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Abstract The purpose of this study was to investigate ef-
fects of concurrent strength and endurance training (SE)
(2 plus 2 days a week) versus strength training only (S)
(2 days a week) in men [SE: n=11; 38 (5) years, S: n=16;
37 (5) years] over a training period of 21 weeks. The re-
sistance training program addressed both maximal and
explosive strength components. EMG,maximal isometric
force, 1 RM strength, and rate of force development
(RFD) of the leg extensors, muscle cross-sectional area
(CSA) of the quadriceps femoris (QF) throughout the
lengths of 4/15–12/15 (Lf) of the femur, muscle fibre
proportion and areas of types I, IIa, and IIb of the vastus
lateralis (VL), andmaximal oxygen uptake ( _VV O2max) were
evaluated. No changes occurred in strength during the
1-week control period, while after the 21-week training

period increases of 21% (p<0.001) and 22% (p<0.001),
and of 22% (p<0.001) and 21% (p<0.001) took place in
the 1RM load and maximal isometric force in S and SE,
respectively. Increases of 26% (p<0.05) and 29%
(p<0.001) occurred in themaximum iEMGof theVL in S
and SE, respectively. The CSA of the QF increased
throughout the length of the QF (from 4/15 to 12/15 Lf)
both in S (p<0.05–0.001) and SE (p<0.01–0.001). The
mean fibre areas of types I, IIa and IIb increased after the
training both in S (p<0.05 and 0.01) and SE (p<0.05 and
p<0.01). S showed an increase in RFD (p<0.01), while
no change occurred in SE. The average iEMG of the VL
during the first 500 ms of the rapid isometric action in-
creased (p<0.05–0.001) only in S. _VV O2max increased by
18.5% (p<0.001) in SE. The present data do not support
the concept of the universal nature of the interference
effect in strength development and muscle hypertrophy
when strength training is performed concurrently with
endurance training, and the training volume is dilutedby a
longer period of time with a low frequency of training.
However, the present results suggest that even the low-
frequency concurrent strength and endurance training
leads to interference in explosive strength development
mediated in part by the limitations of rapid voluntary
neural activation of the trained muscles.

Keywords Hypertrophy Æ Neural activation Æ Power Æ
Strength Æ Strength vs. endurance training

Introduction

The specificity of training has been well documented, so
that prolonged endurance training enhances aerobic per-
formance by improvingmaximal oxygen uptake ( _VV O2max,
oxidative capacity) and increasingmuscle aerobic enzyme
activities, intramuscular glycogen stores, and capillary
and mitochondrial density of the muscles (Holloszy and
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Coyle 1984; Åstrand and Rodahl 1986). On the other
hand, typical strength training with high loads results in
neural and muscle hypertrophic adaptations responsible
for improved strength of the trainedmuscles (Komi 1986;
McDougall 1992; Sale 1992; Häkkinen 1994).

The physiological stimuli directed to skeletal muscle
as a result of strength training and endurance training are
divergent in nature. Actually, it has been suggested that
they may even be antagonist to gains in strength (Hick-
son 1980; Dudley and Djamil 1985; Hunter et al. 1987;
Hortobagyi et al. 1991; Kraemer et al. 1995; Bell et al.
1991, 2000). Under these concurrent training conditions,
there would be a limited change in skeletal muscle cross-
sectional area (CSA, Bell et al. 1991) and/or a reduced
hypertrophy of individual muscle fibres (Kraemer et al
1995; Bell et al. 2000). More specifically, Kraemer et al.
(1995) demonstrated that combined training muted
the hypertrophy of type I fibres. However, concurrent
training may not impair adaptations in strength, muscle
hypertrophy, and neural activation induced by strength
training only over a short-term period (McCarthy et al.
2002). To the best of our knowledge no data have yet
been reported on neural activation of trained muscles as
a result of prolonged combined strength and endurance
training. The training-induced adaptations in the neu-
romuscular system differ according to the specific mode
of exercise used for strength training. For example, be-
tween maximal strength training regimens versus explo-
sive strength training protocols (Häkkinen et al 1985a,
1985b), this compatibility may be different between en-
durance training and strength training depending upon
the types of strength training utilized. Thus, the degree of
the antagonism that occurs as a result of combined
strength and endurance training may differ based on the
nature of the resistance training program and the target
goal (e.g. power versus 1RM strength).

Nevertheless, most studies seem to support the con-
tention that the adaptation to typical strength training is
different when combined with endurance training. In
addition, the volume and frequency of training may also
influence the amount of incompatibility observed. Re-
cently, McCarthy et al. (1995) demonstrated no incom-
patibility when combined training was only performed
3 days per week. Thus, training frequency and the in-
tensity of each program may influence the level of in-
terference. The physiological basis for this may be linked
to an interaction between an elevated catabolic hor-
monal state leading to a reduced change in skeletal
muscle CSA (Kraemer et al. 1995; Bell et al. 2000).

