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ABSTRACT. Paton, C.D., and W.G. Hopkins. Combining explo-
sive and high-resistance training improves performance in com-
petitive cyclists. J. Strength Cond. Res. 19(4):826–830. 2005.—
In several recent studies, athletes experienced substantial gains
in sprint and endurance performance when explosive training or
high-intensity interval training was added in the noncompetitive
phase of a season. Here we report the effect of combining these
2 types of training on performance in the competitive phase. We
randomized 18 road cyclists to an experimental (n 5 9) or control
(n 5 9) group for 4–5 weeks of training. The experimental group
replaced part of their usual training with twelve 30-minute ses-
sions consisting of 3 sets of explosive single-leg jumps (20 for
each leg) alternating with 3 sets of high-resistance cycling
sprints (5 3 30 seconds at 60–70 min21 with 30-second recoveries
between repetitions). Performance measures, obtained over 2–3
days on a cycle ergometer before and after the intervention, were
mean power in a 1- and 4-km time trial, peak power in an in-
cremental test, and lactate-profile power and oxygen cost deter-
mined from 2 fixed submaximal workloads. The control group
showed little mean change in performance. Power output sam-
pled in the training sprints of the experimental group indicated
a plateau in the training effect after 8–12 sessions. Relative to
the control group, the mean changes (690% confidence limits)
in the experimental group were: 1-km power, 8.7% (62.5%); 4-
km power, 8.1% (64.1%); peak power, 6.8% (63.6); lactate-pro-
file power, 3.7% (64.8%); and oxygen cost, 23.0% (62.6%). In-
dividual responses to the training were apparent only for 4-km
and lactate-profile power (standard deviations of 2.5% and 2.8%,
respectively). The addition of explosive training and high-resis-
tance interval training to the programs of already well-trained
cyclists produces major gains in sprint and endurance perfor-
mance, partly through improvements in exercise efficiency and
anaerobic threshold.
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INTRODUCTION

S
port scientists and coaches use substantial
time and resources investigating training
methods that may increase the fitness and
performance of competitive endurance ath-
letes. Two particular training methods that

have received considerable attention are high-intensity
interval training and resistance training.

Most endurance athletes use high-intensity interval
training at some point in their programs; however, there
is surprisingly little published research into the type of
interval training that is most effective. In a study using
5 cycling interval intensities (80–175% of peak aerobic
power output) Stepto et al. (16) reported that long dura-
tion submaximal intervals and short duration supramax-
imal intervals gave similar improvements (;2.6%) in 40-
km cycling time trial performance. In a similar study,

Laursen et al. (11) found that 3 different interval training
routines produced similar increases in mean power (5.3–
6.6%) in a 40-km cycle time trial following 8 training ses-
sions. In a further study, Laursen et al. (10) reported in-
creases of 4.7% in peak and ventilatory-threshold power
of trained cyclists after completing 4 high-intensity inter-
val sessions.

Although it is evident that high-intensity interval
training is beneficial for endurance athletes, effects of tra-
ditional resistance training have been less conclusive.
Twelve weeks of traditional lower-body resistance train-
ing added to an ongoing endurance training program im-
paired mean power in a 60-minute time-trial by 1.8% in
female cyclists (4). In other studies, explosive-type resis-
tance training appeared to be beneficial. Hoff and co-
workers reported that 9 weeks of explosive upper body
resistance training increased time to exhaustion in sim-
ulated cross-country skiing (6, 7, 13); the gains were
equivalent to ;2–5% when converted to changes in mean
power using methods of Hopkins et al. (9) Enhancements
in 5-km running time of ;5% also have been reported
following a period of sport-specific explosive resistance
training in cross-country runners (14). Replacing a por-
tion of normal endurance training with explosive resis-
tance training also has proved beneficial for competitive
cyclists. Bastiaans et al. (2), reported nonsignificant but
practically worthwhile improvements of ;3% in 60-mi-
nute time-trial performance following 9 weeks of explo-
sive resistance training with well-trained cyclists. Their
data also showed an increase in mean power output in a
maximal 30-second sprint of 4.2% for the explosively
trained group, whereas the control group showed a de-
crease of ;6%.

