McBride JM, Blaak JB, Triplett-McBride T. Effect of resistance
exercise volume and complexity on EMG, strength, and re-
gional body composition. Eur J Appl Physiol 2003; 90: 626-32

Campos GER, Luecke TJ, Wendeln HK, et al. Muscular adapta-
tions in response to three different resistance-training regi-
mens: specificity of repetition maximum training zones. Eur J
Appl Physiol 2002; 88: 50-60

Tan B. Manipulating resistance training program variables to
optimize maximum strength in men: a review. J Strength Cond
Res 1999; 13: 289-304

Baechle TR, Earle RW, Wathen D. Resistance training. In:
Baechle TR, Earle RW, editors. Essentials of strength training
and conditioning. 2nd ed. Champaign (IL): Human Kinetics,
2000: 395-425

McDonagh MJ, Davies CT. Adaptive response of mammalian
skeletal muscle to exercise with high loads. Eur J Appl Physiol
Occup Physiol 1984; 52: 139-55

Kraemer WJ, Fleck SJ, Deschenes M. A review: factors in
exercise prescription of resistance training. Natl Strength Cond
Assoc J 1988; 10: 36-41

Baker D, Wilson G, Carlyon R. Periodization: the effect on
strength of manipulating volume and intensity. J Strength
Cond Res 1994; 8: 235-42

Paulsen G, Myklestad D, Raadtad T. The influence of volume of
exercise on early adaptations to strength training. J Strength
Cond Res 2003; 17: 115-20

Rhea MR, Alvar BA, Burkett LN, et al. A meta-analysis to
determine the dose response for strength development. Med
Sci Sports Exerc 2003; 35: 456-64

Hickson JF, Buono MJ, Wilmore JH, et al. Energy cost of
weight training exercise. Natl Strength Cond Assoc J 1984; 6:
22-3

Sforzo GA, Touey PR. Manipulating exercise order affects
muscular performance during a resistance exercise training
session. J Strength Cond Res 1996; 10: 20-4

Fahey TD, Rolph R, Moungmee P, et al. Serum testosterone,
body composition, and strength of young adults. Med Sci
Sports 1976; 8: 31-4

Volek JS, Kraemer WJ, Bush JA, et al. Testosterone and cortisol
in relationship to dietary nutrients and resistance exercise. J
Appl Physiol 1997; 82: 49-54

Kraemer WJ, Ratamess NA. Endocrine responses and adapta-
tions to strength and power training. In: Komi PV, editor.
Strength and power in sport. 2nd ed. Oxford: Blackwell Sci-
ence Ltd, 2003: 361-86

© 2005 Adis Data Information BV. All rights reserved.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Kraemer WJ, Gordon SE, Fleck SJ, et al. Endogenous anabolic
hormonal and growth factor responses to heavy resistance
exercise in males and females. Int J Sports Med 1991; 12:
228-35

Kraemer WJ. A series of studies: the physiological basis for
strength training in American football: fact over philosophy. J
Strength Cond Res 1997; 11: 131-42

Kraemer WIJ, Noble BJ, Clark MJ, et al. Physiologic responses
to heavy-resistance exercise with very short rest periods. Int J
Sports Med 1987; 8: 247-52

Kraemer WJ, Marchitelli L, Gordon SE, et al. Hormonal and
growth factor responses to heavy resistance exercise protocols.
J Appl Physiol 1990; 69: 1442-50

Harris RC, Edwards RH, Hultman E, et al. The time course of
phosphorylcreatine resynthesis during recovery of the quadri-
ceps muscle in man. Pflugers Arch 1976; 367: 137-42

Larson GD, Potteiger JA. A comparison of three different
intervals between multiple squat bouts. J Strength Cond Res
1997; 11: 115-8

Pereira MIR, Gomes PSC. Movement velocity in resistance
training. Sports Med 2003; 33: 427-38

Westcott WL, Winett RA, Anderson ES, et al. Effects of regular
and slow speed resistance training on muscle strength. J Sports
Med Phys Fitness 2001; 41: 154-8

Hunter GR, Seelhorst D, Snyder S. Comparison of metabolic
and heart rate responses to super slow vs traditional resistance
training. J Strength Cond Res 2003; 17: 76-81

Braith RW, Graves JE, Pollock ML, et al. Comparison of 2 vs 3
days/week of variable resistance training during 10- and
18-week programs. Int J Sports Med 1989; 10: 450-4

Carroll TJ, Abernethy PJ, Logan PA, et al. Resistance training
frequency: strength and myosin heavy chain responses to two
and three bouts per week. Eur J Appl Physiol Occup Physiol
1998; 78: 270-5

Haddad F, Adams GR. Acute cellular and molecular responses
to resistance exercise. J Appl Physiol 2002; 93 (1): 394-403

Goldberg AL, Etlinger JD, Goldspink DF, et al. Mechanism of
work-induced hypertrophy of skeletal muscle. Med Sci Sports
1975; 7 (3): 185-98

Kadi F, Eriksson A, Holmner S, et al. Cellular adaptation of the
trapezius muscle in strength-trained athletes. Histochem Cell
Biol 1999; 111 (3): 189-95

Shoepe TC, Stelzer JE, Garner DP, et al. Functional adaptability
of muscle fibers to long-term resistance exercise. Med Sci
Sports Exerc 2003; 35 (6): 944-51

Bhasin S, Storer TW, Berman N, et al. The effects of
supraphysiologic doses of testosterone on muscle size and
strength in normal men. N Engl J Med 1996; 335 (1): 1-7

McCall GE, Byrnes WC, Fleck SJ, et al. Acute and chronic
hormonal responses to resistance training designed to promote
muscle hypertrophy. Can J Appl Physiol 1999; 24 (1): 96-107

