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Abstract The aim of the studywas to determinewhether
it is possible to improve both maximum and rapid force
production using resistance training that is typically used
to induce muscle hypertrophy in previously untrained
older men. Subjects (60–72 years) performed 20 weeks
of Bhypertrophic^ resistance training twice weekly
(n=27) or control (n=11). Maximum dynamic and iso-
metric leg press, as well as isometric force over 0–
100 ms, and maximum concentric power tests were
performed pre- and post-intervention. Muscle activity
was assessed during these tests by surface electromyo-
gram of the vastus lateralis and medialis muscles. Muscle
hypertrophywas assessed by panoramic ultrasound of the
vastus lateralis. The intervention group increased their
maximum isometric (from 2268±544 to 2538±701 N)
and dynamic force production (from 137±24 to 165±
29 kg), and these changes were significantly different to
control (isometric 12±16 vs. 1±9 %; dynamic 21±12 vs.
2±4 %). No within- or between-group differences were
observed in rapid isometric force or concentric power.
Relative increases in vastus lateralis cross-sectional area
trended to be statistically greater in the intervention group
(10±8 vs. 3±6 %, P=0.061). It is recommendable that
resistance training programs for older individuals inte-
grate protocols emphasizing maximum force/muscle hy-
pertrophy and rapid force production in order to induce
comprehensive health-related and functionally important
improvements in this population.

Keywords Aging . Neuromuscular performance . Leg
press . Leg extension . Strength . EMG

Introduction

Healthy aging is associated with a decline in maximum
force production at a rate of approx. 1.5 % per year, while
decreases of 3.5 % have been observed in rapid force
production after the age of 65 (Young and Skelton 1994).
Furthermore, age-associated decreases in strength, pow-
er, and muscle mass (1) pose a threat to functional capac-
ity (Raj et al. 2010), and (2) adversely affect the ability to
prevent certain diseases and/or overcome the deleterious
effects of certain treatments (Srikanthan andKarlamangla
2011;Wolfe 2006). Consequently, as a preventative mea-
sure to maintain functional capacity, aid in recovery of
illness/disease, and preserve independency, it is of inter-
est to improve maximum and rapid force production, as
well as muscle mass in older adults. This is typically
achieved through resistance training.

Improving both maximum and rapid force production,
as well as increasing muscle mass from the same resis-
tance training program, is an attractive model for older
adults. Typically, as with all forms of training, resistance
training follows the theory of specificity (Campos et al.
2002). Mixed training programs incorporating both
heavy/slow and light/fast actions have led to increases
in all aspects of force production and muscle mass
(Häkkinen et al. 2001; Izquierdo et al. 2001). However,
it is unclear what the effects of performing heavy/slow
resistance training in isolation, which primarily increases
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muscle mass and maximum force production (Campos
et al. 2002), on rapid force production in older adults will
be (Pereira and Gomez 2003).

Previous findings in our laboratory suggest that medi-
um-intensity, high-volume resistance training induces fa-
vorable adaptations in muscle activation in older men
(Walker et al. 2014; Walker and Häkkinen 2014). These
findings were based on increased muscle activity and
voluntary action level during maximum force production
as measured by surface electromyogram and the interpo-
lated twitch technique (Merton 1954), respectively. As
improved rapid force production has been shown to ac-
company increased rapid muscle activity (Häkkinen et al.
1985), there may be a transfer of gains to rapid force
production from improved muscle activation in general.

According to Behm and Sale (1993) and Murray
et al. (2007), the important element to increase rapid
force production is the intention to produce fast move-
ment. Furthermore, training using rapid isometric ac-
tions (where no external movement actually occurs) has
led to improved rate of force development accompanied
by increased motor unit firing rate (Van Cutsem et al.
1998). These findings would appear to suggest that
improving rapid force production during medium-inten-
sity, high-volume resistance training is unlikely, as
movements are intentionally performed with relatively
slow cadence (approx. 2–4 s in concentric and 2–6 s in
eccentric actions) to create a constant mechanical stim-
ulus for muscle growth.

