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Abstract This study compared maximal strength training
(MST) with equal training volume (kg x sets X repetitions)
of conventional strength training (CON) primarily with regard
to work economy, and second one repetition maximum (1RM)
and rate of force development (RFD) of single leg knee
extension. In an intra-individual design, one leg was ran-
domized to knee-extension MST (4 or 5SRM) and the other leg
to CON (3 x 10RM) three times per week for 8§ weeks. MST
was performed with maximal concentric mobilization of force
while CON was performed with moderate velocity. Eight
untrained or moderately trained men (26 & 1 years) com-
pleted the study. The improvement in gross work economy
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was —0.10 + 0.08 L min~" larger after MST (P = 0.011,
between groups). From pre- to post-test the MST and CON
improved net work economy with 31 % (P < 0.001) and
18 % (P = 0.01), respectively. Compared with CON, the
improvement in 1RM and dynamic RFD was 13.7 + 8.4 kg
(P = 0.002) and 587 £+ 679 N st (P = 0.044) larger after
MST, whereas isometric RFD was of borderline significance
3,028 + 3,674 Ns~! (P = 0.053). From pre- to post-test,
MST improved 1RM and isometric RFD with 50 %
(P <0.001) and 155 % (P < 0.001), respectively whereas
CON improved 1RM and isometric RFD with 35 %
(P < 0.001) and 83 % (P = 0.028), respectively. Anthropo-
metric measures of quadriceps femoris muscle mass and peak
oxygen uptake did not change. In conclusion, 8 weeks of MST
was more effective than CON for improving work economy,
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IRM and RFD in untrained and moderately trained men. The
advantageous effect of MST to improve work economy could
be due to larger improvements in 1RM and RFD.

Keywords Knee-extension - Quadriceps femoris - 1RM -
Peak force - Power - Endurance performance

Introduction

During endurance performances it is generally thought that
by spending as little energy (videlicet oxygen uptake) as
possible at a given speed, an individual can either save
energy or increase speed and thus improve the endurance
performance (Pate and Kriska 1984). This distinct deter-
minant of endurance performance, termed work economy,
distinguishes individuals with similar peak oxygen uptakes
(VOzpear) (Helgerud et al. 1990). The poor work economy
seen in many patients (Heggelund et al. 2012; Hoydal et al.
2007) is often a limiting factor for endurance performances
necessary for daily living.

Resistance training improves work economy and
endurance performance (Aagaard and Andersen 2010).
Beneficial results are found in athletes (Hoff et al. 2002)
and patients (Heggelund et al. 2012; Karlsen et al. 2009;
Wang et al. 2010), after interventions ranging from
explosive plyometric training with low loads (Paavolainen
et al. 1999; Mikkola et al. 2007; Spurrs et al. 2003) to
explosive maximal strength training with high load (MST)
(Hoff et al. 1999, 2002; Karlsen et al. 2009; Kemi et al. 2011;
Storen et al. 2008; Sunde et al. 2010; Wang et al. 2010;
Barrett-O’Keefe et al. 2012). However, some studies fail to
demonstrate improved work economy even though maximal
strength improves (Jackson et al. 2007; Aagaard et al. 2011;
Losnegard et al. 2011). High volume or multi-exercise pro-
tocols did not improve work economy (Ferrauti et al. 2010;
Jackson et al. 2007; Losnegard et al. 2011) and combining
strength, hypertrophic and power training methods in the same
intervention did not improve endurance performance (Levin
et al. 2009). Factors such as training status and/or program
design variables might at least partly explain the divergent
findings, but few attempts have been made to compare effects
of different training programs on work economy.

The exact program variables that improve work econ-
omy are not evident, but it appears that improved maximal
strength and rate of force development (RFD) coincide
with improved work economy (Sunde et al. 2010). To
improve maximal strength and RFD, it is beneficial to
apply a program using heavy loads [>85 % of one repeti-
tion maximum (1RM)], few repetitions (<5), maximal
mobilization of force in the concentric part of the move-
ment and long resting periods (>3 min) (Bird et al. 2005;
Campos et al. 2002; Cormie et al. 2011). MST utilizes
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these variables. On the other hand, conventional resistance
training programs (CON) employ moderate loads corre-
sponding to 60-70 % of 1RM for a repetition range of
8—12 performed with slow to moderate velocities (Rata-
mess et al. 2009). The conventional resistance training
programs are considered safe for novice training and
effective to improve strength and rapid force characteristics
for untrained and moderately trained individuals (Ratamess
et al. 2009). However, we are not aware of studies that
aimed to clarify whether CON could attain the same
profitable benefits (i.e. work economy, 1RM, RFD) as
found after heavy, explosive strength training (i.e. MST).
Comparisons of different strength training interventions are
utmost important considering the lack of improvement in
work economy in some studies.

The aim of this study was to compare MST with CON of
equal training volume. Considering the large inter-indi-
vidual responses to training, an intra-individual design was
chosen. That is, one leg trained MST and the other trained
CON. Our primary hypothesis was that MST would be
superior to CON in improving work economy. Secondary
hypothesis was that MST would be better in improving
maximal strength and RFD.

