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ABSTRACT

The present investigation was undertaken to examine

the effects of resistance training on maximal voluntary

strength, muscle cross—-sectional area and contractile

properties in prepubescent boys. A second purpose was to

observe the time course and identify the possible
mechanism(s) underlying strength development in this
population.

Thirteen boys (9-11 y) volunteered for each of the
training (T) and control (CY groups. Training consisted of
between 3-5 sets of six exercises. Subjeéts trained 3 times
weekly for two phases of 10 weeks at intensities between
75-85 % of the 1 repetition maxiﬁum (RM) . Performance
measures (1RM) were recorded for bench press (BP) and leg
press (LP) on a Global Gym Station for both experimental
and control groups. The 1 RM double arm curl and leg
extension were measured for the experimental group only. on
the training device. Maximal voluntary isometric strength
(MVC), isokinetic strength (IS) and contractile properties
were measured for the right elbow flexors (EF) and knee
extensors (KE). The interpolated twitch technique was used
to determine % motor unit activation (MUA) and computerized
axial tomography (CAT) was used to determine EF aﬁd KE

cross-sectional area (CSA). All data were analysed using
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ANOVA with a Tukey post hoc test, with the exception of %
MUA (Friedman two-way analysis of variance).

High day to day and trial to triélv reliability was
obtained for voluntary strength measurements. Wide
fluctuations were observed in day to day and trial to trial
reliability of the evoked contractile properties. While CAT
was judged a satisfactory method for measuring total limb
and total 1lean cross-sectional area, questions were raised-
concerning the reliability and accuracy of the technique in
discerning between individual muscle bellies.

Significant training effects on voluntary strength
were observed for BP (+35 %), LP (+22 %), EFIS (+26 %),
KEIS (+ 20 %), EFMVC (+37 %) (P<.01l), and at joint angles
90° and 120° for KEMVC (P<.05). Muscular endurance, defined
as the number of repetitions performed at the end of the
study with the pre-test 1 RM, was also significantly
increased for the BP and LP with training (P<.01). For the
contractile properties, training significantly increased EF
(+30 %, P<.01) and KE (+30 %, P<.05) twitch torque. With
the exception of EF maximum rate of torque relaxation
(MRTR) (+20 %, P<.05) all other time-related contractile
properties were not affected by training. However, maximum
rate of torque development (MRTD) for Dboth muscle groups
showed a trend toward increasing. There were no significant

effects of training on CSA or % MUA, however, there was a
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trend towards increased MUA for elbow flexion and knee
extension in the trained group.

In conclusion, resistance training increased
voluntary strength of EF during both phases of training.
Voluntary strength of KE increased mostly during the first
10 weeks of training. Although the strength gains were
independent of changes in muscle CSA, significant increases
in twitch torque combined with trends in some of the time-
related contractile properties, during the second phase of
training, suggest possible adaptations in muscle
extensibility or excitation-contraction coupling. While
these changes may explain part of the observed increases in
strength, neurological adaptations such as increased MUA,
improved motor skill, better co-contraction of the
synergist muscle groups and increased inhibition of the
antagonist muscle groups are likely the major determinants

of the strength gains in this study.
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Chapter I

Introduction

The adult population at large has borrowed eagerly
from the training and conditioning program of athletes in
order to improve general fitness. Jogging, aerobic dancing,
bicycling and weight training are among the most popular
activities used by adults on a regular basis to increase
the fitness level.

Muscle strength represents a basic fitness
component. Not only is it an essential aspect of sport
conditioning, but it is an important and often neglected
component of physical fitness, especially ahong youth. In
the United States studies have shown a trend for reduced
strength performance in children during the past decade.

With regard to children, a controversy surrounds
the development of muscle strength with resistance
training. Questions have been raised concerning the
efficacy of resistance training in improving strength in
children, especially before puberty. A second concern is
the risk of both acute and chronic injuries associated with
weight training, reéardless of the possible benefits in
strength gains and improvement in fitness. In addition, it

has been suggested that weight training may provide a
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protection against possible injuries incurred during other
sport activities, during childhood.

While each of these questions is important in its
'own right, this thesis will focus primarily on the efficacy
of resistance training in prepubertal children. This is an
especially pertinent question since there 1is some doubt
that prepubescent children are capable of making
significant gains in strength since they lack adequate
levels of androgens. Additionally, this thesis will
investigate the possible mechanism(s) underlying strength
development with growth and resistance training in
prepubertal boys.

Several studies involving children (Servedio et
al., 1985; Pfeiffer & Francis, 1986; Sewall & Micheli,
1986; Weltman et al., 1986; Funato et al., 1987; Sailors &
Berg, 1987) have reported significant increases in strength
following various modes of resistance training. However the
results are equivocal; some studies have also reported
insignificant gains in strength (Vrijens, 1978; Docherty et
al., 1984; Funato et al., 1987) following strength training
programs.

Numerous factors may contribute to the
inconsistency of results in this area. A relatively short
duration of training (<10 weeks) has proven to be a
limiting factor in many of the reviewed studies (Vrijens,

1978; Docherty et al., 1984; Servedio et al., 1985; Sewall
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and Micheli, 1986; Sailors & Berg, 1987). Although short
term studies may provide information about acute
adaptations to training, they may prove to be a major
limitation if one 1is interested in determining the
mechanism(s) underlying more chronic adaptations to
training. In adults, both neural and muscular adaptations
are believed to be responsible for the increase in strength
following chronic strength training (Moritani and DeVries,
1979). Attempts to establish the time course of these
adaptations in adults has been studied only recently
(Moritani & DeVries, 1979; Sale & MacDougall, 1981; Davies
& Young, 1983; Hakkinen & Komi, 1983; Hakkinen et al.,
1985; Hakkinen & Komi, 1986). There is no information on
the nature and time-course of neuro-muscular adaptations in
response to resistance training for children.

Since strength is positively correlated with body
weight during childhood (Malina, 1975; Haines, 1985) the
incorporation of an age- and size-matched control group is
a major concern in strength training studies, to account
for the effect of growth on the dependent variable. For
example, Vrijens (1978) in an often quoted study in the
literature, failed to use control groups, making it
impossible to discriminate between the effect of weight
training and the influence of growth on the strength
development of prepubescent boys.

The magnitude of the training stimulus will also



) 1
have a dramatic effect on strength adaptations. Strength
gain in adults is known to be dependent upon factors such
as duration, frequency and load (the product of intensity
and volume) of training. Little 1is known concerning the
effect of these factors on strength gain with resistance
training before puberty. Presently, there is no scientific
support for the acceptance vof training programs based on
training principles derived from adult studies for youth.
Strength training programs for children tailored on adult
studies may prove inadequate, by causing either
overtraining or providing an insufficient stimulus for
strength gains.

- While muscular and neural' adaptations to training
will probably influence strength, other factors must be
considered when assessing strength development. Structural
and biomechanical factors are susceptible to change in
growing children and may also affect strength. These have
not been considered in previous studies in the context of
resistance training programs involving children.

The exercise mode used for resistance training in
these studies may partly account for some of the
inconsistent results in the literature.

Studies have often incorporated one mode of
exercise during training, and a different mode of exercise
in the assessment of strength changes. Additionally,

different exercise modes (eg. isometric versus hydraulic)
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have been used by various investigators (Vrijens, 1978;
Servedio et al., 1985; Sewall & Micheli, 1986; Sailors &
Berg, 1987) , making it difficult to compare results across
studies. In order to avoid these problems, specific and
non-specific testing modes have been used 1in the present
investigation to assess strength.

Lastly, the strength training device Aused for
training shouldrepresent what is likely to be available in
the children's environment. Althéugh isokinetic and
variable resistance equipment 'such as Hydra-Gym and
Nautilus offer safety advantages for the beginner, they
represent a substantial financial investmeht for the
'individuél or the school and often are not designed fér use
by children. Few studies (McGovern, 1984) have investigated
the effects of a traditional weight training program,
employing conventional training methods and equipment on

strength development in children.

Summary

While recent studies suggest that prepubertal
children may increase strength using special training
equipment and procedures, there is a dearth of information
concerning the effect of a traditional strength training
program using isotonic contractions and conventional weight
training equipment on the development of strength in

prepubescent children. In addition, 1little is known about



6

the mechanism(s) wunderlying strength adaptations or the
time course of these adaptations in prepubertal boys, in

relation to resistance training.

Purpose

The main‘purpose of this study 1is to examine the
effects of 20 weeks of training, using a traditional,
progressive resistance approach on maximal voluntary and
evoked strength, muscle cross—éectional area and
contractile properties of muscle in prepubertal boys. A
secondary purpose is to determine the time course of, and
to identify the mechanism(s) underlying strength
development in. this population. It is ‘hoped that the
procedures and methods used in this study will provide
additional and unequivocal information regarding the
efficacy of strength training for the prepubertal

population.



Chapter II

Review of literature

A. Effect of resistance training on voluntary strength in
prepubescents

1. General findings

Table 1 gives a brief description of studies that
have examined the effect of resistance training on strength
development of prepubescent children. Although all but one
{Docherty ‘et al., 1984) study have reported significant
increases 1in strength with resistance training during
prepuberty, the magnitude of the strength gain varies
considerably from one'study to the other.

For instance, Vrijens'study (1978) found an
increase of 35 % for the back and abdominal muscles of
prepubescent boys, following 8 weeks of weight training,
while no training effect was observed in the strength of
the extremities. 1In contrast, Weltman et al., (1986)
observed significant increases 1in isokinetic torque,
ranging from 13 to 45 % for muscle groups of the arm and
leg in prepubertal boys.

The discrepancy in results between these two
studies and others, invite an examinafion of the particular
training program and éubject populations chosen for these
investigations. In adult studies, the magnitude of the

7



1. Summary of resistance training
studies in prepubescent children. List
of abbreviations :

EE : elbow extension
EF : elbow flexion

Hydraulic. : hydraulic resistance
Isok. : isokinetic contraction
Isom. isometric contraction
.Isot. : isotonic contraction

KE knee extension

KF knee flexion

NS : non-significant

Pneumat. : pneumatic resistance

RM : repetition maximum

r/s : radians per second
S : significant
TE thigh extension

o o0

TF thigh flexion
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10
adaptive response to resistance training is dependent upon
the frequency, duration, intensity, mode of training and
testing, gender, age and training status of the subjects
(Fleck & Kraemer, 1987) For children, all of the above
factors are important, but the maturity level, because of
its influence on growth and neuro-humeral function, must

also be considered.

2. Design considerations

While the training frequency of studies highlighted
in Table 1. was similar (3 days/week), wide fluctuations
are observed regarding other program variables. Comparable
results in strength gains have been observed using both
short and 1long duration programs. Nielsen et al. (1980)
_ reported a 40 % increase in isometric knee extension torque
in girls 7-13.5 years of age, after only 5 weeks of
isometric training. The investigation by Weltman et al.
(1986), represents the longest resistance training study to
date involving prepubescent children. Fourteen weeks of
hydraulic resistance training produced significant
increases in isokinetic strength ranging from 13 to 45 %
for elbow flexion and knee extension and flexion at two
velocities of contraction (0.52 and 1.57 rad-s-!). No
significant training effect (interaction between time and
training) was observed for elbow extension. However,

subsequent t-test analysis revealed that the average change
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in torque score ( mean of 9 torque measurements across the
range of motion) of the experimental group was greater than
that of the control group, indicating a similar trend for
elbow extension as for the other three movements.

In comparison, however, a study published as an
abstract (Docherty et al., 1984) using a similar mode of
training, showed no improvement in isokinetic torque of
knee extension and flexion or of elbow adduction and
abduction. While Fuﬂato et al. (1988) showed an increase of
17.5 % in elbow extension after 12 weeks of isometric
training, no significant 1increase was found for elbow
flexion, in which the maximum training effect was expected.
Other studies of intermediate duration have observed
relatively high (Servedio et al., 1985) and low strength
gains (Vrijens, 1978; Pfeiffer & Francis, 1986; Sewall &
Micheli, 1986).

An important facﬁor that may affect the strength
increase is the. mode of testing and training used. The
"mode" refers to the type of muscular contraction utilized
to execute the training exercises or to measure the
strength performance. The advantage of wusing different
modes for testing and training is that the strength gain is
less likely to depend on learning and coordination of the
muscles to execute the movement. This is an especially
important factor for studies of a short duration, since the

learning effect will manifest itself at the beginning of
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the training program (Sale, 1987). A disadvantage is that
monitoring the strength improvements with a different mode,
may mask some of the strength gains because of specificity
of the contraction type (Rutherford & Jones, 1987; Sale,
1987).

This could partly explain the poor results obtained’
in some studies (Vrijens, 1978; Pfeiffer & Francis, 1986;
Sewall & Micheli, 1986) where different testing and
training exercise modes were used. This 1is further
illustrated in a study by Siegel et al., 1988, in which two
modes of testing were used to measure strength changes.
Isometric strength as measured by cable tensiometry showed
no increase, but isotonic strength of the elbow flexors
measured by pull-ups increased by 55 %. Boys and girls were
trained with calisthenics and exercise using stretch
tubing, hand weights and balls. Isometric strength of the
right-hand increased by only 12 % and no significant
changes were " observed for other isometric strength
measurements including 1left-hand grip or elbow extension,

measured by cable tensiometry.

3. Training intensity

The intensity of training represents the single
most important wvariable in a resistance training progranm
designed to increase muscle strength. It combines the load,

which 1is defined as a % of the one repetition maximum
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(1RM), and the volume of training, which represents the
acfual number of sets and repetitions performed by the
subject, within a time period. 1In order to induce
adaptations from resistance training, the specific muscle
group 1in which these adaptations are sought must be
subjected to a training overload. This overload 1is
typically achieved by having the subject perform sets of
progressively increasing fesistance to failure.
The intensity of training will also be affected to
a lesser degree by the sequence of the exercises and the
method of training. Most studies dealing with children
have used a «circuit training approach rather than the
straight set method, which is used more commonly by adults.
The circuit method consists of performing one set of an
exercise and then moving to the next exercise and so on,
until a circuit is completed. This circuit is normally
repeated one or two times. With the straight set method,
the subject performs three sets or more of the same
exercise before moving to the next exercise. The latter
method is considered more intense because a greater load
can be used since the subject is not doing any work during
the rest period.
Because of the 1limited number of studies on
prepubescent resistance training it has been difficult to
establish precise guidelines regarding training intensity.

So far researchers have established training intensity,
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based on conservative versions of adult studies because of
an overwhelming concern for injury. This has resulted in
programs of relatively low training intensity (Pfeiffer &
francis, 1986; Sewall & Micheli, 1986), which may not
provide sufficient overload for optimal strength gain.

Two studies (Pfeiffer & Francis, 1986; Sewall &
Micheli, 1986, wused training of a comparable intensity; 3
sets of 10 repetitiov.= at a load between 38 and 75 % of the
1 RM. Sewall & Micheli (1986) show>d a pattern of increased
isometric strength for all the muscle groups :~sted, but
the 1increase was only significant for right si.~ulder
flexion. Other measures of strength including left shoulder
flexion, shoulder extension and knee extension and flexion
were not significantly increased by training. The study of
Pfeiffer & Francis (1986) showed significant increases in
torque for the right elbow flexors and extensors and the
right knee extensors at two velocities of contraction (0.52
and 1.09 rad-s-t!). For the left 1limbs, only elbow flexor
torque at 0.52 rad-s-t and knee extensor torque at 2.09
rad-s-! were increased.

The training intensity of these two studies was
similar to that of Vrijens'study (1978) which only used one
set at 75 % of the 1 RM and which also produced only
limited strength gains. While Pfeiffer and Francis (1986)

and Sewall and Micheli (1986) used three sets, the first
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two sets performed at sub—maximal load served as a warm-up,
and only the third set was performed to failure.

In three studies published as abstracts (McGovern,
1984; Servedio et al., 1985; Siegel et al., 1988) no
details were given regarding the specifics of the training
intensity. Based on the results from these studies, it
appears that resistive type activities 1like calisthenics
(McGovern, 1984; Siegel et al., 1988 ) provided sufficient
overloading of the musculature to elicit significant
strength gains. Olympic style 1lifting (Snatch and Clean
and Jerk) which typically involves loads between 80 and 100
% of the 1 RM and a high volume of training, also seems to
have a favorable influence 6n strength development during
chilhood (Servedio et al., 1985).

It is more difficult to quantify the intensity of
training programs that wuse hydraulic resistance training
(Docherty et al., 1984; Weltman et al., 1986). Since the
resistance offered by the training device depends on the
effort given by the subject, it is imperative that the
subject be well motivated. In these studies, the volume of
training was quantified in terms of the duration of each
set, rather than by the absolute number of repetitions
performed per set. In the study by Docherty et al. (1984)
subjects did 2 sets of 20 seconds compared to 3 sets of 30
seconds in the study by Weltman et al. (1986). While no

direct comparison can be made regarding the degree of
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motivation displayed by the subjects in these studies, a
greater volume of training was done by the subjects in the
Weltman et al. (1986) study. This higher training volume
coupled with a longer duration of training may explain why
Weltman et. al. (1986) observed an improvement in voluntary
strength (torque) whereas Docherty et al. (1984) failed to

show any effect of training on strength development in

their study.

B. Effects of resistance training on strength performance-

comparison between prepubescent and adult studies

It is of interest to determine if prepubescent

‘children are capable of making gainé in strength which are
comparable to those found in older age groups. This
question can be addressed by either comparing absolute or
relative (%) changes in strength between groups. If the
absolute increase in strength is used, it may tend to favor
the older age groups. Being stronger initially, they may
experienced a greater absolute increase in strength after
training. While the percentage increase appears to be
unbiased toward any group, it may favor the prepubescents.
In this case, an increase in strength may translate into a
higher percent increase for younger subjects because of a
low initial 1level of strength. In order to make the
comparison as equitable as possible, wherever possible,

both absolute and percentage increases will be reported for
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bprepubescent children and adult groups. A summary of the
strength trainability of children, utilizing this approach
has recently been provided by Sale (1989, in press).

In some of the studies (Vrijens, 1978; Nielsen et

al., 1980; Pfeiffer & Francis, 1986) discussed in the
previous section, groups of older subjects wersa
incorporated with the prepubescent children,; enabling
direct age-group comparisons of strength results. Vrijens
(1978) observed greater absolute and % changes in isometric
strength of the extremities in posfpubescents (4 to 9 kg or
17 to 33 %) compared to prepubescent (-1.0 to 0.6 kg or -4
to 6 %) boys. In contrast, increases in back aﬁd abdominal
isometric muscle strength were more similar, 18 and.ll kg
for the postpubescent compared to 17 and 6 kg for the
prepubescent boys. In relative terms, the prepubescent
boys displayed an increase 1in strength of 20 and 10 %
higher than those found for their postpubescent
counterpart, for back and abdominal muscles (20 and 10 %
higher, respectively).

Nielsen et al., (1980) found that the % change in
isometric strength of the knee extensors was slightly
higher for girls below 13.5 years of age (40 %) than for
girls between 13.5 and 19 years (32 %). Similarly, in a
study by Pfeiffer and Francis (1986) Prepubescent boys
displayed an average change in isokinetic torque of 19 %

compared to 11 % for pubescent and 6 % for postpubescent
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boys. In another study (Sailors & Berg, 1987), pubescent
males demonstrated increases in weight lifting strength (5
RM) between 20 and 52 %, which was comparable to the
increases made by a group of young adults (20 to 35 %). In
absolute terms, the increases in strength for the adults (7
to 28 kg) were‘ not much higher than the increases in
strength achieved by the pubescent group (3 to 22 kg) .

In general, results of studies (Table 2) (Gallagher
et al., 1949; Delorme et al., 1955; RKusinitz & Keeney,
1958) that have examined the effect of weight training on
pubescent- and post-pubescent groups have reported high
bercentage strength increases (42 to 197 %). Kusinitz and
Keeney (1958) reported that strength increased in five
different exercises, ranging ffom 60 % (11 kg) for the
military press to 197 % I(41 kg) in the squat. One
exXplanation for the greater increases in strength in these
studies than in those involving prepubescent children
(Vrijens, 1978; Pfeiffer & Francis, 1986) is that welght
lifting was used for both training and testing.

Table 3 gives a summary of selected resistance
training studies in adults. MacDougall et al. (1977 and
1979) reported increases in isokinetic strength of 28 and
91 % in adult male subjects, following weight training.
This increase is larger than the 6 % increase observed by

Pfeiffer and Francis (1986) for pPrepubescent boys. The
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Table 2. Summary. of resistance training

studies pubescent and postpubescent
children. List of abbreviations :

BE back extension

EF : elbow flexion

Hip-KE : Hip-knee extension
Isok. : isokinetic contraction
Isom. : isometric contraction
Isot. : isotonic contraction
KE knee extension

KF knee flexion

NS : non-significant

Plyom. : plyometric

RM : repetition maximum

S : significant

var. re. : variable resistance

LYY
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3. Summary of selected resistance
training studies in adults. List of
abbreviations : '

EE : elbow extension

EF : elbow flexion

EMG : electromyography

FT : fast twitch muscle fiber area

FT/ST : ratio of fast twitch fiber
.area to slow twitch fiber
area. :

HRT : half-relaxation time

KE : knee extension

KF : knee flexion

IEMG : integrated electromyography

Isok. : isokinetic contraction
Isom. : isometric contraction
Isot. : isotonic contraction

MRTR : maximum rate of torque
relaxation

NS : non-significant

RM : repetition maximum

r/s : radian per second

S : significant

ST : slow twitch muscle fiber area

Te : tetanic torque

TPF : time to peak force

TPT : time to peak torque

TT : twitch torque



22

Table 3. Submary of selected resistance training studies in acults

3 EMG
Subjects Muscle Dura. Freq. Test. Traiming Load Yoiume Increase Contract.lncrease Increase
Reference Sex Age HNum train. (wKks) (d/ moae moae isot. isom. (sets X in propert. muscle fiber (IEHE or
(y) (n) or uKS) 1 (cont. reps) voluntary (%) hyper- hyper- nu.r.HG)
exerc. RM or time) strength tropny troeny (%)
n RM) (s) 2 (%) (2)
963 n ? 48 Dbench 8 3 Wweignt Weaght a) 2RM 6 x 2 a) 17 - - - -
Berger 1905 press 1ift. train.  b) SRH 315 b) 21
c) 10RH 3 x 10 c) 20
"Si a966 ] ? 30 Squat 6 3 Weistht Weaght a) 9-10RN 3 x 9-10 a) 20 - - -
0’Shes 1 lift. train. b) 5-6 BM “3x5-6 b) 27 a) 4
c) 2-3 RM 3 x 2-3 ¢ 22 b) 5
lsom. a) 21 c) 4
b) 15
c) 23
Moffroid-Whipple ] ? 6 KE 6 3 Imok. Isok. - - -
1870 F 24 a) 0.83r/s 1x20 a)8-32
b) 1.Ber/s 1 x 60 b) 12-20 -
Ikai and Fukunaga M 23-28 5 EF 14 6 Isom. Ison. s 1x3 82 - 23 - -

1870
Thorstensson ¥ 18-31 14 Squat 8 3 Dynam. Weaght 6 RM 3x8 67 - NS -
et al. 1876 isom. train. 13

(KE) )
Thorstensson M 22-31 8 Squat 8 3 Dynan. Weight 8 RM Ix8 73 - 2 FKST §s
et al. 1976 Isom. traan. 18
(KE)
MacDougall M 18-22 9 Bench 20 3 Isok. Weight 8-10 RH 3-5 28 - 11 - -
et al. 1877 press traan. x 8-10
Dips
EF
. || 24 5 KE B 4 imok. Imok. - -
Lesne e el F a) 3.14r/8 10x6sec. KE 11-16 NS
b) 3.14r/s 2x30sec. KF 12-26 NS
Don t al. N 25 18 Squat 7 3 Dynam. Veight a) 50 1 x 20 a) NS - NS FT/ST -
© '1;79‘ - train. b) 80 1 x 12 b) NS NS
Isom. a) WS -
b) NS
Lindh 1879 F 27 20 KE 5 3 Isom. Isok. 6s 3 x 10 11-32 - - - -
1som. 4-7
ManrDonrall M 1674 £ FF 24 3 Tnnk. Weirht % 8-10 . ST 27
: 6 2x10 36 - 7 - 12
Moritani and M 2 7 BF 8 3 Isoa. Waight
deVries 1979 F i8 8 train.
Coyls =t al. o 24 22 XE -] 3 Isok. Isok. $x86 a) 1-32 NS NS
1981 a) 1.05r/s S x 12 b) 15-24 NS FT 11
b) 5.24r/s . 2x8~3x12 ¢) B8-24 NS NS
c) mix ve.
Caizzo et al. M 20-38 12 KE 4 3 1sok. Isok. "2 x10 a) 0.5-15
1981 F 20-28 5 s) 1.68c/s 2 x 10 b) 0.4-8
b) 4.19z/s R
Seaborne-Taylor F 21 1§ KE 6 5 Isom. Isok. 3 x 1 min a) 27 FT/ST -11
1881 a) 1.89%c/s 3 x 1 min b) 40 FT/ST 17
b) 0.63r/s
3-58 3-5 X 10 20 TT NS NS - -
McDonagh M 19-26 8 EF 5 S Isom. Isom. . TPT NS
et al. 1383 Te NS
Kanenisa-Miyashita M 24 21 KB 8 8 Isok. Isok. 1 z10 a)7-22
1983a a) 1.05r/s3 1 x50 b) -2-20
b) 5.24z/s
6 RM 3 x 6-8 $~39 - 0.4-12 - -
Young et al. M 24-48 8 KE H 3 Ilasos. ¥eight 2-13

1983 F 19-28 11 train.

) 80-100 s x 1-6 21 - - - 14
Hakkinen and ¥ 20-30 14 Squat 16 3 Isoa. Yeight 100-120 3 x 1-2
Komi 1983 train.

i 70-100 $x$§ 27 TPF 21 3 FT 31 NS
Hakkinen and M 20-32 11 Squat 24 3 Isom. VWeight 100-120 3 x 1-2 (3000N) ST NS pre-post
Eomi 1985 train. MRTR NS S 4th-

HRT NS 12th week
Ss ? - - - -
Duchateau and M 17-30 20 Adduc. 12 5 Invol. Isom. 30-40 10 x 10
Hainaut 1984 F palli. Dynas.

