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Forty-eight healthy men (M) and women (W), divided into two different age groups, i.e., M50 yrs (range 44-57; n =
12), W50 yrs (range 43-57; n = 12), M70 yrs (range 59-75; n = 12), and W70 yrs (range 62-75; n = 12),
volunteered as subjects for examination of muscle cross-sectional area (CSA), maximal voluntary forces, force-time
curves, and electromyographic activity of the knee extensor muscles during bilateral and unilateral isometric
contractions. The maximal bilateral knee extension force and the average CSA values in M50 were greater (p < .05)
than in M70 and in W50 were greater (p < .05-.001) than those recorded for W70. The early forces in the force-time
curve were greater (p < .05) for M50 than for M70 and in W50 were greater (p < .05) than in W70. The individual
values of the CSA of the left and right quadriceps femoris (QF ) correlated (p < .05-.001) with the individual values of
maximal unilateral knee extension forces in M50 (r = .87 andr = .87), M70 (r = .61 andr = .80), W50 (r = .79
andr = .58), and W70 (r = .56 and r = .54). When the force values were related to the CSA of the muscle, W70
demonstrated a lower (p < .05) value than the other three groups. Maximal voluntary bilateral forces didn’t differ
from those of the summed unilateral forces, and the maximal integrated EMG values during the bilateral and
unilateral contractions of the same leg were also the same. The results suggest that the decline in maximal strength
with increasing age could be related to the decline in the CSA of the muscle, but in older people, especially women,
strength decreases seemed to be multifactorial, including possibly a decrease in voluntary neural drive or changes in
“‘qualitative’’ characteristics of the muscle tissue. Explosive strength may decrease with aging even more than
maximal strength, suggesting that atrophying effects of aging may be greater on fast-twitch muscle fibers than on
slow-twitch fibers and/or that the rate of neural activation of the muscles may also be influenced by aging. On the other
hand, the central nervous system in a simple single joint isometric force production of the knee extensors seems to be
capable of activation of the two bilateral QF muscle groups to the same degree in comparison to that of the unilateral

activation only.

UMAN muscle strength in men and women reaches its

peak normally between the ages of 20 and 30 years. It
then remains relatively stable with only slight decreases for
more than 20 years. However, with increasing age, normally
at the onset of the sixth decade, a steeper decline in maximal
strength begins (Larsson, 1978; Asmussen, 1980; Heikkinen
et al., 1984; Young et al., 1984; Viitasalo et al., 1985;
Vandervoort et al., 1986; Gandee et al., 1989; Rice et al.,
1989; Frontera et al., 1991; Hakkinen and Hakkinen, 1991;
Narici et al., 1991; Héakkinen and Pakarinen, 1993). How-
ever, the age-related decrease in strength may be slightly
different in different muscle groups (e.g., Viitasalo et al.,
1985; Frontera et al., 1991). The decrease in maximal
strength has been related, to a great extent, to a reduction in
muscle mass in both men and women. This appears to be
often associated with a decline in normal daily physical
activities and/or with a decline in the intensity of these
activities. The decline in muscle mass is thought to be
mediated by a reduction in the size of individual muscle
fibers, especially of fast-twitch fibers, and/or a loss of
individual fibers (Larsson et al., 1978; Aniansson et al.,
1981; Lexell et al., 1983, 1988; Essen-Gustavsson and

Borges, 1986; Grimby, 1988). This results in a decrease in
explosive muscular strength whether determined using dy-
namic muscle actions (Larsson et al., 1979; Bosco and
Komi, 1980; Davies et al., 1982; Bassey and Harries, 1987;
Viitasalo et al., 1989) or as a lengthening in the time of rapid
isometric force production (Clarkson et al., 1981; Hakkinen
and Hikkinen, 1991; Hikkinen and Pakarinen, 1993). Thus,
aging results in both structural and functional changes in the
neuromuscular system.

As early as 1961, Asmussen and Heeboll-Nielsen demon-
strated that the maximal voluntary force during the bilateral
isometric knee extension was lower than the sum of the
maximal unilateral forces. Since then, the bilateral deficit
has been shown to occur both in large and small muscle
groups as well as in athletic and nonathletic populations
(Secher, 1975; Ohtsuki, 1981; Vandervoort et al., 1984;
Secher et al., 1988; Schantz et al., 1989; Howard and
Enoka, 1991; Koh et al., 1992). The bilateral deficit is
suggested to be primarily due to the inability of the central
nervous system to activate maximally a large number of
bilateral muscles/muscle groups simultaneously and/or that
this decreased activity may be related to peripheral neural
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control (Vandervoort et al., 1984; Howard and Enoka, 1991;
Koh et al., 1992; Archontides and Fazey, 1993). However,
there are studies which demonstrate that the bilateral deficit
could be observed in multi-joint force production tasks but
not in some simple single joint force production tasks or that
some subjects may even exhibit a bilateral facilitation
(Secher, 1975; Schantz et al., 1989; Howard and Enoka,
1991). Presently, no data are available on the phenomenon
of the bilateral deficit in aging men and women after their
sixth decade.