Methods
Subjects

Ten healthy, non-smoking men volunteered for the study.
Using an intra-individual design, one leg was randomized to
MST and the other to equal volume of CON in a counterbal-
anced fashion. All but one of the subjects was right leg dom-
inant. Leg dominancy was determined by asking the subjects
with which leg they preferred to kick a ball. They were mod-
erately trained or untrained students and were instructed to
maintain their normal activity levels and asked not to com-
mence a new training program and not to participate in con-
current strength training during the study period. Subjects did
not use knee-extension in their regular training. One subject did
not complete the study and one subject was excluded from the
analysis because of concurrent strength training. The eight
subjects that completed the study were aged 26 & 1 years, of
height 178 & 7 cm and weighed 79 £ 7 kg. The study was
approved by the regional committee for medical and health
research ethics, middle Norway and conducted according to
the principles of the Helsinki declaration. Written informed
consent was obtained from all subjects.

Test procedures

Subjects were instructed to refrain from ingesting food and
tobacco products within 3 h before entering the laboratory
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(American College of Sports Medicine 2010) and to avoid
vigorous exercise or ingest alcohol in the 24 h before
testing.

Endurance testing

We built a single leg knee-extension apparatus according to
the previously described model (Andersen et al. 1985;
Andersen and Saltin 1985; Richardson et al. 1995). Sub-
jects were sitting in the Felax HG-5114 knee extension
machine. The padded lever arm used during strength
training and strength testing was temporary removed to
allow use of the endurance accessory. The leg was fastened
to an aluminium-brace that via a bar was connected to the
pedal arm of a Monark Ergomedic 839E cycle ergometer
(Monark Exercise AB, Varberg, Sweden) behind the sub-
ject. The ergometer provides a constant workload inde-
pendent of pedal speed. The extension was from 90° to
170°. Subjects were not strapped to the seat. We instructed
the subject to hold his hands in his lap and to perform the
exercise using the knee-extensors only. Subjects were
corrected if unwanted movements occurred. Flexion was a
passive movement. The bicycle ergometer was calibrated
before each test and the friction made by the crank was
subtracted to give a valid watt load. One week before
pretesting, the subjects spent 20 min training with each
leg to become familiarized with the test and improve
reproducibility (Andersen et al. 1985; Richardson et al.
1995).

Knee-extension work economy (Cj.) and peak oxygen
uptake (VOopeax) Were measured in the single leg knee-
extension apparatus using the Cortex Metamax 3x portable
ergospirometry system (Cortex Biophysik GmbH, Leipzig,
Germany). The test was performed in a quiet room and
subjects were not auditorily or visually disturbed during the
work economy test unless the contraction frequency or
technique was inadequate. Subjects first performed 6 min
at a 20-W workload with a cadence of 60 revolutions per
minute (Hoelting et al. 2001). Cy. was determined as the
average of three measures of 10s of oxygen uptake
between the 4.5th and 5th minutes. After 6 min, blood was
sampled from the subject’s fingertip and analysed for lac-
tate concentration ([La™]y;) using a YSI Sport Lactate
Analyzer (Yellow Springs Instruments Co, USA). There-
after resistance was increase with 5 W every minute until
the subject was not able to maintain a frequency higher
than 50 revolutions per minute (Hoelting et al. 2001;
Radegran et al. 1999). Time to exhaustion (TTE) was
determined from the start at 25 W until discontinuance.
VO,peak Was determined as the average of the three highest
measures. Heart rate was measured (Polar Accurex Plus,
Polar Electro, Finland) at 20 W and at VOjpeac. Within
1 min after cessation, another blood sample was collected

for lactate analysis. The subject then moved to a bicycle
ergometer and cycled for at least 10 min at a heart rate
corresponding to 70 % HR.x. A Blood sample was col-
lected after 10 min of cycling to ensure removal of lactate.
The mean £ SD blood lactate levels were 2.47 £ 0.68 and
2.17 £ 0.32 mmol L™" at pre- and post-test, respectively.
Thereafter we carried out the same procedure on the other
leg. The leg order was randomized. The net oxygen uptake
of the quadriceps femoris muscle (net VO,) was calculated
by subtracting the subjects’ oxygen uptake at rest
(3.5 ml kg*1 minfl) from the gross VO,. VO, was also
evaluated using allometric scaling (ml kgm,"%” min™").

Strength and RFD testing

We measured RFD and 1RM in the leg extension machine.
A force transducer (Revere Transducers, California, USA)
measured force parameters. All tests ensured a 90° flexion
in the knee joint. Dynamic force parameters were attained
using a 27.6-kg load on the knee-extension apparatus.
Isometric force parameters were attained by 6-s maximal
isometric contractions. All subjects held their buttocks on
the seat, the hip angle steady and the back against the
backrest. All procedures were repeated up to three times if
the result improved on the second attempt. Subjects rested
3 min between each trial and alternated between the left
and right leg. RFD was calculated as the force difference
between 10 and 70 % of peak force (PF) at pre-test, divided
by the time needed to achieve this difference (i.e. Aforce/
Atime) (Weiss 2000).

