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ABSTRACT 
 
 
Korhonen, Marko T. 
Effects of aging and training on sprint performance, muscle structure and contractile 
function in athletes   
Jyväskylä: University of Jyväskylä, 2009  
(Studies in Sport, Physical Education and Health, 
ISSN 0356-1070; 137) 
ISBN 978-951-39-3613-6 (PDF), 978-951-39-3611-2 (nid.)
Finnish summary 
Diss. 
 
Cross-sectional studies were conducted to examine sprint running, anaerobic energy 
production and muscle properties in male sprinters aged 17-88 years. In addition, a 20-
week training intervention was carried out to determine whether older runners can 
further improve their neuromuscular and performance characteristics by a greater 
emphasis on strength training. With age, sprint performance declined gradually (5-
6%/decade). The slowing of maximum speed was characterized by a reduction in 
stride length and an increase in contact time along with lower ground reaction forces 
(GRF) and smaller leg and vertical stiffness during the contact phase. Stride frequency 
showed small decline while swing time remained unaffected with age. Variability in 
the biomechanical parameters that showed good repeatability (CV 1-6%) was the same 
in the older as younger runners, and no age effect was seen in the symmetry of the 
measures. [La]b peak declined with age after races over 100-400 m, the decrease 
becoming more evident from age 70. Running times correlated inversely with [La]b peak. 
Leg muscle thickness, type II fiber size and myosin heavy chain (MyHC) II isoform 
content decreased with age, while type I fiber size, fiber distribution and fascicle length 
showed no age differences. In single type I and IIa MyHC fibers, neither force adjusted 
for fiber size nor contractile speed differed between the groups. There was an age-
related decline in maximal (8-9%/decade) and explosive (10-11%/decade) isometric 
and dynamic leg strength. The differences in maximal, but not in explosive, isometric 
strength were eliminated when normalized for muscle thickness. Muscle thickness was 
the strongest predictor of GRF in the braking phase, while the countermovement jump 
explained most of the variance in push-off GRF. The sprint training, including heavy-
resistance and high-power strength exercises, resulted in significant gains in maximal 
and explosive strength and improvements in force production during running. The 
improvements were mainly related to hypertrophic adaptations. The results show that 
the deterioration in sprint performance with age is a complex phenomenon that may be 
affected by the interaction of changes in biomechanical, neuromuscular and metabolic 
factors. A major contributor appears to be reduced muscle mass, caused partially by 
decreased type II fiber size, which affects the GRFs required to achieve fast running 
speeds. However, habitual sprint training seems to maintain speed, strength and 
glycolytic energy production at high levels into older age and is effective in preventing 
the age-related decline in single fiber function and fascicle length. The data also 
suggest that to maximize the training effects on fast fibers, rapid strength and speed 
performance, the optimal training regimen requires a strength training component.  
 
Key Words: aging, master athlete, muscle, single fiber, speed, sprint running, strength  
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1 GENERAL INTRODUCTION 
 
 
The physiology of human body is characterized by its ability to undertake 
diverse physical activity. During aging, however, a gradual deterioration takes 
place in structure and function in the different tissues of the body, leading to 
declines in endurance, muscle strength and speed capabilities. Speed and 
explosive strength/power, as evaluated by the ability to achieve high running 
velocity and by the ability to produce the greatest possible force in the shortest 
possible time, are particularly susceptible to age-related changes in non-
athletes. These physical qualities are recognized as major components of 
successful performance in many sports and recreational physical activities. 
Moreover, fast force production is needed to adequately perform the tasks of 
daily living while, conversely, decline in it could increase the risk for mobility 
limitation in advanced age. 

In view of the importance of preserving the ability to run and develop 
force rapidly, lifestyle factors that could have effect on the maintenance of 
speed performance with aging merit consideration. In this connection, 
investigation of the age-related differences in performance and associated 
skeletal muscle characteristics of sprint-trained master athletes may provide 
valuable information. Several authors have emphasized that master athletes 
constitute an ideal research model, as in these individuals the confounding 
influences on physical changes of decreased physical activity and diseases are 
minimized and thus reflect the aging process itself (Bortz and Bortz 1996,  
Morley 2000,  Hawkins et al. 2003,  Tanaka and Seals 2003,  Spirduso 2005,  
Lazarus and Harridge 2007,  Rittweger et al. 2009). Studying master athletes is 
also likely to sustain motivation while at the same time lowering the risks to 
musculoskeletal and cardiovascular systems attendant on the measuring and 
training of maximal speed and force production.  

Until now, studies of the age differences on sprinting ability have focused 
primarily on sprint track records. Few data have been gathered on the 
biomechanical characteristics associated with the age-related decline in sprint 
performance. For example, little is known about kinematic stride cycle 
parameters, and no data exist regarding age differences in ground reaction 
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forces, which is a representative performance measure reflecting the sum of 
segment forces transferred to the ground. Similarly, it is unknown whether 
aging affects anaerobic energy production during sprint running in master 
athletes.  

In order to understand the age-related decline in speed and strength it is 
important to have reliable knowledge of the age-related changes in the skeletal 
muscles. Studies in young sprinters have shown that large muscle mass 
composed predominantly of fast fibers is critical for sprint performance as it 
allows great forces to be generated quickly (Mero et al. 1992,  Andersen et al. 
2000,  Weyand and Davis 2005). The question arises: How do skeletal muscle 
structural and functional properties change with age in systematically trained 
sprint athletes and what is the contribution of different muscle characteristics to 
the age-related decline in sprinting speed? It also remains unclear how much 
and what types of training are optimal in limiting the decline in muscle mass 
and functional losses in force and power in master athletes. 

Therefore, the following review of the literature and summary, based on 
the six original articles, focus on the effects of aging on sprinting ability and its 
determinants in high-performance male sprinters. This thesis also examined 
whether in older sprint runners speed performance and neuromuscular 
characteristics can be further increased by applying the modern training 
methods used with young athletes.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 

 
 
 
 
 
 
 
 
2 REVIEW OF THE LITERATURE 
 
 
2.1 Age-related changes in sprint performance 
 
 
Sprint running performance can be evaluated from several different 
perspectives. This first section reviews studies that are closely related to the 
present research project. Therefore, references to 100-m competition 
performance times, velocity curves and biomechanical characteristics of 
maximum speed running in male athletes are included. Since some of these 
areas have not been investigated previously in master sprint runners, the 
literature is supplemented with information found in young sprinters.  

 
2.1.1 Competition performance times 
 
Age group records for the 100-m sprint have been investigated in a number of 
studies and provide the basis for understanding the effect of aging on the 
ability to run fast. Competitive sprint performance overall is dependent not 
only on a high maximum speed but also a short reaction time, the ability to 
produce fast starting acceleration and speed-endurance to maintain maximum 
velocity for as long as possible (Mero et al. 1992,  Ae et al. 1994,  Delecluse 
1997). Accordingly, success in sprinting is affected by the interaction of various 
neuromuscular and technical capabilities and anaerobic metabolic capacity.  

The first scientific reports on the relationship between age and world 
record performances of running appeared in the middle of the 1970s, about a 
decade after the first organized masters’ track competitions (Moore 1975,  
Salthouse 1976). These studies indicated that the men’s world record speed for 
the 100-400-m events declined at a rate of about 0.8% per year from the peak 
level attained at age 20-25 until 55 years of age, with steeper declines thereafter 
(Salthouse 1976). However, since the 1970s all age group sprint world records 
have improved considerably.  
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Examination of the current age records for the 100-m sprint shows that the 
age at which a steeper, exponential decline in performance starts, has risen to 
about 80 years of age (Fig. 1A). In record performances the overall decline in 
mean running velocity is 32.5% (0.56%/yr) in the span of about 60 years (from 
10.32 m/s at age 22 to 6.97 m/s at age 80) (Fig. 1B). The improvements in 
master sprint track records are likely to reflect the larger number of elite 
runners (from various countries) competing in masters sprint running as well as 
more systematic year-long training (Spirduso et al. 2005). While most of the 
current age-group 100-m sprint records have been achieved in this decade the 
improvements have been small in recent years. This suggests that the current 
records are increasingly more representative of the real performance 
capabilities that can be attained in different age groups. 

 
A             B 

 
 
 
 
 
 
 

 
 

 
 
 

 
FIGURE 1 The official 100-m world records (year 2008) in open and each 5-year age (�35 

yr) classes in men (A), and relative decrease of the mean running velocity in 
age-based world records from that of the open class (B). The year when the 
record was made is shown in brackets. 

 
Only one investigation providing longitudinal data on sprinting performance 
ability from peak levels at age 20-25 until age 70-75 was found in the literature 
(Conzelmann 1997). The retrospective study carried out by Conzelmann (1997) 
identified the best German male runners with repeated participation in 
sprinting competition. In the selected athletes the rate of longitudinal decline in 
the mean running velocity for the 100-m event from age 20-25 to ages 70-75 was 
about 0.3-0.4%/year and smaller than the cross-sectional decline (~0.6%/year) 
of the ten highest ranked all time national performances. However, it would 
seem that competitive status influences longitudinal change in sprinting ability, 
and in those runners who have reached a very high level of competitive 
performance during their adulthood the rate and magnitude of sprint 
performance decline will be greater than in those with a lower level of 
performance at young adult age. In relation to this, an interesting observation is 
that the individual best 100-m performance times of the world record holder for 
the women’s 100- and 200-m events at 35-, 40- and 45-year-old groups (Merlene 
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Ottey) have over 10 years declined from 10.74 s (36 yrs) to 11.34 s (46 yrs) 
corresponding to a decrease of the mean running velocity of about 0.53%/year. 
Given that she is at a stable, optimal level of training (still trying to qualify for 
major championships), the decrement in performance reflects mainly biological 
aging itself. 

 
2.1.2 Biomechanical characteristics of sprint performance 
 
VELOCITY CURVE. Velocity curve, which describes acceleration from a resting 
position to maximum velocity and deceleration at the end of the run, has often 
been used to evaluate overall sprint performance. The distance required to 
reach maximum velocity appears to be dependent on the runner’s performance 
level. For example, Gundlach et al. (1963) found that in the 100-m sprint, lower 
level male runners (100 m: 13.0-14.4 s) reached their maximum velocity of about 
8.2 m/s at around 30 m, whereas in the fastest sprinters (100 m: 10.8-11.7 s), a 
maximum velocity of ~9.6 m/s was reached at about 45 m. Biomechanical 
studies conducted at the major international championships since the 1980s 
have provided information on velocity curves among the world’s fastest 
sprinters. For example, the laser radar results of the recent World 
Championships showed that male 100-m finalists (9.86-10.10 s) consistently 
attained their maximum velocity (11.6-11.9 m/s) at about 60 m, after ~6.5 s 
(Kersting 1999). However, the increase in velocity after about 20 m was quite 
small and the sprinters were capable of reaching ~89% and ~95% of their 
maximum velocity already at the 20-m (~2.9 s) and 30-m (~3.84 s) marks. The 
decrease in velocity from the peak value to the finishing line of the run ranged 
from 4% to 10% for male finalists (Kersting 1999). Further, analyses of 100-m 
performance in national and international level sprinters have suggested that 
although each velocity section is important, the final time is not as much 
affected by the ability to accelerate (0-30 m) as the maximum attainable velocity 
and the time it can be maintained (Bruggemann and Glad 1990,  Li 1991,  
Andersson and Alnes 1996,  Gajer et al. 1999,  Kersting 1999). In support of 
these results, the current 100-m world record performance (9.69 s) was 
characterized by the maintenance of maximum velocity (11.8-12.2 m/s, 
unofficial values) throughout the latter half (50-90 m) of the race (Eriksen et al. 
2008,  Tucker and Dugas 2008). Although several studies have been conducted 
on velocity curves, it remains unclear how increasing age affects velocity curve 
characteristics. 
 
STRIDE CYCLE PARAMETERS. At the first level of mechanical analysis, running 
velocity is the product of stride frequency and stride length, thus velocity can 
be increased by changing either or both of the two components. The interaction 
between stride frequency and stride length is different during the acceleration, 
maximum velocity and deceleration phases. For example, in the 60-m and 100-
m events elite young sprinters typically reach their maximum stride frequency 
between 10 and 20 m, at which distance stride length is about 75% of its value 
during the maximum velocity phase. On the other hand, during the last 10-20 m 
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of the 100-m sprint stride frequency typically decreases and stride length 
increases. 

Age-related differences in kinematic stride patterns during maximum 
velocity running have been described in two studies (Hamilton 1993,  Roberts et 
al. 1997a). In the competition study by Hamilton (1993), the results (derived 
from graphs) for 83 men showed that maximum velocity declined from about 
9.9 m/s among 30- to 40-year-old runners to about 6.6 m/s in runners aged 80-
89. This decline in maximum velocity was primarily related to reduction in 
stride cycle length (2 x step length) from about 4.6 m to 3.1 m. Stride cycle 
frequency showed a small decline with advancing age and was explained by an 
increase in contact time while swing time, the other component of the stride 
frequency, remained largely unaffected.  Similar results for the relationship 
between age, velocity and stride cycle parameters were reported by Roberts et 
al. (1997a) who studied five master runners aged 60-65 years and three middle 
distance runners aged 20-22 years. Their results further indicated that the older 
runners were not able to generate forces and velocities in the swing limb 
comparable to those of the younger runners, but the timing of limb movement 
with regard to peak values was not affected by age. In addition, one major 
change in sprint performance with age is a decrease in the range of motion in 
the hip and knee joints (Hamilton 1993,  Roberts et al. 1997a). 
 
GROUND REACTION FORCES. While previous studies have provided insights into 
age changes in kinematics during constant velocity sprinting, how older age 
affects ground reaction force (GRF) characteristics in sprint running is still 
unknown. Ground-leg interaction is the major factor in sprint running because 
it is during the contact phase of the step cycle that segmental forces can act on 
and thus influence horizontal speed. GRFs consist of vertical, horizontal 
anterior-posterior and medial-lateral directional components. Vertical force is 
the greatest GRF in magnitude and dominates the resultant force vector. It is 
likely to have strong effect on the minimum time needed to be spent on the 
ground to produce a sufficient impulse to support body weight and to create a 
long enough aerial time for repositioning the swing leg (Weyand et al. 2000). 
Horizontal (anterior-posterior) force produces a negative braking effect at 
touchdown and a positive propulsive effect during the latter part of the contact 
phase. For optimal force production during sprinting, the runner should be able 
to rotate the body’s center of gravity as fast as possible forward of the contact 
phase to direct vertical acceleration to the intended horizontal movement. 
Technical aspects, such as high backward velocity of the foot prior to 
touchdown (Ae et al. 1992), and a small horizontal distance between the front 
support foot and the body’s center of gravity (Mann 1998) have been suggested 
to favor effective horizontal force production. Of note, recent evidence suggests 
that certain kinematic characteristics that are thought to be related to efficient 
stride pattern (e.g., good knee flexion and high knee lift during forward swing, 
and short braking distance and active knee and ankle joint extension of the 
contact leg) may not be optimal for the world best sprinters capable of running 
about 12 m/s (Ito et al. 2008). 
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Mero and Komi (1986, 1987) combined vertical and horizontal forces and 
used mean net resultant GRFs as a specific force indicator in maximum speed in 
good (100 m: 10.62 s, n=5) and average male (100 m: 10.96 s, n=6), and female 
sprinters (100 m: 12.22 s, n=8). The GRFs increased with sprinting ability in both 
the braking (~1600-2200 N; 2.7-2.9 BW) and propulsive (~1200-1800 N; 2.1-2.4 
BW) phases. The contact time for the braking phase was about 10% and for the 
propulsive phase about 3% shorter in the fastest runners (43 ms, 58 ms, 
respectively) than in the two other groups. It was suggested that maximum 
speed is limited by the magnitude of the force that the runner is capable of 
producing during the minimum contact time, whereas stride frequency showed 
no differences between runners of different ability. These findings are in 
general agreement with the study of treadmill running by Weyand et al. (2000) 
that examined the average vertical GRF and stride parameters in 33 subjects 
with different sprinting abilities (6.2–11.1 m/s). The results indicated that 
maximum speed was related to the magnitude of GRFs, which positively 
affected stride length, contact time, and stride frequency, whereas swing time 
did not differ between the runners. 
 
