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ABSTRACT. Saunders, P.U., R.D. Telford, D.B. Pyne, E.M. Pel-
tola, R.B. Cunningham, C.J. Gore, and J.A. Hawley. Short-term
plyometric training improves running economy in highly trained
middle and long distance runners. J. Strength Cond. Res. 20(4):
947-954. 2006.—Fifteen highly trained distance runners
(Voymax 71.1 *+ 6.0 ml-min—t-kg-!, mean + SD) were randomly
assigned to a plyometric training (PLY; n = 7) or control (CON;
n = 8) group. In addition to their normal training, the PLY
group undertook 3 X 30 minutes PLY sessions per week for 9
weeks. Running economy (RE) was assessed during 3 X 4 min-
ute treadmill runs (14, 16, and 18 km-h1), followed by an incre-
mental test to measure Vo,max. Muscle power characteristics
were assessed on a portable, unidirectional ground reaction force
plate. Compared with CON, PLY improved RE at 18 km-h?!
(4.1%, p = 0.02), but not at 14 or 16 km-h~'. This was accom-
panied by trends for increased average power during a 5-jump
plyometric test (15%, p = 0.11), a shorter time to reach maximal
dynamic strength during a strength quality assessment test
(14%, p = 0.09), and a lower Vo,-speed slope (14%, p = 0.12)
after 9 weeks of PLY. There were no significant differences in
cardiorespiratory measures or Vo,max as a result of PLY. In a
group of highly-trained distance runners, 9 weeks of PLY im-
proved RE, with likely mechanisms residing in the muscle, or
alternatively by improving running mechanics.

KEYy WORDS. oxygen consumption, strength training, elite run-
ners

INTRODUCTION
=Zf n highly-trained runners, there are a number
of physiological factors that determine running
4 performance, with running economy (RE) iden-
tified as a critical factor in distance running
performance (28). RE is represented by the en-

ergy expenditure and expressed as the submaximal O,
consumption (Vo,submax) at a given running speed (2, 7,
8, 24). Runners with good RE use less O, than runners
with poor RE at the same steady-state speed (9-11). The
relationship between RE and performance is well docu-
mented, with many independent reports demonstrating a
strong relationship between these 2 variables (7-10, 12,
26). Accordingly, it is likely that any improvement in RE
will be associated with improved distance running per-
formance. Better RE coincides with a lower O, cost at a
given running speed. Submaximal O, consumption is
used as an indicator of RE (2, 7, 8, 24) on the assumption
of negligible anaerobic contribution associated with sub-
maximal running speeds. Runners with good RE use less
O, than runners with poor RE at the same steady-state
speed (33). Given the importance of RE in performance,

successful training interventions that improve RE would
be advantageous for the athlete.

We have recently reported improved RE in elite run-
ners after 20 days of moderate simulated altitude expo-
sure (30). However, many countries may not have appro-
priate training venues/facilities at altitude, and the use
of simulated altitude houses or chambers is even more
impractical for most nations. Accordingly, if alternative
training techniques can improve RE, they would likely be
embraced by coaches and athletes. One such approach is
to supplement normal running training with strength/re-
sistance training. Such training has previously been
shown to improve RE (20, 23, 25, 31, 34). Specific types
of strength training can improve anaerobic power char-
acteristics, such as the ability to produce short contact
times and faster force production (3, 19). Heavy resis-
tance training (e.g., full squats) has been reported to im-
prove endurance performance in previously untrained
subjects (16, 21, 22), and RE in moderately-trained fe-
male distance runners, without concomitant changes in
Vo,max (20). Recent work has shown that a combination
of heavy-weight training and endurance training also
leads to improved running performance and enhanced RE
in well-trained triathletes (23).