IRM was measured in 4-5 trials by successively
increasing the load for each lift. Rest periods were 2—-3 min
between each trial (American College of Sports Medicine
2010). Approved lifts had to reach 160° in the knee joint.

Body fat (BF) was measured using the anthropometric
techniques described by Norton et al. (2002) using a
Holtain skinfold calipers (Holtain Ltd, Crosswell, Cry-
mych, UK). The same exercise physiologist performed all
measurements. Measurements were made on the right side
of the upper body, at four sites (biceps, triceps, sub scap-
ular and supra-iliac areas). Body density x 10° (kg/m?)
was estimated from Eq. 1 (Durnin and Womersley 1974):

Density = 1.1631 — 0.0632 x log Sola) (1)

Body fat (BF) was calculated using Eq. 2 (Norton et al.
2002):

%BF = (4.95 x density ! —4.5) x 100 (2)

Quadriceps femoris muscle volume (V) in litres was
calculated for both legs from Eq. 3 (Radegran et al. 1999):

V =Ly x (127) " x (012 + 02? + 03%) — (Stola — 0.4)
x 27 X Ly x (01 +02 +03) x 371/1,000 (3)
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L, is the estimated muscle length measured as distance
between the horizontal level through the pubic tubercle and
the patellar basis (Radegran et al. 1999); O1, 02, O3 are
the circumferences 10 cm above the middle, at the middle
and 10 cm below the middle of the segment of the muscle
length, respectively, and Sgyq is the correction for
subcutaneous fat measured by skinfold calipers at each
circumference (X Sg,1a/3). Quadriceps femoris muscle mass
(kg) was calculated from Eq. 4 (Andersen and Saltin
1985):

kg,, = 0.307 x V + 0.353kg. (4)

Training procedures

Training sessions started with a 5-min warm-up on a
bicycle ergometer followed by three sets of 8—10 repeti-
tions with a weight load approximately 40-50 % of 1RM
in the knee-extension machine (Felax, Healthlife HG-5114,
China).

All subjects started training on their dominant leg, that
is, half of the subjects started with MST and half of the
subjects with CON. After finishing the training in their
dominant leg, subjects performed the other intervention
using their non-dominant leg. The two training programs
were equal with respect to training volume; hence the CON
training was three sets of 10RM and the MST alternated
each training session between four and five sets of SRM
(i.e. 85-95 % of 1RM). MST was carried out using max-
imal mobilization of force in the concentric muscle action.
Resting was set to 3 min between each set. CON was
performed according to the American College of Sports
Medicine (ACSM) (Ratamess et al. 2009) guidelines with
I0RM (i.e. 60-70 % of 1RM) which is considered a
moderate intensity for 3 consecutive sets with moderate

velocity and 1 min rest periods between each set. When a
subject successfully executed the determined number of
repetitions, the load was increased by approximately
1.25-2.5 kg in the next training session. An exercise
physiologist supervised all training sessions.

Statistical analysis

Statistics were calculated using SPSS 17 for Windows. All
values are expressed as mean + standard deviation (SD)
unless otherwise noted. The normality of the distribution of
scores was assessed using the Kolmogorov—Smirnov test
and by evaluating the skewness and kurtosis values. We
then used the Paired samples 7 test to determine changes
from pre- to post-test as well as to evaluate difference in
pre to post changes between the MST leg and CON leg.
Results were considered statistically significant at
P < 0.05. We calculated Cohens’ d effect size to evaluate
the strength of the relationship of pre- to post-test changes
between MST and CON. 0.2 is small, 0.5 is medium and
>0.8 is considered a large effect size.

Results

Eight subjects completed the training period and carried
out 93.3 % (£8.3 %) of the planned training sessions.

As demonstrated in Table 1, a significant difference in
change was noted between training conditions in Cy,
(ml kg,;1 min~ ! P< 0.024). Cohens’ d was >0.8 or
higher for between groups differences, indicating a large
effect in favour of the MST. Both MST (P < 0.001) and
CON (P < 0.01) improved net Cy. from pre- to post-test
(Fig. 1). The change in Cy. occurred without changes in

Table 1 Work economy during 20 W single leg knee-extension (Cy.) before and after 8 weeks training

Maximal strength training (n = 8)

Conventional strength training

Pre—post between groups change

(n=138)
Pre-test Post-test P Pre-test Post-test P Mean £+ SD Cohens’ P
d

Gross oxygen uptake 098 £0.10 0.77 £0.12 <0.001 095+ 0.09 0.83+0.13 0.009 —0.10+£ 0.08 0.94 0.011

(L min~")
Net oxygen uptake

ml kg;' min™! 2783 £353 1919 £ 46.2 <0.001 2669 £ 36.6 2163 +£46.7 0.01 —359+353 0.79 0.024

ml kg min~' 377.8 £ 419 2622 £ 614 <0.001 361.3 +39.0 2952+ 60.3 0.01 —494+459 0.84 0.019
HR (beats min™ ") 103 £ 13 99 + 14 0.048 102 £ 12 99 + 13 0.192 0+6 0.02 0.954
Ve (L min™") 264 + 3.5 20.1 £42 <0.001 252428 2224+49 0023 -344+£38 1.02 0.041
RER 091 £0.06 093 £0.07 0268 092+005 095=£0.05 0.031 —-0.01+0.08 0.26 0.659
[La Jp; (mmol L) 2.1 £0.7 20+05 0.498 1.6 £ 0.6 1.7+£06 0336 —-02+09 0.16 0.633