MUSCLE GROUPS IN SPRINTING. Electromyographic (EMG) data have provided an 
insight into the contribution of various muscle groups and neuromuscular 
coordination during sprinting. With respect to the muscle group involvement 
during maximum speed (Fig. 2), many authors have emphasized the critical 
role of the hamstrings and gluteal muscles in bringing about downward and 
backward leg movement throughout the contact phase (Simonsen et al. 1985,  
Mann et al. 1986,  Mero and Komi 1986,  Wiemann and Tidow 1995,  Jönhagen 
et al. 1996,  Mann 1998). It has also been suggested that the adductor muscles 
contribute to hip extension and counteract the abducting effect on the leg of the 
gluteal muscles (Mann and Hagy 1980,  Wiemann and Tidow 1995). Knee 
extensors and plantar flexors are of particular importance during the braking 
phase of contact in providing stability for the knee and ankle joint angles. Of the 
knee extensors, the double-joint rectus femoris could also play a role in hip 
flexion during the swing phase. However, much of the force required to 
reposition the limb could be produced passively through elastic recoil and 
transfer of energy between body segments (Chapman and Caldwell 1983,  
Weyand et al. 2000). During acceleration, when the body has a pronounced 
forward lean, the knee extensors can also be important producers of forward 
propulsion (Mero and Komi 1990,  Wiemann and Tidow 1995,  Delecluse 1997). 
The plantar flexors (gastrocnemius, soleus) in conjunction with dorsiflexor 
(tibialis anterior) muscles have a major influence how effectively the forces of 
different body segments are transferred to the ground. In this regard, high 
muscle preactivity and stiffness are thought to play an important role in the 
toleration of high impact loads and in enabling the effective utilization of 
tendomuscular elasticity during the brief contact phase (Cavagna et al. 1971,  
Dietz et al. 1979,  Gollhofer et al. 1984,  Mero and Komi 1987).  
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FIGURE 2   Dominant quadriceps and hamstring muscle contraction modes during later 

part of swing phase and braking phase of the contact in sprinting. Redrawn 
with modifications from Sugiura (2008). 

 
During the stride cycle, the same muscles require a high level of intramuscular 
coordination to perform maximal movements with different forms of 
contraction (Fig. 2). For example, in the end of the forward swing the 
hamstrings do a substantial amount of eccentric work to decelerate the swing of 
the forward leg, which allows the storage of elastic energy, used in subsequent 
concentric action during back swing (Simonsen et al. 1985). However, the exact 
pattern of force production (muscle-tendon interaction) during the critical 
contact phase of human sprinting remains to be determined. Interestingly, 
although not definitely comparable, evidence from direct measurement of ankle 
extensors force, length and activity of the running animals suggests that at 
contact the muscles operate near-isometrically with a stretch-shorten pattern of 
the tendinous tissue  (Roberts et al. 1997b,  Biewener et al. 1998,  Gabaldon et al. 
2008). The top sprinting speed of humans depends on the magnitude of the 
forces that can be developed during the contact phase (Weyand et al. 2000), and 
near-isometric force generation could favor force output as the muscle contracts 
over the high force region of its force velocity curve (Gabaldon et al. 2008). 
Good balance between the eccentric, concentric and isometric strength of 
muscle as well as between agonists and antagonists (e.g. quadriceps vs. 
hamstrings) is very important for the performance and injury prevention of 
athletes of different ages and must be considered in training (Jönhagen et al. 
1994,  Kallinen and Alen 1994,  Galloway and Jokl 1996,  Aagaard et al. 1998).  
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LOWER EXTEMITY STIFFNESS. Sprint running is characterized by fast reactive 
contact that requires an appropriate mechanical stiffness of the integrated 
musculoskeletal system. The exact process by which muscle stiffness is 
regulated is not fully understood, but may reflect a complex interaction of 
centrally-programmed prelanding activation and reflex potentiation after the 
impact phase (Dietz et al. 1979), stiffness of tendons and other connective 
tissues (Butler et al. 2003) and muscle force-generating capacity. During 
running the vertical GRF and center of mass displacement trajectory shows a 
linear relationship, and in this case the contact leg is considered to act as a 
linear spring (Brughelli and Cronin 2008). Therefore, it is possible to express the 
complex multijoint body system as a simple spring-mass system and to describe 
the lower extremity stiffness (elasticity) during the contact phase. For analytical 
purposes, stiffness of the leg spring (kleg) is calculated from the ratio of maximal 
vertical GRF to the change of leg spring length at the middle of the contact 
phase. Vertical stiffness (kvert) is defined as the ratio of the maximal vertical GRF 
to the vertical length change of the runner’s center mass.  

A number biomechanical studies have shown an increase in kvert with 
increasing running velocity (Luhtanen and Komi 1980,  Mero and Komi 1986,  
Farley and Gonzalez 1996,  Arampatzis et al. 1999,  Morin et al. 2005). In 
particular, kvert may determine the minimum ground contact time the runner is 
capable of effectively using and is thus reflected in stride frequency (Farley and 
Gonzalez 1996). In the early experiment, Mero and Komi (1986) calculated 
vertical stiffness (“apparent spring constant”) from kinematic data and found 
that the higher eccentric stiffness of better runners was related to the smaller 
vertical displacement of the center of mass. More recent studies suggest that the 
increase in kvert at higher velocities is due to a decrease in vertical displacement 
of the center of mass (�y) together with an increase in vertical GRF, but with a 
greater contribution from the decrease in �y (Farley and Gonzalez 1996,  
Arampatzis et al. 1999).  

Some studies also indicate an increase in kleg with increasing running 
speed (Arampatzis et al. 1999,  Brughelli and Cronin 2008). The results of the 
study by Arampatzis et al. (1999) on 13 runners showed that the progressive 
increase in kleg with increasing velocity at slow to moderate velocities (2.5-6.5 
m/s) was mainly due to increases in GRF, while there was no change in the leg 
spring compression. A more recent study by the same authors in 10 experienced 
male sprinters suggest increases in kvert and kleg but no change in leg 
compression (�L: from foot to hip) even at higher (~9.2-9.5 m/s) running 
velocities (Stafilidis and Arampatzis 2007). Other studies have suggested that 
leg stiffness remains constant from slow to moderate running speeds because 
the leg spring experiences larger compression with increased Fzmax (Farley and 
Gonzalez 1996). It has been argued that these contradictory findings for kleg can 
be partially explained by different velocities, and that kleg increases at velocities 
over about 5 m/s (Brughelli and Cronin 2008). Moreover, the use of different 
methods of calculation may have influenced the length changes in spring-mass 
models, and may thus have influenced kleg (Arampatzis et al. 1999).  
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Limited evidence suggests an age-related reduction in leg stiffness during 
maximal vertical countermovement jump (Liu et al. 2006) and a decline in ankle 
joint stiffness in intensive drop jumping on sledge apparatus (Hoffren et al. 
2007). However, the stiffness is likely to be motor-task specific and it remains 
unclear whether aging leads to a decline in mechanical stiffness during 
maximal sprint running.   

 
VARIABILITY AND SYMMETRY OF BIOMECHANICAL MEASURES. In performance 
analysis, the reliability refers to the degree of stability and consistency of the 
data. In biomechanical experiments, especially when measuring basic temporal-
spatial and GRF variables with a force platform, the errors related to 
instrumentation and scoring are small and the major source of variability is 
expected to be due to the biovariation associated with human movement 
(Hamill and McNiven 1990). In contrast to walking and endurance running, 
studies evaluating variability during sprinting have been very limited in scope. 
In fact, a search of the literature disclosed only one reliability study on 
maximum-speed running (Mero and Komi 1986), but this was limited to two 
GRF variables. The few other studies have addressed accelerated sprinting 
(Hunter et al. 2004,  Bradshaw et al. 2007), and no data exist for older runners. 
However, evidence from studies of accelerated sprinting suggests that intra-
subject variability differs with the parameter of interest. For example, the study 
by Hunter et al. (2004) showed that the variation in Lstep, Freqstep, tc and taer was 
low, with CVs in the range of 1.2-2.9% for 4 steps. In contrast, parameters based 
on vertical displacement of the body’s center of gravity or horizontal braking 
GRF showed higher variability (6-11.5%).  

Bilateral symmetry, defined as agreement between the parameters of the 
dominant vs. non-dominant, or right vs. left leg, is another aspect of sprinting 
that has been remained virtually unstudied. The few sprint studies reporting 
the values for both sides have not evaluated the data in terms of the magnitude 
and significance of asymmetry for the reliability of measurements (Atwater 
1982,  Andersson and Alnes 1996). Examination of the results suggests, 
however, that perfect symmetry can not be assumed. From data collection 
standpoint information on biomechanical data concerning symmetry is very 
important. If asymmetry between the limbs exists, monolateral trials may not 
provide representative values.  

 
 
2.2 Energy production during sprint running 
 
 
Muscle contractile (actomyosin power stroke) as well as non-contractile (Ca2+ 
and Na+/K+ pump) events are dependent on the supply of chemical energy 
from adenosine triphosphate (ATP�ADP+Pi+Energy), and brief all-out 
exercise requires very high rate of ATP resynthesis for muscle contractions to 
continue. ATP can be regenerated rapidly by phosphocreatine (PCr) depletion 
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and glycolysis with the production of lactic acid (Boobis et al. 1982). With 
continued sprint exercise, the oxidative metabolism also begins to play a role in 
energy production. Our current understanding of the interaction of these 
energy systems during brief whole-body sprint exercise is largely based on 
muscle biopsy studies of changes in muscle metabolites (e.g., ATP, PCr, pH, 
lactate, glycogen) and oxygen. However, muscle biopsy sampling instantly after 
sprint exercise is very challenging in many aspects and lacks applicability to a 
wider population. For example, one concern is that the small time delay (<1 
min) between the end of exercise and freezing of the muscle tissue can influence 
PCr concentration (Söderlund and Hultman 1986). Therefore, many researchers 
have used peak post-exercise blood lactate concentration and oxygen deficit 
measurements to provide “indirect” information on energy production during 
sprinting. The following section reviews the literature on the direct 
measurement of the interaction of the energy systems during track sprinting 
and the use of the post-exercise blood lactate method in sprint exercise studies. 
Since no information exists on aging sprint runners, studies of blood lactate 
response to brief maximal exercise in master sprint swimmers and untrained 
people are discussed.   
 
2.2.1 Interaction of energy systems during sprint exercise 
 
Two muscle biopsy studies of anaerobic metabolic response to 100- and 400-m 
track sprinting were found in the literature. Hirvonen et al. (1987) determined 
muscle metabolites in a group of seven young male sprinters (100 m records: 
10.60-10.99 s) using biopsy samples (special needle of 1.5 mm diameter) from 
the m. vastus lateralis taken at rest and before and after running 40, 60, 80 and 
100 m at maximum speed (Fig. 3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 3 Changes in running velocity, blood lactate, capillary blood pH, and muscle 

ATP and phosphocreatine (PCr) for the different running distances. Adapted 
from Hirvonen et al. 1987. 
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The intramuscular PCr stores were depleted by about 55% of the pre-run values 
already during the first 40 m (~5.5 s) and were further depleted by only another 
10% for the rest of the run. The muscle and blood lactate accumulated linearly 
from the start of the run, suggesting that the contribution of anaerobic 
glycolysis was constant throughout the 100-m sprint. PCr depletion was 
thought to be the main factor responsible for the loss of speed (~6-11%) towards 
the end of the run, as the energy transfer from glycogen may not be fast enough 
to maintain the high rates of ATP utilization needed for sprinting. The post-
exercise muscle (6.7 mmol/kg) and blood lactate (8 mmol/l) and pH (7.25) 
levels were not considered to be high enough to suggest that acidosis was the 
primary reason for muscle fatigue. It is important to add that in competition 
conditions, peak post-race blood lactate levels over 13 mmol/l have been 
reported (Kindermann and Keul 1977,  Hirvonen 1984,  Locatelli and Arsac 
1995), suggesting that acidosis-induced fatigue could possibly have some 
influence on 100-m performance. 

A later unique experiment by the same authors (Hirvonen et al. 1992) 
studied changes in muscle metabolites during simulated 400-m track race in six 
male runners (400-m records: range 47.5-50.5 s). The experiment was carried out 
in two consecutive days, so that in the first day the athletes ran 400-m and 100-
m distances and in the second day 300 m and 200 m. The velocity for 100-300-m 
distances was based on split times in the initial 400-m sprint (51.9±0.7 s). It was 
found that compared with pre-run values, the greatest, ~48%, decline in PCr 
occurred during the first 100-m section. Muscle lactate increased throughout the 
run (from ~1.8 to 17.3 mmol/kg), but with a significant increase between 100-
200 m. This suggests that in the 400-m run, anaerobic glycolysis became the 
primary energy source after about 14 s (simultaneously with loss of PCr) and 
that this dominance increased toward the end of the run. The speed of running 
decreased from 200 m and most markedly during the last 100-m section when 
there was almost complete depletion of PCr (-89%), a drop in ATP (-27%), and a 
reduction in the rate of anaerobic glycolysis. These results about the changes in 
muscle metabolites appear to be in line with a study on treadmill sprinting in 
sixteen non-athletes (8 males and 8 females) showing that PCr decreased by 
about 67% and ATP by 28% from resting values after 30-s all-out sprinting 
(Nevill et al. 1989). Hirvonen and coworkers (1992) suggested that the decrease 
in glycolytic ATP production (inhibition of enzymes) and loss of running speed 
at the end of the run may be connected to the high level of muscle acidity. 
However, they also pointed out that it is unclear whether acidosis is a direct 
cause of fatigue in the 400 m since a variety of biochemical changes occur 
simultaneously with the development of fatigue. In fact, the exact mechanism of 
fatigue during sprint running is still unclear. Studies in young adult sprinters 
have suggested that fatigue during sprint-type of activity is mainly due to 
processes in muscle itself (peripheral fatigue) (Mero and Peltola 1989,  
Nummela et al. 1992,  Nummela et al. 1994) but existence of neural fatigue 
cannot be completely ruled out. With respect to more detailed laboratory 
studies on muscle fatigue, many experiments have confirmed elevated H+ 
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concentration as a major factor impairing contractile function, either directly 
(inhibition of cross-bridge kinetics) or indirectly (e.g., via glycolytic inhibition) 
(Fitts 2004). However, some studies have linked fatigue to other components of 
the metabolism, such as increased inorganic phosphate (Pi) from PCr 
breakdown and potassium ion (K+) concentrations (Westerblad et al. 2002,  
Allen and Westerblad 2004). 

