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Abstract 
T 

Age-related processes in the neuromuscular and 
the somatosensory system are responsible for 
decreases in maximal and explosive force pro
duction capacity and deficits in postural con
trol. Thus, the objectives of this study were to 
investigate the effects of resistance training on 
strength performance and on postural control 
in seniors. Forty healthy seniors (67 ± 1 yrs) par
ticipated in this study. Subjects were randomly 
assigned to a resistance training (n=20) and a 
control group (n=20). Resistance training for the 
lower extremities lasted for 13 weeks. at 80% of 
the one repetition maximum. Pre and post tests 
included the measurement of maximal isometric 
leg extension force' with special emphasis on the 

Introduction 
T 

There have been substantial increases in the per
centage of people aged 65 and older in societies 
of western industrial countries. This trend neces
sitates intense research attention into the effects 
of aging on neuromuscular performance and its 
functional conseq'lences. Twenty-eight to thirty
five per cent of individuals over the age of 65 
years sustain at least one fall over a one-year 

(period [2) and the occurrence increases to 32-
42% in adults over the age of 75 years [33]. 
Numerous epidemiological studies have identi
fied a multitude of risk factors for falling, like 
impaired depth perception, slow reaction time, 
and increased body sway [19]. In particular, defi
cits in postural control as well as decreases in 
~trength and power of the lower extremities are 
important risk factors for falls in old age [13,29]. 
Era et al. [5) assessed static postural control on a 
force platform in a randomly selected sample of 
subjects aged 30 years and over. Differences in 
balance performance were already apparent 

early part of the force-time-curve and the assess
ment of static (functional reach test) and dynamic 
(tandem walk test, platform perturbation) pos
tural control. Resistance training resulted in an 
enhanced strength performance with increases 
in explosive force exceeding those in maximal 
strength. Improved performances in the func
tional reach and in the tandem walk test were 
observed. Resistance training did not have an 
effect on the compensation of platform perturba
tions. Increases in strength performance can pri
marily be explained by an improved neural drive 
of the agonist muscles. The inconsistent effect of 
resistance training on postural control may be 
explained by heterogeneity of testing methodol
ogy or by the incapability of isolated resistance 
training to improve postural control. 

among young (30-39-year olds) and middle-aged 
adults (40-49-year olds) and became even more 
pronounced after the age of 60 years. In addition, 
Fernie et al. [7] investigated subjects aged over 63 
years and observed that postural sway was sig
nificantly greater for those who fell one or more 
times in a year than for those who did not fall. 
The impact of neuromuscular aging is not only 
restricted to deficits in postural control. it also 
has an effect on maximal and explosive force 
production capacity. The average reported 
decline in maximal strength ranges from 20 tf 
40% between the ages of 30 to 80 years [21 . 
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tion between muscle weakness and deficits in postural.control, 
't can be hypothesized that resistance training could attenuate 
~r even reverse age-related impairments in both, strength per
formance and postural controL However, a recently published 
review 011 the efficacy of resistance training on balance perform
ance in older adults provided limited support for the impact of 
resistanCe training in isolation on balance performance [28]. 
With the goal of further investigating this issue, the specific 
objectives of this study were to investigate the effects of heavy 
resistance strength training (HRT) on (a) maximal and explosive 
force production capacity with special emphasis on the early 
part of the force-time-curve and (b) 011 static and dynamic pos
tural control in elderly men. 

Materials and Methods , 
subjects 
Forty males between the ages of 60 and 80 years (mean age 
67 ± 1 yrs; body-mass-index 25.2 ±0.4 kg/m2) provided written 
informed consent to participate in the study after experimental 
procedures were explained. Subjects were healthy with no his
tory of serious muscular, neurological, cardiovascular, metabolic 
and inflammatory diseases. The participants can be classified as 
physically active with 10.3 h per week of daily and sports activi
ties [9]. None of the subjects had previously participated in sys
tematic strength training. Local ethical permission was given 
and all experiments were conducted according to the declara
tion of Helsinki. 

