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ABSTRACT

We examined changes in muscle power output and fiber
characteristics following a 3 d·wk21, 8-week plyometric and
aerobic exercise program. Male subjects (n 5 19) were ran-
domly assigned to either group 1 (plyometric training) or
group 2 (plyometric training and aerobic exercise). The ply-
ometric training consisted of vertical jumping, bounding,
and depth jumping. Aerobic exercise (at 70% maximum heart
rate) was performed for 20 minutes immediately following
the plyometric workouts. Muscle biopsy specimens were col-
lected from the musculus vastus lateralis before and after
training. Type I and type II fibers were identified and cross-
sectional areas calculated. Peak muscle power output, mea-
sured using a countermovement vertical jump, significantly
increased from pretraining to posttraining for group 1 (2.8%)
and group 2 (2.5%). Each group demonstrated a significant
increase in fiber area from pretraining to posttraining for
type I (group 1, 4.4%; group 2, 6.1%) and type II (group 1,
7.8%; group 2, 6.8%) fibers, but there were no differences
between the groups. Following plyometric training, there is
an increased power output that may in part be related to
muscle fiber size.
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Introduction

Explosive leg power is a critical component for suc-
cessful performance in many athletic events. Ver-

tical jumping ability may best exemplify this, as evi-
denced by the strong association between increased
lower-body power and vertical jump height. An in-
crease in lower-body strength, however, is not the only
means by which to enhance vertical jump perfor-
mance. Increasing the degree of coordination and skill
in performing the movement and maximizing the abil-

ity to use the stretch-shortening cycle in the muscle
are other integral factors in vertical jump performance
(1, 6, 24).

Plyometric exercises parallel the movement pat-
terns used by athletes in activities that involve sprint-
ing and jumping. Lower-body plyometric exercise typ-
ically includes bounding, hopping, and various jumps
with 1 or 2 legs. These exercises use the stretch-short-
ening cycle that occurs when a muscle undergoes a
rapid eccentric elongation just before a rapid concen-
tric contraction. The muscle is essentially stretched
while active, resulting in greater force production dur-
ing the subsequent concentric contraction than could
be generated during a concentric contraction from a
static position (18). The ability of the muscle to adapt
to this stretch-shortening cycle should enable the in-
dividual to generate greater power. In fact, many stud-
ies have established the effectiveness of plyometric
training for improving power output (4, 8) and vertical
jump performance (1, 7, 8, 11, 13, 17, 24).

To our knowledge, no studies have addressed the
influence of plyometric training on both vertical jump
power production and muscle fiber characteristics. The
purpose of this study was to examine the effect of ply-
ometric training on leg muscle power output and mus-
cle fiber size of the musculus vastus lateralis.

Methods
Nineteen physically active men (mean 6 SD; age 5
21.3 6 1.8 years, height 5 185 6 10.1 cm) voluntarily
participated in the investigation. None of the subjects
had participated in any structured plyometric training
program, although all subjects had regularly per-
formed resistance training and aerobic exercise for at
least 3 months before beginning the study. All subjects
were given a verbal explanation of the procedures in-
volved in the study and provided written informed
consent in accordance with university guidelines for
human experimentation. All subjects completed a
medical history questionnaire and were judged as
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healthy according to guidelines established by the
American College of Sports Medicine.

Study Design

Each subject participated in pretest and posttest mea-
surements and an 8-week plyometric training pro-
gram. On day 1 of testing, body composition and ver-
tical jump power were measured. On day 2, each sub-
ject performed a graded exercise test to determine
maximal aerobic power (V̇O2max). After a day of rest, a
muscle biopsy sample was collected on day 4. After
completion of testing, subjects were randomly as-
signed to a training group.

Pretest and Posttest Measurements

Body composition was determined via hydrostatic
weighing with a direct measurement of residual lung
volume (23). Subjects reported to the laboratory in a
3-hour postprandial state. Subjects were given 5 trials,
with the average of the final 3 measurements used to
calculate body density (12). Percent body fat (%FAT)
was then determined using the Siri equation (20). Test-
retest reliability measures (r) for hydrostatic weighing
in our laboratory have ranged from 0.94–0.98.