 
2.2.2 Peak blood lactate concentration and sprint performance  
 
During maximal sprint performance, anaerobic glycolysis is activated 
immediately at the onset of exercise (Bergström et al. 1971,  Hultman and 
Sjöholm 1983). Most of the lactic acid (C3H6O3) formed in muscle quickly 
dissociates into lactate (C3H5O3�) and hydrogen ions (H+) and are transported 
and diffusing at a high rate out of muscle in the blood (Sahlin et al. 1978,  Juel 
1988). The rationale behind the use of indirect [La]b peak method is that blood 
lactate levels after maximal performance correlate strongly with muscle lactate 
at the cessation of exercise and thus gives a rough estimate of anaerobic energy 
production from glycolysis (Cheetham et al. 1986,  Hirvonen et al. 1992). On the 
other hand, [La]b peak underestimate the lactic acid production in active muscles, 
because some of the lactate is metabolized within working muscles and also 
due to its rapid uptake by various tissues (kidney, liver, heart, inactive muscles) 
of the body (Brooks 1987).  

It has been estimated that in world-class 100-m performance (10 s) the 
energy provision is 50% from both anaerobic glycolysis and PCr, whereas in the 
400 m, the relative energy contribution is about 62.5% from anaerobic 
glycolysis, 12.5% from PCr, and 25% from aerobic processes (Newsholme et al. 
1992).  However, the relative contribution of the three energy systems to the 
total energy supply has varied a little in different studies due to the different 
methods to evaluate energy release and training background of the subjects 
(Nummela and Rusko 1995,  Gastin 2001). For example, biopsy studies on 
metabolic response to cycle ergometer sprinting have suggested higher 
glycolytic energy production in the beginning of exercise. It has been reported 
that during all-out cycle sprinting of 6-s, the contribution of glycolytic energy 
production may be even 50% of the total energy production (Boobis et al. 1982,  
Gaitanos et al. 1993). The increased anaerobic glycolytic stress with increasing 
sprint distance is reflected in [La]b peak. In previous studies in young high-
performance male sprinters, [La]b peak  following 100-, 200- and 400-m sprint 
races have been found to be about 12-14 mmol/l, 17-20 mmol/l, and 20-25 
mmol/l, respectively (Kindermann and Keul 1977,  Hirvonen 1984,  Lacour et 
al. 1990,  Locatelli 1996).  

A number of earlier studies have shown that maximal levels of blood 
lactate accumulation can predict performance in sprint running, although this 
finding is not complete. [La]b peak has been found to correlate significantly with 
competitive 200-m (Locatelli 1996) and 400-m track performances (Ohkuwa et 
al. 1984,  Lacour et al. 1990,  Nummela et al. 1992,  Hill 1999), the maintenance 
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of maximal velocity during 200-m races (Hautier et al. 1994,  Locatelli 1996), as 
well as with the treadmill sprinting over 100-400 m (Fujitsuka et al. 1982,  
Cheetham et al. 1986,  Weyand et al. 1994) and maximal power during 
anaerobic running test (Nummela et al. 1996). Hirvonen (1984) investigated 
[La]b peak  in Finnish male sprinters (n=66) and hurdlers (n=19) in competitive 
conditions. The results showed that [La]b peak  was highly correlated with race 
times in 100 m (10.6-11.2 s), 200 m (20.9-22.3s) and 400 m (46.9-49.8s) sprinting 
events, but not in 110-m (13.8-14.5s) or 400-m (51.9-54.4s) hurdle performance. 
This lack of significant association between [La]b peak  and hurdle times could be 
explained by the fact that hurdle performance is also highly dependent on 
technical factors.  

 
MASTER ATHLETES 
 
Studies based on measurements in master swimmers have produced 
inconsistent results on age-related changes in the blood lactate response to short 
duration maximal exercise. Reaburn (1990) reported no significant age 
differences in the capillary [La]b peak following a 100-m freestyle swimming test 
(1 min – 1 min 37 s) when comparing groups of male swimmers aged 25–35, 36–
45, 46–55, and 56+ (n=4 in each age group). [La]b peak values of 14.3 mmol/l 
were observed in 25– to 35-year-olds and 13.1 mmol/l in 56-year-olds. Recently, 
Benelli et al. (2007) examined the capillary [La]b peak  after competitive swims at 
distances of 50-400 m (34 s to 8 min 50 s) in male (n=52) and female (n=56) 
athletes between 40 and 79 years of age. For the analyses, all the distances and 
swimming styles were combined. The male swimmers showed an age-
associated decline in [La]b peak  between the group in the 5th decade vs. the 
groups in 7th and 8th decades, but no significant age-group differences existed 
among the female swimmers. Because the male swimmers also showed an age-
related reduction in muscle-bone thigh volume, the authors proposed that the 
greater reduction in [La]b peak with age in males than in females could be caused 
by their greater loss of skeletal muscle mass (Benelli et al. 2007).  

Other investigations of the influence of age on blood lactate response to 
brief maximal exercise have examined untrained males and report a decline in 
[La]b peak with age (Kindermann and Keul 1977,  Makrides et al. 1990,  Marsh et 
al. 1999). Using a 30-s cycle sprint as an exercise test, Makrides et al. (1990) and 
Marsh et al. (1999) found that [La]b peak is lower in older men (ages 60-70 yrs) 
than young men. In the study on running, Kindermann and Keul (1977) 
examined 87 young, young adult, and middle-aged subjects. It was found that 
[La]b peak  after an all-out 400-m run increased from 9.8 mmol/L in runners aged 
8.9 years (running time 78.5 s) to 18.7 mmol/L in 25-year-old group (63.4 s) but 
thereafter decreased steadily to value of 14.9 mmol/L in the oldest, 56-year-old 
group (92.5 s). Nevertheless, it is difficult to interpret the [La]b peak  result found 
in untrained older people due to the confounding effects of age-related physical 
inactivity on the determinants of anaerobic metabolism. For instance, at least in 
females, there is evidence for an age-related decline in total blood plasma, and 
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red blood cell volume in sedentary, but not in master athletes (Jones et al. 1997), 
which could lead to bias in the evaluation of post-exercise blood lactate 
concentration. Moreover, a potential concern is age-related change in lactate 
diffusion and distribution kinetics following maximal exercise. The available 
evidence is limited to studies on untrained animals and some of those issues 
will be covered in discussion part. 

 
 

2.3 Skeletal muscle characteristics and aging 
 
 
A primary factor determining athletic ability is the properties of the 
neuromuscular system that provide the force and power for movement. The 
following section reviews the literature on age effects on the structural and 
functional characteristics of skeletal muscle properties in master sprinters. In 
order to understand the effectiveness of continued sprint training in preventing 
any decline in muscle properties, it is necessary to discuss the results on 
changes in muscle characteristics with age in normally active people and in 
endurance- and strength-trained master athletes.  
 
2.3.1 Muscle structure 
 
 Skeletal muscle contains diverse motor units and associated fiber types that 
display differences in their contractile as well as metabolic properties. Muscle 
fibers are traditionally classified into slow type I, fast type IIA and fast type IIB 
by myofibrillar ATPase histochemistry (Brooke and Kaiser 1970). Fiber 
identification is based on differences in mATPase activity determined by 
specific myosin heavy chain (MyHC) isoform profiles (Smerdu et al. 1994,  
Ennion et al. 1995). Fibers classified as type I and IIA have a predominance of 
MyHC I and MyHC IIa, respectively. However, type IIB fibers in humans 
contain a predominance of MyHC isoform similar to the rat IIx, not IIb (Smerdu 
et al. 1994). Intermediate “hybrid” fiber types IIAB, IC and IIC possess two 
types of MyHC isoforms (Staron et al. 2000).  

Normal aging is associated with changes in muscle morphological 
characteristics. On the basis of the histological data on whole vastus lateralis 
muscle obtained at autopsy, the reduction in muscle cross-sectional area is 
approximately 40% over the 60 years from age 20 (Lexell et al. 1988). A primary 
mechanism for the atrophy is thought to be loss of fibers due to declining 
numbers of motor units and fiber denervation (Campbell et al. 1973,  Lexell and 
Downham 1992a,  Doherty 2003). The reduction in fiber number seems to begin 
as early as in the third decade of life and the decline becoming evident after age 
50 (Lexell et al. 1988). In human m. vastus lateralis, the decrease in fiber number 
has been reported to be about 50%, from 650 000 to 325 000 fibers between 20 
and 80 years of age. The slope of motor unit loss with age seems to be quite 
similar to that of muscle fiber, although some of the denervated fibers become 



 26 

reinnervated through axonal sprouting of existing motor units (Faulkner  
et al. 2008). Evidence from animal and human studies suggests that the 
loss of motor units with aging may be greatest among the largest and fastest 
units involving type II fibers (Doherty et al. 1993). The question as to whether 
fiber type distribution changes with advancing age is, however, unclear as 
cross-sectional studies have shown both a relative increase in type I fibers 
(Larsson et al. 1978,  Poggi et al. 1987,  Jakobsson et al. 1990,  Jansson 1994) and 
no change (Grimby et al. 1984,  Essen-Gustavsson and Borges 1986,  Lexell et al. 
1988) in fiber type composition. Furthermore, the few existing longitudinal 
studies have not been consistent showing no change (Aniansson et al. 1986,  
Frontera et al. 2008), decrease in type I fiber percentage (Frontera et al. 2000a) 
and decrease in type IIb percentage (Aniansson et al. 1992).  

Another factor in muscle atrophy is a reduction in fiber size. In several 
cross-sectional studies, the decrease in fiber size has been more pronounced in 
type II fibers (Grimby et al. 1982,  Essen-Gustavsson and Borges 1986,  Lexell et 
al. 1988,  Lexell and Downham 1992b,  Hortobagyi et al. 1995,  Andersen 2003), 
leading to a decrease in the type II-to-type I fiber area ratios (Tomonaga 1977,  
Larsson et al. 1978,  Clarkson et al. 1981).  Because the area of each fiber type is 
closely related to MyHC isoform expression, the greater atrophy of fast fibers 
contributes to the decreasing relative MyHC II content observed in older 
muscle (Klitgaard et al. 1990a,  Hameed et al. 2003,  Short et al. 2005). In 
longitudinal studies, a decline in type IIa and IIb fiber size (Aniansson et al. 
1986), no change (Frontera et al. 2000a), increase in type IIa (Frontera et al. 2008) 
and increase in both type I and II fibers (Aniansson et al. 1992) have been 
reported. However, the variability between the cross-sectional and longitudinal 
findings could be attributed to relatively short follow-up periods (4-12 yr) and 
small sample size in longitudinal investigations.  

Aging-related atrophy may be accompanied by changes in the muscle 
architecture (i.e., spatial arrangement of muscle fibers in relation to the axis of 
force development), and muscle composition. These changes include reductions 
in fascicle (fiber) length and pennation angle (Kubo et al. 2003a,  Kubo et al. 
2003b,  Narici et al. 2003,  Morse et al. 2005) and an increase in intramuscular fat 
(Overend et al. 1992,  Kent-Braun et al. 2000). Some of these studies show, 
however, no changes in fascicle length when expressed relative to limb length 
(Kubo et al. 2003a) or relative to muscle length (Morse et al. 2005).  

 
MASTER ATHLETES 
 
It is clear that in many older people changes in muscle structure do not reflect a 
true aging effect but are largely due to inactivity and disuse of the muscles. 
Studies on athletes have provided an insight into the effects of long-term 
training on muscular changes with age. Regarding adaptations to endurance 
training, several investigations have suggested that years of endurance running 
with a high volume of low-force contractions is not a sufficient stimulus to 
maintain whole-muscle or fiber size above the average level (Klitgaard et al. 
1990a,  Coggan et al. 1993,  Proctor et al. 1995,  Trappe et al. 1995,  Alway et al. 
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1996,  Dinenno et al. 2001). Some investigations in elite athletes have shown that 
regular endurance training may lead to smaller type I and II fibers (Widrick et 
al. 1996a) and type II-to-I fiber area ratio (Trappe et al. 1996) compared with 
untrained subjects. However, this decrease in fiber size was thought to be 
beneficial for aerobic performance, as it can facilitate oxygen diffusion into the 
center of the cell. Furthermore, there is some evidence that older endurance 
athletes do not exhibit a significant decline in fascicle length (Karamanidis and 
Arampatzis 2006) or increase in intramuscular fat (Sipilä and Suominen 1991,  
Martin et al. 2000) in trained leg muscles, suggesting that endurance training 
supports the maintenance of muscle architecture and quality. 

Concerning strength training, in a study by Pearson et al. (2002), 54 elite 
level olympic-style weight lifters aged 40-87 showed a progressive loss of lean 
lower limb volume (0.8%/yr). These results compare favorably with the muscle 
fiber observations of Brown and Coggan (1990) for 18 power and olympic lifters 
aged 18-74 years. In comparison with young lifters (18-23 yr), older (60-74 yr) 
lifters showed a 30-36% decline in type I and IIa fiber size in m. vastus lateralis. 
In the older lifters, the size of type I (5500 μm2) and type IIa (6800 μm2) fibers 
remained clearly above the average level. Klitgaard et al. (1990a) and Aagaard 
et al. (2007) also reported that in older (68-78 yr) men with several years of 
strength training, type IIa and IIb fibers in m. vastus lateralis were significantly 
larger than those in age-matched endurance-trained or sedentary men.  

Few data exist on the effects of regular sprint training on muscle fiber 
characteristics in master sprinters. Comparing muscle structure in five 21- to 25-
year-old and five 61- to 69-year-old sprinters, Reaburn (1993) found age-related 
decreases in the size of type IIa and IIb fibers (-20%- -27%) and in the 
anthropometrically-estimated whole-muscle area (-23%). Within the group of 
older sprinters, type IIa (5080 μm2) were 35% larger in size than either type I or 
IIb fibers, suggesting that sprint training with high-velocity and high–power 
contractions may overload type IIa fibers more than the others. Further, one 
study found that a group of elderly sprinters and jumpers had similar 
quadriceps muscle thickness and cross-sectional area than age-matched 
controls, but the muscle quality was better preserved in athletes (Sipilä and 
Suominen 1991).  