A specific type of strength training, known as explo-
sive-strength training or plyometric training (PLY), has
been reported to invoke specific neural adaptations such
as increased activation of the motor units, with less mus-
cle hypertrophy than typically observed after heavy-re-
sistance strength training (14, 15, 27). PLY enhances the
muscle’s ability to generate power by exaggerating the
stretch-shorten cycle, using activities such as bounding,
jumping, and hopping (34). PLY also has the potential to
increase the stiffness of the muscle-tendon system, which
allows the body to store and utilize elastic energy more
effectively (31). Both of these adaptations resulting from
PLY could potentially improve RE by generating greater
force production from the muscles without a proportion-
ate increase in the metabolic energy requirement. In this
regard, Paavolainen et al. (25) reported that in moder-
ately trained runners, 9 weeks of PLY improved RE
(8.1%) and 5-km performance (3.1%) with no changes in
Vo,max. Similarly, other studies have also shown im-
provements in RE and performance with no change in
Vo,max after short-term PLY in moderately-trained sub-
jects (31, 34). To date, however, there is little research
investigating the effects of PLY in highly trained distance
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TABLE 1. Subject characteristics.*

Plyometric training group (n = 7)

Control group (n = 8)

Group test Pretest 9 wk Pretest 9 wk
Age (y) 234 = 3.2 24.9 + 3.2
Weight (kg) 67.6 = 9.7 68.2 £ 9.4 68.0 = 7.7 68.0 = 7.7
Vo,max (L-min~?) 4.54 + 0.53 4.57 £ 0.47 4.75 = 0.19 4.93 = 0.38
Vo,max (ml-min-*kg-1) 67.7 = 6.2 68.2 £ 7.5 70.4 + 6.2 72.5 £ 5.0
Training volume (km-wk-1) 100.2 = 48.1 114.1 = 39.8
3-km best time (min) 8.6 + 04 85+ 04
* Values are mean = SD.
TABLE 2. Nine-week plyometric training program.
1 2-5 6-9

Week session 1 2 1 2 3 1 3
Back extension 1x 15 2 X 15 2 X 15 2 X 15
Leg press 2 X6 5X8 5X8 5X8
Countermovement jumps 1 X 6 3 X6 3 X6 3 X6
Knee lifts (technical) 1 X 20 3 X 20 3 X 20
Ankle jumps 1 X 10 3 X 10 3 X 10 3 X 10
Hamstring curls 1 X 10 3 X 10 3 X 10 3 X 10
Alternate-leg bounds 1x10 6 X 10 m 6 X 10 m 4 X 10m
Skip for height 1 X30m 4 X 30m 4 X 30m 5 X 20 m
Single-leg ankle jumps 1X20m 4 X 20m 4 X 20m
Continuous hurdle jumps 5X5
Scissor jumps for height 5 X 8

runners. Improving RE and performance in moderately
trained male runners (25, 31, 34) may be easier than elic-
iting similar improvements in highly trained runners, in
whom RE and performance are already at a very high
level and have attained a plateau. Accordingly, this study
determined the effects of the addition of PLY to the nor-
mal aerobic running of elite distance runners.

METHODS
Experimental Approach to the Problem

The study was a repeated-measures design with mea-
sures conducted prior to and after 5 and 9 weeks of a
training intervention period (independent variable). Sev-
en subjects were in the PLY group, and 8 subjects com-
prised the control (CON) group. Subjects were matched
based on performance level, distance run, and prior his-
tory of strength training before being randomly allocated
into the 2 groups. Prior to intervention, all subjects per-
formed baseline testing of the dependent variables, which
included measures of RE at 3 running speeds (14, 16, and
18 km-h~1), a maximal test to determine VO,max, and
strength and power parameters using a variety of jump-
ing protocols on a portable, unidirectional ground reac-
tion force (GRF) plate (Kistler Quattro Jump, Winterthur,
Switzerland). The PLY intervention lasted 9 weeks and
comprised 3 X 30 minute sessions per week. CON sub-
jects undertook similar running training to PLY subjects
without any additional intervention. Total training time
was matched for both groups, with the control group com-
pleting additional stretching and core stability work to
match the extra training in the PLY group.

Subjects

Fifteen highly-trained male distance runners volunteered
for this study. Subjects all competed at a national level,

with 6 competing internationally (Table 1). The caliber of
athletes is demonstrated by the group means for 3-km
performance time (8.5 = 0.4 min) and Vo,max (71.1 = 6.0
ml-min—tkg~!). Subjects had minimal prior history of
strength training, and this was similar for both groups.
Subjects undertook 107 = 43 km of running per week,
with the general training pattern being 3 intense interval
sessions on either the track or grass, a long run of be-
tween 60 and 150 min, 3 midrange runs of 30—60 min,
and 3 to 6 second runs of 20-40 min. Subjects were in-
formed of all experimental procedures and the possible
risks involved in participation before their written con-
sent was obtained. The study was approved by the Aus-
tralian Institute of Sport Ethics Committee.