Conversely, other studies have shown a synergistic or
additive effect in some muscle adaptations (Sale et al.
1990), or a compatibility in certain adaptations as a re-
sult of concurrent strength and endurance training
(McCarthy et al. 1995). The compatibility may also have
an overtraining aspect to it as well, and untrained indi-
viduals may be more susceptible to stress than trained
people. Thus, some controversies exist regarding the
universal nature the ‘‘interference effect’’ that was
initially described by Hickson (1980). Nevertheless, this

interference effect may hold true when the overall vol-
ume of training is high, so that simultaneous training for
both strength and endurance may be associated with
large strength gains during the initial weeks of training
but with only limited strength development later on.

The training for physical fitness of ordinary people
and, for example, the military forces calls for the devel-
opment of muscle strength and endurance but the re-
quirements for the volume and/or frequency of training
in ordinary people are usually lower than in training of
athletes for some sports. Therefore, the purpose of this
study was to investigate the effects of combined strength
and endurance training versus those of strength training
alone on both functional and structural adaptations of
the neuromuscular system in men during a prolonged
training period of 21 weeks, while keeping the overall
frequency of training at a low level throughout the ex-
periment. Moreover, the subject groups utilized a
strength training program planned not only for maximal
strength development but also included to some extent
lower-load exercises of an explosive nature, i.e. to execute
each repetition of these sets as ‘‘explosively’’ as possible
(rapid muscle actions). The focus of this study was on the
neuromuscular system, thus we recorded the degree of
hypertrophic adaptation and maximal strength devel-
opment of the trained muscles. We were also interested in
examining possible training-induced adaptations in vol-
untary neural activation of the trained muscles possibly
associated with power development.

Methods

Subjects

Thirty-two healthy men from the city of Jyväskylä were recruited
for the study. Five subjects dropped out after the first measure-
ments or later during the study period (for various personal rea-
sons) so that in the end 16 subjects [mean age of 38 (5) years and
mean height of 179 (5) cm] were left in the strength training (S)
group and 11 subjects [37 (5) years and 181 (8) cm] were in the
combined strength and endurance training (SE) group. The phys-
ical characteristics of the subject groups are presented in Table 1.
The subjects were carefully informed about the design of the study
with special information on possible risks and discomfort that
might result, and subsequently signed an informed consent docu-
ment prior to the start of the study. The study was conducted
according to the declaration of Helsinki and was approved by the
Ethics Committee of the University of Jyväskylä, Finland.

Subjects had been previously involved with various recreational
physical activities such as walking, jogging, cross-country skiing,
aerobics or biking but none of the subjects had any background in
regular strength training or competitive sports of any kind. Sub-
jects were not on any medications that would affect physical
performance.

Experimental design

The total duration of the present study was 22 weeks. The subjects
were tested on five different occasions using identical protocols.
The first week of the study (between the measurements at week –1
and at 0) was used as a control period during which time no
experimental training was carried out but the subjects maintained
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their normal recreational physical activities (e.g. walking, jogging,
biking, swimming and aerobics). These activities were similar
between the groups. The subjects were tested before and after this
control period. Thereafter, the subjects started a supervised
experimental training period for 21 weeks in the S or the SE group.
The measurements were repeated during the actual experimental
training period at 7-week intervals (i.e. weeks 0, 7, 14 and 21).

Muscle strength measurements

The subjects were carefully familiarized with the testing procedures
of voluntary force production of the muscle groups tested. Second,
during the actual testing occasion, two to three warm-up contrac-
tions were performed prior to the maximal test actions. In all tests
of physical performance external verbal encouragement was given
to each subject.

Isometric force–time curves, maximal rate of isometric force
development (RFD), and maximal isometric force of the bilateral
leg extensor muscles (hip, knee and ankle extensors) were measured
on an electromechanical dynamometer (Häkkinen et al. 1998a).
In this test the subjects were in a sitting position so that the
knee and hip angles were 107� and 110�, respectively. The subjects
were instructed to exert their maximal force as fast as possible
during a period of 2.5–4.0 s. A minimum of three trials was com-
pleted for each subject and the best performance trial with regard
to maximal peak force was used for the subsequent statistical
analysis.

A David 210 dynamometer (David Fitness and Medical) was
used to measure maximal bilateral concentric force production of
the leg extensors (hip, knee and ankle extensors) (Häkkinen et al.
1998a). The subject was in a seated position so that the hip angle
was 110�. On verbal command the subject performed a concentric
leg extension starting from a flexed position of 70� trying to reach a
full extension of 180� against the resistance determined by the loads
(kg) chosen on the weight stack. In the testing of the maximal load,
separate 1RM (repetition maximum) contractions were performed.
After each repetition the load was increased until the subject was
unable to extend the legs to the required full extension position.
The last acceptable extension with the highest possible load was
determined as 1RM. This dynamic testing action was used in ad-
dition to that of the isometric one, since the strength training was
also dynamic in nature.

A David 200 dynamometer modified for strength testing
(Häkkinen et al 1998b) was used to measure maximal isometric
torque of the knee flexors. The subject was in a seated position so
that the hip and knee angles were 110� and 90�, respectively. On
verbal command the subject performed a maximum isometric knee
flexion of the right leg. A minimum of two maximal actions was
recorded and the best maximum was taken for further analysis.