Values are mean £ SD
-1

Net oxygen uptake, gross oxygen uptake minus 3.5 ml kg min~!; Kg, quadriceps femoris muscle mass; HR, heart rate; Vg, ventilation; RER,

respiratory exchange ratio; [La™ ]y, blood lactate concentration
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Fig. 1 Per cent changes from pre- to post-test in the maximal
strength trained (n = 8) and the conventionally strength trained
(n = 8) legs. IRM one repetition maximum, PF; isometric peak force,
RFD; isometric rate of force development, C,. knee-extension
economy in ml kg;l min~". *P < 0.05, changes from pre- to post-
test. P < 0.05, between group differences

VOspeak (Table 2). TTE did not change within each group
from pre- to post-test nor did the change differ between
groups (Table 2).

As demonstrated in Table 3, significant differences in
change were noted between training conditions on paired ¢ tests
for IRM (P = 0.002), isometric PF (PF;) (P = 0.010) and
dynamic RFD (RFDy4) (P = 0.044). The between-groups
change in isometric RFD (RFD;) was of borderline significance
(P = 0.053). Cohens’ d was 1.1 or higher for between-groups
differences in IRM, PF and RFD tests, indicating a large effect
in favour of the MST. 1RM, PF and RFD improved in both
groups from pre- to post-test (Table 3; Fig. 1).

Quadriceps femoris muscle mass (kg,,) and volume are
presented in Table 4. There was no significant change in
kg, from pre- to post-test in the MST group (P = 0.12) or
in the CON group (P = 0.20). There were neither changes
in total body mass (kg) nor total body fat after the training
period (P > 0.05). Percentage body fat was 16.2 + 1.6 %
at pre-test and 15.5 £ 2.2 % at post-test.

Discussion

The main finding was that work economy improved more
after heavy, explosive strength training (i.e. MST) than
after conventional strength training (i.e. CON). Secondary
findings were that MST also was more effective in
improving maximal strength and dynamic RFD.

Work economy

Work economy was improved with 30 and 17 % after MST
and CON, respectively. Studies indicate improvements

from MST in the region of 5-28 % with the variation
probably explained by different levels of training experi-
ence among subjects, muscle groups trained and methods
of measuring work economy (Hoff et al. 1999, 2002;
Osteras et al. 2002; Storen et al. 2008; Sunde et al. 2010;
Wang et al. 2010). Hence, the 30 % improvement in the
present study is in the upper range compared with the
previous studies. This could be explained by the high
similarity between the knee-extension strength training
exercise and the knee-extension endurance exercise.

CON also improved work economy in this study, but the
improvement was only ~ half that of the MST. The CON
intervention is not previously investigated but some studies
have used similar training variables. These studies tend to
combine different techniques in a periodised fashion or
combine a number of resistance training exercises (Gugli-
elmo et al. 2009; Hickson et al. 1988; Jackson et al. 2007;
Johnson et al. 1997; Losnegard et al. 2011; Taipale et al.
2010; Aagaard et al. 2011), which makes it difficult to
know what the important program variables are for
improving work economy. These studies show ambiguous
findings and some conclude that strength training does not
improve work economy.

The foremost aim of improving work economy is to
improve endurance performance. However, the measure of
endurance performance did not improve in this study. This
could be due to the test procedure. During the test, we
successively increased load (5 W each minute) until
exhaustion. This progressive protocol in a single-leg
exercise probably curtailed improvements in TTE. Others
have found improved endurance performance after resis-
tance training in combination with/or without improved
work economy (Aagaard et al. 2011; Losnegard et al. 2011;
Storen et al. 2008; Sunde et al. 2010).

Maximal strength

1RM improved in MST and CON by 50 and 35 %,
respectively. MST improved maximal strength substan-
tially and statistically significantly more than CON. This is
in agreement with the findings of Campos et al. (2002) that
3-5RM in four sets and 3-min rest periods was more
effective than 9—11RM for three sets and 2-min rest peri-
ods. In contrast, Guglielmo et al. (2009) found that 12RM
explosive training improved 1RM more than 6RM heavy
weight training. However, emphasis on explosive perfor-
mance in the 12RM group might underlie this favourable
adaptation. Here the volume was equalized, whereas the
differences between interventions were intensity, number
of repetitions, length of rest period between sets and the
maximal versus intended slow velocity. Thus, some or all
of these factors must have contributed to the superior
change after MST.
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Table 2 Peak oxygen uptake during leg knee-extension before and after 8 weeks’ training

Maximal strength training (n = 8)

