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1992.-The purposes of this study were to 1) determine the 
effect of concentric isokinetic training on strength and cross- 
sectional area (CSA) of selected extensor and flexor muscles of 
the forearm and leg, 2) examine the potential for preferential 
hypertrophy of individual muscles within a muscle group, 3) 
identify the location (proximal, middle, or distal level) of hy- 
pertrophy within an individual muscle, and 4) determine the 
effect of unilateral concentric isokinetic training on strength 
and hypertrophy of the contralateral limbs. Thirteen untrained 
male college students [mean age 25.1 t 6.1 (SD) yr] volun- 
teered to perform six sets of 10 repetitions of extension and 
flexion of the nondominant limbs three times per week for 8 
wk, using a Cybex II isokinetic dynamometer. Pretraining and 
posttraining peak torque and muscle CSA measurements for 
both the dominant and nondominant limbs were determined 
utilizing a Cybex II isokinetic dynamometer and magnetic reso- 
nance imaging scanner, respectively. The results indicated sig- 
nificant (P < 0.0008) hypertrophy in all trained muscle groups 
as well as preferential hypertrophy of individual muscles and at 
specific levels. None of the muscles of the contralateral limbs 
increased significantly in CSA. In addition, significant (P < 
0.0008) increases in peak torque occurred for trained forearm 
extension and flexion as well as trained leg flexion. There were 
no significant increases in peak torque, however, for trained leg 
extension or for any movement in the contralateral limbs. 
These data suggest that concentric isokinetic training results 
in significant strength and hypertrophic responses in the 
trained limbs. 

cross-sectional area; strength; cross-training; contralateral; 
magnetic resonance imaging 

WHILE CONSTANT external resistance strength training 
has been shown to result in muscular hypertrophy and 
increased strength (1, 8, 29), the physiological adapta- 
tions associated with concentric isokinetic training are 
less clear. Several studies have reported increased 
strength as a result of concentric isokinetic training (4,6, 
9, 16, l&22,25); however, the effectiveness of this form 
of exercise for producing muscular hypertrophy remains 
controversial. Recent studies by Coyle et al. (6), Krot- 
kiewski et al. (16), and Narici et al. (22) have reported 
increased total muscle cross-sectional area (CSA) while 
Coyle et al. and Krotkiewski et al. also found increased 

muscle fiber CSA after concentric isokinetic training. 
Other investigators (4,9,18,25), however, have found no 
such increases. The differences in the results of these 
studies may be due to factors such as genetics or the 
training status of the subjects; however, it is likely that 
the discrepancies in findings were due, in part, to differ- 
ences in the techniques used to determine muscle CSA. 

The most commonly utilized methods for determining 
muscle CSA are anthropometry (6,9,16,18,25,29), mus- 
cle biopsy (4, 6,8, 12, 16), ultrasound (16), computer-as- 
sisted tomography (CAT) scan (26), and magnetic reso- 
nance imaging (MRI) (3, 19, 21, 22). MRI has distinct 
advantages over the other procedures. For example, MRI 
is especially sensitive for examining soft tissues, such as 
muscle, and unlike the CAT scan, does not expose the 
subject to the hazards of ionizing radiation. Further- 
more, it is difficult to precisely identify anatomic land- 
marks for repeated anthropometric measurements, 
biopsy samples require invasive procedures and are use- 
ful in answering certain research questions (for example, 
cell hypertrophy), but may not be representative of the 
whole muscle or all muscles within a muscle group, and it 
is often difficult to distinguish among tissues to the de- 
gree necessary for CSA assessment using ultrasound. 