The force signal was recorded on a computer (486 DX-100) and
thereafter digitized and analysed with a Codas TM computer sys-
tem (Data Instruments). Maximal peak force was defined as the
highest value of the force (N) recorded during the bilateral iso-
metric leg extension and unilateral (right) isometric knee flexion
action (N). The force–CPôtime analysis on the absolute scale in-
cluded the calculation of average force (N) produced during the
first 500 ms from the start of the contraction (Häkkinen et al.

1998a). The maximal RFD (NÆs-1) was also analysed and defined as
the greatest increase in force in a given 50-ms time period
(Häkkinen et al. 1998a).

EMG measurements

Electromyographic (EMG) activity during the bilateral and uni-
lateral extension actions of the leg muscles was recorded from the
agonist vastus lateralis (VL) of the right and left leg and from the
antagonist muscle of biceps femoris (BF; long head) of the right
leg separately. Bipolar (20 mm interelectrode distance) surface
EMG recording (Beckman miniature-sized skin electrodes 650437,
Illinois, USA) was employed. The electrodes were placed longi-
tudinally on the motor point areas of the muscles examined, and
EMG signals were recorded telemetrically (Glonner, Biomes
2000). The positions of the electrodes were marked on the skin by
small ink tattoos (Häkkinen et al. 1998b). These dots ensured the
same electrode positioning in each test over the 22-week experi-
mental period. The EMG signal was amplified (by a multiplica-
tion factor of 200; low-pass cut-off frequency of 360 Hz 3 dB–1)
and digitized at a sampling frequency of 1000 Hz by an on-line
computer system. EMG was full wave rectified, integrated (iEMG
in mVÆs) and time normalized for 1 s in the following phases: (1)
in the isometric actions for the first 500 ms from the start of the
contraction, and (2) for the maximal peak force phase of the
isometric contractions (500–1500 ms) to calculate maximal iEMG
(Häkkinen et al. 1998a). EMG of the BF acting as an agonist
recorded during the maximal unilateral isometric knee flexion was
analysed in a similar way as those of the EMGs of the VL
muscles of the isometric leg extensions. The highest iEMG value
recorded for the right BF muscle was taken for further analysis.
The iEMG of the right BF acting as an antagonist was also re-
corded during the bilateral isometric leg extension action. In order
to calculate the antagonist coactivation percentage for the BF
muscle during the extension action, the following formula was
used: iEMG of the BF during the extension divided by the iEMG
of the BF during the flexion, all multiplied by 100) (Häkkinen
et al. 1998a, 1998b).

Muscle CSA

The muscle CSA of the right quadriceps femoris (QF) was assessed
before and after the 21-week experimental training using magnetic
resonance imaging (MRI) (1.5-Tesla, Gyroscan S15, Philips) at
Keski-Suomen Magneettikuvaus, Jyväskylä, Finland. The length of
the femur (Lf), taken as the distance from the bottom of the lateral
femoral condyle to the lower corner of the femoral head, was
measured on the coronal plane. Subsequently, 15 axial scans of the
thigh interspaced by a distance of 1/15 Lf were obtained from the
level of 1/15 Lf to 15/15 Lf as described previously (Häkkinen et al.
2001b). Great care was taken to reproduce the same individual
femur length each time using the appropriate anatomical land-
marks. All MR images were then exported to a Macintosh com-
puter for the calculation of muscle CSA. For each axial scan, CSA
computation was carried out on the QF as a whole and for the final

Table 1 Physical characteristics
of the subject groups during the
experimental period

Weeks Strength group (S) (n=16) Strength endurance group (SE) (n=11)

Mass (kg) Body fat % Mass (kg) Body fat %

Mean SD Mean SD Mean SD Mean SD

0 83.9 (15.0) 20.1 (4.9) 88.6 (12.9) 22.5 (4.5)
7 84.6 (15.8) 20.3 (4.9) 88.2 (11.9) 21.6* (4.5)
14 85.1 (16.3) 20.6 (5.2) 88.1 (11.9) 21.3*** (4.5)
21 85.9 (18.1) 20.4 (5.3) 87.3 (11.5) 20.2*** (4.4)

*p<0.05; ***p<0.001
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calculation of the CSA, slices 4/15–12/15 were used (slice 4 being
closer to the knee joint of the thigh). CSA (measured in cm2) was
determined by tracing manually along the border of the QF.

Muscle biopsy samples were obtained before and after the ex-
perimental training period. The samples were obtained from the su-
perficial portion of the VL muscle of the right leg utilizing the
percutaneous needle biopsy technique of Bergström (1962). Special
care was taken to extract tissue from the same location (close to the
prebiopsy scar) and depth each time. Muscle tissue samples were
frozen in isopentane cooled with liquid nitrogen and stored at –80�C
until analysis. Serial cross-sections (10 lm thick) were cut on a
cryostat at –20�C for histochemical analyses. Histochemical staining
for myofibrillar adenosinetriphosphatase (ATPase) was used to
classify the fibers as I, IIa, IIb and IIc (based on the stability of their
ATPase activity at pH 4.2, 4.6, and 10.3. in the preincubation me-
dium) according to Brooke and Kaiser (1970). IIc fibres were, how-
ever, so rare that they were not included in the final statistical
analyses. Mean fiber areas were calculated from one selected portion
of the biopsy sample with the average number of fibers (at pre- and
post-training) of 85 and 62 recorded for the S group, and 63 and 52
for the SE group, respectively. A loaded image of stained cross-sec-
tions was analysed by the Tema Image-Analysis System (Scan Beam,
Denmark). A videoscope consisting of a microscope (Olympus BX
50) and colour video camera (SanyoHighResolutionCCD)was used
to calculate the mean fibre areas of each fibre type (Häkkinen et al.
2001a).