The purpose of the present study was to further examine
age-related changes in muscle cross-sectional area, maximal
and explosive force production characteristics of the knee
extensor muscles in middle-aged and elderly men and
women. A secondary purpose was to examine the phenome-
non of the bilateral deficit by recording electromyographic
activity and force production during the bilateral and unilat-
eral conditions. '

METHODS

Subjects. — The subjects in this study were 12 middle-
aged men in the 50-year-old age group (range 44-57), 12
middle-aged women in the 50-ygar-old age group (range 43—
57), 12 elderly men in the 70-year-old age group (range 59—
75), and 12 elderly women in the 70-year-old age group
(range 62-75). The physical characteristics of the four
subject groups are presented in Table 1. The volunteers were
informed of possible risks and discomforts that might result,
and all subjects gave their written informed consent to
participate in the investigation. The study was conducted
according to the declaration of Helsinki and was approved by
the ethics committee of the University of Jyviskyla.

All the subjects were healthy and living independently in
the town of Jyvaskyld, Finland. The subjects were habitually
physically active. Recreational fitness activities involved
participation in physical activities such as walking, jogging,
swimming, biking, and aerobics, but none of the subjects
had any background in regular strength training or competi-
tive sports of any kind. No medication was being taken by
the subjects which would have been expected to affect
physical performance. Maximal voluntary force data ob-
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tained with the present group of the middle-aged men have
been presented elsewhere with a different hypothetical con-
text (Hikkinen et al., 1995).

Testing. — The subjects were carefully familiarized with
the bilateral and unilateral testing procedures of voluntary
force production during several warm-up contractions which
preceded the actual maximal contractions. A David 200
dynamometer (David Fitness and Medical Ltd), modified for
the isometric testing (Hikkinen et al., 1987), was used to
measure maximal voluntary bilateral and unilateral isometric
peak force, force-time, and relaxation-time parameters of
the knee extensor muscles (Viitasalo et al., 1980; Hiakkinen
etal., 1988). The subject was in a sitting position so that the
knee and hip angles were 107 and 110 degrees, respectively.
The subjects were carefully instructed to respond to an
auditory signal by exerting their maximal force as rapidly as
possible during a time period of 2.5-5.0 s. They were also
instructed to relax the force as fast as possible after the
required contraction time and having reached their maximal
peak force of each contraction. Three to four maximal
testing contractions were first recorded until maximal bilat-
cral peak force was obtained. Thereafter, two to three
maximal unilateral isometric testing contractions were re-
corded separately for the right and left leg. In the unilateral
testing, the subject was in the same sitting position on the
dynamometer as during the bilateral conditions. The time
period of rest between the maximal contractions was always
1.5 minutes.

The force was recorded on magnetic tape (Racal 16) and
thereafter digitized and analyzed with a Codas TM computer
system (Data Instruments, Inc.). Maximal peak force was
defined as the highest value of force (as Newtons; N)
recorded during the bilateral and the two unilateral isometric
contractions. The force-time analysis on the absolute scale
included the calculation of average force produced during
the consecutive time periods of 100 ms in duration from the
start of the contraction up to 500 ms, as well as the force
attained after the first 500 ms. The maximal rate of rise of
force production (N ¢ s~') in the force-time curve was also
analyzed (Viitasalo et al., 1980).

Table 1. Physical Characteristics of Middle-Aged (50 yrs) and Elderly (70 yrs) Men and Women

Men Men Women Women
50 yrs 70 yrs 50 yrs 70 yrs Significance of
Variable (n=12) (n=12) n=12) n=12) Difference
Age (yrs) Mean 49.6 66.8 48.1 67.9 MS50/M70%**
SD 4.1 3.7 4.9 3.7 W50/W7Qk**
Body height (cm) Mean 176.0 168.7 164.5 157.8 MSO/M70**
SD 5.6 52 4.9 4.9 WS50/WT70%*
MS50/W50%**
M70/W70Q4**
Body mass (kg) Mean 835 75.5 68.9 68.7 MS50/W50+*
AY)) 13.6 9.3 7.2 8.1 M70/W70%**
Body fat (%) Mean 16.6 15.1 28.6 29.2 MS50/W S
SD 35 35 3.1 2.8 MT70/WT0kH*