The sensitivity and safety associated with MRI make it 
especially useful for examining unresolved issues related 
to the effects of exercise training on skeletal muscle. For 
example, it has not been clearly established if concentric 
isokinetic training results in preferential hypertrophy of 
individual muscles within a muscle group or if an individ- 
ual muscle hypertrophies to a greater degree at a particu- 
lar location (proximal, middle, or distal level). In addi- 
tion, the accurate measurement of muscle CSA using 
MRI could be used to clarify the mechanisms underlying 
the cross-training phenomenon that occurs in the contra- 
lateral limb (2,7,12,14,16,17,22,24,27-29). Therefore, 
the purposes of this investigation were to use MRI and 
Cybex technology to I) determine the effect of concentric 
isokinetic training on strength and CSA of selected ex- 
tensor and flexor muscles of the forearm and leg, 2) ex- 
amine the potential for preferential hypertrophy of indi- 
vidual muscles within a muscle group, 3) identify the lo- 
cation (proximal, middle, or distal level) of hypertrophy 
within an individual muscle, and 4) determine the effect 
of unilateral concentric isokinetic training on strength 
and hypertrophy of the contralateral limbs. 
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METHODS 

Subjects. Thirteen adult men [age 25.1 t 6.1 (SD) yr, 
height 183.8 t 5.4 cm, weight 87.0 t 17.6 kg] volunteered 
to serve as subjects for this investigation, and informed 
consent was received before inclusion in the study. The 
subjects were untrained (not involv red in any regular ex- 
ercise program) and none had been involved in any type 
of resistance exercise training in recent years. Because of 
their inactive lifestyles, these subjects had the most po- 
tential for change in strength and CSA. The subjects 
were asked to refrain from vigorous physical activity, 
other than the protocol specified by the investigator, for 
the duration of the study. 

Determination of strength. All strength testing was 
performed on a calibrated isokinetic dynamometer (Cy- 
bex II, Lumex, Ronkonkoma, NY). Previous studies by 
Fleck et al. (lo), Mawdsley and Knapik (20), and Nielsen 
et al. (23) have reported high test-retest reliability for 
isokinetic leg extension on a Cybex II. In addition, un- 
published data from the authors’ laboratory have demon- 
strated a test-retest (1 wk between tests) reliability coeffi- 
cient of r = 0.94 for leg extension at 2.09 rad/s using the 
Cybex II in young male subjects who were similar to 
those in the present investigation. The subjects were sta- 
bilized during practice, testing, and training via straps at 
the chest and hips or distal thigh for the arm or thigh 
exercises, respectively. The subjects and the dynamome- 
ter were positioned in accordance with the Cybex user’s 
manual (13), and great care was taken to align the ana- 
tomic axis of the joint with the mechanical axis of the 
dynamometer. After initial instruction and demonstra- 
tion regarding the use of this device, the subjects were 
asked to perform a practice set of six repetitions of ex- 
tension and flexion of the nondominant forearm and leg 
at 2.09 rad/s to familiarize them with the Cybex II. Dur- 
ing this practice session the first two repetitions of each 
set involved submaximal effort, while the last four repeti- 
tions involved maximal effort. The determination of the 
dominant 
ence. 

limb was based on throwing and kicking prefer- 

On a separate day, 24-48 h after the practice session, 
the subjects were asked to perform one set of three maxi- 
mal effort repetitions of extension and flexion of the fore- 
arm and leg (dominant and nondominant) at 2.09 rad/s. 
The highest value for each movement was selected as the 
representative peak torque. The peak torque values were 
not corrected for gravity, and damping was set at two. 
The subjects underwent posttraining strength testing in 
the same manner 1 day after the completion of the 8-wk 
training period. 

Determination of muscle CSA. The subjects underwent 
MRI (General Electric Signa 1.5-T system) for the deter- 
mination of the CSA of the extensors and fle xors of the 
dominant and nondominant l forearm a .nd leg. Repetition 
time and echo time were set at 600 and 20 ms, respec- 
tively. Coronal scans were used to determine the distance 
between the insertion of the deltoid and the inferior 
border of the medial epicondyle of the humerus, and sub- 
sequently three axial scans were taken at an average of 
-55 (proximal level), 70 (middle level), and 85% (distal 
level) of this distance to achieve cross sections of the 

major forearm extensors and flexors. Similarly, coronal 
scans of the thighs were utilized to determine the length 
of the femur from the superior border of the head to the 
inferior border of the medial condyle. Three axial scans 
were then taken at ~33 (proximal level), 50 (middle 
level), and 67% (distal level) of this distance to obtain 
cross sections of all major leg extensors and flexors 
(Fig. 1). 