Procedures

Plyometric Training. The first week of PLY involved fa-
miliarization with the various exercises, with only 2 ses-
sions undertaken during this week. Careful attention was
given to each subject to ensure good technique for each
exercise. The 30-minute sessions were conducted either
in the gym or on a grass field. During the initial 4 weeks,
there were 2 sessions in the gym and 1 on the grass, and
the last 4 weeks consisted of 1 session in the gym and 2
on the grass. The gym sessions included leg press at ap-
proximately 60% of 1 repetition maximum, hamstring
curls on a hydraulic machine, continuous straight-leg
jumps (the same as those used in the testing protocol),
squat jumps for maximal height, and fast feet drills (em-
phasis on short contact time and fast force production).
All exercises were carried out with fast eccentric/concen-
tric movements. The grass session consisted of alternate-
leg bounding, high skipping, single-leg hopping, double-
leg jumping over hurdles, and scissor jumps (Table 2).
Subjects were tested after 5 weeks and upon completion
of the 9-week intervention.



Treadmill Testing. Running economy was determined
by measuring submaximal Vo, for 4 minutes at 3 running
speeds (14, 16, and 18 km-h™'), after a standardized
warm-up, on a custom-built motorized treadmill (Austra-
lian Institute of Sport, Belconnen, Australia) as described
in detail previously (29, 30). Measurement of Vo0,, venti-
lation (Vy), heart rate (HR), stride rate (SR) and concen-
tration of blood lactate (Lac) was performed during the
RE test. Running economy was defined as the Vo, deter-
mined during the last minute of each running speed. Four
minutes was deemed an adequate time to reach steady
state from pilot work, and at the fastest running speed
(18 km'h™'), runners had been running for 12 min.
Vo,max was determined during an incremental test to
volitional exhaustion performed 2 minutes after the third
submaximal running speed (29, 30). In our hands, the
typical error of measurement (17) of submaximal Vo, was
2.4% (29) and Vo,max was 2.2%. Heart rate was mea-
sured by short-range telemetry (Polar Vantage NV, Kem-
pele, Finland) and, on immediate completion of the test,
a capillary blood sample was drawn for measurement of
Lac.

Blood Handling. Capillary blood samples were collect-
ed from the fingertip using an Autolet II (Owen Mumford
Ltd. Medical Division, Oxford, England) sterile lancet.
Approximately 95 pl of blood was collected into a Clini-
tube (Radiometer Medical A/S, Copenhagen, Denmark) by
capillary action for automated analysis of Lac on an
ABL700 Series Blood Gas Analyser (Radiometer Medi-
cal).

Force Plate Measures. Subjects performed 2 tests on
the GRF plate to determine muscle power characteristics.
The first test was a strength quality assessment test
(SQAT) and involved a vertical jump from a semicrouched
or squat position with the subject holding a 9-kg alumin-
ium bar on his shoulders secured within a Smith ma-
chine. Subjects were required to jump vertically into the
air from a stationary position, with an initial starting
knee angle of approximately 120°. During each jump, care
was taken to ensure that the subject maintained an erect
posture (head up) and landed toes first, in the same spot
as takeoff. Force vs. time functions associated with each
jump were generated on software interfaced to the GRF
plate. The following parameters were determined for each
jump: maximal dynamic strength (MDS), the maximum
amount of force imparted onto the force plate; time to
reach MDS, the time taken to reach maximum force pro-
duction, with shorter times indicating better force devel-
opment; rate of force development (RFD); force at 30 ms
(F30ms); force at 100 ms (F100ms); and takeoff time. The
second test performed on the GRF plate was a 5-jump
plyometric test. This test required the subject to perform
6 maximal continuous straight-leg jumps. Subjects were
instructed to aim for maximal height with contact times
as fast as possible, keeping legs straight throughout the
jumping sequence. Jump height and power were mea-
sured during this test both as a mean of the last 5 jumps
and the best of the 5 jumps.