Vertical jump height was measured using a stan-
dard jump-and-reach technique and an adjustable
measuring device (Vertech, Inc.). Subjects were given
a controlled warm-up of jogging and stretching and 3
practice jumps at submaximal effort. Three test jumps
were allowed for each subject, with 3 minutes of re-
covery between jumps. A countermovement with the
arms and legs was allowed during each jump. The best
score was used to calculate vertical jump peak power
and vertical jump average power (16). The test-retest
reliability for vertical jump was 0.93.

The graded exercise test was performed on a Quin-
ton Treadmill ergometer. The test began with a 3-min-
ute warm-up at 162 m·min21 and 0% grade. The speed
was then increased to 189 m·min21 for 3 minutes with
0% grade. Thereafter, the grade was increased by 2%
every 2 minutes until the subject reached exhaustion.
During testing, subjects breathed through a 2-way
nonrebreathing valve. Expired gases were collected in
a 5-L mixing chamber and then directed through a
Parkinson-Cowan CD-4 dry gas meter. Expired gas
temperature was measured by a Yellow Springs In-
strument Model 409 thermistor attached to the inlet
side of the dry gas meter. A small sample of dry gas
was analyzed for concentrations of oxygen and carbon
dioxide using Applied Electro Chemistry Model N-22
and Beckman LB-2 analyzers, respectively. A comput-
er, interfaced with the dry gas meter, gas analyzers,
and thermistor, was used to determine metabolic and
ventilatory values. During testing, heart rate was mon-
itored using a telemetry unit. The subject’s rating of
perceived exertion was determined 30 seconds before
the end of each stage using Borg’s 15-point scale (9).

The criteria for achieving V̇O2max required the subjects
to achieve any 3 of the following: a heart rate within
610 beats·min21 of age predicted maximum; a leveling
of V̇O2 with an increase in workload; a respiratory ex-
change ratio of $1.10; and an end exercise perceived
exertion of .18. Previous reliability measures for
V̇O2max have ranged from 0.91–0.94.

A muscle sample from the musculus vastus later-
alis was obtained from the subjects at rest according
to the percutaneous needle biopsy procedure of Bergs-
tröm (5). The sample was immediately frozen in iso-
pentane, which was cooled by liquid nitrogen. Once
the sample was properly mounted, it was frozen at
2708 C until analysis. The samples were sectioned se-
rially (10 mm) and stained histochemically for type I
and type II fibers by the myofibrillar adenosinetri-
phosphatase reaction using acid and alkaline prein-
cubation (10). The fiber area was determined using the
lesser diameter technique (22) by an investigator who
was blinded to the subject’s group assignment. At least
75 fibers of both type I and type II were randomly
selected and measured for fiber area determination.

After completion of all pretest measurements, sub-
jects were assigned using stratified random sampling
to 1 of 2 groups using the subject’s pretest V̇O2max val-
ue. Group 1 (n 5 8) performed plyometric training,
and group 2 (n 5 11) performed plyometric training
and aerobic exercise. The aerobic exercise training con-
sisted of continuous running at an intensity equal to
70% of measured heart rate maximum.

Plyometric Training Program

All subjects participated in an 8-week plyometrics
training program. The length of the study (8 weeks)
was selected because this is the length of many sum-
mer or preseason conditioning programs. Jump train-
ing exercises were performed 3 d·wk21. The intensity
of each exercise was maximal, with daily changes in
the number of sets and repetitions. The plyometric
training included 2-ft vertical jumps, tuck jumps, 2-
legged broad jumps, 1- and 2-legged bounding, and
depth jumps completed from a height of 40 cm. Dur-
ing all jumping exercise, subjects were instructed to
achieve maximum height, whereas during bounding
and depth jumping subjects were instructed to mini-
mize ground contact. The length of recovery between
repetitions and sets was 15–30 seconds. A summary
of the training program is shown in Table 1. The aer-
obic exercise performed by group 2 was completed im-
mediately after the plyometric training session. Exer-
cise heart rate was monitored by radial palpation ev-
ery 5 minutes. An investigator continuously monitored
subjects as they performed all plyometric and aerobic
exercise.

During the 8 weeks of plyometric training, the sub-
jects did not participate in any physical training other
than what they would encounter during normal daily
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Table 1. Summary of exercises used in the plyometric training program.