*p < .01; ¥+*p < .001.
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Electromyographic activity (EMG) was recorded from the
vastus lateralis (VL), vastus medialis (VM), and rectus
femoris (RF) muscles of the left or right leg separately
during the corresponding maximal isometric unilateral con-
traction and from all six muscles simultaneously during the
maximal isometric bilateral contraction. Bipolar (20-mm
interelectrode distance) surface EMG recording (Beckman
miniature-sized skin electrodes) was employed. The elec-
trodes were placed longitudinally on the motor point areas
determined by a DISA stimulator. EMG signals were re-
corded telemetrically (Glonner Biomes 2000). In order to
calculate maximum EMG activity, the EMG was integrated
(IEMG) by the computer system and expressed for 1 s for
each muscle separately during the maximal peak force phase
(500-1500 ms) of the isometric contraction. The analysis
also included IEMG produced during the consecutive time
periods of 100 ms in duration from the start of the contrac-
tion up to 500 ms (IEMG-time curve) as well as for the first
500 ms (Hakkinen et al., 1987). The average IEMG values
of the three muscles calculated separately for the right and
left leg were then used for further analysis.

The cross-sectional area (CSA) of the quadriceps femoris
(QF) muscle group (rectus femoris, vastus lateralis, vastus
medialis, and vastus intermedialis muscles) was measured
with a compound ultrasonic scanner (Aloka FANSONIC,
SSD-190) and a 5 MHz convex transducer. Three consecu-
tive measurements were taken separately from both the left
and right thighs and then averaged for the left and right
thigh, respectively. The CSA was measured at the midpoint
between the greater trochanter and lateral joint line of the
knee. The CSA was then calculated from the image by the
computerized system of the apparatus (Ryushi et al., 1988).

The percentage of fat in the body was estimated from the
measurements of skinfold thickness (Durnin and
Womersley, 1967).

Statistical methods. — Conventional statistical methods
were used for calculation of means, standard deviations
(SD), and Pearson product moment correlation coefficients.
The data were then analyzed utilizing analysis of variance.
Probability adjusted t-tests were used for pairwise compari-
sons when appropriate. The significance was chosen at p <
.05 for this investigation.

RESULTS

The maximal bilateral voluntary isometric knee extension
force of 1094 = 228 N in M50 was significantly (p < .05)
greater than that of 888 = 174 N recorded for M70 (Figure
1). The maximal force of 763 = 116 N in W50 was much
greater (p < .001) than that of 565 = 109 N recorded for
W70. The maximal force values differed greatly between
M5S0 and W50 (p < .001) as well as between M70 and W70
(p < .001).

The maximal unilateral forces of both left and right leg
differed also in a similar way between the subject groups, so
that the forces in M50 were greater (p < .05 and NS) than in
M70 and in W50 were greater (p < .001 and .01) than in
W70 (Figure 1). The unilateral forces in M50 were also
much greater (p < .001) than in W50 and in M70 were much
greater (p < .001) than in W70.

Figure 1. Mean (+SD) maximal voluntary isometric force of the knee
extensor muscles in the bilateral (A) and unilateral contractions for the left
(B) and right (C) leg in middle-aged (50 yrs) and elderly (70 yrs) men and
women (*p < .05; **¥p < .001).
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Figure 2. Mean (% SD) cross-sectional area of the quadriceps femoris
muscle for the left (A) and right (B) leg in middle-aged (50 yrs) and elderly
(70 yrs) men and women (*p < .05; **p < .01; ***p < .001).

The average values of 48.2 = 10.3 cm?and 49.8 = 11.1
cm’ for the CSA of the left and right QF in M50 were greater
(NS and p < .05) than those of 42.1 + 8.9 cm?and 42.7 =
7.0 cm? recorded for M70 (Figure 2). The corresponding
values of 36.8 = 7.6 cm? and 37.6 = 5.6 cm? in W50 were
greater (p < .05) than those of 31.2 = 4.2 cm?and 32.3 =
5.7 cm? recorded in W70. The CSA values in M50 were
greater (p < .01) than in W50 and in M70 were greater (p <
.001) than in W70. The individual values of the CSA of the
left and right QF correlated significantly with the corre-
sponding individual values of maximal unilateral knee ex-
tension forces in M50 (r = .87;p<.00landr = .87;p <
.001),inM70(r = .61;p < .0l and r = .80; p < .001), in
W50 (r = .79; p < .001 and r = .58; p < .05), and in W70
(r = .56; p < .05 and r = .54; p < .05) (Table 2). The
individual values of the CSA and force are plotted together
for the whole sample of male subjects in Figure 3 and for all
the female subjects in Figure 4.