The larger proportion of slow-twitch fibers in the trained leg muscles of 
endurance athletes than in the leg muscles of power/sprint athletes is probably 
largely a result of their genetic aptitude. However, whether years of intensive 
training can induce changes in the type I to type II percentage ratio is unclear. 
This possibility is supported by a longitudinal study that found that 6 of the 11 
middle-aged male distance runners had a significantly greater proportion of 
slow fibers in follow-up measurement than in baseline 20 years earlier (Trappe 
et al. 1995). Another study indicated that in older elite orienteers the arm 
muscles had an equally high percentage of slow fibers as the leg muscles 
despite the highly different usage of these limbs over the years, suggesting that 
with continuous endurance training no shift occurs between the major fiber 
types (Saltin 1986). 
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2.3.2 Muscle activation 
 
The central nervous system creates motor commands that activate the 
musculoskeletal system for movement. A characteristic feature of skilled motor 
performance is the ability to fully activate agonist muscles in coordination with 
synergists and antagonist muscles (Sale 1991). However, aging may impair the 
effectiveness of the neural mechanism. For older untrained people, the most 
important concern could be central activation and an inability to activate all 
motor units of the agonist muscles. This has been shown by experiments using 
the twitch interpolation technique for the quadriceps femoris (Harridge et al. 
1999,  Stevens et al. 2003) and biceps brachii (Yue et al. 1999) muscles. For 
example, Stevens and colleagues (2003) estimated an ~11% deficit in the 
quadriceps femoris muscle activation as between old (64-84 yr, n=46) and 
younger (18-32 yr, n=46) adults.  

In theory, the central activation and neural drive required to activate the 
agonist muscles could be impaired by the smaller number of motor units 
recruited, a lower rate of motor unit recruitment and impaired motor unit 
synchronization. However, not all these mechanisms may be involved: while 
some studies have suggested that the maximal motor unit discharge rate 
declines with age (Kamen et al. 1995,  Connelly et al. 1999,  Klass et al. 2005), 
other data have indicated no age-related changes in motor unit synchronization 
(Kamen and Roy 2000) or in the ability to recruit all motor units during a 
maximum voluntary contraction (Kent-Braun 2009). It has recently been 
suggested that the reduction in motor unit discharge rate with age might not be 
a consequence of age-related neural adaptation, but a selective cell death of 
larger motor neurons that have higher discharge rates than those of surviving 
motor neurons serving type I muscle units (Lehman and Thomson 2009). At the 
cellular level, aging can lead to impairments in excitation-contraction coupling 
due to various changes in sarcoplasmic reticulum characteristics, e.g., loss of 
dehydropyridine and ryanodine receptors that translate membrane 
depolarization into intracellular Ca2+ release (Payne and Delbono 2004).  

In addition to the intramuscular factors, aging could impair intermuscular 
mechanism. For example, in some studies using surface EMG recordings, older 
people have showed increased coactivation of antagonist muscles in simple 
dynamic and isometric actions that could decrease the net strength 
development of the agonists (Häkkinen et al. 1998a,  Izquierdo et al. 1999). One 
hypothesis is that in untrained older people the increased coactivation of the 
antagonists serves to compensate for the reduced activation capacity of the 
agonists and protects against instability of the muscle joint complex (Macaluso 
et al. 2002,  Larsen et al. 2008). On the other hand, the findings concerning 
highly impaired tapping test speed suggest that muscle contraction/muscle 
relaxation ratio could also be suboptimal in movements requiring almost no 
muscle strength (Kent-Braun and Ng 1999).  
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MASTER ATHLETES 
 

Some evidence suggests that during aging the maximal muscle activation 
ability is maintained above average level by regular practice. In the study by 
Leong et al. (1999) seven older male weight lifters (67-79 years) and five 
untrained age-matched controls performed 50% and 100% maximal voluntary 
contractions (MVC) of knee extensors while recordings from groups of motor 
units were obtained from the rectus femoris muscle by using an indwelling 
electrode. It was found that at 100% of MVC, the weight lifters’ maximal motor 
unit discharge rate was approximately 20% higher compared to the untrained 
men. The only study to examine rapid neural activation in master athletes 
(Ojanen et al. 2007) involved 32 middle-aged and older (36-85 years) strength-
trained master male throwers (shot put, discus, hammer throw) and 28 controls 
(35-74 years). In order to allow reliable comparison between individuals, the 
surface EMG was normalized so that the data obtained during the initial 0-100 
ms and 0-500 ms of isometric bilateral leg extension was related to maximum 
activation during peak force phase (500-1500 ms) in the same action. The 
relative agonist iEMG activation during the first 100 ms compared to maximum 
was lower in 50- to 75-year-old groups, but not in 40-year-old athletes. 
Moreover, only the youngest, 40-year-old group could already produce 
maximal activation during the first 500 ms. However, no clear differences could 
be seen in the rate of relative muscle activation as between master throwers and 
untrained people.  

 
2.3.3 Single-fiber contractile function 
 
In recent years, aging-related changes in contractile properties of single 
(skinned/permeabilized) muscle fibers have received increasing scientific 
interest since these factors could explain the deterioration in whole-muscle 
function. The single fiber contractility has been examined by both intact and 
permeabilized (skinned) muscle fiber preparations. The force generation of 
intact fibers, which have the membrane with a functional excitation-contraction 
coupling system, provide insight into the dihydropyrine and ryanodine 
receptors that are critical for efficient excitation-contraction coupling (Payne 
and Delbono 2004). In contrast, the permeabilized muscle fibers without 
excitation-contraction coupling system, provide more direct information on the 
interactions of the myosin and actin.  

The maximum velocity of unloaded shortening (Vo) has been described as 
an important design parameter of muscle (Rome et al. 1990), especially since the 
mechanical power produced by muscle is a product of force and shortening 
velocity. Fiber Vo is thought to reflect the maximum rate of cross-bridge cycling 
and correlates with myosin ATPase activity (Barany 1967). Studies on young 
adult subjects have shown that the MyHC isoform expressed in a fiber has 
strong influence on Vo in the order I < IIa < IIx. In humans, Vo of type IIa and 
IIx fibers in m. vastus lateralis has been reported to be about 3.3-4.7 and 8-10 
times faster, respectively, than that of type I (Larsson and Moss 1993,  Bottinelli 
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et al. 1996,  Harridge et al. 1996,  Harridge et al. 1998). For hybrid fibers that 
contain two MyHC isoforms, Vo is an intermediary, with the slower myosin 
type possibly having a greater effect on Vo than the faster type (Larsson and 
Moss 1993,  Larsson et al. 1996). Further, it has been found that Vo can vary 
considerably in the fibers of the same MyHC isoform profile. This variability 
may relate, in part, to the contribution of the composition of the myosin light 
chain isoform to fiber Vo (Larsson and Moss 1993). It is noteworthy that 
experiments using in vitro motility assay have suggested that the difference in 
contractile speed between different fast fiber subtypes (IIa vs. IIx) could be 
significantly smaller at the human physiological temperature (35 °C) than at the 
normally reported lower (12 °C or 15 °C) temperatures (Lionikas et al. 2006).   

Specific tension (ST, maximal force divided by cross-sectional area) is 
another principal single fiber contractile parameter. ST is dependent on the 
number of cross-bridges acting in parallel and the tension generated by each 
cross-bridge. As to the effect of fiber type on ST, the results of the many 
(Bottinelli et al. 1996,  Harridge et al. 1996,  Larsson et al. 1997,  Harridge et al. 
1998,  Frontera et al. 2000b) but not all (Larsson and Moss 1993) studies in 
young adult subjects suggest that ST is higher (~14-50%) in type II than in type I 
MyHC fibers. Further, power curves constructed from the force-velocity 
relationship indicate that the peak power of type IIa and IIx fibers is ~5- and 10-
fold greater, respectively, than that of type I MyHC fibers (Widrick et al. 2002). 

To date, no clear consensus has emerged about the effect of aging on 
contractile function of single, permeabilized fibers in normally active men. With 
respect to Vo, studies have shown aging-associated slowing of both type I and 
IIa fibers (Larsson et al. 1997,  D'Antona et al. 2003,  Ochala et al. 2007,  Yu et al. 
2007), slowing of type IIa fibers (Krivickas et al. 2001,  D'Antona et al. 2007) as 
well as no change in Vo (Trappe et al. 2003). Similarly, there are conflicting 
results about the effect of age on ST, with investigators reporting declines in 
type I (D'Antona et al. 2007), in type IIa (Hvid et al. 2009), in both type I and IIa 
fibers (Larsson et al. 1997,  Frontera et al. 2000b,  D'Antona et al. 2003,  Ochala et 
al. 2007) and no age differences in ST in either fiber type (Trappe et al. 2003). In 
a recent longitudinal study, no changes were found in Vo or ST over 9 years in 
five elderly (at the age of 71-80 years) untrained men (Frontera et al. 2008). In 
support of the contractile dysfunction with age hypothesis, studies using in 
vitro motily assay have found alterations in the properties of the myosin 
molecule that might partially explain the slowing of contractile speed with age 
(Höök et al. 2001,  D'Antona et al. 2003). Further, based evidence from human 
and rat studies, the age-related loss of ST could relate to reductions in the 
myosin concentration  (D'Antona et al. 2003) and a decrease in the fraction of 
myosin heads in the strong-binding structural state (Lowe et al. 2001).  
 
MASTER ATHLETES 
 
At least four studies have been published on the effects of years of physical 
training on single fiber contractile parameters. D’Antona et al. (2007) compared 
Vo and ST in type I and IIa fibers in m. vastus lateralis among young physically 
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active controls (30 yrs, n=5), and older (73 yrs) untrained (n=7) and regularly 
endurance-trained (n=3) men. The results showed no significant differences in 
ST in either fiber type between the young controls and older endurance-
exercised men, whereas elderly untrained men showed a decrease in ST in type 
I fibers. With respect to Vo, both the older endurance-trained and untrained 
men showed an age-related reduction in Vo for type IIa but not for type I fibers. 
These findings differ from those of Larsson et al. (1997) who reported a decrease 
in Vo and ST for type I and IIa fibers in m. vastus lateralis in both older (73-81 
yr) untrained (n=2) and physically active (n=2) men when compared with 
young untrained men (25-31 yr, n=4). The physically active older subjects had, 
however, different training backgrounds one being strength-trained and other 
endurance-trained. Widrick et al. (1996a, 1996b) examined single fibers from the 
gastrocnemius lateralis muscle of middle-aged elite distance runners (42 yr, 
n=6) and their age-matched untrained counterparts (44 yr, n=5). They found 
that in type I MyHC fibers, Vo was significantly faster (19%) in the distance 
runners than in a control group, whereas no differences were found in type IIa 
and IIx fibers. In addition, there were no group differences in the ST of the 
fibers, but the absolute force and peak power of type I and IIa fibers were lower 
in runners than in untrained men due to reduced fiber size (Widrick et al. 
1996a,  Widrick et al. 1996b). A methodological criticism which can be raised 
with all of the above mentioned studies is small number of subjects per age or 
athlete groups (n=2-6). Within  that limitation, the data tend to suggest that 
years of endurance training may lead to adaptations (maintained/higher Vo of 
type I fibers, and reduced fiber size) that could optimize the fiber’s ability to 
work for prolonged periods, while having a detrimental effect on the fiber’s 
ability to perform fast and high-intensity exercise. However, it is likely that 
muscle fiber adaptations are dependent on the nature of the exercise stimulus. 
The effectiveness of long-term sprint and strength training in the prevention of 
age-related changes in single fiber function remains unclear.  
 
2.3.4 Whole-muscle strength  

 
MAXIMAL STRENGTH. Since the 1800s (Quetelet 1835), an extensive body of 
literature has been accumulated demonstrating that aging is associated with 
inevitable loss of maximal force-generating capacity. In recent cross-sectional 
studies comprising large numbers of subjects across the adult age span (20-80 
yrs), maximal isometric and concentric strength of lower extremity muscles has 
been found to decline from about 40 years of age (Hortobagyi et al. 1995,  Lindle 
et al. 1997,  Samson et al. 2000,  Akima et al. 2001,  Pearson et al. 2002,  Lauretani 
et al. 2003). The average decline in leg strength has been estimated to be about 
0.5-1.0% per year with an accelerated decline toward the higher age groups. 
Further, follow-up studies (3-12 yr) have suggested that, at least in older ages, 
longitudinal declines in strength could be somewhat higher (Aniansson et al. 
1986,  Winegard et al. 1996,  Frontera et al. 2000a,  Hughes et al. 2001,  
Goodpaster et al. 2006). One exception to the pattern of aging-associated 
strength reduction may be eccentric strength, which has found to be little 
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affected by age in some studies (Poulin et al. 1992,  Hortobagyi et al. 1995,  
Porter et al. 1997) 

Of the various age-related neuromuscular changes, loss in muscle mass 
appears to be the major cause of the reduction in maximal strength with age 
(Frontera et al. 1991,  Häkkinen and Häkkinen 1991,  Reed et al. 1991,  Izquierdo 
et al. 1999,  Frontera et al. 2000a,  Akima et al. 2001). Another possible 
explanation is a reduction in force per unit area (specific force). The differences 
in whole-muscle specific force between young and older adults have been about 
10-30% (Young et al. 1985,  Bruce et al. 1989,  Klitgaard et al. 1990a,  Jubrias et al. 
1997,  Macaluso et al. 2002) and could reflect, among other factors, reduced 
muscle-fiber specific tension (Larsson et al. 1997,  Frontera et al. 2000b), an 
increase in coactivation of the antagonist muscles (Izquierdo et al. 1999,  
Macaluso et al. 2002) and a decrease in agonist muscle activation (Harridge et 
al. 1999,  Stackhouse et al. 2001,  Kamen and Knight 2004,  Morse et al. 2004,  
Kubo et al. 2007).  
 
EXPLOSIVE STRENGTH. Explosive strength is often used as a general term for 
expressing rapid force production capacity in different simple and complex 
muscle actions and is also used in this thesis. In isometric force task, explosive 
strength can be assessed as rate of force development (RFD), calculated from 
the slope of force-time curve. In dynamic action explosive strength can be 
defined by examining the ability produce greatest possible power output 
(speed) in single acyclical and cyclical activities against light-to-heavy external 
loads (e.g., jumping, weight-lifting).  

The assessment of explosive strength has received increasing interest 
among gerontologists as it has been recognized that for mobility, being able to 
produce force quickly, could be more significant than maximal force (Bassey et 
al. 1992,  Bean et al. 2003). For example, with respect to recovery from trip, the 
time available to make appropriate initial responses is about 0.3 s, and thus 
impose high demands on fast force production of hip extensors of swing leg 
and  plantar flexors of stance leg (Schultz 1995). Of specific concern is, however, 
that with age explosive strength declines more radically than maximal strength. 
Cross-sectional studies have shown that the average rate of decline of 0.9-1.5% 
per year in dynamic and isometric explosive strength begins at around 30-40 
year of age (Bosco and Komi 1980,  Bemben et al. 1991,  Jubrias et al. 1997,  
Pearson et al. 2002,  Lauretani et al. 2003). There are also few studies that have 
provided insight into the speed of rapid repetitive movements (Radford and 
Upton 1976,  Kent-Braun and Ng 1999). In their study, Radford and Upton 
(1976) examined 139 males and females ranging in age from 5 to 75 years and 
found that the speed of alternated hand and foot tapping in 20-s test increased 
until ~20 years of age, but decreased then with clear decline about the age of 55 
years. On average, tapping speed declined 30-35% from peak level from 20 to 75 
years of age, an average rate of about 0.6% per year.  