Consequently, the aim of the present study was to
determine whether it is possible to improve both maxi-
mum and rapid force production using resistance training
that is typically used to induce muscle hypertrophy in
previously untrained older men. It was hypothesized that
the resistance training program would lead to increased
maximum force production and muscle hypertrophy but
would not induce improved rapid force production.

Methods

Subjects

Thirty-eight older men (age range 60–72) volunteered to
participate in the study, 27 were selected to the interven-
tion group (RT) and 11 were selected to the non-training
control group (CON). Each subject was carefully in-
formed of the study design and potential risks before
the study, after which they provided written consent.

The study was conducted according to the Declaration
of Helsinki and was approved by the ethical committee
of the Central Hospital, Jyväskylä. Subject characteris-
tics at baseline are presented in Table 1. One subject was
excluded from final analyses due to unavailability at
post-training testing.

The subjects were healthy and physically active,
participating in low-intensity exercise such as jogging,
cycling, and cross-country skiing but did not have any
previous experience with resistance training. Exclusion
criteria included cardiovascular diseases, diabetes, mus-
culoskeletal disorders, impaired endocrine function, or
taking medication known to influence the neuromuscu-
lar or endocrine systems. Prior to measurements, the
subjects were examined by a physician including a
resting electrocardiogram and were cleared to perform
rigorous exercise.

Familiarization session

Subjects visited the laboratory 7 days before their pre-
training test measurement. The purpose of this visit was
to position all devices to the specified settings for each
individual and to locate and mark (by indelible ink
tattoo) the electrode locations for electromyography
(EMG) recordings. The subjects were given instructions
on how to perform each test and allowed approx. five
practice trials to become accustomed to the procedures
and stabilize their maximum performance. Typically, the
subjects’ performance in the familiarization session is
approx. 90–95 % of that obtained in the pre-training
performance test. The same instructions and perfor-
mance requirements were followed in the familiariza-
tion session as the following performance tests.

Dynamic leg press performance

Bilateral one repetition maximum (1RM) was obtained
for the concentric action using a modified leg press

Table 1 Baseline characteristics of the subjects in both interven-
tion and control groups

Intervention group Control group

Age 65±4 years 65±3 years

Height 177±5 cm 178±7 cm

Body mass 81±7 kg 78±13 kg

BMI 26±2 25±3
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device (David 200, David Health Solutions, Helsinki,
Finland). The device has been fitted with a linear dis-
placement transducer. Subjects were required to lift the
load to a fully extended position (i.e., 180° knee angle)
from a starting knee angle of approx. 60°. Subjects per-
formed sets with progressively increasing load in order to
prepare for maximal concentric actions. These sets were
10 reps at 70 %, 7 reps at 75 %, 5 reps at 80 %, and 1 rep
at 90 % of estimated 1RM. Thereafter, single repetitions
using 5 kg increments were performed until the subject
could no longer fully extend the hips and legs. Each
maximum effort was separated by 1.5 min, and three to
four attempts were performed to identify 1RM.

Maximal concentric leg press power using 50 %
1RM load was performed using the same leg press
device immediately after the 1RM test. Subjects were
instructed to extend the hips and knees Bas fast as
possible^ throughout the range of motion until complete
extension (180° knee angle). In-built algorithms identi-
fied the point at which the footplate left contact with the
feet and the analysis was taken over the starting knee
angle plus 5° until the point of contact loss (i.e., 180°
knee angle). Maximum concentric power was calculated
using a customized script from the known load in kilo-
grams and the linear displacement of the footplate over a
period of 50 ms using the following equation:
Power=(load×9.81)×(displacement/time). Three trials
were performed separated by 1-min rest. The best trial
was used in further analysis.