Though high-intensity and explosive-type resistance
training appear to benefit athletic performance when
used independently, no one has investigated the effects
of combining these 2 types of training. In addition, a con-
cern with all previous studies is that the high-intensity
training was performed in noncompetitive phases of the
season, when there was little or no high-intensity train-
ing otherwise. It is well known that athletes increase the
intensity of endurance training to enhance performance
in competitive phases of the season. It is therefore un-
clear from the previous studies whether high-intensity
training is worth the effort, because it may produce no
extra gain in performance when the athlete is already
training hard for competitions. Therefore in the present
study, we have evaluated the effects of replacing a portion
of normal endurance training with sessions combining ex-
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TABLE 1. Characteristics and baseline measures of perfor-
mance of cyclists in the two training groups.*

Control
(n 5 9)

Experimental
(n 5 9)

Age (y)
Body mass (kg)
Height (m)
Training (h·wk21)
1-km mean power (W·kg21)
4-km mean power (W·kg21)
Peak power (W·kg21)
Oxygen cost (L·100W21)
Lactate-profile power (%)†

29.2 6 8.4
77.5 6 8.1
1.81 6 0.06
13.1 6 3.1
7.3 6 0.8
5.4 6 0.6
6.2 6 0.5

1.28 6 0.07
68.3 6 2.2

24.6 6 5.7
74.7 6 7.1
1.80 6 0.05
12.2 6 1.4
7.4 6 0.4
5.0 6 0.6
6.0 6 0.6

1.25 6 0.06
67.0 6 2.6

* Data are mean 6 between-subject standard deviation.
† Percentage of peak power.

plosive and high-resistance interval training in the com-
petitive part of the cyclists’ season.

METHODS

Experimental Approach to the Problem

The study was a controlled trial in which match-paired
subjects were assigned to either an experimental or a con-
trol group based on peak power from the pretraining in-
cremental exercise test. Subjects performed a set of ex-
ercise performance tests in the week before and after a
4- to 5-week training period.

Subjects

Twenty male cyclists with a minimum of 3 years of com-
petitive experience volunteered for this study, which was
approved by the institute’s ethics committee. After being
informed of any risks associated with participation, each
subject gave his written informed consent. The study was
performed during the cyclists’ main competitive phase of
the season after they had completed 3–5 months of sport-
specific base and precompetition training. All cyclists
were in a well-trained state and were competing in time
trials and road-race cycling competitions at the highest
domestic amateur level (New Zealand A grade) on at least
1 occasion per week for the duration of the study. A num-
ber of the cyclists had represented New Zealand in inter-
national competition. None of the cyclists had participat-
ed in a traditional weights-based resistance-training pro-
gram in the 6 months prior to the study. Two cyclists
failed to complete the study: 1 moved out of the area and
1 had an accident during training. The characteristics
and baseline exercise performance of the 18 cyclists who
completed the study are shown in Table 1.

Exercise Performance Tests

All cyclists had participated previously in laboratory cy-
cle-ergometer testing and were familiarized with the pro-
cedures prior to commencing the study. Cyclists reported
to a temperature-control laboratory (208 C) on 2 occasions
over a 4-day period to perform an incremental exercise
test to determine peak power output, a 4-km time trial,
a 2-stage submaximal test to determine oxygen consump-
tion and lactate concentration, and a 1-km time trial. All
tests were performed on the cyclist’s own road bicycle
mounted to a wind-braked ergometer (Kingcycle Mk3,
Kingcycle, High Wycombe, UK), which was calibrated in
accordance with the manufacturer’s recommended pro-
cedures. An intermittent fault, which resulted in power

output fluctuations of several percentage points, was no-
ticed in the first few posttests. When this fault was di-
agnosed as a malfunctioning temperature sensor in the
ergometer interface, we performed all subsequent tests on
an older model Kingcycle ergometer (Mk1) without tem-
perature correction.

Cyclists were instructed to refrain from hard physical
activity for 24 hours and from eating for 3 hours prior to
the performance trials.

Cyclists initially performed a 5-minute warm-up at a
self-selected intensity followed by 5 minutes at a power
of 100 W. Thereafter, power output was increased contin-
uously at a rate of 33 W·min21 until the cyclist reached
volitional exhaustion. Peak power output was defined as
the highest 60-second mean power output achieved dur-
ing the test.