Conventional strength training (n = 8) Between groups

Pre-test Post-test P Pre-test Post-test P P
Gross oxygen uptake (L min~") 1.73 £ 0.13 1.71 £ 0.34  0.898 1.81 £+ 0.23 1.80 £ 0.37 0.877  0.950
Net oxygen uptake (ml kg,' min™")  574.8 + 67.7 552.6 £ 86.0 0.583 607.54+90.1 5847 £98.0 0324 0979
HR (beats min~") 143 £ 13 138 £ 23 0.683 150 £+ 18 148 £ 25 0.694  0.757
Vg (L min™") 58.1 =+ 14.3 559 £ 19.8 0.706 61.8 £ 16.0 62.5 £ 18.1 0.794  0.511
RER 1.06 £+ 0.06 1.07 £ 0.08  0.599 1.11 £ 0.16 1.12 £ 0.9 0.830 0.824
[La™ ]y (mmol L™1) 4.1+ 0.7 39+ 0.7 0.818 41+12 45+ 1.0 0.122  0.125
Maximal work load (W) 53+ 8 57 £ 10 0.197 55+ 13 59 + 13 0.142 1.000
TTE (min) 6.38 + 1.65 7.12 £ 2.06 0.162 6.84 + 2.51 7.73 £257 0.123  0.714

1

Net oxygen uptake, gross oxygen uptake minus 3.5 ml kg~' min™'; Kg,,, quadriceps femoris muscle mass; HR, heart rate; Vg, ventilation; RER,
respiratory exchange ratio; [La™ ]y, blood lactate concentration; TTE, time to exhaustion

Table 3 Maximal and rapid force characteristics measures before and after 8 weeks’ training

Maximal strength training (n = 8)

Conventional strength training (n = 8)

Pre—post between groups change

Pre-test Post-test P Pre-test Post-test P Mean &+ SD Cohens’ d P
IRM (kg) 79.0 + 18.9 116.2 +£20.2 <0.001 788 £19.6 1024 £ 142 <0.001 13.7 £ 84 1.07 0.002
RFDy (N's™1) 2,093 + 852 3,038 + 837 <0.001 2,061 + 808 2,419 £ 1,015 0.030 587 £ 679 1.46 0.044
RFD; (Ns™") 5473 3255 11,046 + 3,554 <0.001 5,181 + 3252 7,727 & 3,936 0.028 3,028 + 3,674 1.11 0.053
PF4 (N) 412 + 42 526 + 46 <0.001 424 £+ 33 491 £ 53 0.001 47 £ 45 1.16 0.021
PF; (N) 1,027 £ 266 1,524 + 247 <0.001 1,043 + 235 1,293 £ 226 0.004 248 £+ 199 1.35 0.010

Values are mean £ SD

1RM, one repetition maximum; RFDy, dynamic rate of force development; RFD;, isometric rate of force development; PF,, dynamic peak force;

PF;, isometric peak force

Table 4 Anthropometric measurements of the thighs before and after the training period

Maximal strength training (n = 8)

Conventional strength training (n = 8) Between groups

Pre-test Post-test P Pre-test Post-test P P
Quadriceps muscle volume (L) 7.17 £ 1.15 7.29 + 1.01 0.197 7.13 £ 1.12 7.30 £ 1.16 0.118 0.675
Quadriceps muscle mass (kg) 2.55 £ 0.36 2.59 + 0.31 0.198 2.54 + 0.35 2.59 + 0.36 0.116 0.673
Mid-thigh girth (cm) 539+ 26 545+ 1.8 0.273 53.7+£29 545 +24 0.099 0.540
Front thigh skinfold (cm) 1.2+ 0.2 1.24+03 0.844 1.3 +0.2 1.34+03 0.871 1.000

Values are mean £ SD
Rate of force development

Both groups improved PF and RFD in both the dynamic
and isometric muscle actions. The change was larger after
MST for all variables apart from the RFD;, which was of
borderline significance, and the effect sizes suggest a
strong effect in favour of MST. The RFD; improved by
155 and 83 % in the MST and CON, respectively.
Although MST was performed with heavy weights which
cannot be moved at a high velocity, it was still very
effective in improving explosive force measurements.
This is in line with Behm and Sale (1993) who suggested
that the intentional velocity is more important than the
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actual velocity. However, CON, with moderate repetition
velocity also improved RFD, although to a lesser extent
than MST.

Program variables that could improve work economy

This study indicates that a resistance training program that
is most effective in improving maximal strength and RFD
is superior for improving work economy. As all variables
improved in both conditions, it seems reasonable that
responsible mechanisms underlying improved work econ-
omy were similar for the two interventions although of a
greater magnitude with MST.
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To improve 1RM and RFD, program variables such as
high intensity (>85 %) in few repetitions (<5), maximal
mobilization of force and long rest periods are recom-
mended (3 min) (Bird et al. 2005; Campos et al. 2002;
Cormie et al. 2011). Plyometric training using no/or low
loads but explosive performance may also improve work
economy (Mikkola et al. 2007; Paavolainen et al. 1999;
Spurrs et al. 2003). Thus, repetition velocity, or rather
intentional velocity, could be a likely candidate for the
larger increase in work economy for MST than CON.
Interestingly, Guglielmo et al. (2009) concluded that heavy
weight training with moderate repetition velocity (6RM)
improved work economy, whereas explosive strength
training using a moderate load (12RM) did not. This is
surprising considering that the 12RM group improved
maximal strength more than the 6RM group did. Never-
theless, the collective studies suggest that both high
intentional velocity and heavy loads are important factors
for improving work economy. Combining these two factors
may yield the most potent stimuli explaining why MST has
consistently improved work economy in the past (Hoff
et al. 1999, 2002; Karlsen et al. 2009; Kemi et al. 2011;
Osteras et al. 2002; Storen et al. 2008; Sunde et al. 2010;
Wang et al. 2010) and in this study appears to be better
than CON. From these findings, we may suggest that the
reason why work economy improves more with MST is
linked to the greater improvement in both 1RM and/or
RFD together.