The decrease in muscle size and maximal strength with age plays a critical 
role in the ability to generate explosive force, especially in actions where muscle 
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contraction must overcome relatively high external resistance (Grassi et al. 1991,  
Izquierdo et al. 1999,  Lanza et al. 2003,  Thom et al. 2005). Some studies suggest 
that even half of the loss of vertical jump ability and triceps surae power is 
accounted for by loss of muscle size (Grassi et al. 1991,  Thom et al. 2005). 
Another critical factor seems to be MyHC isoform composition, as expected 
from force and power properties of different muscles (Fitts and Widrick 1996). 
For example, type II MyHC has been related to the ability of older muscles to 
produce rapidly plantar flexion torques at faster isokinetic velocities (Harridge 
et al. 1995), and vertical jump (Sipilä et al. 2004). Among numerous other 
proposed factors are a decrease in the rapid neural activation (Häkkinen et al. 
1998a,  Kent-Braun and Ng 1999,  Liu et al. 2006) possibly affected by decreased 
nerve conduction velocity (Wang et al. 1999), decline in fascicle/fiber length 
(Thom et al. 2007), increase in tendon compliance that can slow force 
transmission (Reeves et al. 2003), impaired ability to use the elasticity of muscle-
tendon complex in vertical jumping (Bosco and Komi 1980,  Hoffren et al. 2007), 
and a reduction in the rate of Ca2+ release-reuptake by the sarcoplasmic 
reticulum affecting isometric contractile speed (Klitgaard et al. 1989a,  Delbono 
et al. 1995). The mechanism of decline in fast repetitive movements could also 
relate to motor processing speed of the central nervous system (Kent-Braun and 
Ng 1999,  Sosnoff et al. 2004).  
 
MASTER ATHLETES 
 
Investigations on endurance athletes have indicated that while prolonged 
training does not attenuate the age-associated loss of absolute maximal leg 
strength (Alway et al. 1996) it could limit the extent of loss of relative strength, 
because whole-muscle force scaled to unit area (specific force) is greater in older 
endurance athletes than in untrained controls (Klitgaard et al. 1990a,  Alway et 
al. 1996,  Trappe et al. 1996,  Dreyer et al. 2006,  Aagaard et al. 2007). However, 
the experiment by Harridge et al. (1997) in older orienteers (70-100 yr, n=15) 
and untrained (68-92 yr, n=18) men suggest that the endurance training 
stimulus may aggravate the age-associated slowing of the twitch contractile 
properties of the knee extensors. Recent studies have also indicated that, elite 
master long-distance runners (40-87 yr, n=116) had about 8-14% lower counter-
movement jump power in comparison with age-matched untrained men (n=89), 
the differences becoming smaller with increasing age (Runge et al. 2004,  
Michaelis et al. 2008). These findings that endurance running might cause 
restraining of explosive muscular contraction was also observed in an 
experimental trial on middle-aged and older untrained men (30-71 yr, n=36) 
showing an inhibitory effect of daily running exercise (~4 km/day, for 18-week) 
on the vertical jump height (Ono et al. 1976). On the basis of some previous 
studies, the slowing of contractile properties and loss of power in older 
endurance athletes could be linked to the lower expression of fast fibers 
(Harridge et al. 1997,  Martin et al. 2000) and smaller type I and II fiber 
diameters (Widrick et al. 1996b).  
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Reports on strength-trained athletes have indicated that high-intensity 
resistance training is associated with good muscle function but that it cannot 
totally prevent the age-associated loss of strength (Brown and Coggan 1990,  
Meltzer 1994,  Pearson et al. 2002,  Anton et al. 2004). For instance, one study 
found that in 60- to 74-year-old weight and power lifters dynamic knee 
extension torque and squat lift (110 kg) were 75% and 66%, respectively, of the 
values in young strength athletes aged 18-23 years (Brown and Coggan 1990). 
Anton et al. (2004) performed a retrospective analysis of top age-group 
weightlifting and powerlifting records (USA) and found that the age-related 
decline in squat and bench press (powerlifting) performance was smaller than 
that in olympic-style weightlifting characterized by more complex and 
powerful effort of the entire body. In a study by Pearson et al. (2002) 
comparison of 40- to 87-year-old male weight lifters (n=54) with age-matched 
untrained controls (n=54) indicated that the rate of decline in leg extension 
power (1.1-1.5%/yr) and isometric knee extension strength (0.5-0.6%/yr) with 
age are similar for highly-trained and untrained men. In the athletes, however, 
power and strength values were about 32-35% higher. This has been confirmed 
by other studies (Klitgaard et al. 1990a,  Leong et al. 1999,  Aagaard et al. 2007,  
Ojanen et al. 2007). The age-related decline in muscle force production in 
strength-trained master athletes could be attributed both to muscle wasting 
mediated by reduction of fiber size (Brown and Coggan 1990), and decreases in 
rapid neural activation (Ojanen et al. 2007).  

Cross-sectional data have shown that older athletes involved in systematic 
sprint– and jump–type training may exhibit positive adaptations in both 
maximal and explosive strength/power. A case study comparing a world 
champion master male long jumper aged 71 and seven sedentary controls (63-
81 yrs) was one of the first to show that large positive effect in the rapid and 
maximal isometric strength of knee extensors (about 60% higher values in 
jumper) could be achieved by regular training that emphasizes plyometrics 
(Iwaoka et al. 1989). Recent findings on male track athletes aged 35-90 (n=295) 
indicated that in sprinters countermovement jump power (W/kg) was greater 
(+15-29%) than that in middle-distance runners, who in turn had higher power 
(+17-40%) than endurance runners (Michaelis et al. 2008). However, the power 
demonstrated quite similar rate of decline with age (~1.0%/yr) in all athlete 
groups. In a study by Sipilä et al. (1991), elderly (71-80 yr, total n=97) 
sprint/jump athletes performed better in the vertical counter-movement jump 
than either sedentary or strength- or endurance-trained men of the same age. 
The maximal isometric knee extension strength of the sprinters/jumpers was 
comparable to that of the strength-trained athletes, but higher than that of the 
endurance athletes or untrained individuals. Reaburn (1993) found that while 
older sprinters had 22-29% lower isokinetic strength of knee extensors than 
young runners, they were able to produce higher torque compared with 
sedentary controls at slow (60°/s) angular velocities and compared with both 
the sedentary and endurance-trained older men at higher angular velocities 
(180 and 240°/s). In the same study, older sprinters showed 31-37% higher peak 
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power and 10-s work capacity in cycle ergometer sprints than their sedentary or 
endurance-trained counterparts, but had 29-35% lower values when compared 
to younger sprinters. The author suggested that the major mechanism for the 
decline in strength and anaerobic power is a decrease in active muscle mass 
secondary to an age-related reduction in type II fiber area (Reaburn 1993). On 
the basis of the above literature, possible age-related neuromuscular changes 
affecting maximal and explosive strength are summarized in Figure 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4 Potential age-related changes in neural and muscular factors affecting maximal 

and explosive strength. 
 

 
2.4 Effect of training on sprint performance and skeletal muscle 

characteristics 
 
 

Analysis of the training methods of young sprinters indicates that the optimal 
development of sprinting ability requires not only specific sprint training but 
also well-designed strength training throughout the year (Mero et al. 1987,  Joch 
1992,  Andersen et al. 1994,  Delecluse 1997,  Young et al. 2001,  Blazevich and 
Jenkins 2002). In general, the aim of strength training for sprinters is, to produce 
very fast maximal actions against high (80-100%) and lower loads (30-60%), to 
address force and velocity components of the power equation and to improve 
motor unit recruitment and the selective hypertrophy of the fast fibers so as to 
increase the proportion of type II myosin. Additional muscle mass that does not 
increase sprint-specific strength and power is likely to be performance-limiting 
for weight-bearing sprinting and should be avoided in training.  
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However, as described earlier, muscle involvement and force 
requirements are quite complex in sprinting as they consist of different phases 
(Mero et al. 1992,  Wiemann and Tidow 1995,  Young et al. 2001). While the hip 
extensors and reactive strength of the calf muscles could be the main factors for 
maximum speed when contact duration lasts 80-100 ms, the maximal strength 
and rate of force development of the hip and knee extensors also play important 
role, especially in the start and acceleration phases (Mero et al. 1992,  Wiemann 
and Tidow 1995,  Young et al. 2001,  Mero et al. 2006). Accordingly, it is clear 
that strength training for speed development must involve various muscle 
groups and strength qualities.  

In order to achieve successful transfer of training, the movements used in 
strength training should be sport-specific in their biomechanical characteristics. 
For example, the movements used in competitive weightlifting (the snatch, 
clean, and jerk) and especially their variations may simulate mechanically 
(power, velocity) sprinting movements more effectively than strength training 
machines. Thus, such explosive lifting exercises may be especially valuable for 
enhancing sport-specific strength (Kraemer and Häkkinen 2002,  Stone et al. 
2002). The use of various fast contact bounding/plyometric exercises is a way to 
develop force production and elastic abilities with similar force-time 
characteristics to those required in sprinting (Mero and Komi 1994). In addition, 
plyometrics may help to convert the increased strength into sprinting 
movement by enhancing the intermuscular coordination of separately weight-
trained muscle groups (agonists, antagonists, synergists).  

In modern training methods it has also become evident that to avoid 
overtraining and to maximize the transfer of strength gains to sprint 
performance there is need for the appropriate sequencing of volume, intensity 
and exercise selection in a periodized manner during various phases 
(preparation, competition) of the training period (Joch 1992,  Delecluse 1997,  
Young et al. 2001,  Kraemer and Häkkinen 2002). Finally, one notable finding 
regarding periodization for peak performance is that heavy training may down-
regulate the most powerful MyHC IIx isoforms whereas the opposite can result 
from detraining (Andersen and Aagaard 2000,  Andersen 2001).  
 
TRAINING INTERVENTIONS IN YOUNG SPRINT ATHLETES. Very few intervention 
studies exist on the effects of the interaction of strength and sprint training on 
both sprint performance and neuromuscular characteristics in already trained 
sprint athletes. Cadefeau et al. (1990) found that when sprint training (30-500 m) 
was combined with strength training (weight, plyometrics), 60-m and 300-m 
sprint times decreased 3.3% and 4.1%, respectively, over 8 months training in  
young runners (16-17 yr, n=16) with no prior strength training experience 
(Cadefau et al. 1990). On the basis of their muscle biopsy results, improved 
sprint performance with the combined training may have been partially related 
to the enlargement (20%) of type II and type I fibers and increases in the activity 
of the key glycogenolytic and glycolytic enzymes, while there was 8% 
significant increase in slow type I fiber percentage.  
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A study by Andersen et al. (1994) showed that three months of normal 
preparatory strength- and interval-training (15-18h/wk) improved 20-m block- 
and flying-start sprint times by about 2-3% and average power output during a 
45-s knee extension test by about 20% in a group of young elite male sprinters 
(20-27 yr, n=6). These changes were accompanied by the transformation of both 
MyHC isoform I and IIx towards MyHC isoform IIa (I�IIa�IIx), suggesting 
that one possible explanation for improved performance could be related to 
changes in MyHC composition. Interestingly, a subsequent study by Andersen 
(2001) showed a great inter-individual variability in MyHC IIx response to 
strength training (12 wk) followed by interval running (8 wk) in six young 
previously untrained men. Those who had high proportions of MyHC IIx 
(~26%) in their m. vastus lateralis, exhibited complete loss of the MyHC IIx with 
strength training, but it returned to the initial level (to ~18%) after running 
training. In contrast, in the subjects with low level MyHC IIx (~4%), the isoform 
content remained largely unchanged during the whole training. Although small 
sample size  disallow firm conclusions, it seems possible that strength training 
is more effective than interval running for decreasing MyHC IIx and that 
individuals might experience different MyHC IIx responses.  
 
MASTER SPRINTERS 
 
In the past, before 1970s, the training for sprinters consisted mainly of running 
practices. This tradition appears to be reflected to current training of many 
master sprinters who have continued their career into older age (Sipilä et al. 
1991). In their study, Reaburn and coworkers (1995, 1997) hypothesized that an 
increase in resistance training stimulus could lead to further improvements in 
strength and sprint performance in competitive master runners who had 
limited or no previous experience of strength training. It was found that in 
response to an 8-week combined sprint (2x/wk) and hypertrophic strength 
(3x/wk) training program, the male sprinters (55±6 yr; n=6 and 4 controls) 
increased dynamic leg extensor strength by 25%, quadriceps strength by 10%, 
hamstring strength by 12%, anthropometrically-measured thigh circumference 
by 3%, and 100-m and 300-m sprint performance by 4% and 2%, respectively. 
Based on these findings, the authors recommended that master athletes 
involved in sprint/power events should include hypertrophy strength training 
as an essential component of the training program. The results also indicate that 
the master male sprinters, at least between ~45 and 60 years of age, were able to 
tolerate the increased training volume (5 sessions per week) without signs of 
overtraining, as indicated by their maintained basal serum testosterone levels 
(Reaburn et al. 1997). While this study indicates that combined training is more 
effective than sprint training alone, it remains to be determined how the 
training is reflected to muscle fiber and neural characteristics. This information 
would increase the knowledge of the plasticity of already trained 
neuromuscular system to altered exercise stimulus and could have implications 
of planning of training programs for aging athletes.  

 



  

 
 
 
 
 

 
 
 
 
 
 
3 AIMS OF THE STUDY 
 
 
Studying peak performances and related physiological characteristics in aging 
master athletes can provide valuable information about potential benefits of 
different types of training and increase our understanding what is possible in 
physical aging with regular exercise. In athletes the physical changes reflect the 
aging process itself, with minimal confounding influences of decreased physical 
activity and diseases. Most of the previous studies have dealt with endurance 
and strength capabilities. However, to date very little is known about the speed 
performance characteristics and this led to the interest in the present thesis. The 
general aims of the study were a) to investigate the associations between age, 
sprint performance characteristics, anaerobic energy production and functional 
and structural properties of skeletal muscle in systematically trained male 
sprinters, and b) to study the effects of combined sprint and strength training 
on the running performance and neuromuscular in older runners in an 
experimental trial (Fig. 5).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 5 The general aims of the study. 
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More specifically the aim was to answer the following research questions:  
 
(1) How do the overall 100-m and 60-m sprint performances decline with 

age? What are the biomechanical changes associated with maximum 
velocity decline with age (I, II), and does age have an influence on the 
repeatability and symmetry of the performance variables? (III) 

 
(2) Is anaerobic lactacid energy production, estimated by blood lactate 

response, affected by age, and is the peak blood lactate concentration 
associated with overall 100-400-m sprint performances? (IV)  

 
(3) What is the effect of age on various muscle structural and functional 

properties at the single-fiber and whole-muscle levels in systematically 
trained sprint athletes? (II, V) 

 
(4) What is the contribution of structural and functional characteristics of 

leg muscles to age-related decline in maximum-speed sprinting? (II) 
 
(5) Are older sprinters able to further enhance sprint performance and 

neuromuscular characteristics by incorporating heavy-resistance and 
high-power strength exercises into the overall training program? (VI) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

 
 
 
 
 
 
 
 
 
 
 
4    MATERIALS AND METHODS 
 
 
4.1 Study subjects and design  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 6 Scheme of the subjects in the studies. 
 