Training program 
The 40 subjects were randomly assigned to a heavy-resistance 
strength training group (HRT-group) and a control-group (CON
group). Subjects of the HRT-group participated in a 13 week 
training program with three training sessions a week according 
to the ACSM position stand on resistance training for the elderly 
[6]. The first week was designed as a pre training period for sub
jects to become acquainted with the weight training machines 
and training intensity. Training was performed on alternate days 
so as to provide a sufficient resting period between sessions. 
Each session lasted for one hour and started with a 10 min warm 
up program on a bicycle ergometer at 80 W. The HRT-group was 
provided a lower limb HRT regime at 80% of their one repetition 
maximum (1 RM) on the leg press, the leg-extension, the calf
raise, and a cable column for exercising foot dorsiflexors. Sub
Jects performed three sets of ten repetitions for each exercise. 
SUbjects rested for two minutes between sets. Training intensity 
~. . 
b ~ of the 1 RM) was examined for each subject on a weekly 

aSIS and the training load was adjusted according to the 1 RM 
test. All training sessions ended with a ten minute cool down 
~~riOd ~hich consisted of riding on a bicycle ergometer at 80 W. 
th sesSIons were documented and supervised by the authors of 

e stUdy. The CON-group did not receive any intervention. 

lest' 
p 109 protocol and apparatus 
l:~- and post measurements were conducted in our biomechanic 
atuorato~y. Test circumstances (e.g., room illumination, temper
tUr re, nOls.e) Were in accordance with recommendations for pos
tes~graphlc testing [16J. The testing protocol included (a) clinical 
(fun::,or the assessment of static and dynamic postural control 
app]' IO?al reach test (FRT), tandem walk test (TWT)), (b) the 

IcatlOn of a medio-lateral perturbation impulse on a swing-

ing platform, and (c) the assessment of maximal isometric leg 
extension force (MIF) on a leg press:This testing sequence was 
applied in order to keep the effects of neuromuscular fatigue 
minimaL 

Clinical tests 
'. Static postural control was assessed by means of the functional 

reach test [4). For this purpose, we constructed a moveable slid
ing apparatus which allowed tfie determination of the maximal 
distance one can reach forward beyond arm's length while 
maintaining a fixed base of support in the standing position. The 
first two trials wer~ ,performed to familiarize subjects with the 
FRT. Trials three and four were averaged and taken for further 
analysis. Reach forward distances between 15.4 and 25.4cm 
indicate a moderate risk of falling [4]. Dynamic postural control 
was assessed by means of the TWT [24). Subjects were asked to 
walk ten steps (heel to toe) at a self selected speed on a straight 
2 cm wide line which was attached on the floor. Hands rested on 
the hips and subjects had to look straight forward to a cross 
attached to the wall. The number of successful steps on the line 
were calculated in forward and backward direction and taken 
for further analysis. Three trials were performed in forward and 
backl.yard direction and averaged for each direction. 

Medio-Iateral perturbation impulse 
This test involved a one-legged postural stabilization task on a 
two-dimensional platform (Posturomed, Haider, Bioswing, Pul
lenreuth, Germany). The platform is mounted to four springs 
and is only free to move in the transversal, medio-Iatera('and 
anterior-posterior directions. The maximal natural frequency of 
the Posturomed is below 3 Hz. The mechanical constraints and 
the reliability of the system were described earlier [23]. If the 
platform is in neutral position, the maximum range of motion in 
the anterior-posterior (ap) and medio-lateral (ml) directions 
amounts to 70mm respectively. Medio-Iateral perturbation 
impulses were applied in order to investigate quasi dynamic 
postural control of the subjects. Therefore, the platform was 
moved 2.5cm from the neutral position in the medio-lateral 
direction, where it was magnetically fixed. For experimental 

, testing, subjects were asked to stand on one leg on the fixed plat-
form with their supported leg in 30· flexion, hands placed on 
hips and gaze fixated on a cross on the wall. Several trials helped 
participants to get accustomed to the measuring device. After 
investigators visually controlled the position of the subjects, the 
medio-lateral perturbation impulse was unexpectedly applied 
by detaching the magnet. The platform suddenly accelerated in 
the medial direction. The subjects' task was to damp the oscillat
ing platform by balancing unilaterally on the Posturomed. 
Summed oscillations of the platform in ml and ap wete assessed 
by means of a joystick like 2D potentiometer (Megatron) which 
was connected to the platform. The potentiometer me'lsured the 
position of the platform in degrees [0). The signal was pifferenti
ated, rectified and integrated over the lOs test interval. Three 
trials were performed. The best trial (least oscillations in ml 
direction) was used for further analysis (0 Fig. 2). 