Implications

Work economy is a major determinant of endurance per-
formances. In real life, these performances may range from
athletic competitions and all out performances to day-to-
day activities in patients with reduced physical fitness. In
some groups of patients such as chronic obstructive pul-
monary disease and schizophrenia, the work economy is at
a level that challenges the performance of physical activ-
ities and may lead to reduced quality of life. This study
clearly advocates MST using heavy loads and explosive
performance to improve work economy. By training MST
the work economy improved by 31 %. In other words, an
individual now has the ability to perform more work or to
perform the same amount of work with reduced effort. This
would likely have significant practical implications, par-
ticularly in individuals with reduced work economy.

Strengths and limitations

This study is the first to evaluate strength-training adapta-
tions on work economy using the single leg kneeextension
apparatus. The advantage of the model is that it enables
investigation of variables under high internal validity.

Training as well as measures of 1RM, RFD and Cy. is
performed in the same apparatus. Furthermore, lack of
familiarization to the resistance exercise might partly
explain large improvements seen in this study. The
anthropometric estimates used in this study did not reveal
any changes although more sensitive measures of muscle
morphology (i.e. MRI, DEXA or biopsies) may have
detected changes. Employing an intra-individual design
with unilateral training may obviously have caused cross-
education. Cross-education is at least partly caused by
enhanced neural drive to the contra lateral agonist muscle
(Fimland et al. 2009). However, we consider this disad-
vantage to be outweighed by the fact that there is a con-
siderable inter-individual variation to strength training
adaptations. In addition, the magnitude of cross-education
depends on the improvement in the trained leg. Hence, the
improvements after CON might have been increased by the
greater improvements of the MST leg.

Several hypotheses were tested in this study. The risk
for a chance finding is therefore possible. However,
adjusting the P values would greatly increase the risk of a
type II error. This must be taken into consideration when
interpreting the results.

Conclusion

Eight weeks of MST is more effective than CON for
untrained and moderately trained men in improving work
economy, maximal strength and RFD. Training with high
loads, few repetitions and maximal mobilization of force in
the concentric action is therefore recommended for vast
improvements of these parameters, important for perfor-
mance in athletic- and daily life activities.

References

Aagaard P, Andersen JL (2010) Effects of strength training on
endurance capacity in top-level endurance athletes. Scand J Med
Sci Sports 20(Suppl 2):39—47. doi:10.1111/1.1600-0838.2010.
01197.x

Aagaard P, Andersen JL, Bennekou M, Larsson B, Olesen JL,
Crameri R, Magnusson SP, Kjaer M (2011) Effects of resistance
training on endurance capacity and muscle fiber composition in
young top-level cyclists. Scand J Med Sci Sports. doi:
10.1111/j.1600-0838.2010.01283.x

American College of Sports Medicine (2010) Section II: Exercise
testing. In: Thompson WR, Gordon NF, Pescatello LS (eds)
ACSM’s guidelines for exercise testing and prescription, 8th edn.
Lippincott Williams & Wilkins, Baltimore, pp 42-150

Andersen P, Saltin B (1985) Maximal perfusion of skeletal muscle in
man. J Physiol 366:233-249

Andersen P, Adams RP, Sjogaard G, Thorboe A, Saltin B (1985)
Dynamic knee extension as model for study of isolated
exercising muscle in humans. J Appl Physiol 59(5):1647-1653

@ Springer


http://dx.doi.org/10.1111/j.1600-0838.2010.01197.x
http://dx.doi.org/10.1111/j.1600-0838.2010.01197.x
http://dx.doi.org/10.1111/j.1600-0838.2010.01283.x

1572

Eur J Appl Physiol (2013) 113:1565-1573

Barrett-O’Keefe Z, Helgerud J, Wagner PD, Richardson RS (2012)
Maximal strength training and increased work efficiency:
contribution from the trained muscle bed. J Appl Physiol. doi:
10.1152/japplphysiol.00761.2012

Behm DG, Sale DG (1993) Intended rather than actual movement
velocity determines velocity-specific training response. J Appl
Physiol 74(1):359-368

Bird SP, Tarpenning KM, Marino FE (2005) Designing resistance
training programmes to enhance muscular fitness: a review of the
acute programme variables. Sports Med 35(10):841-851