Movement

Weeks

1 2 3 4 5 6 7 8

Vertical jumping*
Bounding†
Broad jumping†
Depth jumping*

5 (10)
3 (30 m)
1 (15 m)

9 (10)
4 (30 m)
2 (30 m)

11 (10)
4 (30 m)
4 (30 m)
1 (4)

13 (10)
3 (30 m)
4 (30 m)
3 (10)

13 (10)
1 (30 m)
4 (30 m)
5 (10)

17 (10)

4 (30 m)
5 (10)

17 (10)

4 (30 m)
6 (10)

17 (10)

4 (30 m)
8 (10)

* Number of sets followed by repetitions.
† Number of sets followed by distance.

Table 2. Vertical jump power prior to and following 8 weeks of plyometric and aerobic exercise training (mean 6 SEM).*

Groups

Peak power (W)

Pretest Posttest

Average power (W)

Pretest Posttest

Group 1†
Group 2‡

8,335 6 179
8,629 6 146

8,578 6 174
8,855 6 136

1,670 6 69
1,795 6 77

1,767 6 62
1,886 6 72

* No significant (p . 0.05) differences were noted between groups on posttest scores for peak or average power . A significant
difference was found between posttest and pretest scores (p # 0.05) within groups.

† In group 1 (n 5 8), no aerobic exercises were performed.
‡ In group 2 (n 5 11), 20 minutes of aerobic exercises were performed.

activities. Subjects were also instructed to maintain
their normal dietary practices throughout the investi-
gation. At the end of the 8-week training program,
subjects were posttested on all measurements using
the same procedures and schedule as during pretest-
ing.

Statistical Analysis
An analysis of covariance was used to determine sig-
nificant differences between the groups, with the pre-
test measure serving as the covariate. Post hoc com-
parisons were made using dependent and indepen-
dent t-tests. A Pearson correlation analysis was per-
formed to determine the relationship between the
change in fiber area and improvements in vertical
jump power production. Significance was set at p #
0.05. All values are reported as mean 6 SEM.

Results
No significant differences were observed in body mass
between or within the groups following training. The
pretest values for body mass were as follows: group 1,
78.0 6 2.5 kg, and group 2, 80.3 6 3.6 kg. The body
mass values for the posttest were as follows: group 1,
79.3 6 2.3 kg, and group 2, 81.6 6 3.6 kg. The ply-
ometric training program did not significantly alter
body composition. The pretest values for %FAT were
as follows: group 1, 15.6 6 2.1%, and group 2, 12.7 6
1.0%. The %FAT values for the posttest were as fol-
lows: group 1, 16.8 6 2.3%, and group 2, 12.7 6 0.9%.

Vertical jump height improved in each group from
pretraining to posttraining. Group 1 increased by 2.7
cm and group 2 increased by 3.1 cm. This represents
an increase of 4.6% and 5.0% for groups 1 and 2, re-
spectively. No significant difference was observed be-
tween the groups. The peak power and average power
from the vertical jump measurements are shown in
Table 2. No significant differences were observed be-
tween the groups following training for either peak or
average power. Both groups displayed significant in-
creases from pretesting to posttesting for both peak
and average power. Group 1 increased by 2.8% and
5.5% for peak and average power, respectively. Group
2 increased 2.5% in peak power and 4.8% in average
power.

No significant differences were observed in V̇O2max

between the groups following the 8-week training pro-
gram. Each group significantly improved in aerobic
power from pretraining to posttraining. Group 1 im-
proved by 12% (44.9 6 3.9–51.1 6 5.4 ml·kg21·min21),
and group 2 improved by 14% (43.5 6 5.3–50.6 6 4.7
ml·kg21·min21).

Table 3 illustrates the fiber-type percentages and
fiber area before and after the 8 weeks of training. No
significant changes in fiber-type percentage were ob-
served. No significant differences in fiber area were
found between the groups following training for either
type I or type II fibers. Both groups did show signif-
icant increases in fiber area after the 8-week training
program. For the type I fibers, group 1 increased by
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Table 3. Fiber characteristics (by area) prior to and following 8 weeks of plyometric and aerobic exercise training (mean 6
SEM).