When the maximal force values were related to the CSA
of QF, the average values of 22.4 = 2.0 N * cm~2 in M50

Table 2. Correlation Coefficients for Maximal Isometric Force
and Muscle Cross-Sectional Area (CSA) of the Knee Extensor
Muscles (for the Left and Right Leg and the Average Value
of Both Legs) During the Unilateral and Bilateral Contractions
in Middle-Aged (50 yrs) and Elderly (70 yrs) Men and Women

Unilateral Force

Bilateral
Left Leg Right Leg Force
CSA
Men 50 yrs BTk R YA 92kak
Men 70 yrs .61* BOx** .58*
Men 50 + 70 yrs ki BO*** L83k
Women 50 yrs T9Hx* .58* 67
Women 70 yrs .56* .54* 13
Women 50 + 70 yrs Tg¥x* L66%** 6%k

p < .05;**p < .01; ***p < 001.
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Figure 3. The relationship between the cross-sectional area of the quadri-
ceps femoris muscle and maximal voluntary isometric knee extension force
for the left (A) and right (B) leg in middle-aged (50 yrs) and elderly (70 yrs)
men.
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Figure 4. The relationship between the cross-sectional area of the quadri-
ceps femoris muscle and maximal voluntary isometric knee extension force
for the left (A) and right (B) leg in middle-aged (50 yrs) and elderly (70 yrs)
women.

calculated in the bilateral condition didn’t differ significantly
from that of 21.2 = 3.8 N »cm~2recorded for M70 or that of
20.8 + 2.9 N *» cm~? recorded for W50 (Figure 5). The
average value of 17.8 = 2.5 N * cm~? in W70 was signifi-
cantly (p < .05) smaller than that of W50 as well as that of
M70. In both unilateral conditions the average force values
per CSA recorded for W70 were smaller than in the other
groups, differing significantly (p < .05) from that recorded
for the left leg in M70.

The maximum IEMG averaged for the VL, VM, and RF
muscles of the right leg during the maximal voluntary
unilateral contraction didn’t differ significantly from that
recorded for the right leg during the corresponding bilateral
contraction in either M50, M70, W50, or W70 (Figure 6).
This was also true in all groups for the maximum averaged
IEMG for the left leg between the maximal voluntary unilat-
eral and bilateral contractions.

Maximal voluntary isometric bilateral force didn’t differ
significantly from that of the summed unilateral force in M50
(1.07 = .10), M70 (1.02 = .07), W50 (1.05 = .05), or in

MAXIMAI FORCF / CSA

Figure 5. Mean ( = SD) maximal voluntary bilateral isometric force of the
knee extensor muscles per the cross-sectional area of the quadriceps femoris
muscle averaged for the right and left leg in middle-aged (50 yrs) and
elderly (70 yrs) men and women (*p < .0S).
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Figure 6. Mean (+SD) relative integrated electromyographic activity
(IEMG) averaged for the vastus lateralis, vastus medialis, and rectus
femoris muscles in the maximal voluntary isometric bilateral knee extension
for the right and left leg in comparison to that recorded for the respective
unilateral contractions in middle-aged (50 yrs) and elderly (70 yrs) men (A)
and women (B).
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W70(.99 = .05) (Figure 7). This was also true for all groups
with regard to the averaged maximum IEMG of the muscles
between the bilateral and summed unilateral contractions.
The only difference between the groups was that of the force
ratio between W50 and W70.

The shapes of the average bilateral isometric force-time
curves in absolute values differed between the groups, such
that the forces produced during the early (up to 500 ms)
portions of the curve were in M50 greater (p < .05) than in
M70, and in W50 were greater (p < .05) than in W70
(Figure 8). These early forces were in M50 much greater (p
< .001) than in W50 and in M70 were much greater (p <
.001) than in W70. The values of 10195 *+ 5474 in M50,
6624 * 4032 in M70, 5851 = 3271 in W50, and 4479 =
2893 N + s~' in W70 in the maximal rate of rise of force
development differed (p < .05-.001) correspondingly be-
tween the groups. In the unilateral contractions the corre-
sponding differences in the shape of the curves were signifi-
cant between M50 and M70 (p < .05), M50 and W50 (p <
.001), and M70 and W70 (p < .01) for the left leg and

MAXIMAL FORCE A

Bilateral / summed unilatera . 100

MAXIMUM IEMG B

(Bilateral / summed unilateral ) « 100

Figure 7. (A) Mean ( =SD) maximal voluntary isometric bilateral knee
extension force per the summed unilateral force and (B) mean (xSD)
maximum bilateral integrated electromyographic activity (IEMG) per the
summed unilateral activity of the knee extensor muscles in middle-aged (50
vrs) and elderly (70 yrs) men and women (¥p < .05).

between W50 and W70 (p < .05), M50 and W50 (p < .05),
and M70 and W70 (p < .001) for the right leg. The same
differences were also observed in the maximal rate of rise of
force development.