Twenty minutes after completing the peak power test,
cyclists performed a maximal effort 4-km time trial to de-
termine mean power output. The test commenced with a
2-minute countdown, during which the cyclists were re-
quired to maintain a constant power output of 50 W.
Thereafter cyclists were required to complete the time tri-
al as fast as possible. The only information available to
the cyclists during the time trial was percentage distance
remaining.

On the second day of testing and after completing the
same warm-up procedure as previously described, cyclists
completed a 2-stage submaximal test. Each stage lasted
5 minutes at power outputs equivalent to 60 and 80% of
their pretest peak power. During the test, oxygen uptake
was continuously measured with a calibrated metabolic
cart (Vmax29, SensorMedics, Yorba, CA). Fingertip cap-
illary blood was sampled during the last 15 seconds of
each stage and was immediately assayed for whole blood
lactate using an automated analyzer (YSI 1500 Sport,
Yellow Springs, OH).

Two measures of performance were derived from the
submaximal test. For each cyclist, the oxygen cost of ex-
ercise, expressed as liters of oxygen per 100 W, was cal-
culated for the last minute of each of the 2 stages, then
averaged. A measure representing the horizontal shift of
the lactate profile was derived as follows. We assumed a
log-log relationship between lactate concentration and
power output (3). We used the growth function in Micro-
soft Excel to fit straight lines to the pre- and posttraining
lactate plots and derived the percentage shift in the lac-
tate profile using the mean of 5 equidistant segments for
the overlapping lactate concentrations between tests. The
pre-to-post change in this lactate profile represents the
shift in the mean power and is analogous to change in 4-
mM lactate-threshold power. We also derived the 4-mM
lactate-threshold power from our data, but its error of
measurement was substantially larger than that of the
lactate-profile power.

Twenty minutes after completion of the submaximal
test, cyclists performed a maximal effort 1-km time trial
to determine mean power output. Procedures for this test
were similar to those for the 4-km time trial.

Training

All cyclists were requested to keep a record of their week-
ly training and competition hours for the duration of the
study. The control group was instructed to continue with
their existing or planned training and competition pro-
gram. The experimental group continued with their com-
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FIGURE 1. Change in sprint power over the 12 training
sessions. Values are means; bars are standard deviations
within (SDW) and between (SDB) cyclists.

petition program, but replaced part of their usual train-
ing with twelve 30-minute sessions of a combination of
explosive and high-resistance interval training sets. The
experimental training was performed in a controlled lab-
oratory environment under the supervision of a cycling
coach. The training sessions were preceded and were fol-
lowed by a 10-minute warm-up and cool-down at a self-
selected intensity. Each session was performed 2–3 times
per week, depending upon the cyclist’s availability, and
consisted of 3 sets of maximal effort single-leg jumps al-
ternating with 3 sets of maximal intensity cycling efforts.
The jump phase of the training required subjects to per-
form 20 explosive step-ups off of a 40-cm box. The jump
efforts were completed for the right and then left leg con-
secutively, repeated over a 2-minute period. The cycling
phase required the cyclist to complete 5 3 30 seconds
maximal intensity cycling efforts at 60–70 min21 with a
30-second rest between repetitions. A transition period of
2 minutes separated each cycle and jump set. The cycling
sets were performed on racing bicycles (Giant Corpora-
tion, Taiwan) fitted with power-measuring cranksets
(SRMpro, Schoberer-Rad-Messtechnik, Konigskamp, Ger-
many) and attached to magnetically braked cycle ergom-
eters (CS1000, Cateye, Osaka, Japan). The SRM crank-
sets were set to measure mean power every 2 seconds.