Because of the difficulty in delineating the individual 
muscles of the arm, the CSA of the entire forearm exten- 
sor and flexor groups were measured. The extensor 
group was composed of the three heads of the triceps 
brachii, whereas the flexor group consisted of the biceps 
brachii and brachialis muscles, in addition to the bra- 
chioradialis at the distal level. Muscles of the leg exten- 
sor and flexor groups were measured individually and 
included the muscles of the quadriceps femoris (vastus 
lateralis, vastus intermedius, vastus medialis, and rectus 
femoris) and the hamstrings (long head of biceps fe- 
moris, semitendinosus, and semimembranosus), respec- 
tively. For each axial scan, CSA computation was accom- 
plished by projecting the image onto a data viewing 
screen and tracing the outline of each muscle or muscle 
group with the magnifying cursor of the traverse arm of a 
digitizer. (model 1224, Numonics Digitizer, Montgomery, 
PA). The “area” function of the digitizer was utilized to 
calculate the CSA of each muscle group or individual 
muscle. During a pilot study, the test-retest reliability for 
repeated CSA measurements on 10 subjects was found to 
be r = 0.996. The subjects underwent posttraining deter- 
mination of muscle CSA in the same manner 1 day after 
the posttest for muscular strength. 

Warm-up. A 6-min warm-up preceded all practice, 
testing, and training sessions. This consisted of 3 min of 
submaximal arm cranking (at 0.25 kp) and 3 min of sub- 
maximal cycle ergometery (at 0.50 kp). 

Training. Training was performed three times per 
week for 8 wk. Each session consisted of six sets of 10 
repetitions of extension and flexion of the nondominant 
forearm and leg at 2.09 rad/s. Two-minute rest periods 
were allowed between sets. This training velocity was the 
same as that of Narici et al. (22). 

Statistical anaZysis. It was the intent of this investiga- 
tion to examine the effect of the isokinetic exercise on 
each muscle or muscle group (forearm extensors, fore- 
arm flexors, vastus lateralis, vastus intermedius, vastus 
medialis, rectus femoris, biceps femoris, semitendinosus, 
and semimembranosus) at each level (proximal, middle 
and distal) for both the trained and untrained limbs 
(arms and thighs). This resulted in 52 comparisons for 
hypertrophy plus eight strength measures (peak torque 
for extension and flexion of the trained and untrained, 
forearms and legs). Thus there were 60 planned compari- 
sons that were decided on before the initiation of this 
investigation. With respect to planned comparisons, 
Keppel (15) has stated, “Experiments are usually de- 
signed with specific hypotheses in mind, and most re- 
searchers conduct analyses relevant to these hypotheses 
directly without reference to the outcome of the omnibus 
F test.” Furthermore, Keppel has stated, “Most research 
begins with the formulation of one or more research hy- 
potheses-statements about how behavior will be in- 
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FIG. 1. Axial magnetic resonance imaging scans of extensor and flexor muscles of forearm (left) and leg (right), 
showing proximal (A), middle (B), and distal (C) anatomic cross sections. 

fluenced if such and such treatment differences are ma- conducted directly on a set of data without reference to 
nipulated. Experiments are designed specifically to test the significance or nonsignificances of the omnibus F 
these particular research hypotheses. Most typically it is test.” Because the present investigation was designed 
possible to design an experiment that will provide infor- with specific planned comparisons in mind, differences 
mation relevant to several research hypotheses. Tests in peak torque and CSA across training were determined 
designed to shed light on these particular questions are using paired t tests. To control for the possibility of alpha 
planned before the start of an experiment and clearly inflation, the Bonferroni adjustment (15) was used and 
represent the primary focus of analysis. A researcher is resulted in a per comparison alpha of P < 0.0008 (0.05/ 
not interested in the omnibus F test-this test is more 60). This decision was consistent with the recommenda- 
appropriate in the absence of specific hypotheses. Thus, tion of Keppel: “If the number of planned comparisons 
most researchers form, or at least imply, an analysis plan exceeds the number of degrees of freedom associated 
when they specify their research hypotheses and design with the overall treatment mean square, I suggest the use 
experiments to test them. This plan consists of a set of of the modified Bonferroni test to maintain the family 
analytical comparisons chosen to extract information wise error for planned comparisons. . . . ” It should be 
that is critical to the status of the research questions recognized, however, that the Bonferroni adjustment 
responsible for the initiation of the experiment in the (15) is a conservative correction for the potential alpha 
first place. As you will see, analytical comparisons can be inflation. Therefore, although the risk of committing a 
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TABLE 1. Changes in isokinetic strength 