Isometric leg extension performance

Bilateral isometric leg extension (leg press action) was
measured on a custom-built electromechanical dyna-
mometer at a knee angle of 107° and a hip angle of
approx. 110°. The subjects were instructed to push Bas
fast and as hard as possible^ andmaintain their maximum
force production for 3 s while being verbally encouraged.
At least three trials were performed and if the third trial
was more than 5% better than the previous trials, a fourth
trial was performed. Leg extension force was sampled at
2000 Hz and filtered by a 10-Hz low-pass filter (fourth-
order Butterworth) with analysis being performed by a
customized script (Signal 4.04, Cambridge Electronic
Design, UK). The maximum force was defined as the
highest force minus the baseline. Force production over
the initial 100 ms was also assessed for rapid isometric
force production. The beginning of the force-time curve
was defined as the baseline force plus 4 %. Between-trial

rest period was 1 min. Performance tests were measured
pre-training and 6 days after the last training session to
allow full recovery.

Vastus lateralis and medialis EMG measurement
and analysis

Bipolar Ag/AgCl electrodes (5-mm diameter, 20-mm
inter-electrode distance, common mode rejection ratio
>100 dB, input impedance>100 MΩ, baseline noise
<1 μV rms) were positioned following shaving and skin
abrasion on the vastus lateralis (VL) and medialis (VM)
of the right leg according to SENIAM guidelines
(Hermans et al. 1999). Raw EMG signals were sampled
at 2000 Hz and amplified at a gain of 500 (sampling
bandwidth 10–500 Hz). Raw signals were sent from a
hip-mounted pack to a receiving box (Telemyo 2400R,
Noraxon, Scottsdale, USA), then were relayed to an AD
converter (Micro1401, Cambridge Electronic Design,
UK), and recorded by Signal 4.04 software
(Cambridge Electronic Design, UK). Offline, EMG sig-
nals were band-pass filtered at 20–350 Hz, and root
mean square was obtained from 0 to 100 and 500 to
1500 ms during isometric leg extension, as well as from
approx. 65° to full leg extension (i.e., 180°) during
dynamic leg press actions. The values from the best
performance trial were used in further analysis where
the data from VL and VM muscles were averaged
[(VL+VM)/2].

Vastus lateralis cross-sectional area

Muscle cross-sectional area (CSA) measurements were
taken 1–2 days prior to performance tests and 4–5 days
following the last training session to allow any exercise-
induced swelling to dissipate. CSA of the VL was
assessed by B-mode axial-plane ultrasound (model
SSD-α10, Aloka Co Ltd, Tokyo, Japan) using a 10-
MHz linear-array probe (60 mm width) with the
extended-field-of-view mode (23-Hz sampling frequen-
cy). The validity (Ahtiainen et al. 2010) and reliability
(Noorkoiv et al. 2010) of this method has been reported.
Oriented in the axial-plane, the probe was moved man-
ually with a slow and continuous movement from me-
dial to lateral along a marked line on the skin. Great care
was taken to diminish compression of the muscle tissue.
Images were obtained throughout the movement. As the
orientation of each image relative to adjacent images is
known, the software builds a composite image. Three
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panoramic CSA images were taken at 50 % femur
length from the lateral aspect of the distal diaphysis to
the greater trochanter, and three images were taken 2 cm
distally to this point. CSAwas determined by manually
tracing along the border of the VL muscle using ImageJ
software (version 1.37, National Institute of Health,
USA). The mean of the two closest values was taken
as the CSA result at each site, and then the mean of these
two sites was used for further analysis.

Resistance training program

The intervention group performed whole body resistance
training twice per week for a total of 20 weeks, where
each session was supervised by a qualified gym instruc-
tor. The program was divided into two identical cycles of
10 weeks. Each training session consisted of eight exer-
cises that were performed bilaterally with resistance de-
vices and cable cross-over machines (David Health
Solutions, Helsinki, Finland). Lower limb exercises were
always performed first and included the leg press, knee
extension, and knee flexion exercises. Upper body and
torso exercises included bench press, shoulder press, lat
pull-down, seated row, biceps curl, triceps pushdown,
abdominal crunch, and back raises. Inter-set rest periods
were 1 min during weeks 1–4 and then 2 min for weeks
5–10. The subjects were instructed to perform all repeti-
tions in a slow and controlled manner with approx. 2-s
concentric and 2-s eccentric actions. All subjects were
required to complete 36 out of a total of 40 training
sessions prior to post-training testing. The training pro-
gram for each 10-week cycle is reported in Table 2. Non-
training control group subjects maintained their typical
physical activities throughout the study.