 
The present thesis consists of three larger study phases shown in Figure 6.  
 
STUDY I. The sprinters aged 40-88 years qualified for the finals and semifinals in 
the 100-400-m sprint events in the European Veterans Athletics Championships 
(in July 2000) were recruited for the first phase of the study (I, IV). Thirty-seven 
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sprinters (the fastest 3-4 finalists in each 5-yr age category) were analyzed for 
biomechanical aspects of the 100-m sprint performance (I). Examination of 
blood lactate response to sprinting comprised 81 runners who had qualified for 
finals in 100-, 200- and 400-m sprint events (IV). Information on current and 
former training, competition performance and sport injuries was obtained with 
questionnaires (translated into 8 languages) and interviews. Most of the athletes 
had in their youth competed in sprint running events and maintained regular 
year-round training. With age, there were no significant differences in total 
training hours per week (~6-8 h) and the percentage of sprint training (~70-
90%) of total training.  
 
STUDY II. Laboratory-based measurements of running biomechanics and 
skeletal muscle properties were undertaken in the second study phase in 2002 
(II, III, V). A total of 108 athletes aged 17-84 years were recruited from among 
the members of Finnish track and field organizations. To qualify for the study 
the subjects had to have a long-term sprint-training background and success in 
international or national championships in 100- to 400-m sprinting events. On 
the basis of the questionnaire, the weekly training hours (from about 11.5 to 5.9 
h/wk), training frequency, and strength training hours declined with age, with 
the greatest decline from the youngest to the 40- to 49-year-old athletes (V). 
Medical histories and a focused medical examination (for subjects >55 yr) 
indicated that the actual health of the subjects was good without any 
functionally limiting chronic neurological, cardiovascular, endocrinological or 
musculoskeletal conditions. Basal serum concentrations of total testosterone (T), 
sex hormone-binding globulin (SHBG) and T/SHBG -ratio (free androgen 
index) were examined in subjects aged 40-84 (Table 1). T concentration 
remained unchanged with age, while SHBG values increased and T/SHBG 
ratio declined. However, both T and SHBG were within the normal references 
values. The daily dietary intake of macronutrients and micronutrients was 
registered by food diaries for 3 workdays and 2 weekend days. Subjects were 
given detailed instructions on completing the foods records (portion sizes, exact 
brand names, preparation techniques). The diaries were analyzed using the 
nutrient analyses software Nutrica 3.0 (Social Insurance Institution, Turku, 
Finland). The results showed no age-related differences in energy and 
macronutrient intake. The daily dietary protein intake followed the 
recommendations for older athletes (1.2-1.4 g/kg vs. recommendation 1.2-1.4 
g/kg), whereas daily carbohydrate intake was below the recommendations (3.6-
4.3 g/kg vs. recommendation 6 g/kg/day) (Campbell and Geik 2004). In 
micronutrients, only vitamin D intake (8.6±6.1 �g) was below recommendations 
(10-15 �g) and its intake decreased with age (r=-0.35, p<0.01). The selected 
characteristics of the study subjects  are listed in Table 1 (V).   
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TABLE 1 Selected characteristics of the subjects in the second study phase (V).   
Values are means ± SE. 

 
   Age   r 
Variable 18-33 yr 40-49 yr 50-59 yr 60-69 yr 70-84 yr with age 

N 16 16 18 21 20  
Age, yr 24.3±1.0 44.0±0.9 53.9±0.6 65.8±0.6 75.3±0.9  
Height, cm 178.0±1.1 180.5±1.9 175.5±1.1 172.7±0.9 171.1±1.2 -0.48*** 
Body mass, kg 77.2±1.4 79.7±1.9 74.3±1.4 71.2±0.9 69.8±2.0 -0.39*** 
Body fat, % 16.5±0.9 13.3±1.0 14.9±0.9 13.6±1.0 15.7±1.1  0.23*** 
Serum hormones, N  15 18 21 18  
T, nmol/L  18.0±1.8 14.8±0.8 15.7±0.8 16.2±1.0    -0.10 
SHBG, nmol/L  40.5±3.54 41.2±5.1 39.3±2.8 57.4±4.3  0.33** 
T/SHBG ratio  0.46±0.04 0.39±0.02 0.44±0.04 0.30±0.02 -0.31** 
Dietary intake, N  10 13 19 12  
Energy, kcal  2 430±120 2 230±110 2 370±70 2 070±60 -0.24 
Energy, kcal/kg  31.0±1.4 30.8±1.7 33.1±1.3 28.4±1.0 -0.07 
Carbohydrates, E%  50.0±1.0 50.4±1.7 51.7±1.9 51.0±1.6 0.11 
Carbohydrates, g/kg  3.9±0.2 3.9±0.2 4.3±0.2 3.6±0.2 0.03 
Protein, E%  15.9±0.9 17.6±0.4 17.1±0.6 16.1±0.6 -0.24 
Protein, g/kg  1.2±0.1 1.4±0.1 1.4±0.1 1.2±0.1 -0.05 
Fat, E%  30.9±1.5 29.3±1.3 28.6±1.2 31.6±1.6 0.00 
Fat, g/kg  1.06±0.06 1.00±0.08 1.06±0.07 0.99±0.18 -0.07 

 
 

STUDY III. The subjects for the third study phase were recruited from among the 
40- to 84-year-old men in the second phase. The men in the experimental (EX) 
group (n=40) participated in a periodized strength and sprint training program 
for 20 weeks (December 2002 - May 2003), while the controls (CTRL, n=32) 
continued their accustomed run-based training routines. A subset of twelve 52- 
to 78-year-old elite sprinters with no background of intensive strength training 
was chosen for the study VI, which involved single-fiber analyses of biopsy 
samples. There were 7 subjects in EX group and 5 subjects in CTRL group. One 
subject from CTRL group could not complete the study. The baseline 
performance and training characteristics did not differ between groups 
suggesting that the randomization was successful. The measurement and 
analyses performed in the second phase served as a baseline and they were 
repeated after 20 weeks. The study included also field tests for running speed 
and muscle force-production properties. The overall experimental design and 
the timetable of various measurements performed during the whole training 
intervention are summarized in Table 2.  

 
In each study, the subjects were informed about the possible risks and 

discomfort associated with the investigation before giving written consent to 
participate in the measurements (I-VI). This study was approved by the Ethics 
Committee of the University of Jyväskylä and conformed to the Declaration of 
Helsinki.  
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TABLE 2 Experimental design of training intervention (VI). 
 

 
 
4.2 Measurements 
 
 
The measurements and variables used in the studies are listed in Table 3 and 
only briefly described in this chapter. For detailed information the reader is 
referred to the original reports.  
 
4.2.1 Sprint running performance  
 
COMPETITION PERFORMANCE ANALYSIS. Velocity and kinematic stride parameters 
during 100-m sprint finals in the European Veterans Athletics Championships 
were analyzed from video data (I). For data collection two high-speed cameras 
with a panning technique were placed parallel to track behind back straight at 
the points of 32 m and 72 m from starting line. Progressive velocity was 
determined from the time between the consecutive 10-m sequences. Average 
step length and step rate values were calculated for each 10-m sequence, and 
contact and flight times were examined for peak velocity and deceleration 
phases. For the time analysis of the 200-m and 400-m races, the race distance 
was divided to four 50 m and 100 m sections, respectively.  For 200 m, the two 
camera locations were the same than during 100-m race, while during 400-m 
event the two panning cameras were positioned at opposite sides of the track 
area.  
 
 

  Training                         
(January – May) 

Follow-up 
(June, August) 

Measurements                                       weeks 1 5 10 11 16 21 26 35 

Maximum velocity and stride variables • • • • •   
Ground reaction force characteristics •   •  •   
Vertical and leg stiffness •  •  •   
Competition analysis (100-m, speed curve)   •    • • 
Maximal dynamic strength •   •  •  • 
Jumping performances • •  • • •  • 
Maximal  and explosive isometric strength •   •  •   
Electromyographic measurements •   •  •   
Muscle biopsy •     •   
Ultrasound measurements •   •  •   
Body fat % •   •  •   
Body weight • •  • • •  • 
Serum hormones •   •  •   
Nutritional intake  •       
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TABLE 3 The variables measured in the original studies and methods used.  
 

 
 
 
 
 
 

Variables Study Methods/references 

Sprint running performance   
 Speed-curve I, II Chow (1987), Kersting (1999) 
 Maximum speed I, II,VI      “ 
 Kinematic stride cycle parameters I–III,VI Mero (1987), Weyand et al. (2000) 
 Ground reaction forces II,III,VI  Mero (1987) 
 Vertical and leg stiffness (kvert, kleg)  Morin et al.  (2005) 
Blood lactate concentration IV Lactate Pro, Pyne et al. (2000) 
Muscle fiber properties   Biopsy m. vastus lateralis, Bergström (1962) 
 Fiber-type distribution  II,V,VI ATPase histochemistry, Staron et al. (2000) 
 Fiber cross-sectional area  II,V,VI Tema image-analysis, Sipilä et al. (2004) 
 MyHC isoforms in muscle 

homogenates and single fibers 
V,VI SDS-PAGE, Andersen and Aagaard (2000), 

Larsson et al. (1993) 
 Specific tension (Po/CSA) V,VI Moss (1979) 
 Unloaded shortening velocity (Vo) V,VI Edman (1979) 
Whole-muscle structure   
 Muscle thickness II,V Ultrasound, Aloka SSD-1400, Kubo et al (2003) 
 Pennation angle of fascicles II,V      ‘’                                “ 
 Fascicle length II,V      ‘’                                “ 
Dynamic strength   
 Bilateral concentric half-squat 1-RM II,VI Smith machine, Häkkinen et al.  (2002) 
Jumping performances  Contact mat, force plate 
 Squat jump VI Viitasalo (1985) 
 Counter movement jump II,V,VI      “ 
 Reactive jumping (5 s) VI Bret et al. (2002) 
 Standing triple-jump VI Mero et al. (1981) 
Isometric strength   Isometric dynamometry 
 Bilateral leg extension force and RFD II,V Viitasalo et al. (1978, 1980) 
 Unilateral knee extension torque VI Häkkinen et al. (1998) 
 Unilateral knee flexion torque VI      ‘’ 
Electromyography  Vastus lateralis and medialis, biceps femoris 
 Maximal iEMG during strength tests VI Häkkinen et al. (1988) 
Basal serum hormone concentrations 

Total testosterone, T 
Sex-hormone binding globulin, SHBG 

 
 
 

 
Chemiluminescent immunoassays,  
(Immulite 1000 analyzer) 

Anthropometry   
 Height and body mass I–VI  
 Body fat, % II,V,VI BIA, Spectrum II, RJL System 
Questionnaires   
 Training history I–VI  
 Health status II,V,VI  
 Nutritional intake  Nutrica 3.0 (5-day dietary records) 
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FORCE PLATFORM MEASUREMENTS. For the assessment of specific biomechanical 
characteristics of sprinting the subjects run 60-m trials on an indoor running 
track. The measurement setup is shown in Figure 8. The kinematic stride cycle 
parameters (II: Fig. 1) were defined according to Weyand et al. (2000). In studies 
II and VI average net resultant GRF of braking (Fbrake) and push-off (Fpush) 
phases was used as specific force indicator (Mero and Komi 1986).  
 Lower extremity stiffness during running was determined according to 
Morin et al.  (2005), using the concept of the spring-mass model (Fig. 7) 
(McMahon and Cheng 1990,  Farley and Gonzalez 1996). The method is based 
on the modeling of the force-time curve by a sine function. The range of the 
stiffness values calculated by the sine-wave method was 0.67 to 6.93% lower 
than the corresponding values obtained using the force-platform derived 
measurements, thereby confirming the validity of the former method (Morin et 
al. 2005).  
 
 
 
 
 
 
 
 
 
 
FIGURE 7 Schematic drawing showing the spring-mass model of running. The model 

consists of a point mass equivalent to body mass and a single leg spring. The 
initial length of the leg spring at the beginning of the contact phase is L0 with � 
denoting the half angle swept by the leg during the ground contact time. The 
compression of the leg is symbolized by �L and the vertical displacement of 
the center of mass during contact is represented by �y.    

 
 
The stiffness measurements calculated by the sine-wave method were based on 
the following formulas (Morin et al. 2005):  vertical stiffness (kvert in kN/m) was 
defined by  
 
      kvert = Fzmax . �yc-1              (eq. 1),           
 

where Fzmax is the maximal vertical GRF (in kN) and �yc is the vertical 
displacement of the center of mass (in m) at the instant when the center of mass 
reaches its lowest point. In this study, Fzmax was obtained from the force 
platform recordings and �yc estimated by  
      

             (eq. 2), 
  
   
where m is the subject’s body mass (in kg), g is the acceleration due to gravity, 
and tc is the contact time (in s) registered by the force platform. 

8
t

g
�
t

m

Fz
	y

2
c

2
cmax

c

2

⋅+⋅−=



46

Leg stiffness (kleg in kN/m) was defined as the ratio of Fzmax to maximal 
displacement of the leg spring (in m) during the contact: 

         kleg= Fzmax . L–1            (eq. 3),

with           (eq. 4), 

           
where L0 is the initial leg length of the subject (measured as the distance 
between the greater trochanter and the ground in the standing position), v is 
mean 10 m velocity (in m/s) measured by photocell gates and yc is the vertical 
displacement of the center of mass (in m). Vertical and leg stiffness are also 
given in body-weight normalized (kN/m/kg) values. The stiffness parameters 
were calculated from 2 contacts for each side and averaged.  

In the methodological study (III), the intra-subject variability, calculated as 
coefficient of variation (CV%=(SD/mean) . 100%) of 4-trial mean, and symmetry 
of 15 GRF and 4 kinematic parameters were examined. The asymmetry between 
dominant and non-dominant limb was quantified by utilizing symmetry index: 

100%
XX1/2

XX
(%)SI

NDD

NDD        (eq. 5), 

where XD and XND are variables for the dominant and non-dominant leg, 
respectively (Herzog et al. 1989). Accordingly, when SI is zero there is perfect 
symmetry between legs, while a positive and negative SI values indicate greater 
magnitude of the variables for dominant and non-dominant side, respectively. 
The data were also examined using the absolute symmetry index ASI=|SI|, in 
which case averaging positive and negative symmetry indices over several 
subjects does not lead to a zero value (Giakas and Baltzopoulos 1997).
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FIGURE 8 Schematic presentation of the experimental set-up for the analysis of speed curve, ground reaction forces and 
kinematic stride parameters during sprint running.
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4.2.2 Post-competition blood lactate measurements  
 
In order to estimate the level of anaerobic glycolytic energy production during 
maximal sprinting, blood samples were collected after the 100-m, 200-m, and 
400-m finals in the European Veterans Athletics Championships. Two recovery 
blood samples for peak blood lactate concentration ([La]b peak) were taken from 
the fingertip within 2-8 min after the runs. The [La]b peak was determined using 
Lactate Pro (Arkray, Inc. Japan) and the highest value of blood lactate 
concentration was included in the analyses. The measuring range of Lactate Pro 
is from 0.8 to 23.3 mmol/L. Previous studies have shown that the Lactate Pro 
gives reliable results for blood samples with high lactate concentrations (up to 
20 mmol/L) and exhibits a high degree of accuracy with other laboratory lactate 
analyzers (Shimojo et al. 1993,  Pyne et al. 2000). It should be recognized that in 
this method the lactate measurement is based on small plasma sample. Short 
high-intensity exercise can lead to loss of plasma from vascular space that 
might cause a concentration of constituent in the vascular space, including 
lactate (Davis et al. 2007). Accordingly, a possibility exists that peak blood 
lactate values uncorrected for potential exercise-induced plasma volume loss 
could overestimate the actual blood lactate level. Nevertheless, the same 
analytical method was used for all participants and the main finding should not 
be biased.  
 