Aerobic performance

Maximal oxygen uptake ( _VV O2 max) test was carried out using the
Ergoline Ergometrics 800S bicycle ergometer only for the SE
group. The intensity was 75 W at the beginning of the test and was
increased by 25 W every second minute until exhaustion. Heart
rate was monitored continuously, and blood pressure before the
test. The oxygen uptake ( _VV O2) was measured continuously using
the SensorMedics Vmax229. Blood samples were taken from fin-
gertip every second minute to measure blood lactate concentrations
and determine aerobic and anaerobic thresholds as described in
detailed previously (Aunola and Rusko 1984). Blood lactate was
determined using a Eppendorf Ebio 6666 lactate analyser.

Anthropometry

The fat percentage was estimated by measuring skin-fold thickness
at four different sites according to Durnin and Womersley (1967).

Strength training and combined strength and endurance training

Strength training

The supervised 21-week strength training was carried out twice per
week. Each training session included two exercises for the leg ex-
tensormuscles: the bilateral leg press exercise and the bilateral and/or
unilateral knee extension exercise on the David 200 machine. In
addition, each training session included four to five exercises for the
other main muscle groups of the body (the bench press and/or the
triceps pushdown and/or lateral pull down exercise for the upper
body; the sit-up exercise for the trunk flexors and/or another exercise
for the trunk extensors; and the bilateral/unilateral elbow and/or
knee flexion exercise and/or leg adduction/abduction exercise). The
exerciseswere so-called freemotionmachine exercises (DavidFitness
and Medical). The resistance was determined by the loads (kg) cho-
sen on theweight stack, and the subject actively produced themotion
and determined the action velocity by himself, and always performed
a full range of motion in each exercise.

During the first 7 weeks of the training the subjects trained with
loads of 50% to 70% of the 1RM. The subjects performed 10–15
repetitions per set and performed 3–4 sets of each exercise. The

loads were 50% to 60% and 60% to 80% of the maximum during
the second 7-week period. In the two exercises for the leg extensor
muscles the subjects then performed either 8–12 repetitions per set
(at lower loads) or 5–6 repetitions per set (higher loads) and per-
formed 3–5 sets. In the other four exercises the subjects performed
10–12 repetitions per set and performed 3–5 sets. During the last
7 weeks of the training (weeks 15–21) two different load ranges
were used in the two exercises for the leg extensors so that the
subjects completed 3–6 repetitions per set with the loads of 70% to
80% of the maximum and 8–12 repetitions per set with the loads of
50% to 60%. The total number of sets varied between 4 and 6. In
the other four exercises the subjects performed 8–12 repetitions per
set and performed 3 to 5 sets altogether.

A major part of the knee extension exercises was performed
using the basic principles of heavy resistance training but some
(20%) of these exercises were performed with light loads (50% to
60% of the maximum) to meet the requirements of a typical ex-
plosive strength training protocol. Each repetition of each set with
these light loads was executed as ‘‘explosively’’ as possible (rapid
muscle actions) (Häkkinen et al. 1998b).

The loads were individually determined during the training
sessions throughout the 21-week training period according to the
maximum-repetition method. The overall amount of training was
progressively increased until the 18th week at which point it was
slightly reduced for the final 3 weeks of the 21-week training pe-
riod.

Endurance training

Endurance trainingwas also carried out twice per week. Thus, the SE
group trained two times aweek for strength (using the same program
as the S group) and twomore times aweek for endurance. During the
first 7 weeks the subjects trained twice a week for 30 min by bicycle
ergometer or by walking to train basic endurance (under the aerobic
threshold level), which was determined during the aerobic perfor-
mance test before the intervention. All subjects applied pulse meters
during training in order to maintain the intensity of exercise at the
required level.Onweeks 8–14 the duration of the first training session
of 45 min was divided four loading levels: 15 min below the aerobic
threshold level, 10 min between the aerobic-anaerobic thresholds,
5 min above the anaerobic threshold and 15 min again under the
aerobic threshold. The second training session took 60 min and the
training intensity was under the aerobic threshold level. The focus of
the last 7 weeks of training was to improve cycling speed and maxi-
mal endurance carried out in a 60-min session as follows: 15 min
under the aerobic threshold, 2·10 min between the aerobic–
anaerobic thresholds, 2·5 minabove the anaerobic threshold and the
final 15 min under the aerobic threshold. The other training session
of the week was basic endurance training (under the aerobic
threshold) and it took 60–90 min.

Statistical methods

Standard statistical methods were used for the calculation of
means, standard deviations (SD), standard errors (SE), and Pear-
son product moment correlation coefficients. The data were then
analysed utilizing multivariate analysis of variance (MANOVA)
with repeated measures. Probability adjusted t-tests were used for
pairwise comparisons when appropriate. The p<0.05 criterion was
used for establishing statistical significance.