Statistical analyses

Standardized procedures were used to calculate means,
standard deviations, and correlation coefficients. Paired
t tests were used to evaluate absolute changes over the
study period, while independent t tests were used to
assess both absolute values pre- and post-training and
relative changes between groups. All statistical methods
were performed using IBM SPSS statistics 20 software.
Inter-day reliability values for the measurements were
1RM of 0.981 and 3.1 %, concentric power of 0.952 and
5.0 %, isometric leg extension of 0.958 and 6.7 %, and
EMGrms of 0.939 and 15.1 % for intra-class correlation
coefficient and coefficient of variation, respectively.

Results

Maximum force production

Significant increases were observed in maximum iso-
metric leg extension force (12±16 %, P=0.002) and leg
press 1RM (21±12 %, P<0.001) in the resistance train-
ing group (Fig. 1). No changes were observed in the
control group. The relative changes over the study peri-
od in maximum force production were significantly
different between the training and control group
(Fig. 3). Also, the post-training 1RM load was signifi-
cantly greater in the resistance training group compared
to the control group (Fig. 1b).

Rapid force production and power

No changes occurred in isometric force over the
initial 100 ms or in maximum power using 50 %
of 1RM (Fig. 2). Also, there were no differences
between groups in either absolute values or relative
changes (Fig. 3).

Muscle activity during maximum and rapid force
production

Resistance training led to increased muscle activity
(VL+VM/2) during maximum isometric leg extension
(38±49 %, P=0.004) and concentric 1RM (107±33 %,
P<0.001) actions, and these increases were greater than
in control (Table 3). No changes were observed in the
control group in any test.

Over the first 100 ms of isometric leg extension,
significant increases in muscle activity (VL+VM/2)
were observed in the resistance training group (46±
75 %, P=0.021), but this increase was not different to
control. During rapid concentric contractions using
50 % of 1RM, the resistance training group demonstrat-
ed increased muscle activity of the VL and VMmuscles
(11±17 %, P=0.021) but was not different from control
(Table 3).

Vastus lateralis cross-sectional area

The resistance training group increased their VL
CSA over the resistance training period (P<0.001).
The relative changes in VL CSA reached the level of a
trend between groups (RT=10±8 % vs. CON=3±6 %,
P=0.061).
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Discussion

In healthy, physically active older men, medium-
intensity Bhypertrophic^ resistance training favored by
bodybuilders led to statistically significant increases in
maximum leg extensor force production, maximal mus-
cle activity during these actions, and also cross-sectional
area of the vastus lateralis muscle. There were no chang-
es in either isometric or concentric rapid force
production.

Maximum force production in older adults has been
repeatedly shown to be lower than young adults in
different muscle groups (McDonaugh et al. 1984;
Häkkinen et al. 1998; Kraemer et al. 1999). It has been
suggested that age-associated muscle weakness has con-
sequences for function in daily activities, such as walk-
ing (van der Krogt et al. 2012) and stair climbing
(Holsgaard-Larsen et al. 2011) and prevention of falls
(Carty et al. 2012). Therefore, it is of benefit to increase
maximum force production in older adults. Since loss of
maximum force production occurs at a rate of approx.
5 % per decade following the age of 45 (Aoyagi and
Shephard 1992), the ∼21 % increase in maximum con-
centric force production of the present study represents
counteracting ∼20 years of aging.