4.2.3 Muscle fiber measurements  
 
MUSCLE BIOPSY AND HISTOCHEMICAL ANALYSES. Muscle samples were taken from 
the middle portion of the vastus lateralis of the dominant leg using a needle 
biopsy technique with suction. Transverse sections of 10 μm were stained for 
myofibrillar ATPase after acid (pH 4.37, 4.60) and alkaline (pH 10.30) 
preincubations (Brooke and Kaiser 1970). Six different fiber types (I, IC, IIC, IIA, 
IIAB, and IIB) were identified (Staron et al. 2000). The fiber area and relative 
proportion of the various fiber types were analyzed from the entire transverse 
section using an image analysis system (Sipilä et al. 2004). In earlier studies 
from the laboratory in our faculty, the reproducibility of fiber type and size 
determinations has been reported to be in the order of ~13–18% and 17–18%, 
respectively, when calculating the fibers from the whole transverse sections 
(Suominen 1978,  Viitasalo et al. 1980).  
 
GEL ELECTROPHORESIS. The myosin heavy chain (MyHC) isoform content of the 
muscle homogenates and single fibers was determined by sodium dodecyl 
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) (Andersen and 
Aagaard 2000). For the homogenate electrophoresis, 10-15 cryosections (10 μm) 
from each biopsy were placed into 700 μL of a lysine buffer and heated for 10 
min at 60 °C. A small amount of the muscle extracts (3-10 μL) was loaded into 
each lane of the SDS-PAGE gel system consisting of stacking gel with 3% 
acrylamide and separating gel with 6% acrylamide and 30% glycerol. The gels 
were run at 4°C at a constant voltage of 70 V for 42 h. Following the run, the 
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gels were fixed for 24 h in 5% acetic acid and 50% methanol and stained using 
Coomassie blue. In the stained gels three distinct protein bands could be 
separated and identified as MyHC I, IIa, or IIx isoforms.  
 
SINGLE-FIBER CONTRACTILE MEASUREMENTS. Intrinsic ability of permeabilized 
muscle fibers to generate force and speed was studied by using single muscle 
fiber technique (Larsson and Moss 1993). All contractile measurements were 
carried out at 15 °C. A single fiber segment was mounted in an experimental 
apparatus leaving an average fiber segment length of 2 mm exposed to the 
solution between the connectors leading to the force transducer and a motor 
lever arm (Fig. 9). The composition of the solution is varied by altering 
concentrations of free Ca2+ and the mechanical responses are examined. 
Maximum tension (Po) is determined from the difference between the fiber force 
in activating (10-4.5 M) and relaxing (10-9 M) solutions that are expressed as pCa 
(-log[Ca2+]). While the fiber is in relaxing solution, the sarcomere length was set 
to 2.79±0.01 μm (range 2.66–2.85 μm) by adjusting the overall segment length. 
Specific tension was calculated as Po normalized to CSA and was corrected for 
the 20% swelling that is known to occur during skinning (Godt and Maughan 
1981).  
 

         
FIGURE 9 Design of experimental apparatus for recording force and movement of single 

muscle fibers (A) and microscopy photos of fiber segment mounted between 
the force transducer and motor lever arm (B) and micrograph of the fiber in 
relaxing solution (C). The horizontal bar denotes 50 �m (C).  
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FIGURE 10 Determination of single fiber unloaded shortening velocity (Vo) using the slack 

test. After reaching of peak force at maximal Ca2+ activation (pCa 4.5) and 
optimal sarcomere length, the fiber is rapidly (within 1-2 ms) released, causing 
force to fall to zero. The fiber shortens under zero load until slack is taken up 
(arrows, time of unloaded shortening) and then begins to redevelop force (C). 
The fiber is activated and released 8-10 times using different length steps (B), 
and Vo is determined as the slope of resultant straight line (�length vs. 
�duration of unloaded shortening) (A).  

 
 
Maximum velocity of unloaded shortening (Vo) is measured by the slack test 
procedure as shown in Figure 10. The contractile recordings were accepted for 
subsequent analyses if a Vo value was based on linear regressions including 
four or more data points. Data were discarded if the coefficient of reliability r 
for the fitted line was less than 0.97, if the sarcomere length during isometric 
tension development changed by more than 0.10 μm compared with the 
sarcomere length in the relaxed fiber, or if maximum force changed more than 
10% from first to final activation (Moss 1979). These acceptance criteria for 
contractile measurements were met by 44-51% of the analyzed fibers (V, VI). 
After mechanical experiments, each single fiber, dissolved in sample buffer, 
was loaded onto a 6% SDS-PAGE gel and ran at 120 V for 24 h at 10°C. Gels 
were subsequently silver stained and MyHC isoforms were determined. 

Of note, our research and previous investigations have demonstrated a 
large range of variance in single fiber contractile properties within and between 
individuals of the same age and consequently the single fiber findings could be 
biased by small number of fibers analyzed. For that reason, to improve the 
reliability of the results the following results combine data from study V with 
additional data obtained from the training intervention study VI (new analyzed 
fibers from the same older athletes).  
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4.2.4 Whole-muscle structure 
 
Knee extensor and ankle plantar flexor structural/architectural characteristics 
were measured using B-mode ultrasonography (Kubo et al. 2003a). The 
thickness of the knee extensor (KE) muscles (vastus lateralis, VL; vastus 
medialis, VM; vastus intermedius, VIM; rectus femoris, RF) and plantar flexor 
(PF) muscles (gastrocnemius medialis, GM; gastrocnemius lateralis, GL) was 
determined as the distance between the upper and deeper aponeuroses (Fig. 
11). The measurements for the VL, VIM and RF were taken at 50% (for VIM two 
anatomic sites: under VL and under RF) and for the VM at 30 % of the distance 
between the lateral condyle of the femur and greater trochanter (Fig. 11A). The 
corresponding measurement sites for the GM and GL were at 30% proximal 
between the lateral malleolus of the fibula and the lateral condyle of the tibia 
(Fig. 11B). The sum of the muscle thicknesses of all the knee extensor and 
plantar flexor muscles (KE+PF muscle thickness) was used as an indicator of 
muscle mass. Fascicle pennation angle and length were determined from the 
VL, GM and GL. The pennation angle was measured as the angle between the 
fascicle and the deeper aponeuroses. The fascicle length was calculated as the 
straight fascicular path distance between the upper and deeper aponeuroses of 
the most clearly visualized fascicles. However, in most cases the entire fascicle 
was not fully visible within the image are, and the fascicle length was estimated 
from the muscle thickness and pennation angle as follows: Fascicle length = 
Muscle thickness · sin (pennation angle)–1. The inter-day reproducibility 
(coefficient of variation, CV%) of the muscle architectural measurements using 
this method has previously been shown to be 2.5% for muscle thickness, 3.8% 
for pennation angle and 5.0% for fascicle length (Kubo et al. 2003b). In addition, 
previous studies have provided evidence that muscle thickness as determined 
by ultrasonography is a good estimate for muscle volume (Miyatani et al. 2004) 
and muscle mass (Sanada et al. 2006). 
 
A 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 11 Analyzed knee extensor (A) and plantar flexor (B) muscles and examples of 

ultrasound images for vastus lateralis (VL) and vastus intermedialis (VIM) 
(50%) and gastrocnemius lateralis (GL). �, fascicle pennation angle; d, muscle 
thickness. (continues)          
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B 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 11  (continued) 
 

 
 
4.2.5 Dynamic and isometric muscle strength  
 
One-repetition maximum (1-RM) dynamic strength of the leg extensors was 
measured using a concentric half squat exercise in the Smith-machine (Fig. 12) 
(Häkkinen et al. 2002). Static squat jump (SJ) was used to examine explosive 
force production in concentric muscle action and countermovement jump (CMJ) 
under eccentric-concentric action (Asmussen and Bonde-Petersen 1974). The 
capacity to benefit from active stretch, i.e., potentiating influence of slow-type 
stretch-shortening cycle on jump performance was evaluated by comparing 
CMJ and SJ heights (prestretch augmentation %= [(CMJ–SJ)/SJ]· 100) (Walshe et 
al. 1996). The reactive jump test (series of straight legged vertical jumps for ~5 s) 
investigated the ability to rapidly change from an eccentric to concentric 
contraction (Bret et al. 2002) and standing triple-jump was used to measure 
explosiveness in cyclic action in horizontal direction (Mero et al. 1981). In 
previous studies, inter-day reproducibility of the rise of the body center of 
gravity has been reported to be good for squat jump (CV= 3.6%) and 
countermovement jump (CV=3.4%) in young adult athletes (Viitasalo 1985).   

 
 
 
 
FIGURE 12  Half-squat exercise utilizing 

Smith-machine and force 
platform. The subject started 
from standing position and 
bended the knees to 90 degrees. 
This position was maintained 
for 1 s before extending up on a 
command. Assistants were in 
attendance during the lifts to 
ensure the subjects safety.  
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Bilateral isometric force of the leg extensors was measured by a dynamometer 
with the subject seated with knees and hip at 107° knee and 110° flexion, 
respectively (Fig. 13D) (Häkkinen et al. 1998b). The subjects were asked to 
perform contractions as explosively as possible. In the force-time analyses, 
maximal force, maximal rate of force development (RFD,  5 ms) and times taken 
to produce different absolute and relative force levels were calculated (Viitasalo 
and Komi 1978,  Viitasalo et al. 1980). Maximal unilateral isometric torque of the 
knee extensors (Fig. 13A) and flexors (Fig. 13B) was measured by a 
dynamometer on the dominant leg with knee and hip angles of 90° and 110°, 
respectively (Häkkinen et al. 1998b). Maximal bilateral upright bench-press 
(Fig. 13C) was also tested isometrically with the 90° elbow flexion and the 
shoulders in a 90° abducted position. The inter-day reproducibility of the 
maximal isometric strength of lower limb muscles has reported to be high for 
different subject groups including young males and females (CV=4.1-6.5%, 
ICC=0.90-0.93 (Viitasalo and Komi 1975,  Thorstensson 1976,  Bamman et al. 
1997) and middle-aged untrained women (CV 5.4-5.8%) (Heinonen et al. 1994). 
The reproducibility of isometric RFD has shown to be poor or moderate 
between days (e.g. CV 5-14%, ICC 0.3-0.7 (Heinonen et al. 1994) and in test-
retest comparisons (8-18%) (Viitasalo et al. 1980,  Heinonen et al. 1994), and that 
was also shown in study V (CV= 4.9-9.0%). On the basis of these findings, only 
maximal force was selected as the isometric strength variable in the training 
study (VI).  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 13 Isometric unilateral knee extension (A), unilateral knee flexion (B) and bench 

press (C) exercises using the David 200 dynamometer. Isometric bilateral leg 
extension, performed as fastly as possible, was measured by customized 
dynamometer (D). From the generated force-time curve, maximal force (Fmax), 
maximal rate of force development (RFD=�F/�time) and time taken to 
increase force certain absolute and relative force levels were measured. Lower 
tracings show raw electromyography (EMG) during rapid leg extension. EMGs 
were recorded from the vastus medialis (VM), vastus lateralis (VL) and biceps 
femoris (BF) muscles.  
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4.2.6 Electromyography  
 
Electromyographic (EMG) activity during bilateral isometric leg extension, 
unilateral isometric knee extension, dynamic squat 1-RM and squat jump tests 
was recorded from the agonist muscles of the vastus lateralis (VL) and vastus 
medialis (VM) and from the antagonist muscles of biceps femoris (BF) of the 
dominant leg (Häkkinen et al. 1998b). The EMG activity was also measured 
during unilateral isometric knee flexion for the BF, when it acted as an agonist. 
The results are expressed as the mean integrated EMG activity (iEMG, 
(VL+VM)/2) analyzed for the peak force phase of the isometric actions (over a 
period of 1 s around the peak torque) and for the whole concentric phases of the 
half squat 1-RM and squat jump exercises. The iEMGs of the VL and VM during 
dynamic actions were also expressed as a percentage of their maximum 
isometric activity during knee extension (normalized iEMG). In previous 
studies, the agonist muscle iEMG has shown poor to satisfactory reproducibility 
for maximal isometric leg strength (CV=5-14%, ICC=0.3-0.7) in day-to-day 
comparison (Viitasalo and Komi 1975,  Bamman et al. 1997) and for vertical 
jumping (ICC=0.70) in the 2-week test-retest evaluation (Goodwin et al. 1999) in 
young adults. The iEMG variability has found to be minimized by increasing 
the width of the signal averaging window up to 0.5-1.0 s (Heinonen et al. 1994,  
Bamman et al. 1997), and this was also taken into consideration in these 
measurements (VI).  
 
4.2.7 Anthropometry  
 
Body mass was measured using an electrical scale and a balance beam scale, 
and body height with a height gauge. Body fat percentage was estimated with 
the use of bioelectrical impedance. Leg length was measured with a ruler as the 
distance from the lateral malleolus to lateral condyle of the femur and thigh 
length from lateral condyle of the femur to the greater trochanter. Thigh 
circumference was measured at 50% thigh length using a tape while the subjects 
stood with their weight distributed evenly between both legs.  
 
4.2.8 Hormone measurements 
 
Subjects aged 40-84 years participating the second study phase were examined 
for serum basal concentrations of total testosterone (T), sex hormone-binding 
globulin (SHBG), and T/SHBG –ratio to obtain basic information about the 
hormonal status. Laboratory tests were run on fasting (12-h, ~8 h sleep) blood 
samples drawn from an antecubital vein in the morning (between 07:00 and 
08:00 AM) of the second experimental day. Specimens were centrifuged (3500 
rpm, 4°C for 10 min) and frozen at -75°C until assayed. The serum 
concentrations of total testosterone and were measured by automated 
chemiluminescent immunoassays using the IMMULITE 1000 system 
(Diagnostic Products Corporation, Los Angeles, California, USA). Analytical 
sensitivity of testosterone assay was 0.5 nmol/L. The intra-assay and inter-
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assay CV of total testosterone varied, respectively, from 7.1% (at the level of 7.0 
nmol/L) to 6.9% (at 27.4 nmol/L), and from 9.6% (at 7.0 nmol/L) to 7.7% (at 
27.4 nmol/L). For SHBG, the sensitivity of assay was 0.2 nmol/L, with range in 
intra- and inter-assay CV, respectively, from 7.7% (at the level of 11 nmol/L) to 
7.5% (121 nmol/L), and from 9.2% (12 nmol/L) to 5.8% (105 nmol). All samples 
for each participant were analyzed in the same assay for each hormone. In 
previous study from our laboratory, the physiological reproducibility (CV%; 
combined methodological and biological variability) was 18.9% for T, 9.8% for 
SHBG and 16.7% for T/SHBG –ratio in 45 men aged 49-73 years during 2-week 
control period measurements (Sallinen 2007). 
 