. 10s 8 x 10 a3 TT RS - - -
Davies et al. M 20-36 7 1st do. 8 S Isoms. Isoa. TPT NS

1985 inter. TE 11

) 80 1 x135 15 - - - NS
Cannon and ? ? 23 Adduc. L] 3 Isom. ¥eight

Cafarelli 1987 polli. train.
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disparity in results between these studies may well be due
to differences in duration and intensity of training.

McDonagh et al. (1983) conducted a study with adult
male subjects that was similar in design to the study by
Nielsen et al. (1980). Both studies lasted 5 weeks and used
isometric training and testing. McDonagh et al. (1983)
trained the elbow flexors and used a very high training
intensity consisting of 3 sets of 10 contractions lasting 3
to 5 seconds. For £he last two weeks, the intensity was
increased by further adding two more training sets. In
addition, the training frequency was five days per week.
The girls in the study by Nielsen et al. (1980) performed
24 isometric contractions 0f the knee extensors during a 12
minute time beriod, 3 days per week. The two studies showed
that adult males, girls between 13.5 and 19 years of age
and girls wunder 13.5 years of age are capable of making
similar relative (%) gains in isometric strength. Other
adult studies using isometric training have reported
significant increases in ijsometric strength of 33 % for the
first dorsal interosseus (Davies et al. 1985) and of 92 %
for the elbow flexors (Ikai & Fukunaga, 1970). The
magnitude of change appears to be influenced by the muscle
group trained.

The efficacy of isokinetic training for increasing
peak torque has been demonstrated in numerous adult studies

using the Cybex or Cybex II dynamometer (Moffroid &
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Whipple, 1970: Coyle et al., 1981; Seaborne & Taylor,
1981). Investigators have been interested in the study of
isokinetic training to determine 1if it showed velocity
specific adaptations (Coyle et al., 1981; Smith & Melton,
1981; Kanehisa and Miyashita, 1983; Jenkins et al., 1984).
For this purpose, these studies have trained subjects or
contralateral limbs of subjects at different velocities of
contraction. In prepubescent studies, Weltman et al. (1986)
used hydraulic training which does not represent "true"
isokinetic resistance. Since the velocity of traiﬂing is
not known, a precise comparison between this study and
adult studies is more difficult. Nevertheless, a comparison
can still be drawn since ail studies used the Cybex IT and
specific velocities of contraction for the strength
testing. No post-pubescent or adult studies wusing
isokinetic training involved as 1long a training period as
the Weltman et al. (1986) study. The increases in strength
reported in the latter study were similar to or higher than
any of the studies involving adults. More specifically,
knee extension torque in prepubescents, measured at 0.52
and 1.57 rad-s-!, increased by 23 % and 19 %, respectively.
Smith and Melton (1981) trained 7th and 8th grade students
using low (0.52, 1.05 and 1.57) and high velocity (3.14,
4.19 and 5.24 rad-s—1!) isokinetic training. They reported
increases of 21 % for the knee extensors, after low

velocity training and a testing velocity of 1.05 rad-s-1!.
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While no adult study measured torque at 1.57 rad-s-t!, Coyle
et él. (1981) and Kanehisa and Miyashita (1983) observed
32% and 22% increases 1in Kknee eXxtensor torque,
respectively, at a testing and training velocity of 1.05
rad-s-!. Again, these results indicate that prepubescent
subjects are capable of making gains in isokinetic strength
comparable to adults.

The use of differeht testing and training modes has
been discussed in the previous section. It was suggestead
that this factor could explain the poor results obtained by
Sewall and Micheli (1986) who wused isometric testing to
measure strength changes resulting £rom pneumatic and
variable resistance training. One adult study (Dons et al.,
1979) observed no significant increase in isometric
strength after 7 weeks of squat exercise at 80 % of'the 1
RM, while dynamic strength in the squat increased by 36 %
(630 N). In two studies where the squat exercise was
performed for 8 weeks, Thorstensson et al. (1976a and
1976b) observed significant changes in isometric strength
of only 13 % and 16 %, compared to increases of 67 and 73
% in the performance of the squat 1ift. In most of these
adult studies, although dynamic training improved dynamic
strength more than isometric strength, significant
increases were also reported for the latter. It is likely
that the poor results obtained by Sewall and Micheli (1986)

are related, in major part, to the 1low intensity of
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training used in the study, rather than simply differences

in testing and training.

C. Mechanisms of strength increase in adults and

prepubescent children

1. Mechanism(s) of strength increase in adults

Increased strength following resistance training in
adults has been associated with muscular and neurél
adaptations (McDonagh & Davies 1984; Komi, 1986).
Originally, it was thought that only hypertrophic factors
were responsible for increases in voluntary strength, but
evidence for neural adaptations following resistance
training are numerous (Moritani & deVries, 1979; Hakkinen &
Komi, 1983, for reviews, see Sale, 1986 & 1987).

Many adult studies have monitored changes in muscle

cross—-sectional area using anthropometry (Lesmes et al.,

1978; Coyle et al., 1981), ultrasound (Ikai & Fukunaga,
1970; Dons et al., 1979; Young et al., 1983) or
computerized axial tomography (O'Hagan, 1987) and fiber

hypertrophy using the muscle biopsy technique (Costill et
al., 1979; MacDougall et al., 1979; Coyle et al., 1981;
Seaborne and Taylor, 1981; Romi et al., 1982; Young et al.,
1983). While these studies provide information about the
importance of hypertrophic factors in strength increase,
they only allow inferences to be made concerning the role

of neural adaptations.
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Few studies have included direct techniques such as
electromyography (Thorstensson et al., 1976; Moritani &
deVries, 1979; Hakkinen & Komi, 1983), the interpolated
twitch (Caffarelli et al., ). reflex potentiation (Sale et
al., 1982; sSale et al., 1983) or firing rate of single
motor units (Grimby et al., 1981) to measure neurological
adaptations to resistance training.

The contractile properties of muscle have also been
studied (McDonagh et al., 1983; Duchateau & Hainaut, 1984)
in order to examine the effect of resistance training on
the intrinsic characteristics of muscle. Increases 1in
twitch and tetanic tension are independent of cortical or
spinal inputs and are associaﬁed with an increase in cross-
sectional area (Close, 1972).

While two studies have reported an increase in
twitch tension with resistance training (Liberson & Asa,
1959: Duchateau & Hainaut, 1984), many investigators have
found no <change (Davies & Young, 1981, Davies & McGrath,
1982; Sale et al., 1982; McDonagh et al.. 1983; Davies et
al., 1985). For tetanic tension, only Duchateau and Hainaut
(1984) reported a significant increase with training. Two
other studies (Davies & McGrath, 1982; McDonagh et al.,
1983) observed no training effect on tetanic tension. While
Davies et al., (1985) found a significant 11 % increase,
after 6 weeks of training, the increase was not

significantly different from the control value at the end
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of the training (8 weeks). The divergence in results
between these studies may be due in part, to differences in
the duration of training, as well as to differences in
muscle groups studied.

The effect of resistance training on the time-
related contractile properties of twitch and fetanic
contractions 1is equivocal. ’Training had no effect on

contraction time (CT) and half-relaxation (HRT) (Duchateau

and Hainaut, 1984), or time to peak torque (TPT) (Davies
and McGrath, 1982; McDonagh et al., 1983; Davies et al.,
1985). In <contrast, a decrease in CT was observed in two

studies (Sale et al., 1983; Alway, 1986). Duchateau and
Hainaut (1984) observed increases in both the twitch and
tetanic rates of tension and relaxation. Duchateau and
Hainaut (1984) concluded that not only can contractile
properties be altered by resistance training, but the type
of training, in this case, isometric and dynamic training
will elicit different results.

Comparing the tension produced by a twitch or
tetanic contraction with that of a voluntary isometric
contraction provides another method of assessing the
relative importance of hypertrophic and neural adaptations
in strength increases from resistance training. Several
studies have reported lesser 1increases in evoked strength

compared with increases in voluntary stength (Liberson &



29
Asa, 1959; Sale et al., 1982; McDonagh et al., 1983; Davies
et al., 1985).

An even smaller number of studies have attempted to
determine the time c¢ourse of these adaptations by using
techniques to make simultaneous measurements of hypertrophy
or evoked torque and motor unit activation at predetermined

intervals during a resistance training program (Moritani &

deVries, 1979; Hakkinen et al., 1981; Hakkinen & Komi,
1983; Hakkinen et al., 1985a). While some studies have

suggested that the early changes in strength are accounted
for 1largely by neural adaptations with a gradually
increasing contribution from hypertrophic factoré (Moritani
& deVries; 1979; Hakkinen et al., 1981; Hakkinen & komi,
1983), others have observed the manifestation of both
adaptations in the early stages of training (Hakkinen et
al., 1985a).

The adults studies discussed above suggest that the
time course of neuromuscular adaptations responsible for
strength increases has not yet been established with
certainty. Differences in results among these studies may
depend on a number of variables discussed below.

First, subjects that are untrained are capable of
greater 1initial gains in strength than weight trained
athletes (Hakkinen & Komi, 1983; Hakkinen, 1985). In the
case of experienced weight trained athletes the size of the

muscle fiber may show little increase with training, having
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already reached an optimal capacity for enlargement
(MacDougall et al., 1982). Neural adaptations may also be
less important since there is evidence of dJgreater
activation (Sale et al., 1983) and synchronization (Milner-
Brown et al., 1975) of motor units with this group.

Second, the specific intensity and mode of training

used during a particular phase of the training program may

favor certain adaptations over others (Hakkinen & Komi,
1983; Hakkinen, 1985). The use of. either isometric,
concentric or eccentric contractions for short term
training brought about similar increases 1in strength

(Hakkinen & Komi, 1981). In training of a longer duration,
a combination of mostly concentric  contractions
supplemented with eccentric céntractions gave a greater
iﬁcrease in maximal strength (Hakkinen & Komi, 1981).
Greater improvement in muscle activation measured by IEMG
was observed between the 4th and 12th week of a 24 week
training program, when the training load was increased from
between 70 to 80 % of the 1 RM (week 1 to 4) to between 80
to 110 % of the 1RM (Hakkinen & Komi, 1985). However, the
increase in strength observed between the 16th and 24th
week was lower, even if a comparable intensity was used (80
to 120 % of the 1 RM). Some decrease in muscle activation
was observed during that latter period.

This provides evidence that other factors such as

the duration of training, the sequencing of the intensity



31
cycles and the number of intervals chosen for the
measurement of the dependent variables must also be
considered for an accurate description of the time course
of neuromuscular adaptations (Hakkinen & Komi, 1986).

Finally, the particular muscle trained may also be
a factor influencing the manifestation of these
adaptations. Muscles that are not usually subjected to any
resistance, may exihibit a higher training response.
Variation in fiber distribution from one muscle to the
other could be a determinant of muscle strength (Dons et
al., 1979). A muscle with a higher % of FT fibers could
display a greater increase in strength since there 1is
evidence that resistance training preferentially increases
FT fiber area (MacDougall et al., 1980). Lastly, there is
still some controversy regarding the measuring techniques
used to assess these adaptations. The effect of changes in
subcutaneous fat and fiber hypertrophy on the EMG signals
is not clearly understood (Young et al., 1983; Cannon &
caffarelli, 1987). The increase in EMG may be due in part
to larger amplitude potentials of hypertrophied muscle
fibers (Sale, 1987). While some studies have found a
linear relationship between EMG and force, others have
found a positively accelerating - relationship with
increasing force (Bigland-Ritchie, 1981). The discrepancies
between these results could be due to the particular muscle

group used, differences in the experimental procedures such
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as electrode type, size or placement or distortions caused
by the recording tecﬁniques {Bigland-Ritchie, 1981). The
use of standardized equipment and procedures would enable
unequivocal comparisons of results to be made from one
study to another (Moritani & ~Muro, 1987). Techniques
estimating muscle or fiber cross-sectional area have also
been criticized because of their 1lack in accuracy; the
muscle fiber‘ biopsy technique (Eiseﬁberg, 1984) ,
anthropometric girth measurements (Young et al., 1983) and

ultrasonography (Haggmark et al., 1978).

2. Mechanism(s) of strength increase in prepubescent

children

It is difficult to assess the relative importance
of the ﬁechanisms discussed above, since no study
dealing with prepubescent resistance training has directly
addressed this issue. Only four studies have attempted to
observe the effect of resistance training on muscle cross-—
sectional area during prepubescence (Vrijens, 1978;
McGovern, 1984; Weltman et al., 1986; Funato et al., 1987).

Vrijens (1978) used soft-tissue roentgenography to
determine the effect of 8 weeks of weight training on the
upper-arm and thigh of prepubescent and post-pubescent
boys. This technique 1is normally used to determine fat
thickness and usually no direct measurement of muscle

cross—-sectional area is made from these =x-ray pictures
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(Haggmark et al., 1978; Hudash et al., 1985). While no
details were given, Vrijens (1978) possibly measured muscle
cross-sectional area by determining the area delimited by
the subcutaneous fat layer and substracting this area from
the area of the whole limb, to derive lean area. This could
explain why pboth fat and muscie cross—-sectional area
results are ’reported in the study. It is not clear if the
measured "muscle" area includes the bone and lean muscle
area or if the bone area was substracted. While the precise

method by which muscle cross—-sectional area Wwas determined

remains unclear, this study offers the most accurate
assessement to date of changes 1in muscle size in
prepubescent and post-pubescent children following

resistance training.

The results showed that prepubescent boys made no
increase 1in muscle cross—sectional area, while the post—
pubescent males increased thigh and upper—-arm Cross-
sectional area by 5 and 14 % respectively. While strength
did not improve in the extremities for the younger group.
post-pubescent males made significant gains in elbow flexor
(17 %) and extensor (33 %) and knee flexor (32 %) and
extensor (19 %) isometric strength.

The studies of McGovern (1984) and Weltman et al.
(1986) used anthropometric measure of 1limb girth to
determine changes in muscle cross—-sectional area.

McGovern's study, published as an abstract, found no



34
increase in girth of the arm despite increases in
performance strength for the bench press, arm curl and
chin-ups exercises.

Similar results were reported by Weltman et al.
(1986) which led to the conclusion that the increase in
strength was the result of neural adaptations. This
conclusion would be consistent with the observation in
adults of a substantial increase 1in maximal voluntary
strength, during the early phase of training (8 weeks)
which is largely independent of changes in muscle cross-
sectional area (Liberson & Asa, 1959; 1Ikai & Fukunaga,
1970; Dons et al., 1979; Moritani & deVries, 1979;
MacDbugall et al., 1980). Results from the study by Funato
et al. (1987) should beinterpreted with caution. While
significant changes in elbow extensor area between 10 to 25
% were observed for three groups of boys and girls (7, 9,
11 year olds), the elbow flexors in which the maximum
training effect was expected .showed smaller increases
(between 11 to 15 %) and only for the 11 year olds. Other
suspicious results included significant increases in bone
size of 31 to 38 % and an increase in isometric strength of
the antagonist elbow extensors, which was three times
higher than that of the agonist elbow flexors. These
results raise questions regarding the appropriateness of

study design and methodology and the accuracy of the
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ultrasound technique to determine muscle cross-sectional
area.

Another issue of concern 1is the possible role of
endocrinologic influences on neuromuscular adaptations to
resistance training in this population. Androgens are
‘thought to play an important role indifferentiating
muscularity and strength performances between sexes.
Testosterone and androstenedione are the most important
circulating androgeng, being secreted at the rate of 5-10
mg/day and 1-2 mg/day in adult males, respectively (Lamb,
1975). In adult females, the secretion of testosterone is
very low compared to males (0.1 mg/day) while that of
androstenedione is higher (2-4 mg/day) (Lamb, 1975). One
reason why males increase their muscle mass more easily
than females, is that testosterone is five times more
anabolic than androstenedione. Resting levels of
testosterone in prepubescent boys (Tanner stage 1) are
usually lower than 50 ng.dl-t (Winter, 1978). 1In
prepubescent boys and girls the levels of circulating
androgens are similar so that any differences in strength
performances between the sexes cannot be attributed to
hormonal influences (Winter, 1978).

Studies have examined the acute hormonal responses
of adult males and females to bouts of weight training,
since it was suggested these responses could facilitate or

enhance muscle hypertrophy. The half-life of testosterone
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in the human has been established at 6.6 minutes, 33
minutes and 3.4 hours depending on the metabolic pools
(Lamb, 1975). Therefore, increases in testosterone

following acute training could enhance muscle hypertrophy.

Studies have reported an increase testosterone level
immediately after weight training in males, but not in
females (Fahey et al., 1976; Weiss et al., 1983). Whether

the higher 1level of testosterone in males provides an
advantage for greater increased in hypertrophy following
resistance training remains to be demonstrated (Weiss et
al., 1983). To the author's knowledge, no studies have
examined the acute response of androgens to resistance
training in prepubescent chiidren.

Following acute sessions of weight training,
increases in growth hormone (Vanhelder et al., 1984),
cortisol, and glucagon (Vanhelder et al., 1985) have been
observed in adult men. The effect of acute increases of
these hormones  is Dbeyond the scope of this thesis, the
reader is referred to extensive reviews of this topic
(Galbo, 1981; 1983).

The effect of longitudinal resistance training on
hormonal response has been investigated in adult males
(Hakkinen et al., 1985) and females (Fahey et al., 1976;
Hetrick & Wilmore, 1979; Westerlind et al., 1987). Hakkinen
et al. (1985) found a significant correlation between

changes in isometric strength and the change in the
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testosterone\cortisol ratio. The ratio increased during the
firs£ 16 weeks of training with increasing gains in
strength. In the last four weeks, individual variations in
strength were observed, with some subjects continuing to
increase in strength, while others lost strength. Again the
testosterone\cortisol ratio had a high correlation with the
magnitude of the individual change 1in strength. The
measurement of this ratio is of interest since testosterone
produces an anabolic effect, while cortisol, a
glucocorticoid, inhibits hexokinase, and increases
gluconeogenesis and protein catabolism. A correlation was
also found between isometric strength and changes in the
testosterone\sex hormone-binding globulin  (SHBG) ratio
which determines the level of biologically active unbound
testosterone.

In contrast, no relationship was found between
serum testosterone and strength in females following
resistance training (Fahey et al., 1976;: Hetrick & Wilmore,
1979: Westerlind and al., 1987). No significant difference
was found for androstenedione and SHBG after 12 weeks of
hydraulic resistance training (Westerlind and al.. 1987) .
With prepubescent boys, Weltman et al.(1986) reported no
significant changes in testosterone 1levels after 14 weeks
of hydraulic resistance training.

Obviously testosterone 1is not the only important

factor regulating muscularity and strength development.
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Some females will display strength performance comparable
to males, despite having normal and lower testosterone
levels compared to males (Fahey et al., 1976). Many studies
tfaining female subjects have reported significant
increases in strength following resistance training (Brown
& Wilmore, 1974; Krotkiewski et al., 1979; Seaborne &
Taylor, 1982; Kaufman, 1985; O'Hagan, 1987). Increases in
muscle size (Wilmore et al., 1978; Krotkiewski et al.,
1979) have also been reported with this population. In a
recent study (Cureton et al., 1988), both males and females
made comparable gains 1in absolute strength of elbow and
knee flexion. An even more surprising results is that
absolute changes in cross-sectional area, measured by CAT,
were not significantly different between the sexes.

There is also evidence from animal studies that an
increase in work-induced hypertrophy can take place in
hypophysectomized animals (Goldberg et al., 1975). Whether
human males, deficient in testosterone arev capable of
making gains in muscle hypertrophy is not known. No
correlation has been found between testosterone level and
muscle mass in humans. While androgens appear to be
involved in developmental growth (Goldberg, 1975), their
possible role in nmnuscle hypertrophy with resistance
training remains to be shown.

Based on the existing 1literature, it is difficult

to provide an unequivocal statement about the importance of
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muscle hypertrophy for strength increases in prepubescent

children following a program of resistance training.
Weltman et al. (1986) found that chronic resistance
training had no effect on the level of circulating
androgens, although significant gains in strength were

achieved by the prepubescent boys. This may suggest that
androgens only play a secondary role, if any in increasing
strength or muscle hypertrophy in this population.

In summary, the mechanism(s) underlying strength
gains following resistance training during prepubescence
remain largely unexplained. A few studies, utilizing
anthropometric techniques, have reported no significant
increases in muscle cross—secﬁional or 1lean area of the
extremities following resistance training programs of
varying duration and intensity. No study to date, with the
exception of the study by Weltman et al. (1986) , has
investigated the relationship between concurrent hormonal
and neuromuscular adaptations to resistance training in
this population, and the possible importance of hormonal
responses in regulating muscularity and strength
performance with training during childhood remains to be
determined. Due to methodological constraints, strength
increases following resistance training during childhood
have, by the process of elimination, been attributed to
rather vague and undefined neurological adaptations. The

precise nature and importance of neurological adaptations



to strength increases with resistance

childhood remains to be determined.
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Chapter IIT

Methods

Subjects

The boys, aged 9-11 years, Wwere volunteers
recruited from 4 grade schools in the Hamilton Separate
Catholic School Board. The experimental group (n =>13) was
drawn from one school and the control subjects (n = 13)
from three other schools. Subjects and parents were
informed both in writing and oraliy about the objectives
and scope of the study . Informed consent was obtained from
both the children and parents in accordancey with the
policies of the Ethics Committee of McMaster University.
All boys had a medical examination and an assessment of
maturity level (Tanner pubic hair stages, Tanner, 1962) by
a physician. Two exclusion criteria were used: 1) children
with chronic pediatric disease or orthopedic disability
and 2) children who were not classified as Tanner stage 1
at the beginning of the study.

Experimental Treatment

Resistance training was done by the experimental
group using a circuit training approach. With this method,
the subjects performed one set of a specific exercise at a
station before moving to the next station. The frequency of

training was three sessions per week with each session

41
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lasting 50 to 60 minutes. These sessions were conducted
under supervision at the school during the lunch period.
Most children trained on Mondays[ Wednesdays and Fridays,
so that the days of training were interspersed with rest
days. However, training sessions were also available on
Tuesdays and Thursdays for those who had missed or
could not attend the regularly scheduled training sessions.