leg-press 
MIF was measured on a leg-press, with each foot resting on a 
one-dimensional force platform (Kistler). Subjects were hori
zontally positioned on the sledge of the leg-press with hip and 
knee angle adjusted at 90 0

• The waist was fixed and subjects 
were allowed to stabilize their upper body by holding on to han-



• 
dies attached to the leg-press. Subjects were instructed to avoid 
forced respiration during maximal efforts. Before the testing 
started. subjects became accustomed to the testing procedure 
by dojng a warm-up consisting of three to five submaximal iso
metric actions. Thereafter. each subject performed three to four 
leg-press exercises with maximal voluntary effort. For each trial. 
subjects were thqroughly instructed to act as forcefully and as 
fast as possible. The force signal perpendicular to the force plate 
was sampled at 500~z. The raw force signals were analogue-to
digital converted and stored on a Pc. During later offline analy
sis. the trial with'MIF was selected and the force signal was 
filtered by a digital fourth order recursive Butterworth low-pass 
filter. using a cutoff frequency of 50 Hz. Onset of force was deter
mined at 2 % of each individual's MIF. MIF and RFD were calcu
lated from the individual maximal isometric force development 
record. MIF was defined as the maximal voluntary force value of 
the force-time curve. determined under isometric condition. 
RFDmax was defined as the maximal slope at deflection of the 
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force-time curve (MorcejLltime). In addition. RFD30 and RFD 
were calculated as the mean slope of the force-time curve 0 100 

the time interval 0-30 ms and 0-100 ms (0 Fig. 1). ver 

Electromyography (EMG) 
Circular bipolar surface electrodes (Hellige®. type 44008347 
AgjAgCl) (diameter lOmm. center to center distance 25ml11 
were placed over m. tibialis anterior (TA). m. soleus (SO). m. pero~ 
naeus (PE). and m. vastus medialis (VM) of the right leg. The lon_ 
gitudinal axes of the electrodes were in line with the direction of 
the underlying muscle fibers. The reference electrode Was 
attached to the patella. All electrode positions were carefully 
determined and marked with a waterproof felt tip pen on the 
skin to enable precise electrode application in the post tests. If 
necessary. markers were retraced during the training sessions. 
In a previous study [12]. the applied EMG parameters proved to 
be reliable under similar test conditions. Interelectrode resist
ance was kept below 5 kO by shaving. slightly roughening. 
degreasing and disinfecting the skin. EMG signals were sampled 
at 500Hz. amplified and bandpass filtered (10-1 OOOHz) and 
were carefully monitored for artifacts. noise and cross-talk. EMG 
data were quantified by integrating and time normalizing the 
full-wave rectified. as well as averaged EMG-signals (mean 
amplitude voltage (MAV)). In terms of the medio-Iateral pertur
bation impulse. MAV of TA and PE were analyzed in the time 
interval of 10 s following the release of the magnet (0 Fig. 2). 
With respect to MIF. MAV of SO and VM were analyzed in the 
time intervals 0-30 ms. 0-100 ms. and 100 ms pre and post MIF 
(0 Fig. 1) . 

Statistical analysis 
Data are presented as group mean values±SE. Due to the design 
of our study. data were analysed in a 2 group (HRT. CON) x 2 test
ing session (Pre-. Post-Test) analysis of variance with repeated 
measures on testing session after normal distribution was exam
ined (Kolmogorov-Smirnov-test). In addition. pre training differ
ences between the two experimental groups were calculated in 
all analysed parameters by means of the multivariate general 
linear model. The classification of effect sizes was determined by 
calculating partial rp p' The significance level was set at p < 0.05. 
All analyses were performed using Statistical Package for Social 
Sciences (SPSS) version 16.0. 

trigger 
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Fig. 2 Rectifiedelectromyographic signals of m. 
tibialis anteriOdnd"m, perOnaeus of one subject 
during the Compensation of the medio-Iateral 
perturbation impulse on the Posturomed. 
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Table 1 Impact of 13 weeks of resistance training on strength performance and postural control in elderly men. 