Voluntary explosive bilateral force produced in 500 ms
did not differ significantly from that of the summed unilateral
force in any of the present subject groups (Figure 9). This
was also true with regard to corresponding averaged IEMG
of the muscles produced in 500 ms between the bilateral and
the summed unilateral contractions.

DiscussION

Human muscle strength in both men and women decreases
with increasing age. A steeper decline in maximal force
begins at the onset of the sixth decade of life (Larsson, 1978;
Asmussen, 1980; Heikkinen et al., 1984; Young et al.,
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Figure 8. Average force-time curves of the knee extensor muscles in the
maximal explosively produced voluntary isometric bilateral contraction in
middle-aged (50 yrs) and elderly (70 yrs) men (A) and women (B).
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Figure 9. (A) Mean (% 8D) maximal voluntary explosive bilateral iso-
metric knee extension force produced in 500 ms per the summed unilateral
explosive force, and (B) mean (*SD) bilateral integrated electromyo-
graphic activity (IEMG) produced in 500 ms per the summed unilateral
activity of the knee extensor muscles in middle-aged (50 yrs) and elderly (70
yrs) men and women.

1984; Vandervoort et al., 1986; Gandee et al., 1989; Rice et
al., 1989; Frontera et al., 1991; Hikkinen and Hékkinen,
1991; Narici et al., 1991; Hikkinen and Pakarinen, 1993).
Although the present results should be treated with caution
due to the limited number of subjects, the strength data
obtained from our middle-aged and elderly subjects of both
genders presented in Figure 1 provide added support for this
concept. Maximal bilateral isometric force of the knee ex-
tensor muscles in M70 was 19% lower than in M50, and in
W70 was 26% lower than W50. Accordingly, the maximal
unilateral forces differed considerably between the two age
groups of the same sex both for the left and right leg. As one
could also expect, the two male groups studied differed
clearly from the two female groups in terms of the absolute
strength values, with the bilateral force of W50 69% of M50
and W70 exhibiting 64% of the maximal force recorded for
M70. These data are remarkably consistent with male-

female strength comparisons in younger individuals
(Laubach, 1976) and demonstrate that age does not change
this relationship.

The decrease in maximal strength with increasing age is
influenced by a reduction in muscle mass in both men and
women. The results presented in Figure 2 indicate an age-
related loss of muscle mass, with the CSA of the QF muscle
in M70 smaller than in M50 and CSA of W70 smaller than in
W50. As one might expect, the differences in the CSA
between the genders of the same age groups were also very
clear. The present results further demonstrated that the
individual values of the CSA of the left and right QF
correlated highly significantly with the corresponding indi-
vidual values of maximal unilateral knee extension forces in
the total samples of male (Figure 3) and female subjects
(Figure 4). This finding further supports the concept that the
decrease in muscle mass with increasing age is accompanied
by a parallel decline in maximal strength in both men and
women. However, the present results also demonstrated that
the correlation coefficient between the CSA and maximal
force of the muscle group was somewhat lower in the two
elderly subject groups, especially in W70, than in the two
middle-aged subject groups (Table 2). Furthermore, when
the individual maximal force values were related to the
individual values in the CSA of the muscle, the force per
CSA in W70 was significantly smaller than those recorded
for the other three groups (Figure 5). This finding indicates
that in addition to a decrease in muscle mass, a decline in
maximal strength, especially in older women, might also be,
in part, due to a decrease in maximal voluntary neural input
to the muscles and/or in ‘‘qualitative’’ characteristics of the
muscle tissue itself (Hakkinen and Héakkinen, 1991). It is
likely that the amount of intramuscular fat and/or connective
tissue may, in part, invalidate the ratio between muscle CSA
and force, especially in older women. Because there are
some data to indicate that aging would not necessarily impair
voluntary ability to maximally activate some muscles
(Enoka et al., 1992), the possible decrease in the activation
ability as well as the degree of muscle atrophy and a decline
in strength in aging people may vary between the different
muscles and muscle groups in relation to their decreased use
in normal daily physical activities.