Specifically, the training (Table 4) consisted of
five sets for the primary exercises (pfeacher arm curl and
double leg extension) and three sets for the secondary
exercises (leg press, bench press and behind the neck
pulldown). In addition, abdominal exercises (sit-ups or
trunk curl) werevdone to strengthen the mid-section. The
purpose of the primary exerciées was to provide specific
overload to the two major muscle groups of interest in this
study, namely, the elbow flexors and Kknee extensors. The
secondary exercises were included to provide a general
conditionning effect. Training was performed in two phases,
each phase lasting 10 weeks.

Two recreational activities were scheduled for the
control group. These activities were not related to
strength training. The first activity consisted of bowling,
and 10 of the 13 subjects took part. The second activity
was recreational swimming, and 11 of the 13 control
subjects took part. The bowling and swimming sessions were

separated by 2 months and both sessions were supervised by
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Table 4. Training regimen,

including

frequency, duration, method, volume and load

of training.
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the training staff. No attempt was made to change dietary
or activity patterns for either the control or the

experimental group during the study.

Phase 1

Five and three sets of 10-12 repetitions were
performed respectively for the primary and secondary
exercises. The first and fifth sets for the primary

exercises and the first set for the secondary exXercises
were executed at 60 % of the previously and individually
determined one repetition maximum (1 RM). Ten repetitions
were performed for the first set serving as a warm-up for
both groups of exercises. The second, third and fourth
sets of the primary exercises and the second and third sets
of the secondary exercises were done to failure at a load
of 70-75 % of the predetermined one RM. The fifth set of
the primary exercises was done to failure. When the subject
could perform 12 repetitions on each of the intermediate
sets, the training load was increased by either 0.454 kg (1
1b.) or by 0.682 kg (1.5 1b.), the smallest weight

increments provided by the equipment manufacturer (Rubicon

Inc.).

Phase 2
In order to increase the overlcad on the muscle,
the intensity of the first training session of the week was

increased. This was accomplished by increasing the load of
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the second, third and fourth sets of the primary exercises
and the load of the second and third sets of the secondary
exercises to between 80-35 % of the 1 RM. The first set for
each group of exercises was kept at 60 % of the 1 RM, while
the fifth set of the primary exercises was increased to 75
% of the 1 RM. All but the first set of each exercises were
performed to failure. The training load was adjusted using
similar weight increments as in phase 1 when the subjects
exceeded 7 repetitions for any exercise beyond the first
set. The intensity of the other weekly sessions was the
same as in phase 1. At the end of each week the training
diary was reviewed by an instructor and the resistance was
adjusted if necessary according to the previously mentioned
guidelines. Under adult supervision the children were
responsible for recording the number of repetitions
completed for each exercise at the predetermined loads. The

subject-supervisor ratio was no greater than 4-1.

Methods of Measurements

Table 5 outlines the measurements made during the
study. They consisted of : A) voluntary strength
measurements, B) evoked contractile properties, C) % motor
unit activation using the interpolated twitch technique, D)

muscle cross-sectional area using computerized axial
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Table 5. Measurements for resistance training

study including A) voluntary strength,

B) electrically evoked ‘contractile
properties, C) interpolated twitch, D)
muscle cross—-sectional area and E)

anthropometry and body composition.
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tomography and limb girth (arm only) and E) anthropometry
and Body composition. |
A) Voluntary Strength

Voluntary strength was measured using the following
testing modes : 1) One repetition maximum performance
strength was measured on a global Gym station for double
leg press and bench press. Performance for the double arm
curl and the double leg: extension was assessed for the
experimental group only on the training device because of
logistical concerns. An initial warm-up of 3-7 repetitions
was given for each exercise. For the pre-testing the one RM
was found within 6-8 repetitions by increasing the load by
large increments to begin with and then using ‘increments of .
2.5 to 1.25 kg to precisely identify the 1 RM. Fér the mid-
and post-testing, the previous values from the pre—.and
mid-testing respectively were used as guidelines to
establish the new one repetition maximum value. For both
the mid- and the post-testing, the warm-up consisted of 3-7
repetitions at 50-80 % of the previously determined 1 RM.
Two to three single repetitions done at 80-95 % of that
previously determined one RM were then performed. If these
were successful the previous one RM was attempted. If this
lift was successful, the resistance for the next trial was
increased by increments of 1.25 to 5 kg depending on how
easily the previous 1lift had been achieved. When the 1lift

could not be completed the load was decreased by 1.25 kg
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until it was completed. A minimum rest period of 2 minutes
was given between each trial. Excluding the warm-up, the

new 1 RM was achieved within 6-8 trials.

2) Muscular endurance was measured for both groups by
having subjects perform as many repetitions as possible
with the pre-test 1 RM for the bench press and leg press.
The same procedure was repeated for the double arm curl and

the double leg extension for the experimental group only.

3) Peak isockinetic voluntary strength was measured using an
isokinetic dynamometer (Cybex II, Ronkonkoma, NY) for the
right arm elbow flexors and right leg knee extensors. Peak
torque was the greatest torque developed during the
contraction after the impact torque (Sale, 1982). It was
recorded at four velocities : 0.523, 1.046, 2.094 and 3.141
rad- s-1! . The undamped torque signal from the Cybex
transducer was displayed on one channel of an oscillograph
recorder (Hewlett-Packard 7402a, San Diego, CA). For the
elbow flexors, the subject was seated with his right upper
arm parallel to and resting on a padded table. The shaft of
the Cybex was aligned with the axis of the right elbow
joint. The end of the adjustable lever arm had a handle
that the subject grasped with the forearm supinated. An
assistant placed a hand on the shoulder of the subject to

provide stabilization and to prevent any movement of the
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upper body. The subject's left hand remained motionless on
the lap. The subjects began the contraction With the elbow
fully extended and continued the contraction through the
greatest possible range of movement.

For the knee extensors, the subject was seated on a
padded chair, especially designed for this purpose. The hip
was exXtended at an angle of approximately 120° during these
measurements. The subject was strapped across the chest,
the hip and the right thigh. The 1lower right leg was
secured to a pad attached to the Cybex - shaft by a metal
arm. The Cybex shaft was aligned with the axis of the right
knee joint and the same lever arm length was used for the
pre-, mid- and post—measurements. The subject began the
contraction with the knee at a joint angle of 90° (full
extension : 180°) and continued the contraction until full
extension was achieved. Three sub-maximal warm-ups preceded
three trials at each velocity. A rest interval of 15 to 30
s was given after each trial. The average of the best two
trials at each velocity was used for the analysis of the
results. The order of testing for the elbow flexors and the
knee extensors was counterbalanced. The 4 velocities of

contraction were randomized.

4) Peak voluntary isometric strength was measured on custon
made dynamometers by recording torque at 4 joint angles for

the right arm elbow flexors (80°,100°,120° and 150°; 180¢°



- 52
was full extension) and 4 joint angles for the right leg
knee extensors (90°,120°,140° and 160°; 180° was full
exXtension). For the elbow flexors, the right upper-arm
rested on an horizontal steel plate and the forearm in the
supinated position, on a second plate connected to the
first one by a steel shaft. The steel shaft of thié axis
was equipped with a torque transducer consisting of foil
strain gauges. By securing the forearm to this second
plate, isohetric contractions could be developed at various
angles around the elbow joint. The torque signal from the
transducer was amplified by a custom-made amplifier and
converted to a digital signal. The amplified signal was
visualized on a storage oscilloscopé {Hewlett-Packard 120
1B, San Diego, CA) and analyzed by a computer (PDP 11-03,
Digital Equipment Corp., Maynard, Mass.). The subject was
seated facing the dynamometer and the upper-right arm was
aligned with the shoulder joint. The left arm was secured
to the left thigh to prevent bracing during the trial. In
order to isolate the contraction of the elbow flexors, a
strap also secured the right shoulder to the arm of the
chair. To further prevent interference by the shoulder or
the rest of the upper body, an assistant placed one hand on
the shoulder of the subject, applying downward pressure and
held on to the strap.

For the knee extensors, the right 1lower 1leg was

secured by a velcro strap to a steel support. The support
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was attached to a heavy duty steel chair by a shaft that
could rotate around the axis of the knee. Like the arm
device, a transducer attached to the steel shaft recorded
the torque. This output was sampled and treated in a
similar manner to that for the elbow flexor dynamometer.
The subject was seated at a hip joint angle of 120° and was
secured to the steel chair by three straps : one acfoss the
right thigh, one across the hip and one across the chest.
The subjects were also reminded before each new trial to
keep their arms crossed over their éhest and to keep their
left leg motionless. In all cases, arm testing preceded leg
testing. The 4 angles were randomized for both afm and leg
testing.'wa trials were done for each angle and an average

of the two was used for the analysis of the results.

B) Electrically Evoked Contractile Properties

Twitch contractions of the right arm elbow flexors
were measured at the same joint angles and using the sane
dynamometer used for the determination of the isometric
peak torque. The order of testing for joint angle was
randomized. The twitch contractions were evoked through
percutaneous stimulation. Rubber electrodes impregnated
with conductance gel were taped on the forearm just distal
to the elbow fossa (anode) and on the belly of the biceps
over the motor point (cathode). Because of greater

discomfort, the evoked twitch contractions for the right
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leg knee extensors were measured only at the 90° joint
angle. The rubber electrodes were placed just proximal to
the patellar tendon over the vastus and rectus femoris
(anode) and over the femoral nerve beside the femoral
artery in the pelvic notch (cathode).

Stimuli were rectangular voltage pulses of 100 to
200 ué duration, produced by a Devices stimulator (Medical
System Corp.). The voltage was increased in a step—-wise
fashion until the twitch torque viewed oﬁ channel A of the
oscilloscope could not be increased further. This was
considered to be the maximum twitch response. Two trials
were given and the converted torque signals were fed into a
computer (Digital‘ Equipment Corp., Maynard{ Mass). The
average of the two trials was used for the analysis of
results. The voltage intensity ranged between 100 to 200 .
volts for the arm and between 200 and 400 volts for the
leg.

Torque (N'm), time to peak torque (ms), 1/2
relaxation time (ms) and maximum rate of torque development
and relaxation (¥.m s-!) were measured using a custom
programmed software package. The twitch contractions were
measured before the isometric MVCs to avoid potentiation

effects.
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C) Interpolated Twitch
The interpolated twitch technique (Denny-Brown,
1928: Merton, 1954; Belanger and McComas 1981) was wused to
assess the degree of motor unit activation at a joint angle
of 100°, for the right arm elbow flexors, and 90° for the
right 1leg knee extensors. With this technique a supra-
maximal stimulus (twitch) is delivered to the muscle at the
peak of a maximal voluntary contraction. If the subject
does not fully activate the motor wunit pool, an increment
in torque over the peak torque produced by the MVC will be
visible on <channel B of the oscilloscope at the time of
twitch stimulation. A photograph of the interpolated twitch
tension was taken from the oscilloscope and the number of
divisions along the vertical axis of channel B was counted;
Each big division c¢ould be broken down into 5 smaller
divisions, giving a precision of up to 10-! divisions. Each
division was calibrated to 33.7 and 16.7 N-m per division
for the elbow flexors and knee extensors, respectively. In
order to convert the number of divisions to torque, the
gain in volts per division was divided by the appropriate
calibration factor and multiplied by the number of
divisions calculated from the photograph. The % motor unit

activation (MUA) was determined using the following

formula:

% MUA

(RTT - ITT) =x 100 %

RTT



56
in which RTT = resting twitch torque and ITT = the
interpolated twitch tordue. Two trials were recorded for
each limb and the highest one was used as the criterion

sScore.,

D) Muscle and Lean Cross-Sectional Area

Muscle cross-sectional area of the right mid-upper
arm between the écrcmion and the olecranon proéesses and of
the right mid-thigh between the pubic symphysis and the
medial condyle of the femur were measured using
computerized axial tomography-CAT scan (fourth generation
high resolution Ohio Nuclear 20/20 series scanner). A
single scan was taken for each limb. Negative photographic
slides were taken of the CAT scan prints and area
measurements-were determined by manual planimetry using a
computerized digitizing platform (Compucolor Inc.). Total
cross-sectional area, total 1lean area, flexor area,
eXtensor area and the bone area were measured. The CAT
scans were analyzed in a double blind fashion with the
exXxaminer being unaware of either subject group placement
(experimental vs control) or testing condition (pre vs
post).

Lean cross-sectional area of the mid-upper right
arm was also determined by measuring the circumference and
the anterior, posterior, medial and lateral skinfolds at

the same site used for the CAT scan measurements (mid-way
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between the olecranon and acromion processes) . Based on the
skinfolds and circumference measures, lean cross-sectional
area was calculated using the method described by Moritani
and deVries (1980). For both CAT scan and circumference
measurements, the arm was in a fully extended resting
state. CAT scans of the thigh were téken with the leg fully

extended and resting.

E) Anthropometry and Body Composition

Skinfolds were measured at the following sites on
the right side of the body using a Harpenden skinfold
caliper : suprailiac, subscapular, triceps and biceps.
Percent body fat was determined using the equation of
Lohman et al., (1984). standing height was measured with
subjects in their bare feet and weight was measured with
subjects wearing only their shorts. All anthropomeﬁric

measurements were made by the same investigator.

F) Time-table

Figure 1 gives the time course for the measurements
during the study. With the exception of weight, height,
muscular endurance and CAT scan all the other measurements
were taken at the beginning, mid-point (after 10 weeks) and
end of the study. Weight, height and CAT scan were measured
only at the beginning and end of the study. Muscular

endurance was measured only at the end of the study. For
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Figure 1. Time-course for the testing of
dependent measures, including
isometric (I) and isokinetic (C)
maximum voluntary contraction,

evoked contractile properties (#),
performance measures (P), CAT (@),
muscular endurance (E) and
anthropometry (A).

the
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both the mid-point and the post-testing, two to three days
of rest were allowed before the strength testing sessions

to eliminate acute fatigue resulting from the training.

Statistical Methods

The strength results are presented first in
absolute units, and then in relative units per square
centimeter of flexor and extensor area for the elbow
flexors and knee extensors, respectively. Various
.statistical analyses were used including :
1) Two and three way analysis of variance (ANOVA) with one
or two repeated measures respectively, to determine the
éignificance of the effect- of training on the dependent
variables. The dependent variables included strength,
morphology., contractile properties, anthropometry' and
physical characteristics. A two-way ANOVA with one repeated
measure was also used to determine if the transfer of the
strength gain from the weight training was comparable for
three modes of testing and the twitch torque measurements.

The following gives a detailed example of the
procedure utilized to determine main effects and identify
significant differences among means for a three way ANOVA
with two repeated measures for maximum voluntary isometric
peak torque (dependent variable) of the elbow flexors. The
between subject factor is treatment made up'of two levels :

experimental and control. The repeated (within) subject
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factors are : (1) time with 3 levels ; pre-, mid- and post-
training and (2) Jjoint-angle with 4 levels ; 80°, 100°,
120° and 150°.

Table 6 shows how the three factors interact. The
following interactions were examined and depending on the
results (significant or insignificant interaction), a post
hoc Tukey test (2 mean comparison) was used to identify

significant differences among means :

a) treatment x angle x time : a significant interaction
indicated that there was a training and/or growth effect on
the dependent variable at either the mid- and/or post-test
and for either one, two or three of the four joint angles
of contraction.
Post hoc : means (n=24) were compared in order to determine
at which testing time-joint angle combination, training
and/or growth had a significant effect. The three following
outcomes were considered :
1) A significant difference between the 3 means (pre-, mid-
and post-training), at a Jjoint angle, in the control
group, was interpreted as a growth effect for that joint
angle.
2) A significant difference between the 3 means (pre-, mid-
and post-training), at one joint angle, in the
experimental group, without a growth effect at that sanme

joint angle (insignificant difference between the three
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Table 6. Example of a three-way
ANOVA with two repeated
(within) measures.

Between factor : treatment
Repeated factor #1 : angle
Repeated factor #2 : time
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means, at that joint angle, for the control group) was

interpreted as a training effect.

3) If a significant difference was obtained between the
three means (pre-, mid- and post-training), at one joint
angle, for both the experimental and control group, the

means from the 2 groups were compared with each ofher.
only, if the experimental and éontrol groups had similar
pre-training means and the experimental group had
significantly greater mid- and/or post—-training means than
the control group, for that joint angle (e.g. 80°) was the
difference between groups attributed to a training effect.
If the interaction was not significant, the treatment x

time interaction was considered.

b) treatment x time : a significant interaction, without a
treatment x angles x time interaction, indicated that there
was a training and/or growth effect on the dependent
variable at either the mid- and/or post-test for all four
joirt angles of contraction.

Post hoc : means (n=F) were compared in order to determine
at which testing time, traiaing and/or growth had a
significant effect. Three outcomes were roussible

1) A significant difference between the 3 means of thc
control group was interpreted as a growth effect.

2) A significant difference between the 3 means of the

experimental group with no growth effect (insignificant
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difference between the 3 control means) was interpreted as
a training effect.

3) If a significant difference was found between the 3
means of both the experimental and control group, the means
from the 2 groups were compared with each other. Only, if
the experimental and control groups had’ similar‘ pre-
training means and the experimental group had significantly
greater mid- and/or post-training means than the control
group, was the difference between the groups attributed to
a training effect. If the interaction. was not significant,

the time factor was considered.

¢} time . a significant time interaction, without' a
significant treatment-time interaction, indicated that
there was a growth effect.

Post-hoc : means (n=3) were compared in order to determine

at which testing time, growth had a significant effect.

2) The Friedman two-way analysis of variance, a non-
parametric statistic was used to determine the significance

of the effect of training on the % motor unit activation.

Reliability
Independent projects were conducted to assess the
reliability of the measurement techniques wused in this

study. Details on the methodology are given in appendices
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A, B and C. First, the day to day and trial to trial
reliability of the voluntary strength and evoked
contractile property measurements were assessed, using 6
prepubescent subjects from the study.

Second, a site to site reliability of the
computerized axial tomography technique was conducted on
the right wupper-arm and thigh of adult subjects. 1In
addition, the accuracy of the technigque was assessed by
scanning phantoms and comparing their ac£ua1 surface with
the area derived from the scan negatives. Finally,
intertester reliability of the digitizing procedure used to
assess cross—sectional area from computerized axial

tomography was measured.



Chapter IV

Results

A. Anthropometric and Cross-sectional Characteristics

There were no significant differences in height,
weight, or sum of two skinfolds (triceps and subscapular)
between the experimental and the control groups initially
or after training (Table 7). Weight (+4.2 %, p<.01l) and
height (+0.6 %, p<.0l1) were significantly increased by
growth. |

There was a significant growth effect on the sum of
4 circumferential skinfolds of the right upper arm and
thigh. There was a significant training (+3.9 %, p<.05) and-
growth (+2 %, p<.05) effect for arm girth, but lean arm
cross—-sectional area (CSA) estimated from the girth and the
circumferential skinfolds was not affected by training or
growth. No training effect was evident for any of the
cross-sectional areas, measured by computerized axial
tomography-CAT scan, for the right upper-arm or thigh
(Figure 2). There was a significant growth effect for arm
lean area (+2.6 %, p<.05), arm flexor area (+7.7 %, p<.05),
total thigh area (+6.2 %, p<.01), lean thigh area (+5.3 %,
p<.05) and thigh extensor area (+8.1 %, p<.05).

In the reliability’study (appendix B), wusing adult

subjects, when a 2 centimeter difference in site was chosen

67
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Figure 2. Cross-sectional characteristics of

right upper-arm and thigh pre- and
training. Figures are : A) lean CSA of
arm B) elbow flexor lean CSA C) lean

of the leg and D) knee extensor lean
Hatched and blank bars represent mean
of the experimental and control

post-
the
CSA
CSA.
+ SE

group,
respectively. Growth effect T p<¢.05.
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7. Physical characteristics of the
subjects including pre- and post-
training means *+ SE and % changes for
the following measurements : age,
height, weight, sum of 2 skinfolds, %
body fat based on the Lohman equation.
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to scan the bone area, lean area of a specific muscle group
(elbow flexor or knee extensor CSA) or total lean area, a
significant difference 1in cross-sectional area was found.
With a 1 centimeter difference between the two sites, a
difference was found, only for the cross-sectional area of

the elbow flexors and knee extensors, in 50 % of the cases.

B. Strength Performance Measurements

The performance strength measures for the one
repetition maximum (1 RM) bench press (34.6 %, p<.01l) and
leg press (22.1 %, p<.0l1l) increased with training (Figure
3A and B). For the bench press, the expefimental group made
significant gains in strength during phase 1 (20 %, p<.01)
'and phase 2 (14.6 %, p<.0l) (Figure 3A). For the leg press,
the significant increase in strength occurred only during
the first training phase (16.8 %, p<.01) (Figure 3B). A
significant increase in the 1 RM bench press (12.3 %,
p<.01l), indicative of growth, was alsc observed for the
control group at the end of the study (Figure 3A). Both the
bench press and the leg press strength measurements showed
high day to day reliability (appendix A).

Significant increases were observed for the double
arm curl after the first phase (42.2 %, p<.01) and the
second phase (17.3 %, p<.01) of training in the

experimental group (Figure 3C). Similar results were
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Figure 3. Absolute changes in strength for the A)

bench press, B) leg press, C) arm curl and D) leg
extension strength performance measurements,
pre—-, mid- and post-training. Hatched and blank
bars represent mean * SE of experimental and
control group, respectively. Training effect *
p<.05, ** p<c,01; growth effect T p<.05.
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observed for the double 1leg extension with increases of
14.7 % and 11.9 % after phase 1 and 2, respectively (p<.05
for pre-mid and mid-post and p<.01 for pre-post) (Figure

3D).

C. Muscular Endurance

Muscular endurance in the bench press and leg press
was significantly increased by training (p<.01) (Figure 4A
and B). Significant differences between pre- and post-test
measures were also observed for vthe double arm curl and
double 1leg extension for the experimental group {(p<.01)

(Figure 4A and B).

D. Peak Isokinetic Torque

A significant training effect was observed for
absolute isokinetic peak torque of the elbow flexor (+25.8
%, p<.01) and knee extensor (+21.3 %, p<.01) muscle groups
(Figure 5A and B). For the elbow flexors a significant gain
in peak torque was observed during the first {(13.1 %,
p<.05) and second (12.7 %, p<.05) 10 weeks of training. For
the knee extensors a significant difference 1in peak torque
was only observed during the first training phase (17 %,‘
p<.01).

The day to day reliability (appendix A) for maximal
voluntary isometric peak torque was lower than that of the

1l repetition maximum and maximal voluntary isometric peak
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Figure 4. Muscular endurance performance
measurements: absolute number of repetitions
completed with pre-training 1 RM for the A)
bench press and B) leg press. Hatched and blank
bars represent mean + SE of experimental and
control groups. Training effect ** p<.01.
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Figure 5. Absolute and relative changes in

maximal voluntary isokinetic peak torque
measurements, . pre-,mid- and post-
training. Absolute changes : A) elbow
flexion and B) knee extension, and
relative changes : C) elbow flexion and
D) knee extension (collapsed across
velocities). Hatched and blank bars
represent mean * SE of experimental and
control groups, respectively. Training

effect * p<.05, ** p<.01l; growth effect
T p<.05.
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torque measurements. The reliability was especially low for
the elbow flexors at the highest velocity of contraction
(3.14 rad-s-!). Appendix A gives possible reasons for this
lower reliability for the elbow flexors at 3.14 rad-s- 1.
Trial to trial reliability ranged from high to very high.

A significant training effect was observed for
elbow flexor (+17.2 %, p<.05) and knee extensor (+16.4 %, .
p<.01) peak torque normalized for muscle cross-sectional
area (Figure 5C and D). Figure 6, presents the results
separately forAeach velocity of contraction.