Campos GE, Luecke TJ, Wendeln HK, Toma K, Hagerman FC,
Murray TF, Ragg KE, Ratamess NA, Kraemer WJ, Staron RS
(2002) Muscular adaptations in response to three different
resistance-training regimens: specificity of repetition maximum
training zones. Eur J Appl Physiol 88(1-2):50-60. doi:10.1007/
s00421-002-0681-6

Cormie P, McGuigan MR, Newton RU (2011) Developing maximal
neuromuscular power: part 2—training considerations for
improving maximal power production. Sports Med 41(2):125—
146. doi:10.2165/11538500-000000000-00000

Durnin JV, Womersley J (1974) Body fat assessed from total body
density and its estimation from skinfold thickness: measurements
on 481 men and women aged from 16 to 72 years. Br J Nutr
32(1):77-97

Ferrauti A, Bergermann M, Fernandez-Fernandez J (2010) Effects of
a concurrent strength and endurance training on running
performance and running economy in recreational marathon
runners. J Strength Cond Res 24(10):2770-2778. doi:10.1519/
JSC.0b013e3181d64e9¢c

Fimland MS, Helgerud J, Solstad GM, Iversen VM, Leivseth G, Hoff
J (2009) Neural adaptations underlying cross-education after
unilateral strength training. Eur J Appl Physiol. doi:10.1007/
s00421-009-1190-7

Guglielmo L, Greco C, Denadai B (2009) Effects of strength training
on running economy. Int J Sports Med 30(1):27-32

Heggelund J, Morken G, Helgerud J, Nilsberg GE, Hoff J (2012)
Therapeutic effects of maximal strength training on walking
efficiency in patients with schizophrenia—a pilot study. BMC
Res Notes 5(1):344. doi:10.1186/1756-0500-5-344

Helgerud J, Ingjer F, Stromme SB (1990) Sex differences in
performance-matched marathon runners. Eur J Appl Physiol
Occup Physiol 61(5-6):433-439

Hickson RC, Dvorak BA, Gorostiaga EM, Kurowski TT, Foster C
(1988) Potential for strength and endurance training to amplify
endurance performance. J Appl Physiol 65(5):2285-2290

Hoelting BD, Scheuermann BW, Barstow TJ (2001) Effect of
contraction frequency on leg blood flow during knee extension
exercise in humans. J Appl Physiol 91(2):671-679

Hoff J, Helgerud J, Wisloff U (1999) Maximal strength training
improves work economy in trained female cross-country skiers.
Med Sci Sports Exerc 31(6):870-877

Hoff J, Gran A, Helgerud J (2002) Maximal strength training
improves aerobic endurance performance. Scand J Med Sci
Sports 12(5):288-295

Hoydal KL, Helgerud J, Karlsen T, Stoylen A, Steinshamn S, Hoff J
(2007) Patients with coronary artery- or chronic obstructive
pulmonary disease walk with mechanical inefficiency. Scand
Cardiovasc J 41(6):405-410. doi:10.1080/14017430701601636

Jackson NP, Hickey MS, Reiser RF 2nd (2007) High resistance/low
repetition vs. low resistance/high repetition training: effects on
performance of trained cyclists. J Strength Cond Res 21(1):
289-295. doi:10.1519/R-18465.1

Johnson RE, Quinn TJ, Kertzer R, Vroman NB (1997) Strength
training in female distance runners: impact on running economy.
J Strength Cond Res 11(4):224-229

@ Springer

Karlsen T, Helgerud J, Stoylen A, Lauritsen N, Hoff J (2009)
Maximal strength training restores walking mechanical effi-
ciency in heart patients. Int J Sports Med 30(5):337-342. doi:
10.1055/s-0028-1105946

Kemi OJ, Rognmo O, Amundsen BH, Stordahl S, Richardson RS,
Helgerud J, Hoff J (2011) One-arm maximal strength training
improves work economy and endurance capacity but not skeletal
muscle blood flow. J Sports Sci 29(2):161-170. doi:10.1080/
02640414.2010.529454

Levin GT, McGuigan MR, Laursen PB (2009) Effect of concurrent
resistance and endurance training on physiologic and perfor-
mance parameters of well-trained endurance cyclists. J Strength
Cond Res 23(8):2280-2286. doi:10.1519/JSC.0b013e31816990c2

Losnegard T, Mikkelsen K, Ronnestad BR, Hallen J, Rud B, Raastad
T (2011) The effect of heavy strength training on muscle mass
and physical performance in elite cross country skiers. Scand J
Med Sci Sports 21(3):389-401. doi:10.1111/j.1600-0838.2009.
01074.x

Mikkola JS, Rusko HK, Nummela AT, Paavolainen LM, Hakkinen K
(2007) Concurrent endurance and explosive type strength
training increases activation and fast force production of leg
extensor muscles in endurance athletes. J Strength Cond Res
21(2):613-620. doi:10.1519/R-20045.1

Norton K, Whittingham N, Carter L, Kerr D, Gore C, Marfell-Jones
M (2002) Measurement techniques in anthropometry. In: Olds T,
Norton K (eds) Anthropometrica: a textbook of body measure-
ments for sports and health courses. University of New South
Wales Press Ltd, Sydney, pp 25-75