Tomas FM, Munro HN, Young VR. Effect of glucocorticoid
administration on the rate of muscle protein breakdown in vivo
in rats, as measured by urinary excretion of N tau-methylhis-
tidine. Biochem J 1979; 178: 139-46

Young VR, Munro HN. Ntau-methylhistidine (3-methylhis-
tidine) and muscle protein turnover: an overview. Fed Proc
1978; 37: 2291-300

Brooke MH, Kaiser KK. Muscle fiber types: how many and
what kind? Arch Neurol 1970; 23 (4): 369-79

MacDougall JD, Elder GC, Sale DG, et al. Effects of strength
training and immobilization on human muscle fibres. Eur J
Appl Physiol Occup Physiol 1980; 43 (1): 25-34

Staron RS, Karapondo DL, Kraemer W1J, et al. Skeletal muscle
adaptations during early phase of heavy-resistance training in
men and women. J Appl Physiol 1994; 76: 1247-55

Sports Med 2005; 35 (10)



Resistance Training Programmes for Muscular Fitness

851

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Kraemer WJ, Staron RS, Hagerman FC, et al. The effects of
short-term resistance training on endocrine function in men
and women. Eur J Appl Physiol 1998; 78: 69-76

Cureton KJ, Collins MA, Hill DW, et al. Muscle hypertrophy in
men and women. Med Sci Sports Exerc 1988; 20 (4): 338-44

Abe T, DeHoyos DV, Pollock ML, et al. Time course for
strength and muscle thickness changes following upper and
lower body resistance training in men and women. Eur J Appl
Physiol 2000; 81 (3): 174-80

Staron RS, Malicky ES, Leonardi MJ, et al. Muscle hypertrophy
and fast fiber type conversions in heavy resistance-trained
women. Eur J Appl Physiol 1990; 60: 71-9

Adams GR, Hather BM, Baldwin KM, et al. Skeletal muscle
myosin heavy chain composition and resistance training. J
Appl Physiol 1993; 74 (2): 911-5

MacDougall JD. Hypertrophy and hyperplasia. In: Komi PV,
editor. Strength and power in sport. 2nd ed. Oxford: Blackwell
Science Ltd, 2003: 252-64

Andersen JL, Aagaard P. Myosin heavy chain IIX overshoot in
human skeletal muscle. Muscle Nerve 2000; 23: 1095-104

Staron RS, Leonardi MJ, Karapondo DL, et al. Strength and
skeletal muscle adaptations in heavy-resistance-trained wo-
men after detraining and retraining. J Appl Physiol 1991; 70
(2): 631-40

Bottinelli R, Canepari M, Reggiani C, et al. Myofibrillar
ATPase activity during isometric contraction and isomyosin
composition in rat single skinned muscle fibres. J Physiol
1994; 481: 663-75

Pette D. Training effects on the contractile apparatus. Acta
Physiol Scand 1998; 162 (3): 367-76

Moritani T, deVries HA. Neural factors versus hypertrophy in
the time course of muscle strength gain. Am J Phys Med 1979;
58 (3): 115-30

Maughan RJ, Watson JS, Weir J. Strength and cross-sectional
area of human skeletal muscle. J Physiol 1983; 338: 37-49

© 2005 Adis Data Information BV. All rights reserved.

76.

71.

78.

79.

80.

81.

82.

83.

Maughan RJ. Relationship between muscle strength and muscle
cross-sectional area: implications for training. Sports Med
1984; 1 (4): 263-9

Sale DG, MacDougall JD, Alway SE, et al. Voluntary strength
and muscle characteristics in untrained men and women and
male bodybuilders. J Appl Physiol 1987; 62 (5): 1786-93

Garhammer J. A comparison of maximal power outputs be-
tween elite male and female weightlifters in competition. Int J
Sports Biomech 1991; 7 (1): 3-11

Hickson RC, Hidaka K, Foster C, et al. Successive time courses
of strength development and steroid hormone responses to
heavy-resistance training. J Appl Physiol 1994; 76 (2): 663-70

Deschences MR, Kraemer WIJ. Performance and physiologic
adaptations to resistance training. Am J Phys Med Rehabil
2002; 81 (11 Suppl.): S3-16

Frontera WR, Meredith CN, O’Reilly KP, et al. Strength condi-

tioning in older men: skeletal muscle hypertrophy and im-
proved function. J Appl Physiol 1988; 64 (3): 1038-44

Pyka G, Lindenberger E, Charette S, et al. Muscle strength and
fiber adaptations to a year-long resistance training program in
elderly men and women. J Gerontol 1994; 49 (1): M22-7

Pollock ML, Franklin BA, Balady GJ, et al. Resistance exercise
in individuals with and without cardiovascular disease: bene-
fits, rationale, safety, and prescription. Circulation 2000; 101
(7): 828-33

Correspondence and offprints: Dr Stephen P. Bird, School of
Human Movement Studies, Charles Sturt University, Allen
House 2.13, Panorama Ave, Bathurst, NSW 2795, Australia.
E-mail: sbird@csu.edu.au

Sports Med 2005; 35 (10)



	Contents 841
	Abstract 841
	1. Resistance Training Programme Design 842
	2. Acute Programme Variables 842
	2.1 Muscle Action 843
	2.2 Loading and Volume 843
	2.3 Exercise Selection and Order for a Specific Outcome 845
	2.4 Rest Periods 845
	2.5 Repetition Velocity 846
	2.6 Frequency 846

	3. Skeletal Muscle Adaptations to Resistance Training 847
	3.1 Muscle Fibre Size 847
	3.2 Muscle Fibre Type Conversion 848
	3.3 Muscular Strength 848

	4. Conclusion 849
	Acknowledgements 849
	References 849
	Correspondence 851
	Email 851