E. Peak Isometric Torque

A significant training effect was observed for
absolute voluntary isometric peak torque of the elbow
flexors (+37.3 %, p<.01l) (Figure 7A). The significant
increase in strength of the elbow flexors occurred during
both phase 1 (23.3 %, p<.01) and phase 2 (14 %, p<.01). A
growth effect was observed for the control group for the
same dependent measure (+12.1 %, p<.0l) between the mid and
post testing. For the knee extensors, the absolute peak
isometric torque was significant at joint angles of 90°
(+25.3 %, p<.05) and 120° (+13.3 %, p<.05) only (Figure
7B). The significant increase in strength for the knee
extensors occurred during both phases of training for the
90° joint angle and only auring the first phase for the

120° joint angle. The day to day and trial to trial
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Figur

e 6. Absolute maximal voluntary
isokinetic peak ~ torque measurements
across velocities of contraction (0.52,
1.05, 2.09 and 3.14 rad-s-t!), pre-—, mid-
and - post-training for A) elbow flexion
and B) knee extension. Closed and open
circles represent mean + SE of
experimental and control groups,
respectively. Training effect

* p < .05.
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Figure 7. Absolute changes in maximal

voluntary isometric peak torque across
joint angles of contraction pre-, mid-~
and post-training for A) elbow flexion

(80°, 100¢°, 12009 and 150°, full
extension = 180°), and B) knee extension
(90¢°, 120°, 140° and i60°, full

extension = 180°). Closed and

open circles represent mean * SE of
experimental and control group,
respectively. Training effect ** <
.01; growth effect Tt p < .0
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Figure 8. Relative normolized for muscle

cross-sectional area’ maximal voluntary
isometric peak torque measurements,
across joint angles of contraction, pre-
, mid- and post-training, for A) elbow
flexion (80°,100°,120° and 150°, full

extension = 180°) and B) knee extension
(90°,120°,140° and 160°, full extension
= 180°). Closed and open circles

represent mean * SE of experimental and
control ¢group, respectively. Training
effect ** p < .01
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reliability (appendix a) for the maximal voluntary
isometric peak torque ranged from high to very high.

There was a significant training effect on
isometric peak torque of the elbow flexors normalized for
muscle cross—-sectional area p<.01) (Figure 8A). Growth had
a significant effect at the 150° joint angle. For the knee
extensors a training effect was observed only at the 90°

joint angle (Figure 8B).

F. Isometrically Evoked Twitch Torque

There were significant training effects for
absolute isometric evoked twitch torque of the elbow
flexors (+29.6 %, p<0.0l1l) and knee extensors (+29.7 %,
p<0.05) (Figure 9A and B). The significant increases in
isometric evoked‘ twitch torque for both elbow flexors and
knee extensors occurred during the 1last 10 weeks of
training.

Training increased evoked twitch torgque of the
elbow flexors at all four Jjoint angles used for testing
(Figure 10A). Twitch torque for both the elbow flexors and
the knee extensors exhibited high to very high day to day
and trial to trial reliability (appendix A). Training had a
significant effect on the isometric evoked twitch torque of
the elbow flexors normalized for muscle cfoss—sectional
area (p<.01l), but not for the knee extensors (Figure 9C and

D).
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Figure 9. Absolute and relative changes in

isometrically evoked twitch torque, pre-

. mid~ and post-training. Absolute
changes : A) elbow flexion and B) knee
extension, and relative changes : C)

elbow flexion and D) knee extension
{collapsed across joint angles). Hatched
and blank bars represent mean * SE of
experimental and control groups,
respectively. Training effect ** p <«
.01.
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_Figure 10. Absolute isometrically evoked

twitch torque, pre-, mid- and post-
training, across Jjoint angles, for A)
elbow flexion (80°,100°,120° and 150°,
full extension = 180¢) and knee
extension (90°, full extension = 180°).
Closed and open circles represent mean *
SE of experimental and control group,
respectively. Training effect * p<.05,
*x p<.01
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G. % Motor Unit Activation

Initial values for % motor unit activation (MUA)
combining both experimental and control groups were 39 %
and 78 % for elbow flexors and knee extensors,
respectively. Neither training or growth had any
significant effect on the % MUA of the elbow flexors or
knee extensors (Figure 11A and B). However, there was a
trend toward increased % MUA for both elbow flexors (13.2
%) and knee exténsors (17.4 %) 1in the experimental group.
There was no change in % MUA for elbow flexors during the
study for the control group. In comparison, knee extensor %
MUA showed a slight decrease at the end of the study, while
the mid-point results indicated a 6.5 % increase over the

initial wvalue.

H. Time-related Contractile Properties

With the exception of the elbow flexor maximum rate
of torque relaxation (MRTR) (+18.8 %, p<.05) (Figure 13 and
14), there was no differential effect of training for
either elbow flexor or knee extensor time-related
contractile properties. The training effect for elbow
flexor MRTR was observed during the second training phase
(+10.3 %, p<.05). A groﬁth effect was observed, for the
MRTD of the elbow flexors and knee extensors, during the

second and first phase of training, respectively (+18.2 % ;
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Figure 11. Percent motor unit activation,

pre-, mid- and post-training, for A)
elbow flexion (100°) and B) Kknee
extension (90°). Hatched and blank bars
represent mean of experimental and
control groups, respectively.
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Figure 12. Time related contractile

properties, pre-, mid- and post-training
results for time to peak torque, half-
relaxation time, total contraction time,
maximum rate of torque development and

“maximum rate of torque relaxation for elbow

flexion (collapsed across Jjoint angles).
Hatched and blank bars represent mean * SE of
experimental and control groups,
respectively. Training effect * p<.05.
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Figure 13. Time-related contractile properties, pre-—,

mid- and post-training results for time to peak
torque, half-relaxation time, total contraction
time, maximum rate of torque development and
maximum rate of torque relaxation for knee
extension. Hatched and blank bars represent mean =
SE of experimental and control groups,
respectively.
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+38.9 %, p<.0l1l). A growth effect was also observed for TPT,
of the knee extensors, during the first phase (-15.5 %,
p<.01). TPT had increased back (16.9 %, p<.01), to
approximately it's original value, by the end of the study.

Day to day reliability of time-related contractile
properties (appendix A) varied depending on the limb, the
contractile property examined and the statistical technique
used to determine reliability. In general, higher
reliability was found for the knee extensors than for the
elbow flexors. Although, trial to ﬁrial reliability for the
contractile properties was higher than the day to day

reliability, wide fluctuations were again observed.

I. Ratio of isometric twitch torque to maximum voluntary

isometric torque

Although the twitch torque to maximum isometric
voluntary torque ratio of the elbow flexors was not
significantly affected by training, a decreased of 31 %
was observed during the first phase (Figure 14A). However,
this decrease had disappeared by the end of the second
phase, giving a post-test wvalue similar to the pre-test
value. No significant change was observed for this

dependent variable for knee extensors (Figure 14B).
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Figure 14. Ratio of twitch torque to maximum
voluntary isometric torque, pre-—,
mid- and post-training, for A)
elbow flexion and B) knee extension
(collapsed across joint angles).
Hatched and blank bars represent
mean = SE of experimental and

control groups, respectively.
Growth effect T p < .05.
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Table 8. Summary table : effect of training on the dependent variables

Level of significance

1) One repetition maxiﬁum : bench pres
leg press
2) Muscular endurance : bench press
leg press
3) Isokinetic strength : elbow flexors
knee extensors
4) Isometric strength : elbow flexors

knee extensors

90°

120°
B) Evoked contractile properties
Twitch torque : elbow flexors

knee extensors
to peak torque : elbow flexors

knee extensors
Half-relaxation time : elbow flexors

knee extensors

Total contraction
time : elbow flexors

knee extensors

S

NS

Mid
p<.01

p<.01

p<.05
p<.01

p<.01

p<.05

p<.05

NS
NS
NS
NS
NS

NS

NS

NS

Post
p<.01
p<.01
p<.01
p<.01

p<.01

S p<.01

p<.01

p<.05

p<.05

p<.01

p<.05

NS
NS

NS

NS

NS

% change
Mid Post
20.0 34.6
16.8 22.1
13.1 25.8
17.0 21.3
23.3 37.3
12.6 = 25.3
9.9 13.3
- 29.6
- 29.7 Time
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Maximum rate of

Level of significance % change
Mid Post Mid  Post
torque development : elbow flexors NS NS - -
knee extensdrs NS NS - -
Maximum rate of
torque relaxation : elbow flexors NS p<.05 - 18.8
knee extensors NS NS - -
C) Interpolated twitch
% motor unit
activation : elbow flexors NS NS - -
knee extenﬁors NS NS - -
D) Muscle cross-sectional area
elbow flexors - NS - -
knee extensors - NS - -
E) Anthropometry
Girth : arm NS p<.05 - 3
thigh NS NS - -

.9




Chapter V

Discussion

The present investigaﬁion differed from previous
studies exploring the effect of resistance training in the
prepubescent population in several respects. First, this
study lasted 6 weeks longer than the longest study to date
(Weltman et al., 1986) and was twice the length of typical
studies examining this question. This was important since
it gave enough time for all possible adaptations
influencing strength to manifest themselves. Second, by
including mid-testing, the study offered a way to monitor
the tiﬁe course of some of these adaptations. Third,
different modes of testing were used to evaluate the
specific (one repetition maximum on the weight training
station) and non-specific (isometric and isokinetic muscle
action) adaptations in strength, eliminating any bias in
the measurement of the strength gains.

This was also the first investigation to attempt to
differentiate the neurologic and morphological mechanism(s)
underlying increases in strength, with resistance training,
in prepubescent boys. Computerized axial tomography (CAT)
was used for accurate measurement of cross-sectional area
(CSA). To assess the possible role of neural adaptations,

the degree of motor unit activaton was measured using the

104
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twitch interpolation technique. Twitch torque and time
related evoked contractile properties were also measured to

determine other possible adaptations at the muscle level.

A. Anthropometric and Cross-sectional Characteristics

While the inclusion of a control group was not a
distinctive feature of this study, it was essential to
differentiate between the effect of training and-growth on
the dependené variables. Care was taken to match boys of
similar age and leQel of puberty. The similar pre-training
values for age, height, weight, sum of skinfolds and % body
fat for both the experimental and control groups indicates
that the groups were fairly well matched.

Cross—sectional areas of the trained muscle, as
measured by CAT, were not affected by training. While the
validity and reliability of the technique for measuring
single muscle bellies is questionable (see appendix B), the
lack of increase in total lean arm and leg CSA, suggest
that nuscle hypertrophy was not an important factor
contributing to the strength increases observed in this

study.

B. Voluntary strength

The results of this study indicated that 20 weeks

of traditional circuit weight training, incorporating
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progressive resistive 1loading and both <c¢oncentric and
eccentric muscle actions, significantly improved
performance strength for the 1 repetition maximum (1 RM)
bench press and leg press‘in prepubescent boys. While ther=
was no comparable data for the control group for these
particurlar exercises, there were also significant
increases in double arm curl and 1leg extension strength,
suggesting a training effect. Results for the 1RM
performance strength measures in the present study appear
to agree with McGovern's (1984) findings of increased
strength in the bench press and arm curl for 4th, 5th and
6th graders following 12 weeks of circuit weight training.
Details regarding the specifics of the training program and
the nature of the . criterion strength measures were,
however, not reported in McGovern's (1984) study.

Percent increases in bench press (35 %) and leg
press (22 %) were comparable to results obtained with
adults (Berger, 1963; Dons et al., 1979; Sailors & Berg,
1987) and pubescent children (Sailors & Berg, 1987). The
absolute increase in bench press strength (7.4 kg) in the
prepubescent children was also comparable to increases in
the same 1lift for adults (10.3 kg) and pubescent children
(5.2 kg) (Sailor and Berg, 1987).

Although the duration of training in the present
study was more than twice that in these adult studies,

significant increases in strength (bench press (20 %) and
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leg press (17 %) were evident in the present study even
after 10 weeks of training. Although the direction of
change was similar to that observed in adult studies, the
magnitude, both in absolute and relative terms, of the
strength gains, was somewhat smaller. The significant
increase in maximal voluntary isometric peak
torque for elbow flexion observed in the present study
conflicts with Vrijens' (1978) earlier finding of no
significant effect of 8 weeks of weight training on
isometric strength of the elbow flexors (EF) 1in
prepubescent males. The discrepancy in results between
studies may be explained by differences in the length of
the training programs, and more importantly by the higher
training load and volume used in the present study.

| The percent increase in isometric torque of the EF
(37 %) was similar to that observed in adults (36 %)
(Moritani and deVries, 1979). After 10 weeks of training, a
duration comparable to that used by Moritani and deVries
(1979), an increase of only 23 % was observed. The %
increase in knee extensor (KE) isometric torque at 90° was
higher than the increases reported in adult studies of a
shorter duration (Thorstensson et al., 1976a: Thorstensson
et al., 1976b). Results from short (Thorstensson et al.,
1976a; Thorstensson et al., 1976b; Dons_et al., 1979) and
long duration (Hakkinen and Komi, 1983; Hakkinen and Komi,

1985) adult studies, using the squat exercise suggest that
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smaller gains in isometric strength are observed with this
muscle group and mode of testing. This point will be
addressed in more detail later in the discussion.

The improvement in isokinetic peak torque for the
EF (26 %) and KE (21 %) agrees with the finding of Pfeiffer
and Francis (1986) and Weltman et al. (1986). The Pfeiffer
and Francis (1986) study should be interpreted carefully,
because of the lack of statistical comparison between the
experimental and control groups, variation in training
response between contralateral limbs, and the decrease in
limb strength at some velocities of contraction for
particularAgroups of subjects. Despite these problems, the
study reported large increases in isokinetic torque in some
of the trained muscle groups. EF torque increased in the
order of 15 and 23 % at 0.524 and 2.094 rad s-!,
respectively and KE torque at 2.094 rad-s-! increased by
about 18 %. In the present study, increases in isokinetic
torque for elbow flexion at the same velocities of
contraction were 26.5 and 26.1 %, respectively, and for
knee extension at 2.094 rad-s-1, it was 19 %. Curiously,
for knee extension at 0.524 rad-s-!, Pfeiffer et al. (1986)
obtained an increase of only 6.5 %, in contrast to the 15 %
increase observed in the present study.

Welfman et al. (1986) observed increases in average
isokinetic elbow flexion peak torque (mean of torque

outputs across 9 ranges of motion) of approximately 29 %
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and 35 % at 0.524 and 1.571 rad-s-!', respectively. For
knee extension, at the same velocities of contraction, they
observed average increases in torque of 23 % and 19 %. The
slightly higher increases in torque in this study compared
to the present investigation can be explained by
differences in . the mode of training (hydraulic resistance)
used. Although hydraulic resistance devices do not provide
"true" isokinetic resistance (O'Hagan, 1987), they should
favour greater increases in isokinetic torque than weight
tréining, when testing is done on a Cybex dynamonmeter,
because of specificity of the contraction type.

The percent increase in isokinetic strength of EF

and KE 1in the present study agrees with results for the

elbow extensor of adults (MacDougall et al., 1977).
MacDougall et al. (1977) wused a weight training program
which lasted 20 weeks, and which resulted in a 28 %

increase in elbow extensor torque.
The data in Appendix A on day to day and trial to
trial reliability show that children can be evaluated, with

confidence, for maximal voluntary strength measurements.

C. Evoked contractile properties

To the author's knowledge, there are no published
reports on the effect of resistance training on the evoked
contractile properties of prepubescent children. In the

present investigation, an increase of approximately 30 % in
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the twitch torque of both elbow flexors and knee extensors
was observed at the end of the training period. In adults,
only Liberson and Asa (1959) have reported an increase in
twitch tension of the hypothenar muscles, in some of their
subjects after weight training. More recently, Duchateau
“and Hainaut (1984) found a decrease (-9 %) in twitch
tension for the adductor pollicis after dynamic training
and an increase (20 %) after isometric training. The
discrepancy between the results of these two studies may
well be related to differences in training intensity.
Liberson and Asa (1959) wused 3 sets of 10 repetitions at
50, 75 and 100 % of the 10 RM. The load was increased each
week according to the method of progressive resistance
developed by Delorme (1948). In contrast, Duchateau and
Hainaut (1984) used a high volume of training, 10 sets of
10 repetitions, but the 1load was only 30 to 40 % of the
maximum isometric force. The lower load was chosen to allow
fast dynamic contraction, a situation that may have
resulted in sub-maximal activation of the trained muscle.
However, Sale et al. (1982a and 1983a), despite subjecting
various muscles to high intensity isometric and weight
training, obtained decreases in twitch tension.

The electrically evoked ¢twitch contraction is a
measure of the intrinsic force-producing capacity of muscle
(McDonagh et al., 1983) and it is believed to be related to

the muscle cross-sectional area (Close, 1972). Thus an
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increase in twitch torque should be supported by some
change in muscle CSA. In the present investigation, changes
in elbow flexion and knee extension twitch torque were not
accompanied by changes in CSA of the upper-arm and thigh,
respectively.

These results could suggest that the torque per
unit of cross-sectional area (specific tension) increased
with training. If this was the case, part‘of the gain in
voluntary strength could be attributed to the increase in
specific tension. However, it ié difficult to make a
definite statement on muscle maximal force or specific
tension without measuring tetanic torque. A single twitch
does not induce maximal activation of a muscle (Close,
1972), so that changes in twitch torque do not necessarily
reflect changes in maximal force capacity of the muscle.

The increase in twitch torque could also be
explained by an increase in the density of myofibrils, not
reflected in the CSA of muscle. However, two training
studies conducted with adult subjects, involing weight
training have reported no alterations in the myofibrillar
volume density (MacDougall et al., 1979: Luthi et al.,
1986) . The spacing of the myosin filaments was found to be
consistent within a subject both centrally and peripherally
in the myofibril (MacDougall et al., 1979).' Since this
spacing is constant, any increase in contractile elements

due to resistance training must be added on the periphery



112
of the myofibril (MacDougall, 1986). Variations in volume-
density of myofibrils in prepubescents, because of
developmental growth, could possibly modify the influence
of training on this muscle fibre component. However, this
seems unlikely since the volume density of myofibrils in
six year old children (Bell et al., 1980) was found to be
similar to that of adults (MacDougall et al., 197S).

The higher post-training twitch torque without
changes in CSA, could also be the result of an increase in
the fast twitch (FT)/slow twitch (ST) fibre area ratio
and/or a change in the proportion of fast to slow twitch
fibres independent of gross muscle hypertrophy. One
argument, against this possibility, is the fact that there
is apparently no correlation between muscle fiber
composition and strength pef unit of CSA (Schantz et al.,
1983; Maughan and Nimmo, 1984a; Sale et al., 1987).
Furthermore, in the present investigation, this possibility
is, at Dbest, speculative since muscle fibre type
distribution and area can only be determined by the use of
the muscle biopsy technique. However, because fast twitch
fibers are capable of greater force development at higher
velocities of contraction, an increase FT/ST area ratio or
a change in the proportion of FT to ST fibres may be
reflected in relative differences in the % change (% pre-
test) with training at low and high velocities of

contraction (Vandervoort et al., 1984). However, caution
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has been suggested when relating the force-velocity
relationships to muscle morphology, because of possible
neural inhibition at low velocities of contraction (Sale,
1983b). Training may reduce this inhibition (Sale, 1983b},
so that the ratio of high to low velocity torgque output
could be smaller post- than pre-training.

The highest velocity of contraction used for these
experiments was 3.14 rad-sec-!, a value that is far fron
the maximal velocity attainable by a limb during an
unresisted movement (Sale and Norman, 1982). Given that no
difference was found for the % change in torque among the
four velocities of contraction (0.52, 1.04, 2.09 and 3.14
rad- sec-!) for the EF (Figure 15), these results suggests
that training had no differential effect on the FT/ST fibre
area ratio or fibre type distribution. In addition, a
variation in fibre composition would have been reflected by
changes in time to peak torque and/or half-relaxation time
of the muscle, which were not observed in the present
study.

Sale et al. (1982a) suggested that the decrease in
twitch tension, observed in their study, was the result of
a decrease in muscle stiffness. A single stimulus provides
a contraction time that is too short to allow the series
elastic elements to be "taken up". In contrast, greater
muscle extensibility would hardly affect a maximum

voluntary contraction (MVC) since the repeated stimulation
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Figure 15. Comparison for the % change in

peak torque at mid- and post-training,
between the double arm curl on the
training device and, the right elbow
flexor isokinetic and isometric peak
torque and evoked twitch torque. * p
.05, ** <.01.
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provides continuous tension on the series elastic elements.
The change in twitch torque, could involve more
than passive mechanical properties of the muscle. It could
be related to some chronic pbtentiation resulting from
training adaptations of the excitation contraction coupling
processes (Duchateau & Hainaut, 1984). Adaptations 1in the
suggested mechanisms underlying acute twitch potentiation
following a MVC could be partly responsible for the
training associated increase in twitch torque. An increased
release of Ca2* from the terminal cisternae of the
sarcoplasmic reticulum (SR) (Blinks et al., 1978) and an
increased phosphorylation of the myosin light chain (Moore
and Stull, 1984; Houston et al.,1985) which would increase
the sensitivity of Ca?* binding sites on troponin to Ca?',
have been retained as possible factors playing a role in
twitch potentiation.
In the present investigation, although training had
no significant effect on the twitch torque to maximum

voluntary isometric torque ratio of either the elbow

flexors or knee extensors, a trend was observed for the
elbow flexors. An increase of 23 % in the isometric MVC
torque, with little change in twitch torque, was

responsible for a 31 % decrease in the twitch to maximum
voluntary isometric torque ratio of the EF, during the
first phase of training. During the second phase, twitch

torque increased substantially more (30 %) than the
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isometric MVC torque causing the ratio to increase (+19 %)
and return to a value similar to the pre-training value.

An increase in muscle stiffness during the second
phase of training could explain 'the‘ increase in twitch
torque and the recovery of the twitch torque to isometric
MVC torque ratio to pre-test level. However, such a
conclusion may be -erroneous, since other factors (e.g.
neural adaptations) not reflecting changes in the intrinsic
characteristiés of the muscle, may have influenced the
isometric MVC response and indirectly the twitch torque to
isometric MVC torque ratio. Therefore, the interpretation
of this ratio to characterize changes in muscle stiffness
with training, as opposed to the twitch torque to tetanic
torque ratio, must Dbe viewed cautiously, given the
methodology used in this study.

Regarding the excitation-contraction coupling
processes, it 1is also difficult to make any definite
conclusions without any direct measurements of calcium
movement (Ca2*+ sensitive electrodes and Ca?* indicators,
for review see Klug & Tibbits, 1988). The increased twitch
torque to MVC torque ratio, during the second phase, could
be partly attributed to a greater release of Ca%* from the
SR, causing a higher saturation of the contractile protein.
This increased Ca?+ release would only have a minimal
effect on MVC torque, since during the high stimulation

associated with this. type of contraction, a high
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concentration of Ca?* is maintained in the sarcoplasm. As
for muscle stiffness, the above consideration regarding the
interpretation of the twitch torque to isometric MVC ratio,
also applies when using the ratio to categorize possible
adaptations in the excitation contraction coupling
processes.

The significant maximum rate of torque relaxation
and the trend observed toward an increase in maximum rate
of torque development in the EF, may suggest possible
adaptations in the rate of uptake and release of Ca?*t from
the SR. Very 1little is known about how exercise could
affect the Ca?+ sequestration by the SR (Klug and Tibbits,
1988) . However, the high variation observed for the day to
day and trial to trial reliability (appendix A), for some
of these time-related contractile properties, suggest that

caution should be exercised before interpreting changes in

these properties as training adaptations of cellular
mechanisms.
One indirect way of measuring the effect of

resistance training on muscle stiffness is to compare the
relative (% pre-test) increases in twitch torque at joint
angles of highest and lowest flexion. However, in order to
use twitch torque as a valid indicator of stiffness, some
assumptions have to be made. First, it is assumed that the
moment arm at the Jjoint angle at the pre- and post-test

were similar. Second, that the active state dictated by the
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sliding filament theory of muscle contraction (Gordon et
al., 1966), and the effect of muscle length on Ca?*
concentration in the sarcoplasm and fiber sensitivity to
Caz+ (stephenson and Wendt, 1984), were also similar at
pre— and post-test.

A change in muscle stiffness should affect, to
agreater extent, the twitch torque produced at joint angles
of greatest flexion. At these joint angles, the slack in
the series elastic elements is higher, so that twitch
torque will be more sensitive to an increase 1in muscle
stiffness. In the present study, no differences in the
relative changes in twitch torque were observed for the EF,
between the 4 joint angles of contraction. On the contrary,
the relative % change 1in torque at Jjoint angle 150°,
althoﬁgh not significantly different was 11 % higher than
the relative % change at an angle of 80°.