In addition to age-related declines in muscle mass and
maximal strength of the muscles, aging has been shown to
lead to great decreases in explosive strength characteristics
of the neuromuscular system (Larsson et al., 1979; Bosco
and Komi, 1980; Clarkson et al., 1981; Davies et al., 1982;
Bassey and Harries, 1987; Viitasalo et al., 1989; Hakkinen
and Hiakkinen, 1991; Hikkinen and Pakarinen, 1993). Ex-
plosive strength or power of the neuromuscular system to
contribute to locomotion and a role in the prevention of falls
has been hypothesized to be as important as maximal
strength in aging populations (Bassey et al., 1992). The
differences in the shapes of the force-time curves of the
bilateral contractions presented in Figure 8 indicate that
explosive force production capacity of the knee extensor
muscles decreases greatly in aging people, both men and
women. Actually, the average differences in these forces of
20% between M70 and M50 and of 29% between W70 and
W50 were even slightly greater than the corresponding
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difference in maximal strength. Although no muscle biopsy
samples were taken in the present study, the data support the
concept that atrophying effects of increasing age may be
greater on fast-twitch fibers than on slow-twitch fibers, that
there is a loss of fast-twitch fibers (Larsson et al., 1978;
Aniansson et al., 1981; Lexell et al., 1983, 1988; Essen-
Gustavsson and Borges, 1986; Grimby, 1988; Evans, 1992),
and/or that the maximal rate of voluntary neural activation of
the muscles could also be influenced by aging (Hakkinen and
Hikkinen, 1991). The reduction in fiber number could be
caused by either an irreparable damage of the fibers or a loss
of the contact between the nerves of the muscle fibers (Lexell
et al., 1988). It is possible that part of the fiber population
undergoes a denervation process, although a reinnervation
phenomenon may also occur with increasing age (Lexell et
al., 1988). Both a denervation process and inactivity under-
lie the change in fiber size with increasing age, but whether
the fiber type proportion of the muscle is actually altered
during aging is a difficult question to answer. According to
Lexell et al. (1988), there may be several processes affecting
the properties of individual fibers, and alterations due to a
specific loss of a motor unit type may be undetected.

The results presented in Figure 6 demonstrate clearly that
the maximal relative IEMG averaged for the three knee
extensor muscles was approximately the same between the
unilateral and bilateral isometric contractions in the case of
the right thigh musculature as well as for the left thigh
musculature both in the two middle-aged and two elderly
subject groups. Accordingly, maximal voluntary isometric
bilateral force didn’t differ significantly from that of the
summed unilateral force in any of the subject groups (Figure
7). Actually, the bilateral forces in M50, M70, and W50
were slightly greater than the summed unilateral force, and
in W70 the bilateral force was very similar to that of the
summed unilateral force. However, considerable interin-
dividual variation was observed within each subject group.
Schantz et al. (1989) demonstrated, using young male and
female subjects, that the bilateral deficit was not observable
in a simple single joint task of force production, such as the
isometric knee extension. The present data showed this to be
true both in middle-aged and elderly men and women. The
present EMG data further indicate that the CNS would be
capable of maximal activation of the two bilateral QF muscle
groups simultaneously and/or that probably no decrease in
activation was related to peripheral neural control during the
bilateral contractions. The results presented in Figure 9
further showed that no bilateral deficit was observed in either
force or in IEMG during the explosive force production
phase of the maximal isometric force production of the knee
extensors, when the voluntary activation of the muscles
takes place rapidly. To what extent the activation and force
production of the muscles during the present single joint
isometric exercise would differ, in terms of the bilateral
deficit, from those of multi-joint exercises utilizing concen-
tric, eccentric, and various stretch-shortening cycle move-
ments, needs to be examined in detail in the future.

In summary, the present results suggest that the decline in
maximal strength with increasing age, both in men and
women, could be primarily related to the decline in the CSA
of the muscle, whereas, especially in older women, this

decline in strength could be multifactorial, including possi-
bly a decrease in maximal voluntary neural activation or
changes in ‘‘qualitative’’ characteristics of the muscle tis-
sue. The finding that explosive production of the neuromus-
cular system also decreases greatly with aging indicates that
atrophying effects of aging may be greater on fast-twitch
muscle fibers than on slow-twitch muscle fibers and/or that
the rate of neural activation of the muscles may also be
influenced by the aging process in untrained or even just the
recreationally active individuals utilized in this study. On the
other hand, the observation that no bilateral deficit was
found in any of the present subject groups in simple single
joint isometric force production of the knee extensors indi-
cates that the CNS would be capable of activation of the two
bilateral QF muscle groups simultaneously to the same
degree in comparison to that of the unilateral activation only.

ACKNOWLEDGMENTS

This study was supported, in part, by a grant from the Ministry of
Education, Finland.

Address correspondence to Dr. Keijo Hikkinen, Department of Biology
of Physical Activity, University of Jyviskyld, P.O. Box 35, 40351
Jyviskyld, Finland.

REFERENCES

Aniansson, A.; Grimby, G.; Hedberg, M.; Krotkiewski, M. Muscle mor-
phology, enzyme activity and muscle strength in elderly men and
women. Clin. Physiol. 1:73-86; 1981.

Archontides, C.; Fazey, J.A. Inter-limb interactions and constraints in the
expression of maximum force: a review, some implications and sug-
gested underlying mechanisms. J. Sports Sci. 11:145-158; 1993.

Asmussen, E. Aging and exercise. In: Horvath, S.; Yousef, M., eds.
Environmental physiology: aging, heat and altitude. Amsterdam: Else-
vier, 1980:419-428.