Osteras H, Helgerud J, Hoff J (2002) Maximal strength-training
effects on force-velocity and force-power relationships explain
increases in aerobic performance in humans. Eur J Appl Physiol
88(3):255-263

Paavolainen L, Hakkinen K, Hamalainen I, Nummela A, Rusko H
(1999) Explosive-strength training improves 5-km running time
by improving running economy and muscle power. J Appl
Physiol 86(5):1527-1533

Pate RR, Kriska A (1984) Physiological basis of the sex difference in
cardiorespiratory endurance. Sports Med 1(2):87-98

Radegran G, Blomstrand E, Saltin B (1999) Peak muscle perfusion
and oxygen uptake in humans: importance of precise estimates
of muscle mass. J Appl Physiol 87(6):2375-2380

Ratamess NA, Alvar BA, Evetoch TK, Housh TJ, Kibler WB,
Kraemer WJ, Triplett NT (2009) American College of Sports
Medicine position stand. Progression models in resistance
training for healthy adults. Med Sci Sports Exerc 41(3):687—
708. doi:10.1249/MSS.0b013e3181915670

Richardson RS, Knight DR, Poole DC, Kurdak SS, Hogan MC, Grassi
B, Wagner PD (1995) Determinants of maximal exercise VO,
during single leg knee-extensor exercise in humans. Am J
Physiol 268(4 Pt 2):H1453-H1461

Spurrs RW, Murphy AJ, Watsford ML (2003) The effect of
plyometric training on distance running performance. Eur J
Appl Physiol 89(1):1-7. doi:10.1007/s00421-002-0741-y

Storen O, Helgerud J, Stoa EM, Hoff J (2008) Maximal strength
training improves running economy in distance runners. Med Sci
Sports Exerc 40(6):1087-1092. doi:10.1249/MSS.0b013e3181
68da2f

Sunde A, Storen O, Bjerkaas M, Larsen MH, Hoff J, Helgerud J
(2010) Maximal strength training improves cycling economy in
competitive cyclists. J Strength Cond Res 24(8):2157-2165. doi:
10.1519/JSC.0b013e3181aeb16a

Taipale RS, Mikkola J, Nummela A, Vesterinen V, Capostagno B,
Walker S, Gitonga D, Kraemer WJ, Hakkinen K (2010) Strength
training in endurance runners. Int J Sports Med 31(7):468—476.
doi:10.1055/s-0029-1243639


http://dx.doi.org/10.1152/japplphysiol.00761.2012
http://dx.doi.org/10.1007/s00421-002-0681-6
http://dx.doi.org/10.1007/s00421-002-0681-6
http://dx.doi.org/10.2165/11538500-000000000-00000
http://dx.doi.org/10.1519/JSC.0b013e3181d64e9c
http://dx.doi.org/10.1519/JSC.0b013e3181d64e9c
http://dx.doi.org/10.1007/s00421-009-1190-7
http://dx.doi.org/10.1007/s00421-009-1190-7
http://dx.doi.org/10.1186/1756-0500-5-344
http://dx.doi.org/10.1080/14017430701601636
http://dx.doi.org/10.1519/R-18465.1
http://dx.doi.org/10.1055/s-0028-1105946
http://dx.doi.org/10.1080/02640414.2010.529454
http://dx.doi.org/10.1080/02640414.2010.529454
http://dx.doi.org/10.1519/JSC.0b013e3181b990c2
http://dx.doi.org/10.1111/j.1600-0838.2009.01074.x
http://dx.doi.org/10.1111/j.1600-0838.2009.01074.x
http://dx.doi.org/10.1519/R-20045.1
http://dx.doi.org/10.1249/MSS.0b013e3181915670
http://dx.doi.org/10.1007/s00421-002-0741-y
http://dx.doi.org/10.1249/MSS.0b013e318168da2f
http://dx.doi.org/10.1249/MSS.0b013e318168da2f
http://dx.doi.org/10.1519/JSC.0b013e3181aeb16a
http://dx.doi.org/10.1055/s-0029-1243639

Eur J Appl Physiol (2013) 113:1565-1573

1573

Wang E, Helgerud J, Loe H, Indseth K, Kaehler N, Hoff J (2010)
Maximal strength training improves walking performance in
peripheral arterial disease patients. Scand J Med Sci Sports
20(5):764-770. doi:10.1111/j.1600-0838.2009.01014.x

Weiss LW (2000) Multiple-joint performance over a velocity
spectrum. In: Brown LE (ed) Isokinetics in human performance.

Human Kinetics, Champaign, pp 196-208

@ Springer


http://dx.doi.org/10.1111/j.1600-0838.2009.01014.x

	Maximal strength training improves work economy, rate of force development and maximal strength more than conventional strength training
	Abstract
	Introduction
	Methods
	Subjects
	Test procedures
	Endurance testing
	Strength and RFD testing
	Training procedures
	Statistical analysis

	Results
	Discussion
	Work economy
	Maximal strength
	Rate of force development
	Program variables that could improve work economy
	Implications
	Strengths and limitations

	Conclusion
	References