While changes in muscle stiffness may have been a
contributing factor, it is suggested that alterations in
excitation-contraction coupling represent the major
mechanism responsible for the increase in twitch torque,

observed in this study.

D. Time-course of strength adaptations

The time course of the strength adaptations varied
with the muscle groups and the mode of testing used.

"Significant increases in voluntary strength were observed
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during both training phases for all upper body testing,
including the 1 RM performance measures (bench press and
arm curl), the EF maximum voluntary isometric and
isokinetic peak torques.

For the knee extensors, including the 1 RM
performance measures (leg press) and the maximum voluntary
isokinetic peak torque, a significant increase 1in strength
occurred only during the first phase of training. The
double leg extension measured in the experimental group
.only, displayed an increase 1in strength during both
training phases, although the increase during the second
phase was very close to the critical value (Tukey post-hoc
test) necessary to obtain significance. The increase in
voluntary isometric peak torque of the knee extensors at a
joint angle of 90° occurred during both phases of training.
However at 120°, only the first phase of training
contributed to a significant gain in strength. Finally, for
the twitch torque of both elbow flexors and knee extensors,
significant gains in strength were achieved only during the
second 10 weeks of training.

These results may suggest that the knee extensors
were at a higher 1evel‘ of voluntary strength at the
beginning of the study than the upper body nmuscles. This
difference iﬁ training status between upper and lower body
could explain why the legs reached a plateau in strength by

the mid-point of training. The quadriceps, by it's weight
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bearing role during habitual activity is more likely to be
at a higher initial level of training than the upper body
muscles which are used 1less frequently on an habitual
basis. In addition, the insignificant increase in voluntary
peak isometric torque of the knee extensors at joint angles
of 140° and 160° suggest that the training effect resulting
from the boys daily activities, such as ©running and
cycling, is more specific (Gardner, 1963; Lindh, 197S) to
joinu angles of greatest extension.

While this may explain the difference between the
upper and lower body liuhs for voluntary strength, it does
not explain the significant incr~ase in KE twitch torque,
in the latter part of training. O'Hagan (1987) observed a
significant increase in twitch torque of the EF after 14
weeks of resistance training. By 20 weeks, the final value,
although still significantly greater than the pre-training
value, had significantly decreased.

In the present investigation, after 10 weeks of
training, the EF at the three joint angles of greatest
flexion (80°,100° and 120°) displayed a non-significant
pattern of decreased twitéh torque. It is unlikely, that
training is responsible for this trend, since the same
pattern was observed for the <control group at the same
three joint angles. Furthermore, the difference in absolute
terms represents less than 0.2 N-m. The same observation

was not made for KE twitch torque, observed at the single
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joint angle of 90°. The time-course of twitch torque
adaptations observed in the present study for the EF and KE

remains to be confirmed.

E. Neural adaptations to training

While there was a tendency for % motor unit
activation (MUA) to increase with training, no significant
differences were observed between pre- and post-scores for
either elbow flexors and knee extensors. The initial level
of activation combining both experimental and control.
groups was estimated at 89 and 78 % for the elbow flexors
and knee extensqrs, respectively, showing high actiwvation
in these prepubescent children, particularly for the elbow
flexors. Some variation was observed within subjects during
the three testing periods for % MUA. A 1lack of motivation
on the part of the subject could explain in part, this
variation in activation.

The level of activation for the elbow flexors was
similar to that of 16 year old boys, while the level of
activation for the knee extensors was somewhat lower
(Blimkie, 1989 - in press). In adults, full motor unit
activation was observed for the bicep brachii (Bellemare et
al., 1983) and the quadriceps (Chapman et al;, 1984) of
untrained subjects.

While studies investigating motor unit activation,

in adults, wusing the interpolated twitch technique have
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shown that full motor wunit activation c¢an be achieved in
most muscles of untrained adult subjects (Belanger and
McComas, 1981; Chapman et al., 1984; Kukulka et al., 1986;
Rutherford and Jones, 1986), it has been suggested that
activities such as resistance training may increase the
degree of motor wunit activation (for a review see Sale,
1987 and 1988). There is evidence that not all muscles can
be fully activated (Belanger & McComas, 1981).

The percent increases were 13.2 % and 17.4 % for
the elbow flexors and knee extensoré, of the experimental
groups. Percent motor unit activation of the elbow flexors
for the control group was identical for. all three
measurement periods. These results suggest that the
increase in strength can only partly be attributed to an
increase in motor unit activation. This does not preclude,
however, the possible enhancing effect of training on other
specific neurological adaptations within the prime movers
which were not assessed with this technique.

While the interpolation technique offers an easy
way of measuring motor unit activation, it does have
certain limitations. Belanger and McComas (1981l) using this
technique observed that further torque could be developead
during dorsi-flexion, despite full motor unit activation in
the tibialis anterior. A possible reason is thaf while the
technique indicates whether all motor units are recruited,

it may fail to show if all these motor units are firing at
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the optimal firing frequency for maximum torque development
(Sale, 1987). A second possibility is that the interpolated
twitch stimulus may fail to reach‘ the muscle because the
axons, due to the high level of voluntary efferent activity
to the motor unit pool, have become refractory (Sale,
1987} .

Since the training program involved both the double
leg press and arm curl, it 1is probable that the training
increases 1in 1 RM performance and isokinetic strength
observed in this study could, at 1least in part, be
attributed to 1learning of a patterned motion. The size of
the strength gains over the entire study and the increases
in strength made during the second phase of the training
for many of the muscle gfoups, makes it unlikely however
that this is the only factér involved. Training may have
resulted in other neurological adaptations such as a more
appropriate co-contraction of synergists and increased
inhibition of antagonists favoring an increase in strength
(Sale, 1987). The determination of adaptations in synergist
and antagonist muscle activity using electromyography could
provide interesting information concerning the importance
of these factors to training induced strength increases.

An increased synchronization of motor unit firing
(Milner-Brown et al., 1975) represents another possible
adaptation to training. However, since equal force output

can be developed during maximal voluntary contraction with
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synchronous and asynchronous discharge of motor units, the
precise role played by this 1increased synchronization
remains to be determined (Sale, 1987). It has been
suggested that synchronization may increase the rate of
force development for very brief and rapid contractions
(sale, 1987).

Finally, training could have increased the
excitability of the motoneuron pool, enabling the trained
subject to reach the pre-training torque output with a
decreased neural drive. However, Sale et al. (1983)
reported (unpublished observations) no evidence of an
increased H-reflex at rest in strength trained athletes.

In conclusion, it appears that 20 weeké of weight
training significantly increased strength in prepubescent
boys. Although strength increases were independent of
changes in muscle cross—-sectional area as measured by CAT,
significant increases in twitch torque were observed for
both elbow flexors and knee extensors. These observations
combined with a trend toward increased maximum rate of
torque development suggest adaptations in excitation-
contraction «c¢oupling processes. While only a trend in
increaéed % motor unit activation was observed, the results
suggested that specific neurological adaptations also
contributed to the observed strength increases following 20

weeks of resistance training in this study.
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DEFINITION OF TERMS

Adaptation : biological changes that occur in response to a
stimulus, in this case resistance training.

Concentric contraction : muscle shortening under tension.
This shortening occ¢urs when the net moment developed
by a muscle and it's synergists 1is greater than the
moment caused by the external forces acting on the
segment to which the muscle is attached.

Contraction : A voluntary or involuntary shortening by a
muscle resulting in a reduction in the distance
between the two ends of a muscle.

Digitizer : a device that is capable of acquiring planar
coordinates in numerical form. In the study of human
hypertrophy, the use of a digitizer is to convert the
location of coordinates along the periphery of a
muscle cross—-sectional area into numbers that can be
processed by a computer.

Eccentric muscle action : muscle lengthening under tension.
This lenghening occurs when the external force acting
on the segment to which a muscle is attached causes a
net moment that is greater than the moment that is
being developed by the muscle and its synergists.
Note: the use of the term "contraction" 1is
inappropriate for this type of muscle action.

Electrode : A conducting device used to record an electric
potential (recording electrode) or to apply an electric
current (stimulating electrode).

Electromyography (EMG) . The recording and study of
spontaneous, and voluntary electric activity of
muscle.

Firing rate . the 1level of activation or discharge

frequency of recruited motor units.

Frequency of training : represents the number of training
sessions for a given period, normally a week.

Half-relaxation time : the elapsed time from the occurrance
of peak torque to half the peak torque during the

relaxation of a muscle twitch contraction.
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Intensity of training : determined by the load (% 1 RM),
the volume of training, the method of training and
the type and sequence of the exercises.

Interpolated twitch : a technique used to measure the
degree of motor unit activation. A supra-maximal
twiteh is applied during the peak of a maximal
voluntary contraction. The increment in force above
that generated by the voluntary contraction enables
estimation of the % motor unit activation. ’

Isokinetic muscle action : muscle action in which the rate
of shortening or lengthening of the muscle 1is
constant. Because joint geometry makes this impossible
to determine in vivo, the definition is usually
relaxed to apply either to a constant velocity of the
load being lifted or resisted or to a constant angular
velocity of the joint.

Isometric muscle action : muscle action in which the rate
of shortening or lengthening of the muscle 1is
constant. The: action of a muscle when no change
exists in the distance between its points of
attachment-referring to the joint and not the muscle.

Isotonic muscle action : muscle action that involves the
production of a constant force. For in vivo muscle
actions, the term is also commonly used both when the
joint moment 1is constant over a range of motion and
when a constant load is being moved through a
distance. It is important to realize, however, that
because of the 1leverage effects at the joint, the
force developed by the muscles in both these cases
will actually be changing, rendering them nonisotonic.

Load : a percentage of the one repetition maximum (1 RM) or
the heaviest weight lifted for a maximum number of
repetitions (e.g. 10 RM).

Maximum rate of torque development : the maximal rate of
increase 1in torque development obtained by a muscle
twitch, tetanic contraction or maximum voluntary
contraction, following activation. Units are
Newtons-: second-! (N-s-1!).

Maximum rate of torque relaxation : the maximal rate of
decrease intorque relaxation obtained by a muscle
twitch, tetanic contraction or maximum voluntary
contraction, following activation. Units are Newto-
ns- second-! (N-s-1).
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Motor unit : the anatomic unit of an anterior horn cell,
its axon, the neuromuscular junctions, and all of
the muscle fibres innervated by the axon.

Muscular endurance : the number of repetitions performed by
a subject at the end of the training period, for a
given exercise, with the pre~training one repetition

maximum (1 RM).

Overloading : subjecting the neuromuscular system to a high
functional demand in order to force adaptation(s) .

Peak torque : the greatest torque developed during a
maximal concentric contraction. Units are
Newton  metres (N'm)

Potentiation : the enhancement of a physiological response.
Used to describe the increase 1in force output of
muscle elicited by repetitive nerve stimulation or by

- a voluntary contraction.

Pre-puberty : the period of relatively constant rate of
change in physical growth (height and weight)
preceding the onset of puberty, which occurs in
females around 11-12 years of age and in males around
13-14 years of age.

Puberty : the period marked by the beginning development of
secondary sexcharacteristics and an abrupt increase in
the rate of change in height.

Recruitment : the successive activation of the same and
additional motor units with increasing strength of
contraction.

Repetition : the number of times an exercise 1is done

without resting during one set.

Repetition maximum (RM) . the maximal load that can be
l1ifted for a given number of repetitions

Set : the completion of one exercise activity or a given
number of repetitions performed consecutively.

Tetanic contraction : a muscle contraction produced through
repetitive maximal direct or indirect stimulation at a
sufficient high frequency to produce a smooth
summation of successive maximum twitches. The term may
also be applied to maximum voluntary contractions in
which the firing frequencies of most or all of the
component motor units are sufficienly high that
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successive twitches of individual motor units fuse
smoothly.

Tetanus : the sustained contraction of muscle caused by
repetitive stimulation or discharge of nerve or
muscle.

Time to peak torque : the time between the beginning cf a
twitch and development of  maximum - torque. Units are
milliseconds (ms).

Total Contraction Time : the time between the beginning of
a twitch contraction and the point when the torque
decreases to one half of the maximal torque attained
during the contraction (Time to peak torque + half-

relaxation time). Units are milliseconds (ms).
Twitch contraction : a muscle contraction produced by a
single electricalstimulus. Units are newton-metres
{N- m) .
Volume of training : the number of exercises, number of

sets and number of repetitions per set within a time
period. Can also be expressed as the total force or
weight lifted.



Appendix A

Reliability of Strength and Contractile Property

Measurements
A measurement should display two essential
characteristics before being used in a study. First, it

should be valid, in other words, it must measure what it is
supposed to measure. A second requirement is that it should
show consistency in measuring a variable, this quality is
termed thev reliability of a measurement. While a
measurement must be reliable to be valid, the opposite is
not necessarily true.

Over the years, studies dealing with the effects of
strength training on the neuromuscular system, have
established the validity of the techniques used in the
present study to measure strength and contractile
properties of muscle. While the reliability of these
techniques has been assessed for the adult population
(Thorstensson ,1976 ; Sale, 1979 ; Vandervoort, 1982), no
study has presented data concerning the reliability of
these measurements for children. It was the purpose of this
study to assess the reliability of the following strength-
related measurements in prepubescent boys (1) the 1

143
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repetition maximum (1 RM) performance lifts, (2) isometric
peak torque, (3) isokinetic peak torque, and (4)
contractile properties of muscle.

The reliability of a test refers to the
dependability of scores, their relative freedom from error
variance (safrit, 1973). It is defined as the amount of
variation that occurs in test results between trials in one
testing session (trial to trial variability)., or in the
results between two or more different days of testing (day
tb day variabiiity) (Sale, 1982). A reliable test will give
similar absolute scores for each person and will rank the
persons in vthe ~ same relative order both times (Frank,
1982). Baumgartner and Jackson (1975) have outlined 4
factors that can affect measurement error during testing
(1) the lack of agreement or consistency among sScorers, (2)
lack of consistent performance by the individual tested,
also called the biological variation (Sale, 1982), (3) the
failure of the instrument to measure consistently, and (4)
the failure of the tester to follow standardized testing
procedures.

This study examined two types of reliability ; the
day to day or stability reliability and the trial to trial
or the test-retest within a day reliability (Baumgartner
and Jackson, 1975). The time interval between the testing
sessions will depend on how strenuous the test is and how

much time is needed by the subject for full recovery |
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Thomas and Nelson, 1985). There 1is generally more
consistency for the trial to trial than for the day to day
reliability, the first yielding higher correlation
coefficients (Thomas and Nelson, 1985).
METHODS

Six subjects (10.7 y * 0.5) from the resistance
training study volunteered for an additional day of testing
in order to estimate the day to day reliability of the
voluntary strength and contractile property measurements.
Four of the six subjects were tested within a week
following post-training testing. The remaining two subjects
were tested within a week following testing, for another
study examining the effects of detraining on strength
adaptations, 10 weeks after the end of training.

Table 9 outlines the experimental variables for
which day to day and trial to trial reliability were
assessed. For the day to day reliability, the subjects were
tested on two seperate days with at least 48 hours between
testing sessions to allow for full recovery. For the
performance measures (bench press and the 1leg press) the
subjects were permitted an édequate warm-up and a certain
number of near maximal intensity repetitions in order to
reach the 1 repetition maximum. Since by definition the
subjects could only reach peak performance once, it was not
possible to determine the trial to trial reliability for

the 1 RM performance measures. Consequently only the day to
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Table 9. Measurements for reliability study
including : a) voluntary strength and B)
electrically evoked contractile
properties. :
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day reliability was measured and the maximum 1lift was used
as the criterion score.

Peak isometric strength was measured for the elbow
flexors at joint angles 100° and 150° and for the knee
extensors at Jjoint angles 90° and 160° (180° = full
extension). Peak isokinetic strength was measured at
velocities of contraction of 0.52 and 3.14 radian- second-!
for both limbs. These muscle groups were the same as those
tested in the resistance training study. In the resistance
training study, four angles and velocities were used for
testing. For the reliability study, the two angles and
velocities at each end of the range were used to provide a
representative sample of variability due to angle or
velocity of contraction. For the isometric and isokinetic
peak torques and the contractile properties, the average of
the best two trials out of three, on each day was used for
analysis.

For the trial to trial reliability, the first and
third trials on the second day of testing were chosen.
With the exception of the performance strength measures,
all other measures were taken on the right side of the

body.

STATISTICAL ANALYSIS
Day to day and trial to trial reliability were

estimated wusing three different statistical techniques.
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First, the interclass correlation was measured using the
Pearson product-moment correlation coefficient (r) which
examines the linear dependance between two variables, in
this case, the two days or the two trials. Many problems
are assoclated with the wuse of this coefficient to
determine the reliability of a test (safrit, 1973 :
Baumgartner and Jackson, 1975 ; Thomas and Nelson, 1985) .
‘While the interclass correlation coefficient was
included in the figures, it is considered inappropriate for
determination of reliability (Thomas and Nelson, 1985},
since it estimates the relationship between two groups of
scores that follow a bivariate distribution, in other
words, two groups of scores that come from two different
tests (Baumgartner and Jackson, 1975 ; Thomas and Nelson,
1985). The stability reliability and the test-retest within
day reliability consist of measuring a subject on two
consecutive occasions using the same test. This is referred
to as an univariate situation. A second problem is that the
interclass correlation does not take 1into account
variations in means and standard deviations from one day or
one trial to the other (Thomas and Nelson, 1985). In other
words, the coefficient is sensitive to a change in the
order of the scores, but not to a systematic change in the
actual values of the scores from one day or from one trial

to the other.

The second technique examined, the intraclass
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correlation, also referred to as the reproducibility of
measurements by some researchers (Blimkie, 1982). The
intraclass method considers variations in the mean and
standard deviation from one set of measures to the next as
measurement error or lack of reliability (Kroll, 1962). The
correlation coefficient (R) of this method can be
calculated from the results of a one-way analysis of
variance with répeated measures {(Thomas and Nelson, 1985).

The data must first be examined for trends using the F

value derived from the analysis of variance :

F = MSt
MSr
where MSt = mean square of the treatment -and MSr = mean
square of the residual error. If the F value is not

significant, this means that the difference between the two
days or the two trials is not systematic (Safrit, 1973). In
this case the estimation of the intraclass correlation
coefficient is done using the mean square between subjects
(MSp ) and the mean square for error (MSe).

R = _MSp - MSe_

MSp
The mean square for error is equal, in this case to
the mean square within subjects {mean square treatment +

mean square residual) and is computed as follows :
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SS for days + SS for interaction

SS for days or trials + df for interaction

in which SS = the sum of squares and df = the degree of
freedom of the within factor and of the interaction.

If a significant.F is obtained, three choices are
offered. First, the more conservative approach considers

the day to day or trial to trial variance to De attributed

to measurement error and consequently, part of the mean
square error (Thomas and Nelson, 1985). Second, an adjusted
formula for trend (Alexander, 1946) can be used. In this

formpla the mean square ' treatment is eliminated from the
variance (within) so that the mean square error is made of
only the mean square residual. One proplenmn with this
approach is that variance within the individual 1is not
considered, thus eliminating biological variation. An
alternative is to omit the trial affected by trend and
compute a new Anova with the remaining data. In the present
investigation, this reduces the power of the Anova since
only 6 subjects were used. Coefficients for all three
methods will be presented for the measures showing a trend
(significant F).

Finally a third method, the method error (ME)
statistic which has been used in many studies dealing with
physiological parameters was determined (Thortensson et

al., 1976 ; Friman, 1977 ; Sale, 1979; Vandervoort, 1982).
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It represents the standard deviation from the mean
difference between days or trials. It is defined as the SD

for a single experiment and it is calculated using the

formula

ME =V (a-d)z/2(n-1)
in which d = the difference between the 2 measurements
taken on each subject, d = the mean difference and n = the

number of subjects. The ME can be expressed in absolute
terms or as a coefficient of variation by wusing the

following formula

X

ME (CV) = ME x 100
( X2 + x2 ) / 2
in which ME (CV) = method error expressed as a coefficient
of variation, ME = the method error, xi1 = the mean result
for the firt testing occasion and x: = the mean result for
the second testing occasion.
Because of the advantages of the intraclass

correlation, greater emphasis was given to this coefficient
in the analysis of the results. The following categories
were provided to assist in the interpretation of the

intraclass and Pearson product—-moment correlation

coefficients.
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Degree of Correlation
0-0.25 1little
0.26-0.49 low
0.5-0.69 moderate
0.7-0.89 high

0.9-1.00 very high

Because of the small number of subjects and
decreased power, the table of c¢ritical wvalues of the

correlation coefficient was used for both intraclass and

interclass correlation coefficients. In the present
investigation, coefficients lower than 0.729 (p < 0.05 ; df
= n-2 =4) represented a non-significant relationship.

Coefficients of 0.729 or more, meant that at least 53 % of
the variance observed for one variable (first day or trial)
could be explained by the other variable (second day or
trial). Results displaying intraclass and interclass
coefficients with values under 0.729 (high to very high
degree of correlation) were not considered as a valid
expression of reliability.

The Method error of measurement also received more
consideration than the Pearson product moment correlation.
In addition to testing for a systemic difference between
days and trials, the ME when expressed as a coefficient of
variation, allows comparison of the reliability of

different types of physiological measurements (e.g.
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strength versus contractile properties). A test with a
coefficient of variation of 10 % or less was considered

highly reliable.

RESULTS
The day to day reliability of upper and lower body
voluntary strength measurements are presented in Tables &

and 9, respectively.

Strength Performance Measurements

The 1 RM performance measures displayed a very high
reliability for both the leg press (R = 0.97, CV = 1.57, r
= 0.96) and the bench press (R = 0.92, CV = 4.21, 1 =C.9).
Note that the analysis of variance showed a significant
differznce between the means of the two testing days,
indicating a trend in the data. The R of 0.97 was obtained
for both trend correction procelures, using either the
corrected formula or omitting one of the svlLjects (n=5) for
the ANOVA. If no trend correction was made a R of 0.91‘was

found.

Peak Isometric Torgue

The day to day reliability of isometric peak torque
for the elbow flexors (EF) and knee extensors (RKE) at the
two joint angles ranged from high to very high (0.84 < R <

0.98; 4.34 < CV < 9.12; 0.91 ¢ r < 0.83). The trial to
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Table 10. Day to day reliability of voluntary

upper-body strength measurements,
including bench press, elbow flexor
maximum isometric torque at joint angles
of 100° and 150°, and elbow flexor
maximum isokinetic torque at velocities
of contraction of 0.52 and 3.14
radian- second-t. NS = non-significant. S
= gignificant.
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Table 11. Day to day reliability of voluntary
strength measurements of the knee
extensor muscles, including 1leg

press, knee extensor maximum
isometric torque at joint angles of
90¢ and 160°, and maximum

isokinetic torque at velocities of
contraction of 0.52 and 3.14
radian- second-t . NS = non-
significant. S = significant.
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trial reliability (Tables 10 and 11) gave similar results,
the reliability ranging from high to very high (0.88 < R <

0.98; 4.44 < CV < 10.87; 0.82 < r < 0.97).

Peak Isokinetic Torgue

For isokinetic peak torque, the day to day
reliability was much 1lower than for the two previous
measures of voluntary strength. The EF at 3.14-rad s-!

showed 1low to moderate reliability with insignificant

correlation coefficients (R = 0.66 and r = 0.45) and a high
coefficient of variation (16.18 %). For the three other
isokinetic peak torque measurements (EF torque at 0.52

rad-s-! and KE torque at both velocities of contraction)},
the reliability ranged from moderate to high (0.74 < R <
0.79; 10.84 < CV < 14.47; 0.52 < r < 0.64). Trial to trial
reliability was higher than the day to day reliability
ranging from high to very high (0.87 ¢ R <0.95; 5.35 < CV
<10.97; 0.73 < r < 0.95).