Results

Physical characteristics

No significant changes took place in the body mass or
body fat percentage in the S group during the 21-week
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training period (Table 1). However, the SE group
showed significant (p<0.05 and 0.001) decreases in the
body fat percentage throughout the experimental train-
ing period but no significant between-group differences
occurred.

Bilateral 1RM leg extension values

No significant changes took place in the bilateral con-
centric 1RM leg extension action during the 1-week
control period, while during the 21-week training period
significant increases of 21% [from 184 (29) and 228
(29) kg] (p<0.001) and 22% [171 (17) and 209 (24) kg]
(p<0.001) took place in the 1RM load in the S and SE
groups, respectively (Fig. 1). The mean relative in-
creases recorded for S and SE did not differ significantly
from each other.

Maximal bilateral isometric leg extension force, RFD
and iEMGs

No significant changes took place in the maximal bi-
lateral isometric leg extension force during the 1-week
control period, while during the 21-week training period
significant increases of 22% (p<0.001) and 21%
(p<0.001) were recorded in the S and SE groups, re-
spectively (Fig. 2). The mean relative increases recorded
for S and SE did not differ significantly from each other.
No significant changes took place in the maximum
iEMGs of the VL muscles of the right and left leg of the
bilateral isometric leg extension action during the
1-week control period (Fig. 3a, b). During the 21-week
training period significant increases of 26% (p<0.05)
and 29% (p<0.001) took place in the maximum iEMG
of the right VL in the S and SE groups, respectively

(Fig. 3a). The corresponding iEMG increases for the
left VL were 19% (p<0.05) and 22% (ns) for the S and
SE groups (Fig. 3b).

The maximal RFD (Fig. 4) and average force pro-
duced during the first 500 ms remained unaltered during
the control period in both groups. Throughout the 21-
week training period the S group showed significant
increases in RFD (p<0.01) as well as in average force
during the first 500 ms (p<0.01) while no changes oc-
curred in the SE group. The changes between the two
groups differed significantly (p<0.001). The average
iEMG of the right VL muscle during the first 500-ms
portion of the isometric action increased significantly
(p<0.05–0.001) during the training period in the S
group, while no significant changes occurred in the SE
group (Fig. 5). The corresponding iEMG increase for
the left VL during the first 500-ms portion of the action
was significant (p<0.05 for weeks 7 and 14) only in the
S group.

Maximal unilateral knee flexion force,
RFD and iEMG

No significant changes took place in the maximal uni-
lateral isometric knee flexion force of the right leg
during the 1-week control period, while during the 21-
week training period significant increases of 18%
(p<0.05 for week 7) and 22% (p<0.01) were recorded
in the S and SE groups, respectively. The two groups
showed no significant changes in the maximum iEMG
of the BF of the right knee flexion during the 1-week
control period. During the 21-week training period
insignificant increases of 20% and 13% were recorded
in the maximum iEMG of the BF in the S and SE
groups, respectively.

Fig. 1Mean (with standard error) maximal voluntary leg extension
one repetition maximum (1RM) strength in the strength training
group (S) and combined strength and endurance training group
(SE) during the 1-week control and 21-week training periods

(***p<0001)

Fig. 2 Mean (with standard error) changes in maximal voluntary
bilateral isometric leg extension force in the strength training group
(S) and combined strength and endurance training group (SE)
during the 1-week control and 21-week training periods (**p<001;
***p<0001)
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The maximal RFD of the knee flexion remained un-
altered during the control period in both groups.
Throughout the 21-week training period the S group
showed significant increases in RFD (p<0.01), while no
significant increases occurred in the SE group. The
change between the two groups differed significantly
(p<0.001).

Antagonist IEMGs

The BF activities of the right leg (relative to maximum
agonist values of the BF) during the bilateral isometric
leg extension remained unaltered during the 1-week
control period in both groups. During the 21-week
training period it remained statistically unaltered in S
[from 29 (21) to 31 (24)%] but decreased in SE [from 27
(10) to 21 (8)%; p<0.05].

Muscle CSA

The CSA of the QF increased during the 21-week
training period throughout the length of the muscle from
4/15 to 12/15 Lf in both S (p<0.05–0.001) and SE
(p<0.01–0.001) (Fig. 6a, b). The mean relative increases
(mean of 5/12 to12/15 Lf) of the QF of 6% and 9%
recorded for the S and SE groups did not differ signifi-
cantly from each other. Similarly, the significant in-
creases of 7% (p<0.001) and 9% (p<0.001) of the QF
at its largest portion (Lf 9/15) recorded for the S and SE
groups during the 21-week training period did not differ
from each other.