Asmussen, E.; Heeboll-Nielsen, K. Isometric muscle strength of adult men
and women. Comm. Danish Natl. Assn. for Infant Paral. 11:3-43;
1961.

Bassey, E.; Harries, V. Force-velocity characteristics of the knee extensor
muscles in young and elderly females. J. Physiol. 384:32-38; 1987.
Bassey, E.J.; Fiatarone, M.A.; O’Neill, E.F.; Kelly, M.; Evans, W.J.;
Lipsitz, L.A. Leg extensor power and functional performance in very

old men and women. Clin. Sci. 82:321-327; 1992.

Bosco, C.; Komi, P. Influence of aging on the mechanical behavior of leg
extensor muscles. Eur. J. Appl. Physiol. 45:209-214; 1980.

Clarkson, P.; Kroll, W.; Melchiond, A. Age, isometric strength, rate of
tension development and fiber type composition. J. Gerontol. 36:648—
653; 1981.

Davies, C.; White, M.; Young, K. Contractile properties of leg muscles in
relation to dynamic performance in elderly men aged 70 years. J.
Physiol. [Lond.] 327:58; 1982.

Durnin, J.; Womersley, Y. Body fat assessed from total body density and its
estimation from skinfold thickness: measurements on 481 men and
women aged from 16 to 72 years. Br. J. Nutr. 32:77-97; 1967.

Enoka, R.; Fuglevand, A.; Barreto, P. Age does not impair the voluntary
ability to maximally activate muscle. In: Draganich, L.; Wells, R.;
Bechtold, J., eds. The proceedings of the second North American
Congress in Biomechanics. Chicago, IL: NACB, 1992:63-64.

Essen-Gustavsson, B.; Borges, O. Histohemical and metabolic characteris-
tics of human skeletal muscle in relation to age. Acta Physiol. Scand.
126:107-114; 1986.

Evans, W.J. Sarcopenia: the age-related loss in skeletal muscle mass. In:
Buckwalter, J.A.; Goldberg, V.M.; Woo, S.L.Y., eds. Musculoskele-
tal soft-tissue aging: impact on mobility. Colorado Springs, CO: Ameri-
can Academy of Orthopaedic Surgeons Symposium, 1992:217-227.

Frontera, W.; Hughes, V.; Lutz, K.; Evans, W. A cross-sectional study of
muscle strength and mass in 45- to 78-year-old men and women. J.
Appl. Physiol. 71:644-650; 1991.

220z 1snbny oz uo 1senb Aq 1 £2985/1.29/L/V L G/a101e/ABojojuoiabpawolg/woo dno-olwapese//:sdyy wolj papeojumoq



NEUROMUSCULAR FUNCTION AND AGING B29

Gandee, R.; Hollering, B.; Kikukawa, N.; Rogers, S.; Narraway, A.;
Newman, I.; Haude. R. The influence of age upon isokinetic leg
strength of adult males. In: Harris, R., ed. Physical activity, aging and
sports, vol. I. Albany, NY: The Center for the Study of Aging,
1989:369-373.

Grimby, G. Physical activity and effects of muscle training in the elderly.
Ann. Clin. Res. 20:62-66; 1988.

Hikkinen, K.; Hikkinen, A. Muscle cross-sectional area, force production
and relaxation characteristics in women at different ages. Eur. J. Appl.
Physiol. 62:410-414; 1991.

Hikkinen, K.; Pakarinen, A. Muscle strength and serum testosterone,
cortisol and SHBG concentrations in middle-aged and elderly men and
women. Acta Physiol. Scand. 148:199-207; 1993.

Hikkinen, K.; Komi, P.V.; Kauhanen, H. Scientific evaluation of specific
loading of the knee extensors with variable resistance, isokinetic and
barbell exercises. In Marconnet, P.; Komi, P.V., eds. Medicine and
sport science. Basel: Karger, 1987:224-237.

Hiikkinen, K.; Kauhanen, H.; Komi, P.V. Effects of fatiguing loading with
a variable resistance equipment on neural activation and force produc-
tion of the knee extensor muscles. Electromyogr. Clin. Neurophysiol.
28:79-87; 1988.

Hikkinen K.; Pastinen, U.M.; Karsikas, R.; Linnamo, V. Neuromuscular
performance in voluntary bilateral and unilateral contractions and dur-
ing electrical stimulation in men at different ages. Eur. J. Appl. Physiol.
70:518-527; 1995.

Heikkinen, E.; Arajirvi, R.L.; Era, P.; Jylhd, M.; Kinnunen, V.; Leskinen,
A.L.; Leskinen, E.; Misseli, E.; Pohjolainen, P.; Rahkila, P.;
Suominen, H.; Turpeinen, P.; Viisinen, M.; Osterback, L. Functional
capacity of men born in 1906-1910, 1926-1930 and 1946-1950. A
basic report. Scand J. Soc. Med. (Suppl.) 33:1-93; 1984.