Contractile Properties

The day to day reliability £for the contractile
properties of the EF and KE muscles are presented in Tables
12 and 13, respectively. The intraclass correlation
coefficient was negative for the EF time to peak torque
(TPT). This was caused by a greater within subject.variance
than between subject variance. in other words, the TPT for

the six subjects were similar (Baumgartner and Jackson,
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Table 12. Trial to trial reliability of

voluntary strength measurements of elbow
flexor muscles, including elbow flexor
maximum isometric torque at joint angles
of 100° and 150°, and maximum isokinetic
torque at velocities of contraction of
0.52 and 3.14 radian- second-!. NS = non-
significant. S = significant.



161

(S) L8 0=¥
SN) 100 0=4
($) €4°0=1
L6701
8L°1
9g°¢€ £€9°¢€
LE'T (42}
T2 91 GZ 91
00" 12 00° %2
G2 81 08" %1
00°91 00°SGt
oo €1 00" %1
00°1T1 00" %1
0081 00° 91

CHIVINL THIVINL ZH#IVINL THIVINL

s/pex
vl € "¥0SI

(S) 48 0=y
(SN) 242°0=4
($) 8L 0=41
80 01
¥6°1
SV ¥ v g
Z8°1 ov'1
GL BT TL°81
06 °62Z 00°G2
00°12 00°02
00°81 00°ST
00° 21 0S°91
0081 GL QT
00" vZ 00" 02

s/prix
¢6°0 "M0ST

(S) 88 0=y
(SN) 18°¢=4
(S) g8 0=1
L8701
G9°1
L4 4 4 I 4
LL™T 89°T
ET° 91 LT 9T
8¢ 0T 86°GT
8661 v ge
GG 81 66" AT
60° 0T L1701
T1€°6 vO°€T1
6% 91 % 91

CHWIVIML THIVIVL

(w-N)
0GT "HOSI

(S) L8 0=¥
(SN) 1Z°0=4
(S) g8°0=1
¥ v
901
86 % 2g’¢
L8°1 961
89°gZ 86 €2
02°22 9€°12
LS°2¢ LT 0g
6L° % 96 " 92
9z L1 0Z°81
29°22 G9°€2
19722 £€65°€¢

VAONV

uosaeag

(%) AD
HH

as
HHES

X Qe N
NGO W

SWIVIML T#IVIVL SLOACENs
(w-N)
00T "HOSI



162

13. Trial to trial reliability of
voluntary strength measurements of knee
extensor muscles, including knee
extensor maximum isometric torque at
joint angles 90° and 160°, and maximum
isokinetic torque at velocities of
contraction of 0.52 and 3.14
radian- second-!. NS = non-significant. S
= significant.
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15. Dpay to day reliability of knee
extensor contractile Properties,
including twitch torque, time to peak
torque, half—relaxation time, total
contraction time, maximum rate of torque
development and maximum rate of torque
relaxation. Ns = non—significant. S =
significant.
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1975). When using the CV from the ME a higher reliability
was obtained with a value of 7.7 %.

The following measures for the EF, time to peak
torque (TPT), total contraction time (TCT), half-relaxation
time (HRT) and maximum rate of torque development (MRTD)
had non-significant intra- and inter-class correlation
coefficients. Similar results were found for the KE HRT and
maximum rate of torque relaxation (MRTR). The coefficient
of variation for these measures ranged from 4.53 % for the
EF'TCT to 34.53 % for the KE MRTR. Twitch torque (TT) for
KE exhibited very high reliability. For the EF twitch
torque a trend in the data was observed. Using the
corrected formula for trend a R of 0.77 was found. With the
second method, eliminating one subject (n=5) from the data,
the second ANOVA had an even higher F value.

High to very high reliability was found for the EF
MRTR (R = 0.83, CV = 12.27, r = 0.81) and for the KE TPT,
TCT and MRTD (0.76 < R < 0.95, 8.37 < CV < 30.56, 0.66 < T
< 0.93). While KE MRTR displayed a CV of 30.56 %, the R and
r coefficients were over 0.90.

Trial to trial reliability for the contractile
properties (Tables 14 and 15) was higher than the day to
day reliability. Based on the intraclass correlation
coefficient, tﬁe MRTD of the EF and MRTR of the KE gave
coefficients that were insignificant, and CV of 11.7 and

39, respectively. The R of the EF TPT and TCT were
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Table 16. Trial to trial reliability of elbow

flexor contractile properties, including
twitch torque, time to peak torque,
half-relaxation time, total contraction
time, maximum rate of torque development
and maximum rate of torque relaxation.
NS = non-significant. S = significant.



170

(S) ¥L°0=M
(SN) Z21°0=4

(SN) €97 0=41

T1°¢2-
86°9

80" L - 89°¢1
88°¢ 81°G

YA A S 8L 0€-

L™ LT~ G 81~
6 9€- ¥ 66—
2 9v- 68 9€-
L7 Le- L™ LE-
L Le- L L2
L™ L S 81—

ZH#TVINL THIVIVLI Z#IVIVL T#IVIYL Z#IVINL T#IVIY.L

(sw/u-N)

OILVXVTdd ANDIOL ~dOTIAIA HNDIOL

A0 ALVY HOHIXVH

(SN) 29°0=A
(s) 10°G=4
(SN) €970=41

99" 11

6L°6
8691 v G1
LL™9 1€°9
86° 94 €8°06
0oy ¢6 09°101
01°€8 09 101
0¥ 26 09 101
0Z 9¥ oL ¥9
0o1°¢8 06 €L
0L° %9 09°101

(su/w-N)

40 HLVY

"XVH

(SN) 497
(s) L9

(S8) L.~
8L°€
61°S

IS ANY!

83°¥

00 EPI
00 8461
00°2Sst1
00°0€1
00" ¥¥I1

00 8¥1
00°921

(sm)

0=4
g=1

0=

Z6°8
¥9°€
ge eet

00" 2Vl
00 0¥1
00°¢221
00°¥21
00 p¥1
00°821

YHIL

" OVH.LNOD

TVLOL

CHIVIYL T#IVIYL

(suw)
HHIL

T LVXVTHY-AIVH

(S) 48°0=4
(SN) oL 1=4
(8) 6L 0=42
8G°9
9z°s
8L° 11 ¢z 11
18° ¥ 85 v
00°28 L9 LL
0096 0088
00°88 00°¢8
00°89 00° 04
00-08 00°29
00" ¥6 00" ¥6
00°99 00" 04

(SN) Gg~°
(s) 079

(s) 0oL

19°€
I1°¢

v e
6E° 1
00°19

00°¢9
00" %9
00°¢9
00" %9
00" ¥
00° 09

CHIVIUL
(su)
ANBIOL
¥viad OL A

0=4
=4

0=

L0 ¥
99°1
L9° GG

00 ¥S
00° 8%
00°¢S
00" 29
00°0S
008G

TH#HIVIYL

HIL

(S) 667 0=¥
(SN) %G 1=4

(s) 96 0=1
¥G6°S
11°0

¥ O T1€°0
81°0 €1°0
G6°T vo° ¢
6G°1 9L 1
6G°1T L1
98¢ L9°¢
06°1 L1°2
€0°¢ 86°1
SL'T 06°1

ZHIVINL THIVIYL

(w-N)
ANBI0L HOLIML

VAONV

uosieag

(%) AD
JH

as

RS

Z X A B
F‘Nmﬁ;m@

LOHLUNS



171

Table 17. Trial to trial reliability of knee
extensor contractile properties, including
twitch torque, time to peak torque, half-
relaxation time, total contraction time,
maximum rate of torque development and
maximum rate of torque relaxation. NS = non-
significant. S = significant.
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significant after wusing the corrected formula for trend,
yielding coefficients of 0.81 and 0.97 compared to 0.35 and
0.67 when wusing the unadjusted formula. When eliminating
one subject (n=5) and conducting a second ANOVA, only the
EF TCT gave a non-significant F and a R of 0.82. This
second ANOVA, analysing the TPT, gaved a F value greater
than the one obtained from the first analysis.

Reliability of TT measurements was very high for
both limbs using all three of the statistical techniques to
analyse the results. High to very high reliability was
found for the rest of the other measurements consisting of

the EF HRT, MRTR and of the KE HRT, TPT, TCT and MRTD.

DISCUSSION

The Method error of measurement used by
Thorstensson in 1976, in a study measuring isokinetic peak
torque, 1is the statistical technique typically used in
studies addressing strength and related physiological
parameters. 1In most cases, the coefficient of variation
(CV) derived from this technique will be used to compare
results of the present investigation with results from

other reliability studies.

Strength Performance Measurements

Day to day reliability for the 1 RM performance

measures were very high as displayed by the results from
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the three statistical techniques used. The day to day
reliability of the bench press 1ift expressed by a r value
(0.9) was in agrement with the result of Sailors and Berg
(1982) for pubescent boys and adults. Reliability of the
leg press 1lift (r = 0.96) in the present investigation was
also very high, similar to the arm curl and squat results

obtained by Sailors and Berg (1982).

Peak TIsometric Torque

For voluntary isometric peak torque, both the day
to day and trial to trial reliability were very high. This
'is reflected by the very high intraclass and interclass
correlation «coefficients. To the author's knowledge, no
studies has examined the reliability of voluntary isometric
peak torque for elbow flexion. For knee extension day to
day reliability, the overall (combining the two joint
angles) CV was 7.3 % which is similar to results obtainesd
with adults ((Young et al., 1983; 1987, Desouza, 1987) and
a mixed group of adults and children (Edwards et al., 1987)
for the same measurements . The coefficient of variation
for isometric peak torque for knee extension was similar to
that for elbow flexion obtained in this study and thumb
adduction (Sale, 1979; Edwards et al., 1987) and various
other muscles (Friman, 1977).

The overall CV for the trial to trial reliability

was 8 % and 6% for elbow flexion and knee extension,
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respectively. The trial to trial reliability for knee
extension was slightly higher than the values found for
adult subjects (Maughan et al., 1983) and a mix group of

adult and children (Edwards et al., 1977).

Peak Isokinetic Torque

The day to day reliability for isokinetic peak
torque measurements was the lowest of all three voluntary
strength tests. Reliability was particularly low for the EF
at the high velocity of contraction (3.14 rad-s-!) as
reflected by the non-significant intraclass and interclass
correlation coefficients (R=0.66 and r=0.45) and a CV of
16.2 %. The other three isokinetic measuremeﬁts had high
reliability based on the intraclass correlation
coefficieﬁts. The overall CV (combining the two velocities
of contraction) was 14.5 % for the EF and 12.7 % for the
KE.

Many investigators have reported good reliability
with the use of the Cybex dynamometer for knee extension in
studies using adult subjects. Moffroid et al. (1969) and
Lesmes et al. (1978) reported higher inter-class
coefficients (Pearson product moment correlation
coefficient : r > 0.98), than those observed in the present
study, for day to day strength reliability. Lower CV's
between 4.1 % and 6.5 % were also reported for the same

joint by Thorstensson (1976) . Sale (1979) found lower CV's
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at 0.52 rad-s-! (5.9 %) and at 3.14 rad-s-! (9.2 %), the
two velocities of contraction, used to measure peak
isometric torque in this experiment.

In the present study, two possibilities could

explain the 1lower reliability obtained for EF torque at
3.14 rad s-!, First, in relation to the KE, the lower
reliability obtained for the EF could be attributed to
differences in the stability of the particular Jjoint during
the testing. Because of the set-up for the measuremént of
isokinetic peak torque of the arm, it is more difficult to
precisely align the elbow joint with the axis of rotation
of the Cybex, than it is for the knee joint. Also because
of it's smaller size, the arm could Se more affected by the
day to day variation in the positioning of the joint with
the Cybex shaft.

Second, 1in relation to the 1lower velocity of
contraction (0.52 rad-s-1), there are reports that
reliability is 1lower for higher test velocity than for
lower test velocity torque measurements (Vandervoort,
1982) . This may be related to difficulties in recruiting
the larger FT motor wunits and to a higher biological
variation associated with this motor wunit population
(Vandervoort, 1982).

In comparison to other muscle groups, some studies
have found higher or comparable day to day reliability.

Using an inappropriate statistical technique (Pearson
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product moment correlation coefficient), a high reliability
(r=0.98) was reported for the day to day reliability on an
isokinetic 1leg press device using the Cybex dynamometer
(Coyle et al., 1979) . A CV of 13.7 % was obtained with the
same device by another investigator (Vandervoort, 1982).
For elbow extension strength, CV's of 7.9 % (Sale, 1979)
and between 8 to 15 % (Vandervoort et al., 1987) have been
reported for day to day reliability. A CV of 15.5 % has
also been reported for the day to day reliability of ankle
plantar flexion (Sale, 1979).

The trial to trial reliability was very high based
on the intra- and inter-class correlation coefficients. The
overall CV was 10.5 for the EF and 5.8 for the KE. The
greater reliability under these conditions is partly
explained by the lower biological variation compared to the
day to day situation. It may also be explained by a lower
exXperimental error, since in this case the alignment of the
joint articulation with the Cybex shaft was identical for
the two trials. One study reports higher trial to trial
reliability for elbow flexion with CVs between 2 % and 5 %
(Vandervoort et al., 1987).

Again the greater CV for the EF may well be due to
fhe experimental set-up. For the KE, a strap across the
mid-upper thigh gave greater stability and hence less joint
movement. For the EF, the arm wasfully extended on the

table and stability was obtained only by exerting a
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downward pressure on the shoulder of the subject.
Furthermore no adjustment of the'seat was possible, so that
the subjects' shoulder was sometimes higher than the table,
making it difficult to eliminate lateral movement.
Reliability for the EF could be improved by the use of a
strap across the mid-upper arm and an adjustable "preacher"

curl bench.

Contractile properties

Wide fluctuations for the contractile properties
were observed for the day to day reliability. Surprisingly,
the results from the trial to trial reliability which
limits tﬁe efror due tb biological and methodological
variations were similar to the day to day reliability.

To the author's knowledge no study has published
results for the day to day reliability of contractile
properties, in adults, for the muscle groups used in the
present investigation. Twitch torque for both EF and KE
showed high to very high reliability. Desouza (1987)
(unpublished Master's dissertation) reported a CV of 8.7 %
for knee extension twitch torque (TT) in adult subjects, a
value very similar to the cv obtained bin this
investigation.

Variations in the value of CV's have been obtained
for wvarious muscle groups. Sale (1979) (unpublished

doctoral's dissertation), reported the following values for
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TT ; for the triceps surae, 5.6 %, the thenar, 11.5 %, the
hypothenar 37.1 % and the extensor hallucius brevis, 11.3
%. Lambert {(1975) studied the triceps surae and found a CV
of 8 % for the same contractile property (TT). these
results obtained in the present study for EF and RKE TT were
very similar to those reported for adults and show
variability in day to day reliability from one muscle to
another. For half-relaxation time (HRT), Sale (1979) found
CV's of 12.1 %, 12 %, 15.2 % and 6.1 % for the extensor
hallucius brevis, hypothenar, thenar' and triceps surae
muscle groups, respectively. The day to day reliability of
HRT, in this study, could not be assessed by the intraf or
inter-class reliability coefficients, because of the small
number of subjects tested. However, the CV for EF HRT (11.2
%) was comparable to the CV's found by Sale for the four
muscles discussed above, while the CV for KE (20.4 %) was
higher.

A similar situation was found for time to peak
torque (TPT), maximum rate of torque development (MRTD) and
maximum rate of torque relaxation (MRTR). The intra- and
inter-class coefficients could not provide information
concerning the reliability of these contractile properties.
The CV's for TPT of the EF and KE were in agreement with
the values reported by Sale (1979) for the four ﬁuscles
described above. Sale (1979) measured the rate of tension

development (RTD) instead of the MRTD, and obtained a wide
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variability ranging from 8.7 % for the triceps surae to
30.9 % for the hypothenar. In this study the CV for the
MRTD of the EF (11.4 %) was much lower than that of the KE
f20.6 %). To the author's knowledge there are no published
reports concerning the reliability of MRTR.

Sale (1979), combining the results for the four
muscles described earlier, obtained CV's of 16.4 % for TT,
8 % for TCT, 18.1 % for RTD and 11.4 % for HRT. Combining
results for EF and KE contractile properties in the present
study, yielded the following results : 7.2 % for TT, 7.4 %
for TCT, 16 % for MRTD and 15.8 % for HRT. For the trial to
trial reliability, the same combined CV was 6.0 % for TT,
7.7 % for TCT, 18.1 % for MRTD and 27.1 % for HRT. While a
direct comparison between prepubescent boys and adult males
can only be drawn for the KE TT, it appears that

contractile properties can be measured as reliably in

children as in adults.

CONCLUSION

This study has examined two types of reliability of
voluntary and evoked strength measures ; the day to day
(stability) and trial to trial (test-retest on the same
day) reliability. It has used three.statistical techniques
in order to assess the reliability of voluntary strength

performance and contractile properties in pre-pubertal

boys.
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High reliability was obtained for all the strength
measurements with the exception of the elbow flexor
isokinetic torque. A recommendation was made regarding the
set-up for this test, that should reduce the experimental
error and hence increase reliability. The high 1level of
motivation manifested by these young subjects demonstrate
their capacity to perform maximal contractions. This was
surely an important factor in decreasing the biolegical
variation and consequently increasing reliability of the
measurements in this study.

On the other hand, determination of the contractile
properties is independent of voluntary control and should
result in lower biological variation. While wide variations
in the reliability of these contractile properties were
observed, the results were in agreement with those obtained
by Sale (1979) for an adult population. More studies are
needed to determine if there are trends in the reliability
of different muscles and contractile properties and if

these are age and/or sex dependent.
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Appendix B

Reliability and Accuracy of Computerized Axial Tomography

Techniques for the measurement of muscle cross-
sectional area (CSA) have included anthropometry (Moritani
and deVries, 1979), soft-tissue X-rays (Vrijens, 1978),
ultrasonography (Ikai and Fukunaga, 1970) and computerized
axial tomography (CAT) (Haggmark et al., 1978).

While a formula has been devised by Moritani and
deVries (1980) to estimate 1lean muscle area using limb
girth, circumferential skinfolds and skin thickness,
anthropometric methods cannot distinguish between muscles
and are considered unreliable (Young et al., 1983; Maughan,
1984). Furthermore, the use of this formula may result in
large errors in the absolute magnitude of the measured lean
cross—-sectional area (Moritani and deVries), making it
difficult to compare these results with those obtained
using other methods.

Soft tissue X-rays, although being a reliable
method for the measurement of fat thickness 1is not
considered adequate for the determination of CSA (Haggmark
et al., 1978; Hudash et al., 1983).

Ultrasonography is by far more accurate than the

preceeding methods, however, it 1is difficult to obtain a
182
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highly defined CSA (Haggmark et al., 1978; Hudash et al.,
1983). Differences in tissue density such as the one
between fat and muscle, cause a reflection of high
frequency sound wave s which may cause a certain degree of
fuzziness around the periphery of the lean area, making it
difficult to precisely asseés muscle CSA (Haggmark et al.,
1978).

Computerized axial tomography (CAT) is ‘considered
superior to ultrasonography, because it offers a higher
image resolution, tissue specificity and interpretation
(Ferruci, 1979). The higher resolution enables to some
extentf a differentiation between muscle bellies composing
a muscle. This allow the possibility to observe the effect
of training on specific muscles. Another advantage is that
CAT can display tissues of different density, such as fat
and muscle, by assigning to each tissue an X-ray
coefficient of attenuation (Maughan et al., 1983). This
coefficient measures the degree of X-ray absorption by a
tissue and is expressed in Hounsfield or EMI units
depending on the type of scanner used (McCullough et al.,
1977; Maughan et al., 1983).

The purposes of this study were to a) assess the
reliability of CAT and b) to determine the accuracy of the
technique. The accuracy represents " the c¢loseness to the
true value characteristic of such measurements "

(Eisenhart, 1968, see Safrit, 1973). Accuracy is more
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closely associated with validity, while precision is used

to describe reliability.

METHODS
i) Site to site reliability

Six adult females and five adult males were tested
to assess the site to site reliability of computerized
axial tomography (CAT). The right mid—upper arm of the
subjects was marked between the acromion and the olecranon
processes. The right mid-thigh was marked at the mid-
distance between the pubic symphysis and the medial condyle
of the femur. These two markings were referred to as the
middle sites.- Two points were marked one centimeter (cm)
above and below the middle site and were referred to the
proximal and distal sites. The arbitrary distance of one cm
was chosen because it represented a generous estimate of
the possible wvariability that could occur when marking the
limb of a subject on two different occasions wusing
anthropometric techniques. It is assumed that by choosing
this distance, the site to site wvariability would also
represent a liberal estimate of the day to day and trial to
trial reliability of the CAT scan technique.

The arm and leg were scanned in a fully extended
position. The proximal mark on the subject's limb was used
to position the subjects on the table for the first scan.

The table was then moved automatically toward the scanner
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by one cm for the second measurement. This procedure was
repeated again for the third measurement.

Negative photographic slides of the CAT scan print
were taken. These slides were projected on a piece of white
paper and the bone, flexor, extensor and total lean area of
the 1limbs were traced. The area measurements were
determined by manual ‘planiﬁetry using a computerized
digitizing platform (Sciptel corp., Columbus, Ohio)..Each
area was digitized three times and if the standard
deviation of these threé measurements was under 1 %, the
mean was Kkept as the criterion score. The CAT scans were
analysed in a double blind fashion, with the examiner being
unaware of either the subject's name or the particurlar

site scanned.

ii) Accuracy

Three settings are considered by the technician
when wusing CAT for measurement of CSA ; the viewer
coﬁtrols, the reconstruction diameter and the thickness of
the scanning beam. Other aspects that will affect a CAT
scan , which will not be discussed here, include the noise
(the spread of CT number around the mean value) in a scan,
tissue noise, scan-to-scan variation and artifacts
(McCullough, 1977).

The viewer controls include the window width and

the window centre or level. The window width represents the
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range of x-ray absorption in an image and appears as a gray

area. It is expressed by the CT number which is £found by

the following equation :

CT = [ u-~uw ]l . a

uw

where u and uw are the attenuation coefficients of the
measured tissue and water, respectively, and a is a scaling
factor chosen by the manufacturer {McCullough, 1977). The
window centre 1is also expressed in CT numbers and
represents the mid-value of the window Width. The window
setting will determine if an area is going to appear white,
gray or black. For example, a window centre of 0 could have
a window width of 200. This would mean that all areas over
100 CT numbers would appear white (e.g. bone), areas
between -100 and 100 (muscle and fat) would be of a gray
color and finally areas 1lower than -200 CT numbers
(surrounding air) would appear black. Both window settings
are determined by the technician during computer
reconstruction of the image. The settings are defined using
the wsu X command and are recalled using the win x command,
this means that scans stored in memory can be called back
and the settings can be modified.

The reconstruction diameter of the scan image is

directly dependent upon the size of the limb that must be
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scanned. For example a diameter of 12.7 cm is too small to
reconstruct the image of the cross-sectional area of the
thigh of an adult male of average size. If the diameter 1is
too big, the number of pixels 1in the measured area is
sparse and image resolution is decreased.

Finally, the thickness of the beam will contribute
to the accuracy of the technique. A thinner beam means that
a thinner slice of CSA of the 1limb 1is scanned. The
thickness of the beanm is dependent on the inmage
reconstruction diameter. At a diameter of 12.7 cm, a beam
of less than 5 mm can be used. For diameters above 12.7 cm
(25.4, 40.3 or 49.9 cm), the minimum thickness that can be
used without affecting the clarity of the image is 5 mm.

On one hand , window width, image reconstruction
diameter aﬁd beam thickness can easily be determined by the
technician and have only a small impact on the accuracy of
the image. On the other hand, an optimal window center or
level is harder to obtain and the chosen 1level may affect
the resolution and size of the CSA (Koehler et al., 1979).

In order to determine the accuracy of CAT, solid
circular phantoms of a known diameter were scanned (Model
20-30, Ohio Nuclear) and digitized though manual planimetry
using a computerized digitizing platform (Scriptel corp.,
Columbus, Ohio) and a software program (Sigma-scan, Jandel
Scientific, 1986). The phantoms are circular plexiglass

cylinders with a known area, filled with water. There are
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four phantoms, one for each diameter of image
reconstruction (radius 5.75 cm, 11.45 c¢m, 17.75 cm and
22.75 cm). They are used to periodically calibrate the
scanner by adjusting the window centre to a CT number of 0,
which is given by convention to water.