Trained 

Pretraining, N. m Posttraining, N l m %Change 

FE 
FF 

Contralateral 

50.0t10.4 68.0tll.O 36.0* 
49.6-t-9.9 59.8t8.8 20.6* 

FE 
FF 

Trained 

52.8-kl3.0 60.5t13.5 14.6 
55.9t11.9 61.9k11.8 10.6 

LE 
LF 

Contralateral 

180.8t29.2 2Ol.Ok38.9 11.2 
115.2t25.9 140.2k29.8 21.7* 

LE 185.2t29.6 197.6k30.6 6.7 
LF 114.2t21.8 131.1t23.0 14.8 

Values are means t SD for 13 subjects. FE, forearm extensors; FF, 
forearm flexors; LE, leg extensors; LF, leg flexors. * P < 0.0008. 

type I error across all comparisons is maintained at P < 
0.05, there is an increased risk of committing a type II 
error. Thus, in the present investigation, the use of the 
Bonferroni adjustment (15) allows for a high degree of 
confidence in the statistically significant findings but 
also increases the possibility that significant changes 
went undetected. 

RESULTS 

Strength. The results indicated significant increases in 
peak torque across training for all movements on the 
trained side of the body except leg extension. There were 
no significant changes in peak torque in the contralateral 
limbs (Table 1). 

Muscle CSA. Significant differences in CSA were 
found across training for the trained forearm extensors 
(proximal and middle levels) as well as for the trained 
forearm flexors (all three levels). The training did not 
result in significant changes in the CSA of the contralat- 
era1 forearm extensors or flexors. 

For the trained leg extensors, only the rectus femoris 
(all three levels), vastus lateralis (middle level), and vas- 
tus intermedius (middle level) increased in CSA. The con- 
tralateral leg extensors showed no significant changes in 
CSA for any muscle. The trained leg flexors showed sig- 
nificant increases in CSA for the semitendinosus (all 
three levels) and biceps femoris (middle level). There 
were no significant changes in the CSA of any of the 
contralateral leg flexors (Table 2). 

DISCUSSION 

The results of this study demonstrated hypertrophy 
(8.0-34.4%) of the individual muscles of all muscle 
groups of the trained limbs. These findings were consis- 
tent with those of Krotkiewski et al. (16), Coyle et al. (6), 
and Narici et al. (22), who also reported hypertrophy in 
trained limbs after concentric isokinetic training. The 
muscular hypertrophy exhibited in the present investi- 
gation is especially noteworthy because it resulted from 
isokinetic training without eccentric contractions. This 
is in contrast to Cote et al. (5), who postulated that the 
absence of a hypertrophic response in their investigation 
may have been due to the lack of an eccentric component 
in the training protocol. Therefore, the concept that an 

eccentric phase of contraction is necessary for muscular 
hypertrophy does not appear to be valid for isokinetic 
training in untrained men. 

Previous investigations by Lesmes et al. (18), Costill et 
al. (4), Pearson and Costill (25), and Duncan et al. (9) 
found no hypertrophy after concentric isokinetic train- 
ing. Many of the techniques used in these studies, how- 
ever, such as anthropometry (6,9,16,18,25,29), muscle 
biopsy (4, 6, 8, 12, 16), ultrasound (16), and CAT scan 
(26) may not have been sensitive to changes in muscle 
CSA. The MRI technique utilized in the present investi- 
gation and that of Narici et al. (22) provided precise 
images that were easily measured for highly accurate 
quantification of muscle CSA. 