MIFfN] pSO.01 

RFDmax fN/ms] 7.1 ±0.7 11.1 ±1.2 pSO.Ol 1.17 
RFD30 fN/ms] 0.61 ±0.06 0.99±0.16 62 p:S;O.Ol 1.28 
RFD100 [N/ms] 1.00±0.09 1.48±O..l4 48 pSO.Ol 0.96 
MAV SO 100 ms pre post rvllF hN] 55.4±8.8 91.8±9.8 66 pSO;Ol 0.63 
MAV VM lOOms pre post MIF fiN] T40.S± 15.3 171.8±19.8 22 pSOoOl 0.13 
MAV SO 0-30ms [J.N] 31.8±6.5 60.5±13.2 90 pSO.01 0.90 
MAVVM 0-30ms [J.lV] 103.4± 12.9 144.1±18.9 \ 39 pSO.01 0.51 
MAV SO 0-100 ms fJ.lVJ 51.4± 10.8 78.9± 14.5 53 pSO.Ol 0.44 
MAVVM 0-100ms 

TWT forward [number of successful steps on line] 5.9±0.5 7.8±0.5 pso.of; 0.68 
TWT backward [number of successful steps on line] 3.5±0.6 5.6±0.5 60 pSO.Ol 1.11 
summed qScillations in ml direction [m] 1.61 ±0.18 1.57±0.13m 2.5 n.s. -0.02 
summedpscillations in ap direction [m] 1.13±0.22 1.05±0.17 7.1 n.s, 0.03 
MAV TA 0.,.10s fiN] 51.6±2.6 46.0±2.3 10.8 n.s. 0.02 
MAV PE 0-10s [J.lV] 32:1 ± 1.8 30~6±2.3 4.7 n.s. 0.07 
MIF" maximal isometric leg extension force, RFDm,," maximal rate of force development; RFD30= mean slope of the force time curve over the time interval 0-30 ms; 

RFDlOo"mean slope of the force time curve over the time interval O-lOOms; MAV SO lOOms pre post MIF=mean amplitude voltage of m. soleus in the time interval 100 ms 

pre and post MIF. MAVVM lOOms pre post MIF=mean amplitude voltage of m. vastus medialis in the time interval lOOms pre and post MIF. MAV SO 0-30ms=mean 

amplitude voltage of m. soleus during maximal isometric leg extension in the tiJTfi> interval 0-30 ms; MAV VM 0-30 ms= mean amplitude voltage of m. vastus medialis during 

maximal isometric leg extension in the time interval 0-30 ms; MAV SO 0-100 ms = mean amplitude voltage of m. soleus during maximal isometric leg extension in the time 

interval 0-100 ms; MAV VM 0-100 ms = mean amplitude voltage of m. vastus medialis during maximal isometric leg extension in the time interval 0-1 OOms. FRT= funcUpnal 

reach test, TWT = tandem walk test. MAV TA 0-1 OF mean amplitude voltage of m. tibialis anterior during the medio-Iateral perturbation impulse in the time interval 0-10 s, , 

MAV PE 0-1 Os= mean amplitude voltage of m. peronaeus during the medio-Iateral perturbation impulse in the time interval 0-1 Os, n.S. = non Significant 
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Fig.3 Maximal isometric leg extension force (MIF) expressed in N 
(mean +SE) before (dark triangle) and after (lighttriangle) the training 
period and mean amplitude voltage (MAV) of m. vastus medialis (VM) 
expressed in J.lV (mean + SE) in the time interval 1 00 mspre and post 
MIF before (dark square) and after (light square) the training period. The 
dashed lines indicate that pre to post changes are notnecessarilylinear. 
HRT-group stands for the heavy resistance strength training group; CON
group for the control-group. Pre- to post training differences; * *p<O.Ol. 