The actual area of these phantoms was determined by
measuring their diameter and caléulating their area using
the formula nr?. The phantoms were scanned, photographed,
traced and digitized using the procedure outlined eaglier,
for the cross-sectional area of limbs. The actual area was
compared with the digitized area. A regression eguation was
derived using the actual and digitized areas and the actual

areas were predicted using this equation.

STATISTICS
i) Site to site reliability

Statistical analysis was conducted for the arm
bone, flexor and total lean area and for the leg bone,
extensor area and total 1lean area. Two-way analyses of
variance with one repeated measure were used for each of
these six areas in order to determine if there was a sex
difference (between factor) and a difference within
subjects between the 3 'sites‘(repeated or within factor).
Reliability of the site measurements was determined by
comparing adjacent sites. It was estimated using Pearson

product-moment correlation (interclass correlation
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coefficient), one-way Analysis of variance (intraclass
correlation coefficient) and the Method error of
measurement described in appendix A. The intraclass

correlation coefficient was estimated by considering day to
day or trial to trial variance as part of the measurement
error.
ii) Accuracy

A regression equation was predicted from the actual
and digitized areas of the phantoms. A two way analysis of
variance with one repeated measure was conducted to
determine if there was any significant difference between
the digitized, actual and predicted areas of the phantoms.
One way analysis of variance (intraclass correlation
coefficient), Pearson product-moment correlation
(interclass correlation coefficient) and the Method error
of measurements were also calculated to give the

reliability of these measurements.

RESULTS
i) Site to site reliability
No differences were found between males and females
for the site position on any of the six area measurements
(Tables 18 to 23). Differences were found between the
proximal and distal sites for all measurements except for
the bone area of the leg (Table 21). Differences were also

found between the proximal and middle sites for the elbow



Tables 18 to 23. Analysis of

for position site of marking

axial tomography.

variance summary tables

for computerized

Table 18. Arm bone cross-sectional area

(cm2).

Table 19. Elbow flexor cross-sectional area
(cm2) .

Table 20.. Lean arm cross-sectional area
(cm2 ).

Table 21. Leg bone cross-—-sectional area

{cm2),

Table 22. Knee extensor cross—-sectional area

{cm2 ).

Table 23. Lean 1leg cross-sectional area

(cm2) .

Abbreviations for Anova tables :

SS
DF
MS
F

NS

*
% %k

s oo

Sums of squares
Degrees of freedom
Mean square

F wvalue
Non-significant
Significant (.05)
Significant (.01)
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Table 18. Summary of analysis of variance for site
position for arm bone cross—sectional area.

Two-way anova with repeated measures on one variable

Source SS DF MS F
Between
Sex 24 .06 1 24 .08 31 xx
Error 6.99 g 0.78
Within .
Site 0.66 2 0.33 B6.82 %X
Sex x site 0.30 2 0.15 3.08 NS

Error 0.87 18 4.8-02



Table 19. Summary of analysis of variance for site
position for elbow flexor cross-sectional
aresa.

Two-way anova Wwith repeated measures on one variable

Source SS DF MS F
Between
Sex 1018.43 1 1016.43 22.684 %X
Error 404 .04 9 44 .89
Within
Site 30.3 2 15.15 5.61 %
Sex x site 11.38 2 5.69 2.11 NS

Error 48.61 18 2.7

192



Table 20. Summary of analysis of variance for site
position for lean arm cross-sectional area.

Two-way anova with repeated measures on one variable

Source

Between
Sex
Error

Within
Site
Sex x site
Error

SS

6439.29
1487.08

56.42
2.53
68.25

DF

MS F

8439.28 30.31 *x
212 .44

28.21 5.80 %
1.26 0.26 NS
4.88
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Table 21. Summary of analysis of variance for site
position for leg bone cross—-sectional area.

Two-way anova With repeated measures on one variable

Source

Between
Sex
Error

Within
Site
Sex x site
Error

SS

14.95
10.14

1.10
0.22
2.45

DF
1
8
2
2
14

MS

14 .95
1.45

0.55
0.11
0.17

F

10.31 *x

3.18 NS
0.62 NS
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Table 22. Summary of analysis of variance for site

position for knee extensor cross-sectional
area.

Two-way anova with repeated measures on one variable

Source SS DF MS F
Between
Sex 5242.26 1 5242.26 16.9 *x
Error 2171.098 7 310.16
Within
Site 76.50 2 38.25 8.80 xx
Sex x site 7.65 2 3.82 0.88 NS

Error 60.83 14 4. 34
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Table 23. Summary of analysis of varianée for site
position for lean leg cross—-sectional area.

Two-way anova wWith repeated measures on one variable

Source

Between
Sex
Error

Within
Site
Sex x site
Error

SS

18983.2
4732.56

235.21
3.13
323.31

DF

MS F

18983.2 28.08 *x
676.08

117.60 5.09 x
1.56 6.76-02
23.08
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flexor area and the 1lean arm area (Tables 18 and 19).
Finally a difference between the middle and distal sites
was found for the knee extensor area (Table 21). The
results for the site to site differences in CSA are
summarized in figure 16.

Reliability (Tables 24 to 29) using all three
statistical techniques was very high between the three
sites for all six measurements (0.86 < R < 0.99, 2.4 < CV %
< 12.3, 0.81 < r <b.99).

ii) Accuracy

‘No differences were found between the digitized,
actual or predicted areas of the phantoms {Table 30 and
figure 17). Reliability of these measurements was very high

(0.99 ¢ R < 0.999, 1.28 < CV % < 3.94, 0.99 < r < 0.99).

DISCUSSION
i) Site to site reliability

While differences between the proximal and distal
sites were found for most of the areas measured, it is
unlikely that the marking of a site on two occasions would
vary by 2 centimeters (cm). With a 1 cm difference in site
(proximal-middle or middle-distal) a difference was found
in 25 % of the cases. The arm displayed greater variation
when moving proximally up the limb. For the leg and more
specifically the quadriceps (knee extensors) (greater

variability was found when moving toward the distal end of
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Figure 16. Differences in cross-sectional
area for proximal, middle and distal
sites for A) arm bone cross-sectional
area, B) arm flexor cross-sectional
area, C) arm lean cross—-sectional area,
D) leg bone cross-sectional area, E) leg
extensor cross-sectional area and F) leg
lean cross-sectional area. Values are
means =+ SEM. Significant site
differences * p < .05; ** p < .01.
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Tables 24

to 29.

computerized axial tomography. Data
are cross-sectional area in cm?2.

Table

Table

Table

Table

Table

Table

Abbreviations for sites : PRO

24,

25.

26.

27.

28.

29.

Arm bone cross-sectional
area (cm2).

Elbow flexor cross-
sectional area (cm2?).
Lean arm cross-sectional
area (cm2).

Leg bone cross-sectional
area (cm2).

Knee extensor cross-
sectional area (cm2?).
Lean leg cross-sectional
area (cm2).

: proximal
MID : middle
DIS : distal

Site to site reliability of
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Table 24. Site to site reliability of arm bone cross—sectional

area
SUBJECTS PRO MID MID DIS PRO DIS
S.F. 3.31 J.42 3.42 3.00 3.31 3.00
J.M. 3.095 3.23 3.23 3.26 3.05 3.26
D.S. 3.52 I.37 3.37 3.958 3.52 3.958
T.F. 3.00 3.29 3.29 3.18 3.00 3.18
J.C. 4,70 3.93 3.93 4.01 4.70 4.01
K.S. 4 .34 4.40 4.40 4 .22 4._.34 4 .22
D.C. ’ S5.97 5.68 S5.68 5.84 5.97 5.84
A.B. 93.60 S5.16 5.16 4.53 3.60 4.53
M.M. 4.76 4.61 4.61 4.42 4.76 4._.42
J.R. 5.86 S5.46 5.46 5.09 5.86 5.09
D.H. . 5.80 5.73 5.73 S5.21 5.80 5.21
MEAN 4.54 4 .39 4,39 4 .21 4.54 4.21
SEM 0.34 0.29 0.29 0.26 0.34 0.26
SD 1.12 0.93 0.95 0.88 1.12 0.88
ME 0.21 0.19 0.28
CV (%) 4.7 4.4 6.4
Pearson r=0.97 (S8) : r=0.96 (S) r=0.95 (S)
ANOVA F=2.3 (NS) F=4.3 (NS) F=0.67 (8)
R=0.57 (NS) R=0.97 (S) R=0.94 (S)
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Table 25. Site to site reliability of elbow flexor cross—sec-—
tional area.

SUBJECTS PRO MID MID DIS PRO DIS
S.F. 11.39 ?.11 ?.11 ?2.03 11.39 9.03
J.M. 13.09 12.03 12.03 .96 13.09 .96
D.S. 12.85 14.87 14.87 16.87 12.85 16.87
T.F. 13.64 11.11 11.11 8.78 13.64 8.78
J.C. 14.91 12.15 12.15 13.73 14.91 13.73
K.S. 12.93 14.65 14.65 15.77 12.93 15.77
D.C. 20.71 16.65 16.65 16.82 20.71 16.82
A.B. 25.34 23.50 23.50 25.86 25.34 25.86
M.M. 24 .00 21.37 21.37 192.05 24 .00 192.05
J.R. 23.98 21.07 21.07 21.07 23.98 21.07
D.H. 35.464 31.68 31.468 29.53 35.64 29.93
MEAN . 18.95 17.11 17.11 16.95 18.95 16.95
SEM .2'19 1.93 1.93 1.93 2.19 1.93
SD 7 .28 6.39 6H.39 6.39 "7 .28 6.39
ME 1.36 1.22 2.2

CV (%) 7.6 7.2 12.3
Pearson r=0.97 (S) r=0.926 (S) r=0.90 (S)
ANOVA F=9.1 (9) F=0.8 (NS) -1 (NS)

F=4
R=0.96 (S) R=0.98 (S) R=0.93 (S)
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Table 26. Site to site reliability of lean arm cross—sectional

area.
SUBJECTS PRO MID MID DIS PRO DIS
S.F. 31.17 29.08 29.08 26.58 31.17 26.58
J.M. 29.70 30.62 30.62 28.38 29.70 28.38
D.S. 40.76 34.23 34.23 42.94 40.76 42.96
T.F. 32.97 31.79 31.79 28.10 32.97 28.10
K.C. 34,19 32.46 32.46 29.35 34,19 29.35
J.C. 47.10 41.93 41.93 42 .62 47 .10 42.62
A.B. 68.80 64.78 64.78 62.31 68.80  62.31
M.M. 57 .50 54.47 54.47 53.79 57 .50 53.79
J.R. 81.17 80.58 80.58 78.42 81.17 78.42
MEAN 47.04 44 .44 44 .44 43.61 47.04 43.61
SEM 5.78 5.73 5.73 5.70 5.78 5.70
SD 17.33 17.20 17.20 17.10 17.33 17.10
ME 1.56 2.54 1.71
CV (%) 3.4 ' 5.8 3.8
Pearson r=0.99 (S) r=0.98 (S) r=0.98 (S)
ANOVA F=11.2 (S) F=0.4 (NS) F=16.1 (S)

R=0.99 (S) R=0.99 (S) R=0.99 (S)
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Table 27. Site to site reliability of leg bone cross—sectional

area.
SUBJECTS PRO . MID MID DIS PRO DIS
S.F 7.16 7.84 7.84 &6£.98 7.16 6.98
K.C. 8.74 ?.92 Q.92 9.22 8.74 Q.22
D.S. 7.27 7.59 7 .59 8.29 7.27 8.29
J.M. 6.56 6.90 6.90 8.29 b.56 8.2%
J.C. 7 .66 7.67 7 .67 7.73 7 .66 7.73
D.C. .73 10.19 10.19 10.10 Q.73 10.10
J.R. 9.05 9.51 ?.51 .23 - 9.05 9.23
M.M. 8.58 9.24 9.24 9.10 8.58 ?.10
D.H. ?.28 Q.25 ?.25 8.99 9.28 8.99
MEAN 8.22 8.68 8.68 8.66 , 8.22 8.66
SEM 0.34 0.37 0.37 0.29 0.34 0.29
sSD 1.03 1.12 1.12 .88 1.03 0.88
ME 0.25 0.46 0.42
CV (%) 4.1 7.7 7.0
Pearson r=0.95 (S) r=0.81 (S) r=0.82 (S)
ANCGVA F=13.9 (S) F=0.009 (NS) F=4.4 (S)

R=0.94 (S) R=0.9 (S) R=0.86 (S5)



Table 28. Site to site reliability of knee extensor cross—sec—
tional area.
SUBJECTS PRO MID MID DIS PRO DIS
S.F 61.48 592.93 599.93 93.54 61.48 93.54
K.C. 48.95 593.27 53.27 435 .66 48.95 45.66
D.S. 64.77 63.95 63.595 62.70 64.77 62.70
J.M. 56.58 95.37 55.37 593.27 56.58 53.27
J.C,. 68.42 64.93 64.93 65.08 68.42 65.08
D.C. 69.957 69.98 69.98 67 .96 67.57 &7 .96
J.R. 99.94 99.45 99.495 97 .33 99.94 97.33
M.M. 81.12 85.79 85.79 81.86 81.12 81.84
D.H. 6.12 99.45 99.45 89.92 96.12 89.92
MEAN 71.88 72.41 72.41 68.59 71.88 68.59
SEM S5.44 D.66 .66 95.95 5.44 5.95
SD 16.32 16.98 16.98 16.64 16.32 16.64
ME 1.93 2.2 1.68
Cv (%) 2.7 3.1 2.4
Pearson r=0.99 (S) r=0.98 (S) r=0.99 (S)
ANOVA F=0.3 (NS) F=12.1 (9) F=15.3 (S)
R=0.99 (S) R=0.98 (S) R=0.99 (S)



Table 29. Site to site reliability of
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lean leg cross—sectional

area.
SUBJECTS - PRO MID MID DIS PRO DIS
S.F 126.15 126.22 126.22 114.14 126.15 114.14
K.S. 113.93 123.35 123.35 107 .68 113.93 107.468
D.S. 137.56 136.49 136.4%9 138.88 137.56 138.88
J.M. 122.25 119.30 119.30 116.52 122.25 116.52
J.C. 139.01 132.56 132.56 129.80 139.01 129.80
D.C. 155.39 151.88 151.88 145.74 155.39 145.74
J.R. 201.53 197.16 197.16 187.90 201.53 187.90
M.M. 173.11 184.41 184.41 177.24 173.11 177.24
D.H. 197.75 186.90 186.90 188.40 197.75 188.40
MEAN 151.85 150.92 150.92 145.14 151.85 145.14
SEM 10.17 7 .60 ?.60 10.05 10.17 10.05
SD 30.52 28.81 28.81 30.16 30.52 30.16
ME 4.8 4.0 4.0
Cv (%) 3.1 2.7 2.7
Pearson r=0.98 (S) r=0.98 (S) r=0.98 (S)
ANOVA F=0.2 (NS) F=8.3 (S) F=11.6 (S)

R=0.99 (5) R=0.98 (S) R=0.98 (S)
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30. Accuracy of computerized axial
tomography ; comparison of actual,
digitized and predicted cross-sectional
area of phantoms. Table includes :
image recontruction diameters, actual
diameter of phantom, actual distance
between cross-~hairs derived from the
scans, tracing distance between the
cross-hairs, conversion factor to
transform actual area to tracing area,
digitized area, actual area and
predicted area from regression equation.
NS = non-significant and S =
significant.
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Figure 17. Accuracy of computerized axial
tomography. .Comparison of digitized,
actual and predicted phantom area.
Values are means * SEM.
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the limb.

As was mentioned in the method section, a 1 cm
difference was considered a liberal estimate of the
variability of site marking on two occasions. The highest
beam thickness wused for scanning the cross-sectional area
was 0.5 cm. The slice of cross-sectional area that is
reconstructed by the computer uses the average density in
that 0.5 c¢cm scanned slice. This means that two sites
separated by 1 cm are separated by only about 0.5 cm when
the thickness of the beam is taken into account.

In 1longitudinal studies dealing with children,
growth of body segments is an important consideration when
taking anthropometric or CAT measurements. In the present
investigation, the same criteria were used for pre and post
measurementé. This assumed uniform growth of entire
segments in proportion to overall growth in stature.
Segment length was not assessed in this study, but body
height which 4is known to be highly correlated with segment
length showed no change.

One possible way to increase the reliability of CAT
technique is to perform a scout scan of the entire limb,
identifying the proximal and distal boundaries and scanning
the mid-point between these two extremeties. Again
reliability will depend on how accurately the arm is
positioned and wheter the technician can identify the limb

boundaries on the second occasion. One advantage is that
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the technician can store this first scan and recall it
before doing the second measurements.

One practical recommendation, that should improve
reliability would be the use of foam blocks to support the
arm and legs of the subject during the scanning procedure.
This would ensure that the limb, at the predetermined site
for scanning, is not compressed by .it's own weight on the
table and that the 1limb position at pre- and post-testing
is similar. When a limb 1is compressed, it becomes ﬁore
difficult to identify and separate individual muscle groups
from the scan for area tracing. Consequently the risk of
making a mistake in tracing these areas is increased.

The identification of specific muscle bellies of
the lean CSA remains the biggest challenge for the use of
CAT technology in the determination of muscle hypertrophy.
Like Hudash et al. (1985), who wused a similar scanner
(Fourth Generation) , the author of the present study often
found it difficult to separate the extensor and flexor
muscle groups. Cureton et al. (1988) decided not to measure
the flexor and extensor muscles of arm and leg, of adult
males and females, because they could not be precisely
determined in some of the scans. Hudash et al. (1985) could
not separate the specific mﬁscles of the hamstrings in
football players with a body fat level of 1less than 20 %,
but the gracilis and sartorius appeared reasonably well

defined in players with more than 8 % body fat. Gracilis
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and sartorius could also be idendified and traced with
facility in the present investigation.

Tn contrast, Haggmark et al. (1978) reported that
CAT offers an accurate way of measuring the size of various
muscle bellies, such as the musculus vastus lateralis
(vastus lateralis and intermedius). While Haggmark et al.
(1978) found a CV of 2.4 %, they estimated reliability of
CAT, from measurements of the CSA of phantoms. Reliability
might have been quite different, if the authors had used
single muscle bellies. Determination of the CSA of a
specific muscle group is important, when trying to assess
the effect: of a particurlar exercise on this muscle group.
Since CSA of the total muscle is easier to determine, one
possible way to obviate the problem of identifying single
muscle bellies, is to train and measure the torque produced
by both extensor and flexor muscles and divide by the total
lean CSA. This would provide a ratio, that could be
valuable indicator of muscular adaptations to training.
Studies have reported a high reliability <£for CAT
measurements of limb CSA. Maughan et al. (1983) obtained a
coefficient of wvariation of 1.6 % after making duplicate
measurements of ten legs. Hudash et al. (1985) made
duplicate measurements of the CSA areas of the mid-thigh
bone, fat, lean and total CSA. Only the muscle lean CSA was
significantly different. Cureton et al. (1988) measured

trial to trial reliability by scanning the leg and arm of
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12 subjects twice. They found an intraclass coefficient of
0.99 for both limbs. Again no attempt was made to determine

the reliability of single muscle belly.

ii) Accuracy of the CAT Scan technigue

When the negative prints of the phantom scans were
processed, it was noticed that the CSA was elongated from
bottom to top giving an ellipsoidal form to the phantom
image. The lens used in the photography of the computerized
reconstructed image was responsible for the deformation. It
caused distortiop on the upper and bottom parts of the
negative. This affected the determination of the CSA of the
phantoms more than that of the 1limbs, since the phantoms
comprised a larger fraction of the total viewiﬁg area than
did the 1limbs.

The limbs because of their smaller CSA were
positioned in the middle of the screen and consequently
were generally not affected by the distortion. In a few
cases, limbs were affected by the distortion because the
technician had selected a diameter of image reconstruction
which was too small for the CSA of the limb. In these
cases, the technician was asked to recall the scan from the
computer memory and to reproduce the image using a more
suitable diameter of image reconstruction.

Despite the distortion effect the digitized CSA was
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not significantly different from the actual area of the
phantom. The magnitude of the difference between digitized
and actual CSA of phanfoms of diverse sizes (11.5 and 45.8
cm of diameter) varied from -1.5 to 70.3 cm? (Table 30).
Nevertheless, this suggests that to avoid the distortion
effect, the diameter of image reconstruction should bse
sufficienly high, to ensure that the scanned limb is
totally centered in the middle of the screen.

While this study did not examine the effect of
varying window center on the resolution dr size of the CSA
of the phantom, blurring of sharp edges described by
RKoehler et al. (1979) were visible on some scans. Although
this blurring of the edges makes the determination of the
periphery difficult, the extent of it's effect on the size
of the CSA, measured during this study, remains to be
determined.

Roehler et al. (1979) showed that the diameter of
phantoms could vary by 8 to 10 mm by varying the window
center control. The implication of this variation in
diameter and consequently CSA are serious in training
studies, such as the present investigation, were pre-and
post-measurements are made. Table 31 shows the pre- and
post-window center settings for the arm scan of 15
prepubertal boys. There was a significant difference
between the pre- and post-setting measurements. Cureton et

al. (1988) estimated that the error, due to a shift in
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Table 31. Reliability of CAT window settings
(width and centre) and of arm bone CSA
in prepubescent boys before and after a
20 week time period.
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Table 3Zj. Reliability of CAT window settings and arm bone CSA in
prepubescent boys before and after a 20 week time-period.

SUBJECTS PRE WIND. POST WIND. PRE WIND. POST WIND. PRE BONE POST BONE

WIDTH WIDTH CENTRE CENTRE - AREA AREA

G.dJd. 1024 651 125 -93 2.75 2.66
D.R. 714 670 -240 -110 3.00 2.82
G.G. 880 718 107 -112 2.09 2.12
L.G. 1462 . 636 122 -74 2.66 2.74
N.C. 774 645 o8 -207 3.10 2.81
M.W. 763 582 65 -124 2.90 2.68
I.0. 730 680 -243 -97 3.12 2.91
P.C. 1701 704 115 -112 2.48 2.61
M.¥F. 850 702 48 -74 2.37 1.83
M_H. 585 612 ~-288 -138 2.82 2.88
T.K. 635 582 ~257 -124 2.45 2.62
A M. 828 ' 632 . -21 ~-83 2.53 2.46 .
S.G. 1246 494 102 ~-259 2.78 2.86
S.N. 1101 481 107 -226 3.37 3.18
T.K. 815 629 50 -65 2.71 2.38
MHEAN 8953.87 627.93 -8.67 -126.53 2.75 2.64
SEM 78.27 17.51 38.06 14 .60 0.08 0.08
SD 303.13 67.80 151.28 56.54 0.32 0.33
HE 218.95 118.6 0.1

vV Z 55.3 -176.9 4.8

Pearson r=0.03 (RS) r=-0.15 (NS) r=0.84 (S)

ANOVA F=15.8 (S) F=6.8 (S) F=4_.5 (NS)
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window centre and width from pre- to post-measurements of
muscle and fat CSA of the arm and leg was 3.5 %. A possible
way to eliminate the differrence would be to record the

pre-setting and use a similar setting for post-

measurements.

CONCLUSION

While CAT technigques appears to be highly reliable
(Haggmark et al., 1978; Cureton et al., 1988) and offer the
best resolution among methods for measuring cross-sectional
area (Maughan, 1984b), the method 1is questionable when
attempting quantitative measurements of specific muscle
bellies. Refinements in CAT technology are necessary to
increase image resolution and facilitate precise
differentiation of specific muscle bellies.

Increased resolution has already been achieved with
a new generation of scanners that can create new pixels in
an image, based on the average CT number of a few pixels in
that area. The impaqt of these new scanners on the
determination of CSA of muscles remains to be determined.
Another improvement that would eliminate the methodological
error and reduce the amount of work associated with the
determination of CSA,is computerized reading of specific
areas based on a range of tissue density, pre-determined by

the technician.

Finally technology such as nuclear magnetic
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resonance may provide a more accurate mean of measuring CSA
in the near future, without the risk of exposure to

ionizing radiation.