Howard, J.D.; Enoka, R.M. Maximum bilateral contractions are modified
by neurally mediated interlimb effects. J. Appl. Physiol. 70:306-316;
1991.

Koh, T.J.; Grabiner, M.D.; Clough, C.A. The bilateral deficit for step
versus ramp maximal isometric torque generation. In: The proceedings
of the second North American Congress in Biomechanics. Chicago, IL:
NACB, 1992:561-562.

Larsson, L. Morphological and functional characteristics of the aging
skeletal muscle in man. A cross-sectional study. Acta. Physiol. Scand.
(Suppl.) 457:1-36; 1978.

Larsson, L.; Sjodin, B.; Karlsson, J. Histochemical and biochemical
changes in human skeletal muscle with age in sedentary males age 22~
65 years. Acta Physiol. Scand. 103:31-39; 1978.

Larsson, L.; Grimby, G.; Karlsson, J. Muscle strength and speed of
movement in relation to age and muscle morphology. J. Appl. Physiol.
46:451-455; 1979.

Laubach, L.L. Comparative muscular strength of men and women: areview
of the literature. Aviat. Space Environ. Med. 47:534~542; 1976.

Lexell, J.; Henriksson-Larsén, K.; Winblad, B.; Sjostém, M. Distribution
of different fiber types in human skeletal muscles. 3. Effects of aging
studied in whole muscle cross sections. Muscle Nerve 6:588-595;
1983.

Lexell, J.; Taylor, C.; Sjostrom, M. What is the cause of the aging atrophy?
Total number, size and proportion of different fiber types studied in
whole vastus lateralis muscle from 15- to 83-year-old men. J. Eur. Sci.
84:275-283; 1988.

Narici, M.; Bordini, M.; Cerretelli, P. Effect of aging on human adductor
pollicis muscle function. J. Appl. Physiol. 71:1277-1281; 1991.

Ohtsuki, T. Decrease in grip strength induced by simultaneous exertion
with reference to finger strength. Ergonomics 24:37-48; 1981.

Rice, C.; Cunningham, D.; Paterson, D.; Rechnitzer, P. Strength in an
elderly population. Arch. Phys. Med. Rehabil. 70:391-397; 1989.
Ryushi, T.; Hakkinen, K.; Kauhanen, H.; Komi, P.V. Muscle fiber
characteristics, muscle cross-sectional area and force production in
strength athletes, physically active males and females. Scand J. Sports

Sci. 10:7-15; 1988.

Schantz, P.G.; Moritani, T.; Karlson, E.; Johansson, E; Lundh, A. Maxi-
mal voluntary force of bilateral and unilateral leg extension. Acta
Physiol. Scand. 136:185-192; 1989.

Secher, N.H. Isometric rowing strength of experienced and inexperienced
oarsmen. Med. Sci. Sports 7:280-283; 1975.

Secher, N.H.; Rube, N.; Ellers, J. Strength of two- and one-leg extension in
man. Acta Physiol. Scand. 134:333-339; 1988.

Vandervoort, A.; Sale, D.; Moroz, J. Comparison of motor unit activation
during unilateral and bilateral leg extension. J. Appl. Physiol. 56:46—
51;1984.

Vandervoort, A.; Hayes, K.; Belanger, A. Strength and endurance of
skeletal muscle in the elderly. Physiother. Can. 38:167-175; 1986.
Viitasalo, J.T.; Saukkonen, S.; Komi, P.V. Reproducibility of measure-
ments of selected neuromuscular performance variables in man. Elec-

tromyogr. Clin. Neurophysiol. 20:487-501; 1980.

Viitasalo, J.T.; Era, P.; Leskinen, A.L.; Heikkinen, E. Muscular strength
profiles and anthropometry in random samples of men aged 31 to 35, 51
to 55 and 71 to 75 years. Ergonomics 28:1503—-1574; 1985.

Viitasalo, J.; Viljanen, T.; Kujala, U. Evaluation of vertical jumping tests.
In: Gregor, R.; Zernicke, R.; Whiting, W., eds. The proceedings of
Biomechanics XII. Los Angeles: University of California, 1989:
156-157.

Young, A.; Stokes, M.; Crowe, M. Size and strength of quadriceps muscles
of old and young women. Eur. J. Clin. Invest. 14:282-287; 1984.

Received June 29, 1994

Accepted December 22, 1994

220z 1snbny oz uo 1senb Aq 1 £2985/1.29/L/V L G/a101e/ABojojuoiabpawolg/woo dno-olwapese//:sdyy wolj papeojumoq