Since the control group did not demonstrate a signif-
icant increase in maximum force production, it can be
assumed that one familiarization session was sufficient
in ensuring stable performance at baseline in the present
study, despite some authors suggesting that multiple
sessions may be needed in older adults (Amarante do
Nascimento et al. 2013). This enables us to discount
learning as a viable factor contributing to improved
performance, which has been shown in the absence of
training (Kamen and Knight 2004; Knight and Marmon
2008). Also, the magnitude of the improvement in the
present study is in-line with those reported previously
(Moritani and deVries 1980; Häkkinen et al. 1998,
2001). An ∼21 % increase in 1RM performance repre-
sents an increase of approx. 0.5 % per training session,
despite the main aim of the training protocol to increase
muscle mass and not maximum force production per se.
In accordance with expected training specificity, im-
provements in maximum isometric force production
were slightly lower at approx. 0.3 % per training session
(∼12 % over the training period). These results show
that, although the subjects were healthy and relatively
active, robust improvements in maximum force produc-
tion are achievable during systematic resistance trainingT
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in older adults. However, it should be noted that infer-
ences to improved functional capacity should not be
extrapolated from the present study’s findings as no
measures of daily function were taken.

Concomitant increases in surface EMG amplitude
were observed during maximum force production in
the RT group, and these increases were statistically
greater than changes observed in CON. Previously, in-
creased muscle activity (Moritani and deVries 1980;
Häkkinen et al. 1998) and voluntary activation level as
assessed by interpolated twitch technique (Knight and
Kamen 2001; Walker et al. 2014) have been observed in
older adults following resistance training. Although one
earlier study (Harridge et al. 1999) did not observe
improved voluntary activation, there was a significant
relationship between improved force production and
voluntary activation level. Methodological challenges
in these methods have been noted regarding sensitivity
to detect changes (Herbert and Gandevia 1999) as well
as ability to interpret increased EMG amplitude as

evidence of neural adaptation (Farina et al. 2004).
Nevertheless, it appears that medium-intensity resis-
tance training is capable of improving maximal muscle
activation in older adults, and this is observed quite
readily. These findings may be slightly different in
young subject, as mixed results regarding the effects of
medium-intensity resistance training on muscle activa-
tion have been observed (Narici et al. 1989; Häkkinen
et al. 1998; Walker et al. 2013; Erskine et al. 2014).
Indeed, muscle hypertrophymay be the dominant mech-
anism for improved maximum force production in the
young during this type of training (Walker and
Häkkinen 2014) and may indicate a greater potential
for neural adaptations (i.e., a sign of neural deficiency)
in older adults.

Caution should be used when interpreting increases
in surface EMG amplitude. Simulation studies have
shown that peripheral factors seem to have a larger
effect on the gross EMG signal than neural factors
(Arabadzhiev et al. 2014) and that lower amplitude

Fig. 2 Rapid isometric force over 100 ms (a) and concentric power (b) pre- and post-intervention and control periods. No within- or
between-group differences were observed
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Fig. 1 Maximum isometric (a) and concentric (b) force produc-
tion pre- and post-intervention and control periods. Significant
increases were observed in the intervention group (*=P<0.05),

and the 1RM values were significantly different between the
groups post-intervention (P<0.05)



cancellation could account for an increased EMGrms
independent to neural drive (Keenan et al. 2006). There
is some experimental evidence to suggest that this is
possible (Maffiuletti and Martin 2001) due to relatively
slow, submaximal load training such as that used in the
present study. However, whether the increases in EMG
amplitude were due to improved neural activation, the
influence of peripheral factors, or both, systematic alter-
ations occurred in the RT group, whereas no changes
occurred in CON and this provides evidence for
training-induced adaptation.