Appendix C

Intertester reliability of digitizing procedure used to

assess muscle cross-—sectional area from computerized axial

tomography.

Guidelines for the tracing of the photographic
negative slides to paper were established before the
beginning of the study. These were critical, especially for
the partition of the muscles into extensor and flexor
groups, which was not always apparent from the scan image.

Intertester reliability or objectivity was examined
for the digitizing of tracings used to determine bone and

muscle cross-—-sectional area.

METHODS

Tracings of the limbs of six subjects were used to
determine the objectivity of the digittizing technique.
Digitizing was done by manual planimetry using a
computerized digitizing - platform ( Scriptel Corp..
Columbus, Ohio) and a software program (sigma~-scan, Jandel
Scientific, 1986). The bone and total areas of these limbs
were digitized independently by two observers with similar
training without any knowledge of the subject's identity.
Results from the independent assessments were subsequently

analysed using the following statistical procedures.

220



221

STATISTICS
Objectivity was estimated using the Pearson
product-moment correlation {interclass correlation

coefficient), Analysis of variance (intraclass correlation
coefficient) and the Method error of measurements, all

described in appendix A.

RESULTS

Interobservér reliability was very high for both
bone and total area as reflected by high intra (R = 0.98
and 0.99) and interclass (r= 0.97 and 0.98) correlation
coefficients and low coefficients of variation (CV = 1.61 %
and.l.ll %). No significant difference was found between
two observers digitizing the same thigh bone and total area

(Table 32 and Figure 18).

DISCUSSION

The wvariability due to a different observer
digitizing the areasvobtained in this study is very similar
to the methodological error (CV = 1.6 %) obtained by
Haggmark et al., (1978), in which twenty cross-sectional
areas were digitized twice with manual planimetry by the
same observer. These results indicate that there is only
negligible interobserver variability in the ability to
accurately measure CAT areas from the same tracings. In

other words, the accuracy of CAT scan measurements are
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Table 32. Inter-observer reliability of
digitizing technique for bone and total
cross-sectional area of the leg. NS =
non-significant and S = significant.



SUBJECTS PERSON#1 PERSON#2

.S.

DD WN -
GoEGLWGUO
XX

MEAN
SEM
SD

ME
vV %

Pearson

ANOVA

0

.10
.10
.10
.20
.20

BONE AREA
11.13 11.00
9.29 8.93
10.868 10.25
10.12 10.40
12.08 11.84
9.57 9.52
10.48 10.32
0.39 0.39
0.95 0.94
0.17
1.61
r=0.97 (S)
F=0.07 (NS)
R=0.98 (S)

TOTAL AREA
PERSON#1 PERSON#2
264.15 270.51
220.91 224 .44
258.53 261.05
233.46 232.03
254 .31 248 .88
224 .39 223.02
242.79 243.32
7.02 7.42
17.18 18.17

.69

11

r=0.98 (S)

F=0.002 (NS)
R=0.989 (S)
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Figure 18. Inter-observer reliability of
digitizing bone and total cross-
sectional area of the 1leg. NS = non-
significant.



OBSERVER #2

OBSERVER #2
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A) INTER—OBSERVER RELIABILITY OF DIGITIZING

LEG BONE CROSS—SECTIONAL AREA

r=0.97*
F = 0.07 (NS)

OBSERVER #1

B) INTER—OBSERVER RELIABILITY OF DIGITTIZING
LEG TOTAL CROSS—SECTIONAL ARCE)A

O

r=0098""
F = 0.002 (NS)

OBSERVER #1
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largely independent of interobserver digitizing errors,

given the same initial tracing.
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Appendix D : Analysis of variance tables
including :

Appendix D-1 : Cross-sectional area
{cm2)

Appendix D-2 : Performance measures

Appendix D-3 : Maximal voluntary
isokinetic peak
torque

Appendix D-4 : Maximal voluntary
isometric

peak torque
Appendix D-5 : Peak twitch torque
Appendix D-6 : Isometric peak
torque to
twitch torque ratio
Appendix D-7 : % motor unit
activation
Appendix D-8 : Time related
contractile properties



Appendix D-1 - Measure : cross—-sectional area (CSA)
(CAT)

A.1) Arm bone CSA

Summary of analysis of variance

Source SS df MS ¥
Between subjects 24

‘Treatment .13 1 0.13 0.66
Error 4 .52 23 0.20

Within subjects 25

Time 0.22 1 0.22 10.6 *x
Treat. x Time 6.26-02 1 6.26-02 2.98
Error 0.48 23 2.10-02

A.2) Elbow flexor lean CSA

Summary of analysis of variance

Source SS df MS F
Between subjects 24

Treatment 16.83 1 16.863 1.94
Error 187.12 23 8.57

Within subjects 25

Time 4 .86 1 4 _96 5.85 %
Treat. x Time 6.97-02 1 6.97-02 8.35-02

Error 19.18 23 0.83
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A.3) Lean arm CSA

Summary of analysis of variance

Source sS df MS , F
Between subjects 24

Treatment 4 .20 1 4 _20 0.13
Error : 743.286 23 32.31

Within subjects 25

Time 4.75 1 4 .74 4 .58
Treat. x Time 0.02 1 0.02 2.35-02
Error 23.82 23 1.03

A.4) Total arm CSA

Summary of analysis of wvariance

Sounrce SS df MS F
Between subjects 24

Treatment 8.03 1 8.03 2.14-02
Error 8622 .27 23 374.88

Within subjects 25

Time 8.13 1 8.13 0.23
Treat. x Time 3.21 i 3.13 g9.20-02

Error 803.13 23 34.92
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B.1) Leg bone CSA

Summary of analysis of variance

Source ‘ SS df HS ¥
Between subjecté 24

Treatment 0.41 1 0.41 0.41
Error 23.01 23 1.00

Within subjects 25

Time 4.76-04 1 4_.76-04 1.19-03
Treat. x Time 1.97-02 1 1.97-02 0.05
Error ‘ 9.21 23 0.40

B.2) Knee extensor lean CSA

Summary of analysis of variance

Source SS df MS F
Between subjects 24

Treatment 71.81 1 71.91 (.86
Error 1924 .81 23 83.869

Within subjects 25

Time 123.20 1 123.20 7.85 %
Treat. x Time 0.24 1 0.24 1.51-02

Error 360.81 23 15.69



B.3) Lean leg CSA

Summary of analysis of variance

df

Source ' SS MS ¥
Between subjects 24

Treatment 129.865 1 129.65 0.36
Error 8275.81 23 358.82

Within subjects 295

Time 238.61 1 238.81 6.87 %
Treat. x Time 1.76 1 1.76 5.05-02
Error 798.38 23 34.71

B.4) Total leg CSA

Summary of analysis of variance

Source SS df MS F
Between subjects 24

Treatment 252.77 1 252.77 0.14
Error 42738.38 23 1858.13

Within subjects 25

Time 663.10 1 663.10 10.08 xx
Treat. x Time 0.05 1 0.05 7.40-04
Error 1515.50 23 0.05
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Appendix D-2 - Measure : performance measures
A.1) Bench press 1 repetition maximum

Summary of analysis of variance

Source S5 df MS ¥
Between subjects 22

Treatment 186.19 i 186.189 .2.98
Error 1313.41 21 B62.54

Within subjeects 46

Time 285.52 2 142 .76 33.83
Treat. x Time 68 .24 2 34 .12 8.09 *xx
Error 177 .24 42 4_.22

A.2) Leg press 1‘repetition maximuim

Summary of analysis of variance

Source SS df MS F
Between subjects 25

Treatment 469 .02 1 468 .02 0.31
Error 35897.56 24 1485.73

Within subjects 52

Time 285.52 2 1098.72 23.64
Treat. x Time 68 .24 2 454 .85 g.78 *xx

Error 177.24 48 46.52
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A.3) Double arm curl 1 repetition maximum

Summary of analysis of variance

Source SS df MS ¥
Between subjects 1043.08 12

Within subjects 755.29 26

Time 643 .87 2 321.93 639.34 *x
Error : 111.42 24 4 .64

Total 1798.37 38

A.4) Double leg extension 1 repetition maximum

Summary of analysis of wvariance

Source SS df MS ¥
Between subjects 6910.20 12

Within subjects 2450 26

Time 1155.27 2 577.64 10.71 %X
Error 1284 .73 24 53.95

Total 8360. 20 38



B.1) Bench press muscular endurance

Summary of analysis of variance

Source SS df MS F
Time B660.04 1 860.04 24.35 %x*x
Error 8650.48 24 27.10
Total 1310.5. 25
B.2) Leg press muscular endurance
Summary of analysis of variance

Source SS df MS F
Time 3301.89 1 3301.88 23.42 *x
Error 3384.15 24 141 .01

- Total 68686 .04 25
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Appendix D-3 - Measure : maximal voluntary isokinetic
peak torque
A.l) Elbow flexor peak torque

Summary of analysis of variance

Source SS df MS F
Between subjects 364 .66 1 364 .66 3.23
Error 2708 .47 24 112.85

Within subjects

Velocity 71.75 3 23.92 8.07
Treat. x Vel. 50.81 3 16.94 5.72
Error 213.34 72 2.886

Time 275.21 2 137 .60 10.31
Treat. x Time 114 .44 2 57.22 4.29 X%
Error 640.36 48 13.34

Vel. x Time 53.99 6 g9.00 4.75
Tre. x Vel. x Tim. 13.06 B 2.18 1.15
Error 273.09 144 1.90

A.2) Knee extensor peak torque

Summary of analysis of variance

Source SS df MS F
Between subjects 3365.02 1 3365.02 i.21
Error 64050.13 23 2784 .78

Within subjects

Velocity 21311.45 3 7103.82 73.75
Treat. x Vel. 68.13 3 22.72 0.24
Error 6645.88 69 86.32

Time 3534 .86 2 1767.43 16.42
Treat. x Time 1929.43 2 964 .71 8.96 *x%
Error 4852 .63 46 107 .87

Vel. x Time 118.0%7 6 19.68 0.48
Tre. x Vel. x Tim. 188.61 B8 33.10 0.80

Error 5685.13 138 41 .20



A.3) Elbow flexor relative peak torque

Summary of analysis of variance
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Source SS df MS F
Between subjects 8.89 1 8.89 7.42
Error 27 .54 23 1.20
Within subjects
Velocity 0.27 3 0.08 2.10
Treat. x Vel. 0.83 3 0.28 6.44
Error 2.985 69 4.28-02
Time 0.81 1 0.81 1.96
Treat. x Time 2.34 1 2.34 5.868 %*x
Error 9.47 23 0.41
Vel. x Time 0.386 3 0.12 3.35
Tre. x Vel. x Tim. 2.57-02 3 8.57-03 0.24
Error 2.45 69 3.54-02
A.4) Knee extensor relative peak torque
isokinetic torque

Summary of analysis of variance
Source S8 df MS F
Between subjects 6.21 1 0.21 3.23
Error 22 0.79
Within subjects
Velocity g9.00 3 3.00 8.07
Treat. x Vel. 2.99-03 3 9.97-03 5.72
Error 2.85 66 4.01-02
Time 0.45 1 0.45 10.31
Treat. x Time 1.33 1 1.33 4 .29 X%
Error 3.07 22 0.14
Vel. x Time 0.03 3 8.984-03 4.75
Tre. x Vel. x Tim. 5.37-02 3 1.798-02 1.15
Error 1.87 66 2.83-02
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Appendix D-4 - Measure : maximal voluntary isometric
peak torque

A.1) Elbow flexor peak torque

Summary of analysis of variance

Source SS df MS F
Between subliects 228 .44 i 229.44 1.42
Error 3890.58 24 1i62.11

Within subjects

Angles 3369.05 3 1123.02 225.08
Treat. x Ang. 6.47 3 2.16 0.43
Error 359.23 72 4 .39

Time 573.98 2 286.80 45 .88
Treat. x Time 176.34 2 88.17 14.11 *x
Error 300.04 48 6.25

Ang. x Time 14 .36 8 2.39 1.37
Tre. x Ang. x Tim. 23.70 6 3.94 2.28 x

Error 252.16 144 1.75

A_.2) Knee extensor peak torque

Summary of analysis of variance

Source SS df MS F
Between subjects 153.36 1 153.36 5.20-02
Error 70788.13 24 2948 .51

Within subjects

Angles 181778.70 3 60593.23 181.50
Treat. x Ang. 116.90 3 38.97 0.12
Error 24037 .25 72 333.85

Time 1418.0186 2 . 709.01 6.47
Treat. x Time 476 .43 2 238.21 2.17
Error 5263.38 48 109.65

Ang. x Time 1448 .89 6 241 .48 5.44
Tre. x Ang. x Tim. 781.73 B 130.29 2.94 %

Error 6385.13 144 44 .34
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A.3) Elbow flexor relative peak torque

Summary of analysis of variance

Source SS df MS ¥
Between subjects 6.41 1 6.41 4 .41
Error 33.43 23 1.45

Within subjiects

Angles 33.82 3 11.27 170.43
Treat. x Ang. 0.25 3 8.48-02 1.28
Error 4 .56 72 6.61-02

Time 3.83 2 3.53 13.06
Treat. x Time 1.83 2 2.83 10.45 xx
Error 6.22 48 0.27

Ang. x Time 5.85-02 8 1.85-02 0.63
Tre. x Ang. x Tim. 0.41 6 0.14 4.42 *x
Error 2.13 144 3.08-02

A.4) Knee extensor relative peak torque

Summary of analysis of variance

Source S8 df MS F
Between subjects 0.74 1 0.74 1.19
Error 14 .35 23 0.62

Within subjects

Angles 76.01 3 25.34 183.05
Treat. x Ang. 0.38 3 0.13 .98
Error 9.06 69 0.13

Time 2.74-02 1 2.74-02 0.37
Treat. x Time 0.21 1 0.21 2.90
Error 1.869 23 0.7

Ang. x Time 0.24 3 7.92-02 2.489
Tre. x Ang. x Tim. 0.52 3 0.17 5.44 *x
Error 2.18 63 3.17-02
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Appendix D-5 - Méasure : peak twitch torque
A.1) Elbow flexor peak torque

Summary of analysis of variance

Source S8 df HS F
Between subjects 11.80 1 11.90 2.95
Error 70788.13 24 4 .03

Within subjects

Angles 4.10 3 1.37 18.22
Treat. x Ang. 1.80-02 3 6.35-03 8.84-02
Error 5.11 72 0.07

Time 8.43 2 4. 22 19.03
Treat. x Time 3.73 2 1.86 8.41 xx
Error 10.864 48 0.22

Ang. x Time 0.486 8 7.63-02 2.75
Tre. x Ang. x Tim. 0.20 6 3.28-02 1.18
Error 4 .00 144 2.78-02

A.2) Knee extensor peak torque

Summary of analysis of variance

Source SS df MS F
Between subjects 24

Treatment 198.16 1 188.16 1.28
Error 3553.82 23 154 .52

Within subjects S50

Time 145.88 2 72.84 8.88
Treat. x Time 58 .03 2 29.02 3.53 x

Error 377.53 46 6.35-03



A_.3) Elbow flexor relative peak torque

Summary of analysis of variance
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Source sS df MS F
Between subjects 0.33 1 364 .66 8.47
Error 0.80 23 112.85
Within subjects
Velocity 4.82-02 3 1.64-02 20.11
Treat. x Vel. 3.21-03 3 1.07-03 1.31
Error 5.64-02 69 8.16-04
Time 2.02-02 1 2.02-02 6.33
Treat. x Time 4_.51-02 1 4 ._.52-02 14 .18
Error 7.32-02 23 3.19-03 '
Vel. x Time 3.57-03 3 1.18-03 14.18 *x
Tre. x Vel. x Tim. 3.76-04 3 1.25-04 1.15
Error 2.35-02 69 3.41-04
A.4) Knee extensor relative peak torgue

Summary of analysis of variance
Source SS df MS F
Between subjects 23
Treatment 3.10-02 1 3.10-02 1.28
Error 0.65 22 2.97-02
Within subjects 24
Time 2.50-02 1 2.50-02 8.88
Treat. x Time 8.52-03 1 9.52-03 3.53 x
Error 0.12 22 5.48-03



Appendix D-6 - Measure : Isometric MVC peak torque
to twitch torque ratio

A.1) Elbow flexor ratio

Summary of analysis of variance

Source SS df MS ¥
Between subjects 58.40 1 58 .40 1.81
Error 776 .23 24 32.34
Within subjects
Angles 1297.12 3 432 .37 88.29
Treat. x Ang. 26 .07 3 8.69 1.77
Error 352.58 72 4.90 ,
Time 116.31 2 58.186 6.36
Treat. x Time 58.87 2 29.43 3.22 %
Error 439 .00 48 g9.15
Ang. x Time 30.57 6 5.09 2.48
Tre. x Ang. x Tim. 5.57 6 .83 0.45
Error 285.80 144 2.05
A.2) Leg ratio

Summary of analysis of wvariance
Source SS df MS F
Between subjects 24
Treatment 20.01 1 20.01 4.58
Error 100.42 23 4 37
Within subjects 50
Time 2.15 2 1.08 0.61
Treat. x Time 2.686 2 1.33 0.75

Error 81.45 48 1.77
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. Appendix D-7 - Measure : % motor unit activation

A.1) Elbow Fflexor % motor unit activation (experimental groug:

v

Fiedman two-way anova by ranks

PRE-TRAINING SUM RANKS = 21.5 MEAN RANK = 1.865
MID-TRAINING SUM RANKS = 29 MEAN RANK = 2.23
POST-TRAINING SUM RANKS = 27.5 MEAN RANK = Z2.11
N =13 K = 3

CHI—SQUARE = 2.42 (df = 2)

Probability of chance occurrencefof this Chi-square = 0.298

A.2) Elbow flexor % motor unit activation (control group)

Fiedman two-way anova by ranks

PRE-TRAINING SUM RANKS = 25.5 MEAN RANK = 1.96
MID-TRAINING SUM RANKS = 27 MEAN RANK = 2.08
POST-TRAINING SUM RANKS = 25.5 MEAN RANK = 1.96

N =13 K = 3
CHI-SQUARE = 0.12 (df = 2)

Probability of chance occurrence of this Chi-square = 0.944
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B.1) Knee extensor % motor unit activation (experimental group)

Fiedman two-way anova by ranks

18 HEAN RANK

PRE-TRAINING SUH RANKS = = 1.5
MID-TRAINING SUM RANEKS = 27.5 HEAN RANK = 2.29
POST-TRAINING SUH RANKS = 26.5 MEAN RANK = 2.21
N = 12 K =3

CHI-SQUARE = 4.54 (df = 2)

Probability of chance occurrence of this Chi-square = 0.103

B.2) Knee extensor % motor unit activation (control group)

Fiedman two-way anova by ranks

PRE-TRAINING SUM RANKS = 24 HEAN RANK = 1.85
MID-TRAINING SUM RANKS = 27.5 MEAN RANK = 2.12
POST-TRAINING SUM RANEKS = 26.5 MEAN RANK = 2.04
N = 12 K =3

CHI-SQUARE = 0.5 (df = 2)

Probability of chance occurrence of this Chi-square = 0.779



Appendix D-8 - Measure

A.1) Elbow flexor time to peak torque

Summary of analysis of variance

244

time-related contractile
properties

Source SS df MS F
Between subjects 2957 .96 1 2857 .96 5.22
Error 13032.5 23 566 .63

Within subjects

Angles 2192 .58 3 730.86 9.48
Treat. x Ang. 458 .35 3 152.86 1.98
Error 5317.13 69 77.06 '
Time 117.59 2 58.78 0.38
Treat. x Time 617.57 2 308.78 2.09
Error 8781.13 46 147 .42

Ang. x Tinme 494 .13 B 82.35 1.14
Tre. x Ang. x Tim. 269.88 6 44 .98 0.862
Error 9943.25 138 72.05

A.2) Elbow flexor half-relaxation time

Summary of analysis of variance

Source SS df MS F
Between subjects 1059.863 1 1053.63 1.06
Error 22889.38 23 885.1803

Within subjects

Angles 17602 .84 3 5867.62 32.73
Treat. x Ang. 262.28 3 87.43 0.49
Error 12370. 38 69 179.28

Time 212 .84 2 106 .47 0.45
Treat. x Time 21.84 2 10.92 4 .64-02
Error 10809.38 46 234 .99

Ang. x Time 382.34 ] 65.389 0.70
"Tre. x Ang. x Tinm. 512.655 6 85.44 0.91
Error 12936.38 138 893.74
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A.3) Elbow flexor total contraction time

Summary of analysis of variance

Source SS df MS F
Between subjects 7475.13 1 7475.13 4.49
Error 38317.00 23 1665.96

Within subjects

Angles 8241.09 3 2747 .03 15.79
Treat. x Ang. 167.7 3 55.9 0.32
Error 12005.00 69 173.99

Time 780.00 2 390.00 1.36
Treat. x Time 705.90 2 352.95 1.23
Error 13235.00 46 287.71

Ang. x Time 461 .37 6 76 .90 0.94
Tre. x Ang. x Tim. 322.92 B 53.82 0.65
Error 11344 .00 138 82.21

A.4) Elbow flexor maximum rate of torque development

Summary of analysis of variance

Source SS df MS F

Between subjects 21372.1 1 21372.1 5.78

Error 848915.75 23 3691.99

¥Within subjects

Angles 7671.59 3 2557.2 14 .21

Treat. x Ang. 257 .50 3 85.83 0.48

Error 12417 .00 69 179.96

Time 6881.75 2 3440.88 10.05 *x

Treat. x Time 1805.35 2 952.67 2.78

Error 15746.38 486 342.31

Ang. x Time 353.44 6 58.91 0.83

Tre. x Ang. x Tim. 237.12 8 38.52 0.586
138 70.53

Error 9733.88
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A.5) Elbow flexor maximum rate of torgque relaxation

Summary of analysis of variance

Source 55 ar HS F
Between subjects 1692.91 1 1692.91 4.73
Error 8231.8 23 357.80

Within subjects

Angles 617.77 3 205.92 g.786
Treat. x Ang. 23.24 3 7.75 0.37
Error 1455. .02 69 21.08

Time 337.48 2 168.74 4.88 %
Treat. x Time 314.03 2 157.02 4 .54 %
Error 1590.45 48 34 .58

Ang. x Time 134 .42 5] 22.40 1.17
Tre. x Ang. x Tim. 125.862 B8 20.94 1.10
Error 2631.73 13 19.07

B.1 Knee extensor time to peak torque

Summary of analysis of variance

Source SS af MS F
Between subjects 24

Treatment 233.2 1 233.2 0.85
Error 6329.19 23 275.18

Within subjects 50

Time 2115.38 2 1057.689 6.54 xx
Treat. x Time 2558.53 2 279.28 1.73
Error 7442 .25 46 181.79
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B.2 Knee extensor half-relaxation time

Summary of analysis of wvariance

Source SS df MS F
Between subjects 24

Treatment 1219.29 1 1219.29 0.97
Error 28851 .84 23 1258.78

Within subjects 50

Time 2245 .23 2 1122.62 2.31
Treat. x Time 1556.4989 2 778.25 1.60
Error 22343 .34 46 485.73

B.3) Knee extensor total contraction time

Summary of analysis of variance

Source SS df MS F
Between subjects 24

Treatment 585.92 1 585.92 0.38
Error 38360.38 23 1667 .84

Within subjects 50

Time .30.42 2 15.21 2.59-02
Treat. x Time 525.92 2 262 .96 0.45
Error 27006.13 48 o587 .09
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B.4) Knee extensor maximum rate of torque development

Summary of analysis of variance

Source ~ 88 df HS F
Between subjects 24

Treatment 272884 .5 1 272884 .5 2.03
Error 3102814 23 134905

Within subjects 50 .
Time - 360205.5 2 180102.80 9.02 *x
Treat. x Time 54283.32 2 27141 .66 1.36
Error 918258 48 18862.09

B.5) Knee extensor maximum rate of torque relaxation

Summary of analysis of variance

Source S8 daf MS F

Between subjects 24

Treatment 36283 .65 1 36283.85 1.12
Error 746387 23 32451 .61

Within subjects 50

Time 45689.03 2 22849_51 3.01
Treat. x Time 4382 .57 2 2196.29 0.28
Error 349735 486 7602 .94