ReSUlts , 
FOllOWing 13 weeks of training. maximal and explosive force 
prOduction capacity were significantly enhanced in the HRT
group With increases in RFDmax. RFD30• and RFDlOO exceeding 
thOse in MIF (c Table 1. e Figs. 3. 4). In addition. neural activa
tion o[SO and VM were significantly enhanced in the time inter
Vals lOOms pre and post MIF. onset of force to 30ms (0-30ms). 
~nd onset of force to 100 ms (0-100 ms) (e Table 1. e Figs. 3. 4). 
Ufthermore. static and dynamic postural control. assessed by 
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Fig.4 Mean slope ofthe force time curve in the time interval from 
onset offorce to 30ms (RFD30) expressed in N/ms (mean + SE) before 
(dark triangle) and after (light triangle) the training period and mean 
amplitude voltage (MAV) arm. vastus medialis (VM) expressed in J.lV 
(mean + SE) in the time interval from onset of force to 30 ms before (dark 
square)and after (light square) the training period. The dashed lines 
indicate that pre to post changes are not necessarily linear. ~RT-group 
stands for the heavy resistance strength training group; COr\(.group for 
the control-group. Pre-to posttraining differences: **p<O.Ol. 

I 
means of the FRT and TWT. were significantly imptoved in the 
HRT-group after training (e Table 1. e Fig. 5). However. HRT 
did not have an impact on quasi-dynamic postural control in . 
terms of the compensation of the medio-lateral perturbation' 
impulse on the Posturomed. Thus. summed oscillations of the 
platform in ml and ap directions and neural activation of the TA 
and PE were not significantly changed after training (e Table 1. 
e Fig. 5). No significant differences in pre values of the analysed 
parameters were observed between the experimental groups. 
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Fig. 5 Performance in the functional reach test (FRT) expressed in 
c;n (mean +SE) before (dark triangle) and after (light triangle) the 
training period and.summed oscillations of the Posturomed platform in 
~edio-Iateral direction expressed in m (mean + SE) in the time interval 
from the release of the platform to 10s before (dark square) and after 
(light square) the training period. The dashed lines indicate that pre to 
post changes are notnecessarily linear. HRT-group stands for the heavy 
resistance strength training group; CON-group for the control"group. Pre
to post training differehces: *. p< 0.01. 

With respect to the CON-group, no significant changes could be 
detected in the analysed parameters. 

Discussion 
T 

In this study, HRT resulted in a significantly improved maximal 
an'd explosive force production capacity with increases in explo
sive fo'rc:e exceeding those in maximal strength. In addition, an 
improved static and dynamic postural control was observed in 
clinical (FRT, TWT) but not in biomechanical (medio-Iateral per
turbation impulse) tests. The observed results concerning the 
impact of HRT in old age on strength performance are in accord
ance with literature. It has frequently been observed, that even 
in this age group, strength training results in an increase in max
imal as well as explosive force production capacity [25]. In addi
tion, a meta-analysis on the impact of progressive resistance 
training in older adults on strength performance of the leg 
extensors revealed an effect size of 0.68 [18]. Given that the abil
ity to generate force rapidly is, from a fall preventive point of 
view, more relevant than the capacity to produce maximal 
strength [32], it is of paramount importance to apply strength 
training programs which have the potential to enhance explo
sive force production capacity. Recently, it has been suggested 
that high-speed power training has a greater impact on explo
sive force production capacity in the elderly than HRT [22]. Mis
zko et al. [22] compared power training to strength training in 
older community-dwelling adults. They observed that adaptive 
processes were specific to the type of training, i. e., power train
ers increased power, and strength trainers increased strength to 
a greater extent. However, in another study, it has been reported 
that muscle power and muscle strength improved similarly fol
lowing 24 weeks of high-speed power training or HRT [14]. In 
addition, the outcomes of the present study do not support the 
results of Miszko et al. [22], because HRT had a greater impact 
on explosive force than on maximal strength (c Table 1 ). A rea
son for this might be that individuals with initial low strength 
levels may see improvements throughout the force velocity 
spectrum even though HRT and not power training was applied 
[17]. Furthermore, since age-related decreases in explosive force 
exceed those in maximal strength [20], levels of explosive force 

are particularly low in seniors. This low base level could 
responsible for the observed high increases in explosive f, be 
Thus, it seems plausible to argue that HRT is a feasible, effec~:ce. 
and safe training program for older adults if the primary go I~~, 
to induce increases in maximal and explosive force Produc;' IS 