Fig. 3a, b Mean (with standard error) maximum integrated electr-
omyographic activity (iEMG) of the vastus lateralis (VL) of the right
leg (a) and left leg (b) in the voluntarymaximal bilateral isometric leg
extension action in the strength training group (S) and combined
strength and endurance training group (SE) during the 1-week
control and 21-week training periods (*p<005; ***p<0001)

Fig. 4 Mean (with standard error) changes in maximal rate of force
development (RFD) in the rapidly produced voluntary bilateral iso-
metric leg extension action in the strength training group (S) and
combined strength and endurance training group (SE) during the
1-week control and21-week trainingperiods (**p<001; ***p<0001)

Fig. 5 Mean (with standard error) averaged integrated electromy-
ographic activity (iEMG) of the vastus lateralis (VL) of the right leg
during the first 500 ms in the rapidly produced voluntary bilateral
isometric leg extension action in the strength training group (S) and
combined strength and endurance training group (SE) during the
1-week control and 21-week training periods (*p<005; **p<001;
***p<0001)
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Muscle fibre characteristics

The percentage values for the muscle fibre distribution
of the VL muscle did not differ significantly before or
after the training period in the S or SE groups (Table 2).
However, there were trends for the decreases in the

percentage of type IIb fibres in both S (p=0.072) and SE
(p=0.089). The mean fibre CSA of type I as well as
those of type IIa and IIb increased after the 21-week
training period in both S (p<0.05 and 0.01) and SE
(p<0.05 and p<0.01) (Table 3). The relative increases
between the two groups did not differ significantly from
each other.

Maximal oxygen uptake

_VV O2max increased during the 21-week training period by
18.5% (p<0.001) in the SE group (Fig. 7). Maximal
power at the maximal performance increased by 17%
(p<0.001), and the intensity (expressed in watts) that
elicited the aerobic and anaerobic thresholds increased
by 16% (p<0.01), and 14% (p<0.01), respectively. No
significant changes occurred in the maximal heart rate
[191 (8) and 189 (12) beats/min], or in the heart rates at
the anaerobic or aerobic thresholds during the 21-week
training period.

Discussion

The primary purpose of this study was to investigate the
effects of concurrent strength and endurance training in
men over an extended training period of 21 weeks. The
training volume was diluted by a longer period of time
with a low frequency of training. The present subjects
utilized a comprehensive resistance training program
which addressed both strength and power components
of fitness. We monitored the hypertrophy at both the
cellular and whole-body levels and combined this with
the evaluation of voluntary neural activation measures
of the thigh musculature. The primary findings of this
investigation were that concurrent strength and endur-
ance training resulted in large gains in maximal strength
accompanied with significant enlargements in the CSA
of the QF and in the sizes of individual muscle fibres. In
addition, increased maximal voluntary neural activation
of the trained muscles was also observed. The magni-
tudes of these increases did not differ from the corre-
sponding changes observed in the group that performed
strength training alone. However, the present strength/
power training program also resulted in significant in-
creases in rapid force production of the trained leg ex-
tensors associated with significant increases in the rapid
neural activation of these muscles. No changes took

Table 2 Mean (SD) fibre
distribution of the vastus
lateralis muscle before and after
a 21-week strength training
period in the strength (S)
(n=10) and strength and
endurance(SE) (n=8) groups

S Group SE Group

Pre Post Pre Post

Mean SD Mean SD Mean SD Mean SD

Type I (%) 34 (12) 37 (13) 35 (12) 41 (14)
Type IIa (%) 16 (15) 26 (19) 26 (12) 30 (16)
Type IIb (%) 50 (16) 36 (13) 38 (15) 28 (17)

Fig. 6a, b Mean (with standard error) cross-sectional areas (CSA)
of the total quadriceps femoris (QF) muscle group at the lengths of
from 4/15 to 12/15 of the femur (Lf) in the strength training group
(S) (a) and combined strength and endurance training group (SE)
(b) before and after the 21-week training period (*p<005,
**p<001; ***p<0001)
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place in these special neuromuscular characteristics
when strength training was combined with endurance
training.

The present 21-week training period, despite the fact
that strength training was performed only twice per
week, led to large increases of 21% and 22% in bilateral
concentric 1RM strength of the leg extensors in groups S
and SE, respectively. Thus, diluting the time given to
resistance exercise stimuli did not affect the changes in
physically active men. The increases in maximal iso-
metric leg extension forces were also of the same mag-
nitude, namely 22% and 21% in the S and SE groups,
respectively. Thus, no significant differences existed in
the strength development between the two groups. In
general, the magnitudes of the present strength gains
were well within the ranges reported to take place during
pure strength training using the same volume of training
in previously untrained subjects, independent of age and
gender (Häkkinen et al. 1998b, 2001a, 2001b). An im-
portant conclusion from the practical point of view is
that the frequency of strength training in previously
untrained adults can be as low as twice a week when the
loading intensity of training is sufficient and increased
progressively (i.e. periodized) throughout the training
period. The strength gains of the lower extremities took
place gradually throughout the 21-week training period
(Figs. 1 and 2) showing clearly that the strength devel-
opment was not influenced adversely by the simulta-
neous endurance training, as some others have found
(e.g. Kraemer et al. 1995; McCarthy et al. 1995, 2002).
Therefore, the present data do not support the concept
of the universal nature of the ‘‘interference effect’’that
has been described by Hickson (1980) in strength de-
velopment when strength training is performed concur-
rently with endurance training. However, it should be
noted that, compared to the present study, Hickson
(1980) used a condensed period of time with a higher
frequency (and volume) of training. The interference
effect may also hold true when the overall volume and/or
frequency of training is higher over a longer period of
time, so that simultaneous training for both strength and
endurance may be associated with large strength gains
during the initial weeks of training but with only limited
strength development during the later months of train-
ing. As the training for physical fitness calls for the
development of muscle strength and endurance, the
present findings suggest that this type of systematic
training for strength and endurance, even with only two
sessions per week, can be beneficial when performed for

a prolonged period and can be utilized for various
practical applications.