Statistical Analyses

A between subject-within subject factorial (group X test
X speed) analysis of variance was undertaken. Mean pro-
files along with standard errors are shown graphically,
and the magnitude of variability for each group is indi-
cated by the least significant difference (LSD). Any pair

RUNNING ECONOMY AND PLYOMETRIC TRAINING 949

0.10 -
B Plyometric
[ Control
0.05 o
i [+
€ 000 —
: i ;
ON
= -0.054
< LSD=0.14
(]
o
S -0.10
W = —|
5 LSD=0.22 1
-0.15
LSD=0.17
-0.20 . . :
14 16 18
Speed (km*h™)
FIGURE 1. Absolute change in O, consumption (L-min~1) after

9 weeks compared with pretest for plyometric training (PLY)
and control (CON) groups at 3 submaximal running speeds
(14, 16, and 18 km!). Values are means; n = 7 (PLY), n = 8
(CON). Change at 18 km-h~! is significantly different (p <
0.05) in PLY, signified by the least significant difference
(LSD), because any pair of means differing by more than the
LSD are considered significant (p < 0.05) changes between
pretests and posttests amongst the 2 treatment groups.

of means differing by more than the LSD was significant
(p = 0.05) between pretests and posttests. The statistical
package Genstat (6th edition; VSN International Ltd.,
Oxford, UK) was employed for statistical computation.
Slopes and intercepts of VO, vs. running speed were com-
pared on group mean data using Prism software (version
3.03; GraphPad Software Inc., San Diego, CA). The re-
gression data for the 3 groups were fitted through the
measured Vo, at 14, 16, and 18 km-h~'. The magnitude
of difference between changes (9 weeks vs. pretest) in key
dependent variables were expressed as an effect size us-
ing the following criteria: <0.2, trivial; <0.6, small; <1.2,
moderate; and >1.2, large (18).

RESULTS
Running Economy

Following PLY, the change in Vo, at 14 km-h~! was with-
in 0.05 L-min~! of the pretreatment value and was not
significantly different after 5 weeks or 9 weeks of inter-
vention. Likewise, there was no significant difference at
16 km'h™! after 5 weeks compared to pretest values. Be-
fore and after 9 weeks of PLY the Vo, measures were 3.70
+ 0.49 and 3.56 * 0.48 L-min~! respectively when run-
ning at 16 km-h~! (p = 0.31). CON had pretest and post-
test means of 3.74 = 0.57 and 3.69 = 0.53 L-min~" re-
spectively. There was no significant change in RE at 18
km-h~! between pretest and 5 weeks in either group.
However, after 9 weeks, Vo, was decreased from 4.16 =
0.51 L'min~! to 3.99 = 0.46 L-min ' (4.1%, p = 0.02),
whereas CON remained unchanged at 4.19 = 0.47
L-min! and 4.22 * 0.52 L-min~! (Figure 1). There was
no significant change in the slopes of Vo0, vs. running
speed in the preintervention and 9 weeks postinterven-
tion slopes for CON. Although it failed to reach statistical
significance, there was a trend (13.8%, p = 0.12) of a low-
er slope of Vo, vs. running speed after 9 weeks of PLY
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FIGURE 2. Comparison of absolute oxygen consumption
(L-min~!) with running speed (km-h~') between pretest and
posttest for the plyometric training (PLY) and control (CON)
groups. Slope equations and r? values are given for each slope,
as are the ¢ value and p value for the comparison of pretest
and posttest slopes for the 3 groups.

(Figure 2). The effect size was trivial at 14 km-h~! and
small at 16 and 18 km-h~! in PLY, with trivial effect sizes
present at all RE speeds in CON (Figure 3).

Cardiorespiratory and Physiological Measures

Both groups had similar Vo,max values before the inter-
vention, and there were no significant changes in this
variable after the intervention period (Table 1). There
were no significant changes in V, respiratory exchange
ratio (RER), HR, SR, or Lac between the 2 groups (Table
3).