. ~ capacity. 
T.he question of underlYi~g ~euro~uscular mechanisms resPon_ 
Sible for the observed gal11s 111 maximal and explosive force p 
duction capacity f~lIowing HRT, ~Iso warrants attention. Ba::~ 
on the results of thIS study and WIth reference to literature [30J 
it can be hypothesized that strength gains can be attributed Pri~ 
marily to increased agonist neural drive. EMG measurements 
taken from the VM during maximal isometric leg extension 
action showed increases from 22-39% compared to pre training 
values. Training induced muscle hypertrophy could also be 
responsible for the observed strength gains. Due to methodo_ 
logicallimitations of this study, we can not predict the influence 
of an increase in muscle cross-sectional area on the improved 
strength performance. Other investigators used imaging tech
niques (MRI- and CT-scan) and found enlargements of cross-sec
tional area in muscles of the upper and lower extremities of 
5-17 % in the elderly after resistance training lasting -3 months 
[3,8]. Thus, predominately neural factors but also muscle hyper
trophy could account for the observed strength gains. 
The results of the present study concerning the effects of HRT in 
seniors on postural control are heterogeneous and thus in 
accordance with literature. In a recent systematic review on the 
efficacy of progressive resistance training on balance perform
ance in older adults [28], only 14 studies of the 29 studies 
reviewed reported that the resistance training group performed 
from 2-98% better than the con-group in a balance outcome. 
Interestingly, studies that included multiple balance tests have 
shown significant improvements in one or some, but not every, 
balance test [28]. Thus, heterogeneity in balance testing meth
odology could be one reason for the observed discrepancies in 
the literature. Future studies should therefore provide compara
ble data by applying similar balance tests. 
The inconsistency in literature is illustrated in the present study 
in an enhanced performance in the FRT and the TWT and no 
significant changes in the ability to compensate for a medio-Iat
eral perturbation impulse following HRT. This is reinforced by a 
meta-analysis on the impact of resistance training in old age on 
postural control [18]. Latham et al. [18] could not find a clear 
effect of resistance training on various measures of standing bal
ance among 789 partici pants (effect size = 0.11). 
The investigated improvements in the FRT and the TWT are in 
accordance with two other studies [31,15]. Sousa and Sampaio 
[31 J found a 13 % increase in performance of the FRT, Jette et al. 
[15] investigated a 20% increase in performance of the TWT fol
lowing resistance training. The absence of a training-induced 
effect of HRT on the ability to compensate for a media-lateral 
perturbation impulse is in accordance with a study conducte~ 
by Bellew et al. [1]. These authors investigated the impact 0

1 resistance training in seniors on quasi dynamic postural contra 
by means of applying an upward directed perturbation impulse 
(dorsiflexion offoot) while subjects were standing on a platform. 
Twelve weeks of resistance training did not have a positive effec~ 
on balance performance. Furthermore, Granacher et al. [10 

TtytO could not find an impact of HRT in elderly men on the abl I d-
compensate for perturbation impulses while walking on a trea 
mill. The observed discrepancy in this study and in IiteratUr~ 
concerning the effects of resistance training on postural contro 



may be explained by heterogeneity of cohort and balance tests. 
variability in methodology of the applied balance tests and sam
ple size. inadequate t~ai~ing methods and/or .c~mpliance to 
training. or lack of statistICal power [28]. In additIOn. Orr et al. 
[28J point out that resistance training alone could not have the 
potential to induce improvements in balance control. Thus. 
resistanCe with different training loads and/or contraction 
velocities as well as other training regimes (i. e .. balance training) 
should be considered which might be more efficient in terms of 
their impact on postural control in old age. In fact. recent studies 
indicate that strength training combined with modified power 
type of exercises or even high speed power training seem to have 
a greater impact on balance performance and ADL in old age 
than traditional heavy resistance strength training [22.27]. In 
addition. exercise programs that include balance training com
ponents have tended to be most effective in their impact on 
strength performance and postural control. Preliminary results 
indicate that balance training has an effect on maximal and 
explosive force production capacity of the lower extremities and 
functional reflex activity during gait perturbations in seniors 
[10.11J. 
In conclusion. HRT is a feasible. effective. and safe training pro
gram to induce gains in maximal and explosive force production 
capacity. However. the application of HRT in old age might not 
be appropriate if the primary goal is to induce improvements in 
postural control. Thus. alternative and more efficient training 
regimes should be administered. There is evidence that high 
speed power training and balance training have the capacity to 
improve strength performance and postural control in old age 
and thereby prevent elderly people from falling. 
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