Statistical Analyses

Simple group statistics are shown as mean 6 between-
subject SD. Mean effects of training and their 90% con-
fidence limits were estimated with a spreadsheet (8) via
the unequal-variances t statistic computed for change
scores between pre- and posttests of the 2 groups. Each
subject’s change score was expressed as a percentage of
baseline score via analysis of log-transformed values, in
order to reduce bias arising from nonuniformity of error.
Errors of measurement and individual responses ex-
pressed as coefficients of variation also were estimated
with the spreadsheet. In addition, the spreadsheet com-
putes chances that the true effects are substantial when
a value for the smallest worthwhile change is entered. We
used a value of 1% for the performance measures, because
this represents the smallest worthwhile enhancement for
cyclists competing in track and time-trial events (15). We
also assumed 1% was the smallest worthwhile change in
oxygen and lactate-profile power, because a 1% change in
these measures would produce a 1% change in endurance
performance in the absence of other factors affecting per-
formance. We do not know how a change in body mass
would affect cycling performance, so we chose 0.20 stan-
dardized units (change in mean divided by the between-
subject SD in the pretest) as the smallest worthwhile
change (5).

RESULTS

Training

The time spent in training/competition during the exper-
imental period of the study was 12.9 6 3.3 h·wk21 and
11.6 6 2.1 h·wk21 for the control and experimental
groups, respectively. Figure 1 shows the time course of
the change in mean 30-second power over each training
session. There was a large (;5%) increase in mean 30-
second power between the first 2 training sessions. Be-
tween training sessions 2 and 12, there was a further 9%
increase in 30-second power.

Effects on Performance

Table 2 shows the mean changes in the performance tests
and physiological measures for experimental and control
groups, and statistics for the difference in the changes.
There were clear-cut beneficial effects on all measures of
performance in the time trials and the incremental test.
Effects on oxygen cost and lactate-profile power were ben-
eficial, but less clear. The effect on body mass was trivial.

Standard deviations representing observed individual
responses in performance were 1-km mean power, 21.3%
(23.5–3.1%); 4-km mean power, 2.5% (24.6–6.0%); peak
power, 22.7% (25.2–3.8); lactate-profile power, 2.8%
(25.4–7.0%); and oxygen cost, 21.5% (23.7–3.0). Any var-
iation between individuals, represented by positive SD,
was small relative to the mean effect of experimental
training shown in Table 2. The uncertainty in both the
positive and negative SD allows for, at most, modest in-
dividual responses for all the measures, relative to the
mean effects.

Observed SE of measurement for the experimental
measures were 1-km mean power, 2.3%; 4-km mean pow-
er, 3.3%; peak power, 3.4%; lactate-profile power, 3.9%;
and oxygen cost, 2.4%. The 90% confidence limits for the
true errors were 3/41.55 for all measures.

DISCUSSION

The major finding in this study is that replacing part of
normal competitive season training with 12 sessions of
high-intensity interval and explosive resistance training
produced major gains in laboratory measures of sprint
and endurance performance in well-trained cyclists. In re-
lation to the smallest estimated worthwhile effects, the
large observed performance enhancements were almost
certainly beneficial for cyclists and anecdotally extended
to competitions.

Overall, the effect of the training intervention on peak
power in our study (;7%) is greater than that reported
in other studies (2–6%; 2, 10, 16). Assuming that the un-
certainty in the reported effects in previous studies is
similar to our own (63.6%) the difference in enhancement
between our study and at least some of the previous stud-
ies is probably not due simply to sampling variation. A
unique aspect of our study that could explain this supe-
riority is the combination of the 2 different types of train-
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TABLE 2. Mean changes in performance and physiological measures posttraining, and chances that the true differences in the
changes are substantial.

Change (%)

Experimental Control
Difference;
690% CL

Chances that true differences are substantial*

% Qualitative

1-km mean power
4-km mean power
Peak power
Oxygen cost
Lactate-profile power
Body mass

8.7
8.4
6.7

23.2
5.5
0.2

0.0
0.3

20.1
20.2

1.7
20.3

8.7; 6 2.5
8.1; 6 4.1
6.8; 6 3.6

23.0; 6 2.6
3.7; 6 4.8
0.5; 6 0.4

.99.9
99.5
99.3
91
83
,0.1

Almost certain
Almost certain
Almost certain
Likely
Likely
Almost certainly not

* Substantial is a change of .1.0% for all measures of power and oxygen cost, and .0.20 standardized units for body mass. Chances
of harmful effects: oxygen cost, almost certainly not; lactate profile power, unlikely; body mass, almost certainly not; 690% CL: add
and subtract this number to the mean effect to obtain the 90% confidence limits for the true difference.

ing that, when used individually, enhanced performance
in previous studies. Several other aspects of our study
could account for the greater performance enhancement.
The dynamic sets were probably at a lower cadence and
higher resistance, although we cannot be certain, because
the training cadence was not reported in previous studies.
The rest intervals between the individual repetitions (30
seconds) and between the sets (2 minutes) also were gen-
erally shorter than those in previous studies (1–5 min-
utes). Our study differed from previous studies in several
other ways, but if anything, these differences would have
reduced the performance enhancement. In particular,
ours is the only study performed during the competitive
season, when the cyclists were well trained already. The
weekly training volume represented by the intervention
(;20% of the cyclists’ total weekly volume) also was lower
than that of most other studies (;30–40%).