It has been well documented that in previously un-
trained adults, middle aged and older subjects large in-
creases in maximal strength observed during the initial
weeks of strength training can be attributed largely to
the increased motor unit activation of the trained ag-
onist muscles (Moritani and DeVries 1979, 1980;
Häkkinen and Komi 1983; Häkkinen et al. 1998b,
2001a, 2001b). This concept was well supported by the
large increases observed in the maximum iEMGs of the
leg extensors not only in the pure strength trained group
but maximal strength development was mediated by the
increased maximal voluntary activation of the trained
muscles to about the same extent also in the concurrent
strength and endurance training group. The findings
indicate that the contributing role of the nervous system
to maximal strength development during the present
training period in both groups may have been greatly
important. Strength-training-induced increases in the
magnitude of the EMG could result from the increased
number of active motor units and/or an increase in their
firing frequency (Sale 1992; Häkkinen 1994). Thus, the
present results do indicate a lack of interference for the
SE group in the neural adaptations during the maximal

Table 3 Mean (SD) fibre areas
of the vastus lateralis muscle
before and after the 21-week
training period in the strength
(S) (n=10) and strength and
endurance (SE) (n=8) groups

S Group SE Group

Pre Post Pre Post

Mean SD Mean SD Mean SD Mean SD

Type I (lm2) 5022 (1060) 7338* (2471) 6149 (2069) 6974* (2250)
Type IIa (lm2) 5577 (1659) 7022** (1544) 6816 (1524) 8378* (2368)
Type IIb (lm2) 4836 (1389) 6703** (1677) 5660 (1909) 7439** (2088)

Fig. 7 Mean (with standard error) maximal oxygen uptake
( _VV O2max) recorded in the bicycle ergometer test in the combined
strength and endurance training group (SE) during 21-week
training period (***p<0001)

Significant difference pre–post
training (*p<0.05; **p<0.01)
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force phase of the contraction when there is enough
time, such as 1–2 s, to activate the muscles maximally to
produce the maximal peak force. The coactivation of the
BF muscle recorded during the leg extension action was
within the normal levels in both groups (Häkkinen et al.
1998a, 1998b), and no drastic changes were observed
during the training period. However, the present data
did indicate that there was some reduction in the coac-
tivation of the antagonist muscles in the SE group,
which may have also contributed to enhance the net
strength development of the agonists (Häkkinen et al.
1998b). A plausible explanation of the concurrent
training-induced decreases in the antagonist coactiva-
tion of the BF muscle group could be related to the
important role that the BF (together with the gluteus
maximus) has in hip/knee extension and/or flexion
during the propulsion and recovery phases of the pedal
stroke (Gregor and Rugg 1986).

Measures of fibre area by muscle biopsy and of
muscle CSA by MRI were used to examine how much
muscle hypertrophy may have contributed to the
strength gains observed in the present study. The present
progressive strength training program, although per-
formed only twice a week, did lead to significant in-
creases during the 21-week period in the mean fibre areas
of type I and of types IIa and IIb in both S and SE
groups. The relative magnitude of muscle fibre hyper-
trophy was similar between the two groups, and well
within the enlargements reported previously during pure
strength training with two sessions per week in middle-
aged men and women (Häkkinen et al. 2001a). However,
it is likely that if the training frequency had been higher,
greater gains in the fibre size would have taken place, at
least in the pure strength training group (Kraemer et al.
1995). It has been suggested that a lack of change in the
size of skeletal muscles may be an underlying reason for
the depressed gains in maximal strength observed after
concurrent strength and endurance training (Bell et al.
1991; Kraemer et al 1995). This may be partly due to the
oxidative stress imposed on the muscle and the need to
optimize the kinetics of oxygen transfer because of the
addition of endurance training to strength training.
However, our findings in adult men suggest that hy-
pertrophy of individual muscle fibres of types I and II is
similar between strength training and concurrent
strength and endurance training when the frequency of
training is low. Therefore, the present strength training
stimuli, although performed only twice a week but for a
long period of 21 weeks, may allow adaptations due to
the extended presentation of the exercise stimuli. How-
ever, some caution must be exercised when interpreting
the present muscle fibre data, as a relatively low number
of fibres were analysed and the biopsy samples were
obtained only at one particular position in the thigh
(Narici et al. 1996; Häkkinen et al. 2001b). Therefore, we
also used the multiple-slice method in the MRI scanning
to estimate the accurate muscle CSA changes in all
regions of the QF. The present MRI data did show that
the increases in the CSA of the total QF took place

throughout the length of the femur (from 4/15 to 12/
15 Lf) suggesting strongly that the degree of overall
muscle hypertrophy was very similar between the S and
SE groups. It is also possible that architectural changes,
e.g. changes in pennation angle of the muscle fibres, may
have taken place during the present strength training
period (e.g. Kawakami et al. 1993).