In addition, the results of this study indicated preferen- 
tial hypertrophy of individual muscles within a muscle 
group as well as at specific levels within an individual 
muscle. Narici et al. (22) reported preferential hyper- 
trophy of the vastus intermedius at the proximal one- 
third of the femur and the rectus femoris at the midfe- 
mur level only. In the present investigation, the rectus 
femoris increased in CSA at all three levels, whereas the 
vastus lateralis and vastus intermedius increased at the 
middle (midfemur) level only. The reasons for the differ- 
ences in the findings of these studies are unclear because 
the training protocols were similar. Narici et al., how- 
ever, trained the dominant thigh while the nondominant 
thigh was trained in the present investigation. It is likely 
that the muscles of the nondominant thigh were less 
trained at the beginning of this study and therefore were 
more responsive to the training stimulus than those of 
the dominant thigh trained in the study of Narici et al. 
Future investigations should address this hypothesis by 
training both the dominant and nondominant limbs and 
examining differences in the patterns of hypertrophy. 

Preferential hypertrophy of individual quadriceps 
muscles may also be a function of their level of activation 
during isokinetic contraction (22). Narici et al. (22) de- 
scribed unpublished observations in which integrated 
electromyography was used to simultaneously examine 
the activation patterns of the vastus medialis, rectus fe- 
moris and vastus lateralis during isokinetic leg extension 
at 2.09 rad/s. Their information indicated that the vastus 
medialis exhibited the highest level of activation, fol- 
lowed by 30% less for the rectus femoris and 60% less for 
the vastus lateralis. No information was presented for 
the vastus intermedius. With respect to hypertrophy, 
Narici et al. stated, “This study has shown a preferential 
hypertrophy of the VM (vastus medialis) and VI (vastus 
intermedius) as compared to that of R (rectus femoris) 
and VL (vastus lateralis) muscles.” These authors (22) 
suggested that the degree of hypertrophy was related to 
the level of activation. In the present study, however, the 
rectus femoris of the trained leg hypertrophied to a 
greater extent than the other quadriceps muscles (Table 
2). Thus the existence of a causative relationship be- 
tween the level of activation during contractions and the 
degree of hypertrophy exhibited as a result of training 
remains speculative. 

There have been no studies before the present investi- 
gation that have used MRI technology to examine the 
effect of concentric isokinetic training on hypertrophy in 
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TABLE 2. Changes in muscle cross-sectional area 

Proximal Level, cm2 Middle Level, cm2 Distal Level, cm2 

Trained 
FE 
FF 

Contralateral 
FE 
FF 

Trained LE 
VL 
VI 
VM 
RF 

Contralateral LE 
VL 
VI 
VM 
RF 

Trained LF 
BF 
ST 
SM 

Contralateral LF 
BF 
ST 
SM 

Pretraining Posttraining %Change Pretraining Posttraining %Change Pretraining Posttraining %Change 

22.8 25.7 12.4* 17.2 20.3 17.7* 9.3 10.7 14.6 
14.8 17.0 14.4* 19.9 22.1 11.0* 20.9 23.5 12.2” 

24.9 24.1 -3.0 17.3 17.3 -0.3 10.8 10.3 -4.6 
15.3 16.2 6.2 20.2 20.6 2.0 22.9 23.2 1.1 

19.6 19.8 1.1 23.7 25.6 i3.0* 14.7 16.7 13.4 
16.4 17.5 6.7 22.8 24.6 8.0* 16.3 17.5 7.6 

4.1 4.4 7.8 9.0 10.6 17.0 16.3 17.9 9.9 
9.6 10.9 13.1* 6.1 7.5 22.0* 1.5 2.1 34.4* 

18.8 18.7 -0.8 23.2 23.8 2.6 14.6 16.0 9.6 
17.5 17.5 0.1 24.3 24.9 2.5 16.1 16.3 1.1 

5.8 5.5 -4.8 11.4 11.6 1.5 18.9 19.4 2.6 
10.1 10.8 6.6 7.3 7.8 6.7 1.8 2.0 14.0 

1.3 
4.9 

1.1 1.1 1.8 
5.1 5.6 10.5 

1.6 23.3 
6.0 21.7* 

8.0 9.2 15.0* 9.5 10.6 11.9 
7.2 9.0 25.9* 4.9 6.1 24.2* 
3.2 3.8 19.9 9.4 10.0 6.8 