Force Plate Measures

There were no differences in the strength and power mea-
sures between the 2 groups (Table 4), although the mean
value of the F30ms measure tended to be higher (p =
0.07) after 5 weeks in PLY. There was also some evidence
that the average power during the 5-jump plyometric test
was higher (14.7%, p = 0.11) (Figure 4), and that the time
to reach MDS was lower (14.0%, p = 0.09) in PLY com-
pared with the pretest (Figure 5). In the 5-jump plyome-
tric test the effect size for PLY was small for average
power and moderate for average height. In the SQAT test
effect size for PLY was small for RFD, F100ms, and take-
off time, and moderate for time to reach MDS. All selected
variables had a trivial effect size for CON (Figure 3).
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FIGURE 3. Effect sizes of selected variables from treadmill
and force plate tests for plyometric training and control groups
after 9 weeks compared to pretest. Dashed line = moderate ef-
fect (0.60 to <1.20); dotted line = small effect (0.20 to <0.60).
RFD = rate of force development; MDS = maximal dynamic
strength.

DISCUSSION

The major finding of the present study was that the ad-
dition of PLY improved RE at 18 km-h~! by 4.1% in highly
trained distance runners when compared to a matched
control group undertaking similar running training with-
out PLY. There was no evidence of any change in sub-
maximal RE at slower speeds, however, an examination
of the Vo, vs. speed slope revealed evidence of a shift in
the slope after the plyometric intervention. The improved
RE at 18 km-h~! in those runners who supplemented
their normal running training with PLY occurred in the
absence of any cardiorespiratory changes, and was accom-
panied by trends towards higher average power produc-
tion in a 5-jump plyometric test and lower time to MDS
in the SQAT analysis compared to CON. To the best of
our knowledge, this is the first study to demonstrate im-
proved RE after PLY in a group of elite distance runners.

Our results are in accordance with growing literature
demonstrating that a period of strength training im-
proves RE in runners with a wide range of ability (20, 23,
25, 31, 34). However, of these studies, one used moder-
ately-trained female runners (20), another used well-
trained triathletes (Vo,max approximately 68.0
ml-min—"-kg~') who only ran 44-48 km-wk~! (23), whereas
the other investigations used moderately-trained male
runners with 5-km performance times of approximately
18 minutes and Vo,max of approximately 65.0
ml-min-*kg' (25), 3-km performance times of approxi-
mately 10 minutes and Vo,max of approximately 59.1
ml-min—'-kg~! (31), and Vo,max values of approximately
50 ml-min—'kg~! (34). The current study utilized subjects
with superior performance capabilities (3-km perfor-
mance time, 8.5 * 0.4 min) and Vo,max (71.1 *= 6.0
ml-min~*kg-!) to those in any of the previous investiga-
tions. The absence of significant changes in V;, HR, RER,
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FIGURE 4. Average power in W-kg~! for the 5-jump plyome-
tric test at pretest and 9 weeks for plyometric training (PLY)
and control (CON) groups. Values are means = SE; n = 7
(PLY), n = 8 (CON). Least significant difference (LSD) is 2
times the standard error of the differences; any pair of means
differing by more than the LSD are considered significant (p
< 0.05) changes between pretest and posttest among the 2
treatment groups.
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FIGURE 5. Time (msec) to reach maximal dynamic strength
(MDS, kg) during the strength quality assessment test at pre-
test and 9 weeks for plyometric training (PLY) and control
(CON) groups. Values are means * SE; n = 7 (PLY), n = 8
(CON). Least significant difference (LSD) is 2 times the stan-
dard error of the differences; any pair of means differing by
more than the LSD are considered significant (p < 0.05)
changes between pretest and posttest among the 2 treatment

groups.

or Lac suggests that the improved RE is not the result of
a decreased cardiorespiratory cost or a shift in substrate
utilization. Instead, we propose that the trends are to-
ward improved muscular power, suggesting that the un-
derlying mechanisms are related to improved muscle
power development and better use of stored elastic en-
ergy.

The storage and return of elastic energy is an impor-
tant component of RE, with estimates indicating that Vo,
during running might be 30—40% higher without contri-
butions from elastic energy storage and return (6). At
higher speeds, elastic mechanisms are reported to prevail
over the contractile machinery and may even account for

a greater proportion of the work performed (5, 32). This
explanation is consistent with PLY’s improving RE only
at the higher (18 km-h~') and not at the lower (14 km-h~)
speeds in the current study. A key function of the active
skeletal musculature during running is to modulate the
stiffness of the springs to maximize the exploitation of
elastic energy, which improves RE as measured by O,
consumption (1, 4, 32). Paavolainen et al. (25) demon-
strated that 9 weeks of PLY improved RE as well as re-
sulting in concurrent improvement in velocity during a
20-m sprint, improvement in distance covered in a 5-
bound plyometric test, and decreased contact times dur-
ing constant velocity running. Similarly, Spurrs et al. (31)
demonstrated that 6 weeks of plyometric training im-
proved the RE of moderately trained runners, with as-
sociated improvement in muscle-tendon stiffness and rate
of force development during a seated calf raise test.