The present strength training program was composed
not only of heavy resistance but also, to some extent, of
explosive types of exercises for the leg extensor muscles.
The exercises were machine exercises but the resistance
was determined by the load chosen on the weight stack,
and the subject actively produced the motion himself,
trying to obtain in explosive exercises as high an action
velocity as possible throughout the full range of motion.
This type of training regimen has previously been shown
to lead to increased explosive force production recorded
in both isometric and dynamic actions (Häkkinen et al.
1998b). In addition to the gains in maximal force, the
present training also led to considerable increases in the
RFD and in the average force during the first 500 ms
indicating improved explosive strength of the trained
muscles in group S. The increases observed in explosive
strength during the present strength training indicate
that considerable training-induced changes may have
taken place in the voluntary and/or reflexly induced
rapid neural activation of the motor units of the trained
muscles as shown previously in both middle-aged and
elderly men and women (Häkkinen et al. 1998b). Actu-
ally, this was supported by the observation that the
average iEMG of the VL muscles during the first 500 ms
of the isometric action increased significantly during the
training period in group S. However, the present study
showed that although the pure strength training resulted
in significant increases in rapid force production of the
trained leg extensors associated with the significant in-
creases in rapid neural activation of these muscles, no
changes took place in these special neuromuscular
characteristics when strength training was combined
with endurance training. This agrees with studies finding
that concurrent strength and endurance training per-
formed with a high frequency of training (six to ten
training sessions per week) interferes with some indica-
tors of explosive strength development, such as vertical
jump (Hunter et al. 1987) and angle-specific maximal
torque at fast velocities of contraction (Dudley and
Djamil 1985). The present results suggest that the low
frequency of concurrent strength and endurance training
(four training sessions per week) also leads to interfer-
ence in explosive strength development, probably
mediated by a reduced improvement in rapid volun-
tary neural activation. Training-induced adaptations
in the neuromuscular system are known to differ ac-
cording to the specific mode of exercise used for strength
training; for example, between typical maximal strength
training regimens and explosive strength training pro-
tocols (Häkkinen et al 1985a, 1985b). Therefore, this
specificity, in terms of functional adaptations caused by
an explosive type of strength training, seems to play
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some role in the degree of the antagonism caused by the
present type of combined strength and endurance
training. In general terms, the present findings also
support well the suggested explanations given by Bell et
al. (2000) for the discrepancies between many research
results; namely, differences in the type of strength
training and endurance training, experimental design,
subject sample, design of the training program and the
sensitivity of the dependent variable (see Leveritt et al.
1999). Nevertheless, since both maximal muscle strength
and RFD, which reflects the ability of the leg extensor
muscles to develop force rapidly, are important perfor-
mance characteristics contributing to several tasks of
daily life such as climbing stairs, walking, or even the
prevention of falls and/or trips (Bassey et al. 1992;
Izquierdo et al. 1999), the optimal construction and/or
periodical prioritization of maximal strength and/or
explosive strength and/or endurance exercises is impor-
tant for overall fitness training among adults and espe-
cially older people. The role of RFD becomes naturally
increasingly important for various athletic purposes.

The present 21-week combined strength and endur-
ance training program did significantly improve aerobic
performance capacity, since _VV O2max increased by as
much as 18.5%. The increase was slightly less than that
recorded for maximal strength of the lower extremities
but rather similar in magnitude to those increases in
aerobic performance reported to take place during
combined strength and endurance training in previously
untrained men (Hickson 1980; Dudley and Djamil 1985;
McCarthy et al. 1995; Bell et al. 1997, 2000). Thus, it
seems that the addition of endurance training does not
impair the magnitude of increase in aerobic power in-
duced by endurance training alone (e.g. McCarthy et al.
1995; Bell et al. 1997, 2000). This is well in line with the
concept that central circulation is the predominant fac-
tor that limits maximal aerobic power during exercise
with large muscle group involvements. Although
strength training may lead to peripheral changes that
could be considered antagonistic to aerobic power de-
velopment, e.g. reductions in muscle mitochondria,
capillary, and aerobic enzymes, central circulatory ad-
aptations related to enhancement of aerobic power seem
only slightly affected by strength training (Hurley et al.
1984; McCarthy et al. 1995). The present findings also
have some practical relevance, as maximal aerobic per-
formance in adult men can be increased by using a fre-
quency of as low as twice per week for endurance, when
the training program meets the requirements of pro-
gressiveness and individualization, and is based on the
true monitoring of each training session. Whether the
increases were compromised or facilitated by the si-
multaneous strength training cannot be determined,
because no aerobic measures were taken from the pre-
sent strength training group, and no separate group
training for endurance only was included in the present
experimental design.

In conclusion, the present data do not support the
concept of the universal nature of the ‘‘interference

effect’’ in strength development and muscle hypertro-
phy when strength training is performed concurrently
with endurance training. However, this interference
effect may hold true with regard to explosive strength
development associated with limited changes in rapid
neural activation of the trained muscles. Second, the
interference effect may also be true when the overall
frequency and/or volume of training is higher than in
the present study so that simultaneous training for
both strength and endurance may be associated with
large strength gains during the initial weeks of training
but with only limited strength development during la-
ter months of training. As the training for physical
fitness calls for the development of muscle strength,
power and endurance, the present findings indicate
that construction and/or periodical prioritization of
maximal strength and/or explosive strength and/or
endurance exercises is important for overall fitness
training.
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