8.2 8.7 7.0 9.4 9.2 -2.2 
7.4 8.1 9.1 5.1 5.3 3.1 
3.2 3.5 7.5 9.9 10.2 2.6 

Values are means for 13 subjects. VL, vastus lateralis; VI, vastus intermedius; VM, vastus medialis; RF, r&us femoris; BF, biceps femoris; ST, 
semitendinosus; SM, semimembranosus. * P < 0.0008. 

the muscles associated with forearm extension, forearm 
flexion, or leg flexion. The results of the present investi- 
gation indicated that each of these muscle groups demon- 
strated preferential hypertrophy of particular muscles 
within the muscle groups and at specific levels (proximal, 
middle, and/or distal). Interestingly, the semitendinosus, 
which is closest to the midsagittal line of the thigh, dem- 
onstrated the greatest degree of hypertrophy of the leg 
flexors. In addition, the biceps femoris, which is lateral at 
the distal end of the femur and becomes closer to the 
midline of the thigh as it reaches the midfemur level, 
exhibited hypertrophy at the middle level only. These 
findings, in addition to the increases in the CSA of the 
rectus femoris at all three levels, suggest that muscles 
nearest the midsagittal line of the segment may be posi- 
tioned such that they receive more training stimulus 
than muscles which are located more medially or lat- 
erally. 

Only two previous studies (16, 22) have investigated 
the effect of unilateral concentric isokinetic training on 
the muscle CSA of the contralateral limb (cross-training 
effect) and both examined only the leg extensors. Krot- 
kiewski et al. (16) utilized ultrasound, thigh circumfer- 
ences and muscle biopsies while Narici et al. (22) used 
MRI technology to determine muscle CSA and neither 
found a cross-training effect with regard to hypertrophy. 
The results of the present investigation were consistent 
with these findings for all muscles of the contralateral 
side, It is interesting to note, however, that although no 
muscles on the contralateral side of the body demon- 
strated statistically significant (P > 0.0008) hypertrophy, 
most (forearm flexors, vastus lateralis, vastus interme- 
dius, vastus medialis, rectus femoris, biceps femoris, sem- 
itendinosus, and semimembranosus) increased in CSA 

(0.1 to 14.0%) as a result of the training. In addition, 
although none of the changes was statistically significant 
(P > 0.0008), peak torque for all movements on the con- 
tralateral side of the body also increased (6.7 to 14.8%). 
Given the consistency of the increases in peak torque and 
CSA in the contralateral limbs as well as the accuracy of 
the Cybex II and MRI techniques, it is unlikely that these 
findings were due to chance or instrumentation. Further- 
more, many of the increases in peak torque and CSA in 
the contralateral limbs were greater than those that have 
been reported for inactive adult male control groups (6,9, 
26). Although it is not likely that adult males would hy- 
pertrophy or increase in strength as a result of 8 wk of 
inactivity, future studies should consider utilizing a con- 
trol group in addition to the experimental group to fur- 
ther examine this issue. The refore 9 th .e trend (al though 
not statistically sign& ant) towa .rd increased muscle 
CSA and strength on the contralateral side of the body 
suggested some cross-training effect as a result of unilat- 
eral concentric isokinetic training. Hellebrandt (11) pro- 
posed two possible mechanisms to explain the cross- 
training effect: 1) diffusion of motor impulses to the con- 
tralateral side of the body and 2) contraction of the 
musculature on the contralateral side of the body to 
maintain balance and assume the proper position for the 
unilateral exercise. It is possible that a longer period of 
training may have resulted in statistically significant in- 
creases in strength and CSA on the contralateral side. 

In summary, the results of the present investigation 
indicated that concentric isokinetic training resulted in 
1) muscular hypertrophy o f the exten sor and flexor mus- 
cles of the trained forearm and leg; 2) preferential hyper- 
trophy of individual extensor and flexor muscles of the 
trained leg; 3) preferential hypertrophy at specific levels 
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of the forearm extensors, vastus lateralis, vastus inter- 
medius, and biceps femoris of the trained limbs; and 4) 
no significant cross-training effect with regard to 13* 
strength or CSA. 
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