Rapid force production (i.e., force over the initial
100 ms and maximum concentric power) did not im-
prove during the present study despite training for
20 weeks. Twelve weeks of combined heavy (approx.
80 % volume) and rapid action (approx. 20 % volume)
resistance training improved rapid force production in
middle-aged and older individuals (Häkkinen and
Häkkinen 1995). Using an undulating resistance train-
ing program, Newton et al. (2002) observed significant

improvements in jump squat performance in older men.
Four weeks of rapid pneumatic resistance training with
40 % of MVC induced increased isometric knee exten-
sor performance and EMG amplitude over the initial
200 ms in older men (Piirainen et al. 2014).
Furthermore, 8 weeks of fast concentric actions using
35, 55, and 75 % 1RM improved knee extension power
in older adults (Henwood and Taaffe 2005). However,
improved rapid isometric knee extension torque was not
observed by Häkkinen and colleagues (1998) over
10 weeks of training despite containing rapid force
production exercises. In older women, rapid force pro-
duction was improved when using a plyometric training
program for 6 weeks and also in a group training with
fast concentric actions, but no changes were observed
when using a similar resistance training program to the
present study (Correa et al. 2012). Overall, it appears
that older individuals are capable to achieve increased
rapid force production as long as the training program
includes rapid actions and that the tests are most specific

Table 3 Muscle activity (mV) of the vastus lateralis and medialis muscles (VL+VM/2) during isometric and dynamic leg press
performance

Intervention group Control group

Pre- Post- Δ% Pre- Post- Δ%

MaxF 0.231±0.11 0.296±0.12* 38±49** 0.307±0.13 0.301±0.12 2±18

100 F 0.021±0.01 0.028±0.02* 46±75 0.027±0.01 0.022±0.02 −9±42
1RM 0.161±0.08 0.323±0.13* 107±33** 0.161±0.04 0.153±0.07 −9±10
50% 1RM 0.282±0.09 0.308±0.09* 11±17 0.321±0.08 0.291±0.09 −8±21

MaxF EMG during maximum isometric force performance, 100 F EMG during isometric force over 100 ms, 1RM EMG during maximum
dynamic leg press performance, 50 % 1RM EMG during concentric power performance using 50 % 1RM load

*P<0.05 versus pre-intervention; **=P<0.05 versus control

Fig. 3 Relative changes in
maximum and rapid force
production during the
intervention and control periods.
Significant differences were
observed between the groups in
maximum isometric force and
1RM improvements (P<0.05).
MaxF maximum isometric force,
100 F isometric force over
100 ms, MaxP maximum leg
press power

AGE (2015) 37: 41 Page 7 of 10 41



to the training exercises used (i.e., dynamic versus iso-
metric, similar external load, etc.).

The relatively slow (2 s concentric and 2 s eccentric)
actions used in the present study, purportedly beneficial
for muscle hypertrophy (Campos et al. 2002; Burd et al.
2012), was perhaps not enough of a stimuli to induce
increases in rapid force production. The use of rapid
actions in training older individuals may be particularly
important for improving functional capacity (Miszko
et al. 2003) and should, therefore, be incorporated into
the resistance training program along with hypertrophic
resistance training. It remains unclear, nevertheless, as to
the required amount of rapid actions to induce improved
rapid force production and muscle activation. Future
studies could focus some attention on whether it is
necessary/more beneficial to alternate between hypertro-
phic and rapid force resistance training periodically or
perform these training programs concurrently—i.e.,
within the same session or using an undulating design.

It is not clear why muscle activity showed statistical-
ly significant increases during rapid force production
(i.e., 100 ms of isometric leg extension action and
during rapid concentric contractions using 50 % of
1RM) in the present study. One explanation could be
that the influences of peripheral factors, as discussed
above, are apparent in these data. Another partial expla-
nation with regard concentric contraction using 50 %
1RM is that a larger external load was used after the
training period, and it has been shown that greater
muscle activation is required to overcome inertia
(Alkner et al. 2000). It should also be stated that the
increases were not significantly different to the control
group, whereas the increases during maximum force
production reached statistical significance.