Groups
% Type I

Pretest

Type I (mm22)

Pretest Posttest

Type II (mm2)

Pretest Posttest

Group 1†
Group 2‡

42.6 6 1.9
42.4 6 0.7

4,183 6 62
4,589 6 81

4,377 6 53
4,887 6 113

4,781 6 153
4,810 6 108

5,184 6 165
5,159 6 195

* No significant differences were noted between groups on posttest scores for Type I or Type II fiber area (p . 0.05). A
significant difference was found between posttest and pretest scores (p # 0.05) within groups.

† In group 1 (n 5 8), no aerobic exercises were performed.
‡ In group 2 (n 5 11), 20 minutes of aerobic exercises were performed.

Table 4. Correlation coefficients for changes in power
output and changes in muscle fiber size following 8 weeks
of concurrent plyometric and aerobic exercise training (n 5
19).

Peak power Average power

Type I

Type II

0.4768
(p # 0.004)
0.5793
(p # 0.001)

0.4709
(p # 0.005)
0.6185
(p # 0.001)

4.4% and group 2 increased by 6.1%. Type II fiber area
increased by 7.8% for group 1 and 6.8% for group 2.

Since there were no significant differences in power
production or fiber area among the groups, the data
were collapsed together for correlation analysis. Sig-
nificant correlations were observed for the change in
vertical jump power production and changes in mus-
cle fiber size for each group. The correlation coeffi-
cients for the comparisons are presented in Table 4.

Discussion
In the present study, performing plyometric training
resulted in an improvement in leg power production
and an increase in muscle fiber size. Additionally, par-
ticipating in the training program improved V̇O2max but
did not significantly alter body composition.

Plyometric training has been proposed as a train-
ing mode designed to enhance movement patterns that
are used in motor activities such as sprinting and
jumping (2). In plyometric training, the amortization
phase between eccentric and concentric movements is
shortened, allowing greater power production (21). By
taking advantage of stored elastic energy and the
stretch reflex (18), the muscle is capable of performing
more work in the concentric phase. This would allow
for improvements in sport performance. In the present
study, improvements in vertical jump height and peak
and average power production were observed follow-
ing plyometric training. These results are supported
by others who have demonstrated improvement in ver-

tical jump performance (1, 7, 11, 13, 17, 24) and leg
power production (4, 8) after plyometric training.

The improvement in muscle performance following
plyometric training is most likely due to a combination
of enhanced motor unit recruitment patterns and in-
creased muscle fiber cross-sectional area. Although not
measured in the present investigation, part of the im-
proved muscle performance could come from neuro-
muscular adaptations such as an increased inhibition
of antagonist muscles, a better co-contraction of syn-
ergistic muscle, an increased activation of synergistic
muscles, an inhibition of neural protective mecha-
nisms, and/or an increased motor neuron excitability
(18, 19). The improvement in power output by the leg
muscles could also be due to an increase in muscle
fiber size. Improvements in force production have been
attributed to increases in muscle fiber size (14, 22). The
fiber hypertrophy that occurred in both the type I and
type II fibers in the present investigation likely helped
to contribute to the increase in jump height and peak
and average power output. This concept is supported
by the significant correlations observed between the
changes in muscle performance and fiber size. Al-
though correlation analyses do not indicate cause and
effect, we believe they do provide support for inter-
pretation of the present results.

The increase in V̇O2max for each group was likely
the result of the high-intensity work and the short-
duration rest intervals used in the plyometric training
program. This scenario is similar to interval training,
which has been shown to significantly improve V̇O2max

(15). The lack of changes in body mass and composi-
tion was likely due to the short duration of the study
(8 weeks) and the absence of modifications to daily
energy intake.

Practical Applications

Maximizing power production is critical for strength/
power athletes. Increases in power output are likely to
contribute to improvements in athletic performance.
The data from the present study indicate that signifi-
cant increases in leg power output and muscle fiber
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hypertrophy occur during participation in a plyome-
tric training program. This fiber hypertrophy appears
to occur in both slow twitch and fast twitch fibers. The
data from the present investigation support the use of
plyometric training as a means to improve vertical
jump and lower-body power production.
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