In the current study, there was some evidence of an
increase (14.7%) in average power during a 5-jump ply-
ometric test and a decrease (14.0%) in the time to reach
MDS during the SQAT analysis. We speculate that the
intensity/volume of PLY in the current study was insuf-
ficient to elicit statistically significant improvements in
plyometric-related variables. However, there were small
and moderate effect sizes after 9 weeks of PLY, and we
feel that such improvements are likely to be physiologi-
cally important to the elite athlete and result in worth-
while performance enhancements. Caution was taken in
the amount of PLY undertaken because the athletes were
relatively unfamiliar to this type of training and avoiding
injuries was a priority. Likewise, it cannot be excluded
that the tests used to measure strength and power in the
current investigation were not sensitive enough to detect
PLY-induced changes. The inhibiting effects of concur-
rent strength training and endurance training may also
be a mitigating factor in the lack of significant improve-
ments in the plyometric-related variables in the present
study.

Another plausible explanation for improved RE after
PLY is a training-induced alteration in running mechan-
ics. Indeed, Paavolainen et al. (25) indicated that these
alterations occurred in response to PLY. Alterations in
running mechanics that allow for better coordination and
timing of ground force application would offer a mecha-
nism to improve RE. It may also be that this improve-
ment in whole-body mechanics was evident only at the
faster speeds as the runners neared their normal running
gait.

At the muscle level, a reduced Adenosine 5-triphos-
phate (ATP) cost of contraction, associated with a better
elastic energy return, should coincide with a change in
slope of the Vo, vs. speed relationship. The same is true
for a better ATP yield per mol of O, used. The slope be-
tween VO, and running speed/power output has been
used as a means of detecting changes in economy (13).
The results of the current study revealed a trend towards
a lower (13.8%) slope after 9 weeks of PLY, suggesting
that observed improvements in RE is at least partially
attributable to improved locomotor muscle metabolism
and better elastic energy return. In contrast to this find-
ing, we have previously demonstrated (30) that 20 days
of live-high train-low simulated altitude exposure signif-
icantly improved RE at 14, 16, and 18 km-h~* without any
change in the slope of VO, vs. running speed. The im-
proved RE resulting after a period of altitude exposure



may have been elicited through enhanced metabolic effi-
ciency rather than improvement in the energy return of
the elastic components or the muscle and tendons (24).

In conclusion, we have demonstrated that 9 weeks of
PLY improved RE in elite distance runners at speeds typ-
ically undertaken by these athletes during training/com-
petition. The mechanisms underlying the improved RE
after PLY appear to be unrelated to changes in cardio-
respiratory variables or shifts in substrate utilization,
suggesting that such enhancements may have been pre-
dominantly elicited through enhanced muscular power
and elastic energy return, or alternatively through better
coordination and timing of ground force application. Al-
though differences in muscle power measures were not
significant in the current study, the improved RE at 18
km-h! is a practically significant result of PLY. Further
research is required to determine whether trends we have
demonstrated in improving various muscle power mea-
sures can be confirmed with PLY of greater volume and
intensity, and whether this in turn has a further impact
on RE and running performance.

PRACTICAL APPLICATIONS

Although RE has been researched extensively and its im-
portance to performance is unquestioned, there are still
relatively few documented training methods that have
been shown to improve RE in elite distance runners. The
current study, along with findings of our recent study into
the beneficial effects live-high train-low simulated alti-
tude exposure have on RE (30), offers specific training
interventions that coaches and athletes can implement to
improve RE and performance of elite distance runners.
Given that well-designed PLY programs have other ben-
efits besides the potential to improve RE, such as im-
proved strength, better running technique, and faster
ground contacts, it would seem sensible for coaches to uti-
lize this training method where possible.
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