One potential weakness of the present study’s rapid
force production tests is highlighted by the variance in
isometric force over the initial 100 ms (Fig. 3). Whereas
maximal force demonstrated stable values, there may be a
need to perform multiple baseline tests to ensure stable
rapid force production in the elderly. The reduced SD
during the study (∼240 N pre- vs. ∼160 N post-interven-
tion) along with the increase in the lower bound 95 %
confidence interval (∼240 N pre- vs. ∼390 N post-inter-
vention) suggest that learning or perhaps also a reduction
in fear to produce isometric force rapidly in the subjects
of the present study occurred during testing. Furthermore,
the variance in performance demonstrated by the control
group (Δ% range −22 to 66) suggests that this variable
may not be sensitive to detect changes over time—

although the test-retest reliability of this variable was
acceptable. Therefore, it is suggested that future studies
assess these possible weaknesses by performing multiple
familiarization sessions and assessing different time win-
dows for rapid force development in this age group (e.g.,
0–100 vs. 0–200 ms). Nevertheless, the results obtained
should be considered valid since the present study uti-
lized two measures of rapid force production, both show-
ing no improvement due to training, and that the sample
size used in the present study was sufficient for statistical
power (required n=5–14 for 0.80 power).

The present study’s resistance training protocol was
successful in promoting muscle hypertrophy as deter-
mined byVLCSA. This data supports previous findings
that older adults are capable of achieving muscle hyper-
trophy due to resistance training (Moritani and deVries
1980; Häkkinen and Häkkinen 1995; Häkkinen et al.
1998; Kraemer et al. 1999;Mayhew et al. 2009).Muscle
hypertrophy may also have contributed to the observed
improvements in maximum force production since a
large component of maximum force has been shown to
be related to muscle size (Maughan et al. 1983).
Increased muscle size is an important adaptation to
resistance training, particularly for older adults, to pre-
vent the age-associated loss in muscle mass (Aoyagi and
Shephard 1992) and the proposed loss in muscle func-
tion (Raj et al. 2010) that accompanies sarcopenia.
Therefore, the resistance training-induced hypertrophy
of the present study represents a partial reversal of the
aging processes experienced over the past few years by
these subjects. Furthermore, maintenance of muscle
mass may well be positive to maintain normal
metabolic functioning (Dela and Kjaer 2006), as
well as healthy body composition, and provide
benefit if the individual was to suffer deleterious
(treatment of) disease (Wolfe 2006).

One limitation of the muscle hypertrophy measure-
ment used in the present study was that only one quad-
ricepsmuscle was quantified and at only one point along
the muscle length. While this may not fully describe the
phenomena related to the present study’s training proto-
col, large differences in CSA growth between quadri-
ceps muscles would seem unlikely (Häkkinen et al.
1998). Furthermore, since it was not the intention of
the present study to quantify muscle hypertrophy per se,
it may be considered sufficient to demonstrate that re-
sistance training led to increased CSA in the trained
muscles, while normal daily activities performed by
the control group did not.
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The training program was twice per week in accor-
dance with recommendations for this age group (World
Health Organization 2010 p. 31), and all muscle groups
were trained during each session. Furthermore, resis-
tance machines were used for all exercises, with excep-
tion of some trunk exercises, and the training loads were
progressively increased from 60 to 85 % 1RM during
each 10-week training period as recommended by the
American College of Sports Medicine (Garber et al.
2011) for beginners. Also, the number of sets performed
for each exercise was increased from 2 to 5 depending
on the exercise (see Table 2). This type of resistance
training is favored by bodybuilders whose aim is to
increase muscle mass. The training program was well
tolerated by the subjects, who were healthy and free
from cardiovascular or joint diseases, with no incidences
of injury due to training reported.

Conclusions

The present study did not observe training-induced im-
provements in rapid force production, which likely pro-
vides benefit in older adults in maintaining muscle
function and prevention against falls. However, the re-
sistance training-induced adaptations during the present
study’s medium-intensity, high-volume protocol were
specific to increased maximum force production accom-
panied by increased muscle activity and vastus lateralis
cross-sectional area. Therefore, it is recommendable that
resistance training programs for older individuals alter-
nate between protocols emphasizing maximum force/
muscle hypertrophy and rapid force production period-
ically in order to induce health-related and functionally
important improvements in this target population.
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