Mean power in the training sprints increased by
;14% over the duration of the study. Gains were rapid
and occurred mainly in the first 8 sessions. Others have
noted rapid gains in performance with high-intensity
training (10). Our cyclists appeared to reach a plateau
after the eighth session, but the plateau was not well de-
fined, because the cyclists probably made a bigger effort
in the last training session.

Individual responses to the training were small or
negligible relative to the mean response for all measures
of performance except lactate-profile power. The confi-
dence limits for the individual responses represent con-
siderable uncertainty in the estimates, but they allow for
the possibility that the individual responses for all mea-
sures were small. Considering that the training interven-
tion for all cyclists was monitored closely and that all cy-
clists in the intervention achieved similar training vol-
ume and intensity, small individual responses were the
expected outcome. The uncertainty in our estimates of in-
dividual responses would have been smaller if the SE of
measurement of the performance tests had been less. It
should be possible to achieve test-retest measurement er-
rors of less than 2%, at least for direct measures of per-
formance power (9). The failure of a temperature gauge
on the ergometer (see the Methods section) and the switch
to an earlier model ergometer are the likely reasons for
the larger than expected error of measurement in our
study. However, this larger error had little impact on our
inferences for the mean effects, because the performance
enhancements were so large.

In other studies of high-resistance training, the main
and possibly only mechanism for the enhancement in en-

durance performance is a decrease in the oxygen cost (in-
crease in economy) of exercise (6, 13, 14). In our study,
the change in oxygen cost accounts for less than half the
increase in power output. The change in oxygen cost also
could account entirely for the change we observed in lac-
tate-profile power, which was of similar magnitude. In
studies where anaerobic threshold has been measured,
the changes also could be attributed to changes in econ-
omy (10, 14). However, our uncertainty in the change in
lactate-profile power was large, and at the upper confi-
dence limit could account for most of the enhancement in
endurance performance. If lactate-profile power does con-
tribute to the performance enhancement over and above
the decrease in oxygen cost, there would almost certainly
have to be a corresponding increase in maximum oxygen
uptake. Indeed, Laursen et al. (11) reported that high-
intensity interval training led to substantial increases in
maximum oxygen consumption in endurance cyclists. In
studies that have used purely explosive-type training,
changes in maximum oxygen consumption have been
small or negligible (6, 14). We will need to measure max-
imum oxygen uptake and will need to use a more reliable
protocol for lactate-profile power to resolve this issue.

Whereas changes in aerobic mechanisms may account
for all or some of the increase in performance in the lon-
ger duration tests, they cannot account for all of the in-
crease (;9%) in the 1-km sprint, which has to be powered
partly by anaerobic mechanisms. Adaptations in neural
activation of muscle may have contributed to the increase
in performance of our cyclists in the sprint. It is possible
that the explosive resistance training we used led to in-
creases in firing frequency of muscle motor units (1),
thereby increasing muscle peak force and the rate of force
development. Indeed, previous authors (2) have reported
substantial increases in 30-second sprint power following
a period of explosive resistance training.

PRACTICAL APPLICATIONS

The results of the present investigation show that com-
bining explosive resistance with high-intensity interval
training is a highly effective means of enhancing endur-
ance and sprint performance in well-trained competitive
cyclists. These enhancements appear to be due partly to
increases in exercise efficiency and will presumably be of
practical benefit in time trials and in road-race competi-
tions where cyclists are required to complete numerous
short-duration, high-intensity efforts (12). Further re-
search is needed to investigate the relative contribution
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and optimization of the high-resistance and explosive sets
to the gains in performance and to clarify the mechanisms
responsible.
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