 
4.3 Training program 
 
 
The effects of increased strength training on the neuromuscular and sprint 
performance characteristics of older athletes were examined in third study 
phase (VI). The 20-week program, consisting of 3-4 training sessions per week, 
was designed by researchers and coaches in collaboration and utilized the 
knowledge from earlier studies in young adult athletes (Joch 1992,  Delecluse 
1997,  Kraemer and Häkkinen 2002). In order to reduce the potential for 
overtraining and to optimize the adaptation, attention was paid to the proper 
periodization of training. The training program consisted of two 11- and 9-week 
periods that were further divided into three 3-4 week phases with variations in 
training intensity, volume and type (Fig. 14).  
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 14 The planned training program and relative volume of different training modes 

during the 20-week study.  
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Briefly, strength training focused on leg extensor, hamstring and gluteal muscle 
groups and included different hypertrophic (3-4 sets x 8-12 reps at 50-70%), 
maximal strength (2-3 x 4-6 reps at 75-85%) and explosive-type weight lifting (2-
3 x 4-6 reps at 35-60%; for high-load speed strength) and plyometric exercises 
(2-3 x 3-10 reps; for low-load speed strength) aimed at specifically stimulate fast 
motor units (VI: Appendix). Sprint type of training followed the athletes’ usual 
training regimen but the overall volume of sprint exercises was decreased 
during this experiment when strength exercises were incorporated into the 
program. Sprint training included preparatory speed-endurance exercises (3-5 x 
200-250 m at 75-85% of max speed), short sprints at high velocity (2-3 x 30-80 m 
at 90-98%), acceleration practices and technique drills. The training data of the 
subjects were investigated from the training logs that were collected every 5th 
week. The overall training adherence rate in EX, calculated as the percentage of 
training sessions successfully completed, was 86±4% for strength training and 
83 ±6 % for sprint training across the 20-week study period. In EX, the average 
training hours and frequency over the training period were 2.1±0.2 h and 
1.6±0.1 times per week for strength training and 2.1±0.3 h and 1.6±0.1 times per 
week for sprint training. Other exercises (ball games, aerobic running, skiing) 
were performed 0.5±0.2 h and 0.6±0.2 times per week. The controls maintained 
their previous training schedules and volumes (1.9±0.3 h and 1.8 times/week 
for sprint training, 0.6±0.1 h and 0.9±0.1 times/week for strength training, and 
1.2±0.4 h and 1.1±0.3 times/week for other exercises) (VI).  
 
 
4.4 Statistical analyses 
 
 
The results are described as means with standard deviations (SD) or standard 
errors of the mean (SE). Interrelationships between different variables were 
studied by simple and age-adjusted Pearson correlation coefficients. Linear and 
polynomial regression analyses were used to estimate the rate of change in 
sprint and strength performance and fiber characteristics with age (I, II, IV, V).  
Differences in slopes of regression lines were assessed by using F-test (I, V). 
Stepwise multiple regression analyses were conducted to find out the 
combinations of muscle characteristics and age that explained the most variance 
in sprint performance (II). For inter-group comparisons, the normality of the 
distribution was analyzed with Kolmogorov-Smirnov test. In the case of 
normally distributed data, comparisons of parameters between groups were 
carried out by the Student’s non-paired t-test or by one-way analyses of 
variance (ANOVA) when assessment included more than two groups. The 
Tukey’s and Tamhane methods were used as the post hoc tests in ANOVA. In 
methodological study (III), a 2 x 2 ANOVA (two age groups x two sides) was 
used to examine the influence of age and leg dominance on the CV values. A 
paired t-test with Holm correction for multiple comparisons was used to 
compare the mean values of the biomechanical measures between dominant 
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and non-dominant legs within groups (III). In training intervention the data 
was non-normally distributed so the differences in changes between the study 
groups were analyzed using the Mann-Whitney non-parametric test and the 
Wilcoxon signed-ranks test was used for within-group comparison of baseline 
and post-training measurements (VI). The statistical analyses were done by the 
SPSS-statistical program (SPSS, Chicago, IL, USA). A p<0.05 was accepted as 
statistically significant in all analyses.  
 
 
 
 
 
 
  



  

 
 
 
 
 
 
 
 
 
 
 
5 RESULTS 
 
The result section includes the main findings for the male athletes from the total 
information obtained. More detailed information is given in the original articles 
I-VI. Some unpublished results are also included. 
 
 
5.1 Sprint performance characteristics 
 
 
5.1.1 Running times and velocity curve  
 
The 100-m race times increased in curvilinear fashion with age from 11.14±0.19 
s in 40–44 yr- to 17.80±0.57 s in 85–89 yr-old runners  (Fig. 15A) (I). The same 
pattern of decline was also observed in indoor 60-m sprint trials in athletes 
across the adult age span  (Fig. 15B) (II). In the 17–33-yr-old runners the 60-m 
time was 6.98±0.17 s, which then increased to 9.23±0.41 s among 70- to 82-yr-
olds (p<0.001; +6%/decade) (II: Appendix 1). 

 
FIGURE 15 Individual values of 100-m and 60-m sprinting times with age.  
 
 
The velocity curves of the 100-m races indicated that the distance required to reach 
the Vmax in the 40- to 49-yr-old runners differed (p<0.05) from that in the 80–89 
yr, whereas no differences were observed between groups in time required to 
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reach the Vmax (I: Fig. 2). The results were confirmed in the 60-m trials using 
laser radar analyses (II), where distance required to reach Vmax decreased from 
37.5±5.8 m in 17–33-yr-old runners to 25.0±4.2 m in runners over 70 (p<0.001). 
No age group differences existed in time to peak velocity (range 4.07–4.68 s) (II). 
In the 100-m races, the relative decrease of velocity from peak velocity sequence 
to the final phase of the run ranged from 5.4 to 10.6% and was positively 
associated with age (r=0.51, p<0.01) (I). The decrease in relative speed from 
peak velocity sequence to the final phase of the run in 200 m (range 12.4 % to 
14.9%) and 400 m (range 13.8% to 18.4%) did not differ with age (data not 
shown). 
 
5.1.2 Maximum velocity and kinematic stride cycle parameters 
 
Figure 16 shows the Vmax and kinematic stride cycle parameters measured 
during the maximum speed phase of the 60-m trials (II). From youngest to 
oldest age group (average age difference 51.1 yr), there was a gradual decline in 
Vmax (–5%/decade), Lstr (–4%/decade) and Freqstr (–1%/decade). When 
expressed relative to leg length, the age-related decline remained for Lstr (r=–
0.77, p<0.001; –3%) but not for Freqstr (r=0.10). Of the temporal variables, tsw 
remained unchanged, tc (+5%), tbrake (+9%/decade) and tpush (+2%/decade) 
increased (Fig. 17) and taer decreased (–5%/decade, p<0.001) with age (II: Fig. 3).  
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 16  Relationships between age and maximum running velocity, stride length (Lstr) 

and stride frequency (Freqstr). Lstr was determined as the distance between 
consecutive contacts of the same foot (step length x 2) and Freqstr from the 
inverse of the total stride cycle time [1/tstr, (=step frequency/2)]. 
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FIGURE 17 
Relationships 
between age and 
swing time, total 
contact time (tc), 
push-off time (tpush) 
and braking time 
(tbrake).  
 
 

 
 
5.1.3 Ground reaction forces 
 
Force production during maximum velocity sprinting was described using 
resultant GRFs as a specific force indicator (Fig. 18 A-C) (II). The average net 
resultant GRFs of the braking (Fbrake) and push-off (Fpush) phases declined with 
age (–4% and –6%, respectively). The Fpush/Fbrake ratio showed lower values in 
the 70- to 82-yr-old group. The mean angle of Fpush became more vertically-
oriented with age, whereas no age effect existed in the braking GRF angle.   
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 18  
Relationships between 
age and the resultant 
GRF of the braking 
(Fbrake) and push-off 
(Fpush) contact phases (A), 
Fpush as a fraction of Fbrake 
(B), and mean angle of 
the resultant GRF from 
vertical, averaged over 
the braking (Fbrake°) and 
push-off (Fpush°) phases 
(C). *p<0.05 vs. 17- to 33-
yr-old group, †p<0.01 vs. 
50- to 59-yr-old group. 
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5.1.4 Lower extremity stiffness 
 
A progressive age-related decrease in the vertical stiffness (kvert=Fzmax/�y) and 
leg stiffness (kleg= Fzmax/�L) in both absolute and body-weight normalized 
values was observed (Fig. 19C,D). The decline in kvert was due to the 
combination of the decrease in Fzmax and increase in �y. kleg decreased with age 
because Fzmax decreased, while no change occurred in �L (Fig. 19A,B). In a 
separate analysis for the youngest athlete group (n=18) significant positive 
correlations between maximum velocity (range 9.1-10.3 m/s) and kvert (r=0.61, 
p<0.01) and kleg (r=0.48, p<0.05) were found. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 19 Relationships between age and the maximal vertical GRF (Fzmax) (A), vertical 
displacement of center of mass (�y), displacement of the leg spring (�L) (B), 
vertical stiffness (kvert), leg stiffness (kleg) (C), body-weight normalized kvert and 
kleg (D). 

 
 
5.1.5 Relationships among the biomechanical parameters 
 
In the overall sample, Vmax was significantly associated with all parameters, 
except tsw (Table 4) (II). Of the parameters, Lstr, tc, Fpush, and kvert were the best 
correlates of Vmax. When controlled for age, most of the significant correlations 
between the parameters remained, with tc showing the strongest relationship 
with Vmax.  
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TABLE 4 Simple and age-controlled correlations among the biomechanical variables. 
Values are correlations r (n=77). Significant correlations are in bold (*p<0.05, 
†p<0.01, ‡p<0.001). x body weight adjusted values (Fbrake and Fpush= (N-
Nbw)/kgbw), (kvert and kleg= kN/m/kgbw). 

 

 
5.1.6 Variability and symmetry of biomechanical parameters 
 
There were wide-ranging levels of variability in biomechanical parameters, 
with CVs ranging from 1.5% to 17.4% in the young participants, and from 1.4% 
to 21.1% in the older participants (Fig. 20) (III). In general, the variation in both 
groups was low (CV < 6%) in the vertical and resultant forces and in all the step 
temporal-spatial variables, but clearly higher for vertical loading (LRmax, LRave, 
Fzimpact) and horizontal forces. The CVs of LRmax (p=0.037), Fybrake-max (p<0.001), 
Fypush-max (p<0.001), Fypush-ave (p=0.003), and taerial (p<0.001), showed higher 
variability in the older than in the younger participants.  

The symmetry index, SI (i.e., dominant vs. non-dominant leg), ranged 
from –5.4% to +5.6% in the young group, and from –2.6% to +2.7% in older 
group (III: Table 1). There was one significant age-related difference in the SI, 
with younger participants showing greater asymmetry for taerial than older 
participants (p=0.037).  

 

Variables  Vmax Lstr Freqstr tc tbrake tpush tsw taer Fbrake Fpush kvert

 Pearson correlation coefficient 
Max velocity (Vmax)     
Stride length (Lstr) .89‡           
Stride freq (Freqstr) .53‡ .09          
Contact time (tc) –.84‡ –.62‡ –.70‡         
Braking time (tbrake) –.73‡ –.61‡ –.48‡ .81‡        
Push-off time (tpush) –.42‡ –.21 –.53‡ .57‡ –.02       
Swing time (tsw) –.11 .33† –.85‡ .27* .08 .35*      
Aerial time (taer) .40‡ .69‡ –.41‡ –.35† –.41‡ .03 .79‡     
Braking GRF (Fbrake)x .59‡ .61‡ .26* –.66‡ –.58‡ –.32† .11 .52‡    
Push-off GRF (Fpush) x .71‡ .65‡ .33† –.74‡ –.83‡ –.10 .08 .54‡ .63‡   
Vertical stiffness (kvert)x .82‡ .57‡ .74‡ –.96‡ –.81‡ –.50‡ –.31† .28* .64‡ .77‡  
Leg stiffness (kleg) x .47‡ .25* .56‡ –.79‡ –.76‡ –.28* –.20 .28* .55‡ .76‡ .85‡ 

 Vmax Lstr Freqstr tc tbrake tpush tsw taer Fbrake Fpush kvert

 Partial correlation adjusted for age 
Max velocity (Vmax)            

Stride length (Lstr) .35†           
Stride freq (Freqstr) .48‡ –.65‡          
Contact time (tc) –.65‡ .12 –.65‡         
Braking time (tbrake) –.56‡ –.15 –.32† .67‡        
Push-off time (tpush) –.14 .33† –.44‡ .45‡ –.36‡       
Swing time (tsw) –.29* .73‡ –.93‡ .39‡ .09 .38†      
Aerial time (taer) –.02 .74‡ –.71‡ –.04 –.20 .17 .88‡     
Braking GRF (Fbrake) x .21 .15 .04 –.44‡ –.35† –.13 .14 .37‡    
Push-off GRF (Fpush) x .44‡ .28* .10 –.53‡ –.73‡ .21 .12 .39‡ .44‡   
Vertical stiffness (kvert)x .62‡ –.19 .69‡ –.91‡ –.67‡ –.34† –.43† –.04 .41‡ .60‡  
Leg stiffness (kleg) x .50‡ –.08 .49‡ –.86‡ –.75‡ –.17 –.21 .17 .47‡ .75‡ .93‡ 
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The absolute inter-leg asymmetry (ASI) values ranged from 2.7% to 14.3% 
in the young group, and from 2.2% to 18.8% in the older group (III: Table 1). 
Age had a significant effect on absolute symmetry index of Fzmax that was 
higher in the young (3.8%) than in older (2.2%) group (p=0.016). 

 
FIGURE 20 Intra-individual coefficient of variations (CV %) of the (A) vertical, (B) 

horizontal, and (C) resultant components of the GRF, and (D) the temporal-
spatial step variables for the dominant (dom) and non-dominant (non-dom) 
legs in young and older sprinters. Bars indicate group means ± SD calculated 
from four steps of each leg. Significant age effect: *p<0.05, **p<0.01, ***p<0.001.  

 
 
5.2 Blood lactate response to sprint running 
 
 
Figure 21 shows the [La]b peak measured after competitive 100-m, 200-m, and 
400-m sprinting (IV). The [La]b peak declined linearly in 100- and 200-m events 
and in curvilinear fashion in 400-m. However, 10-yr age-group comparisons 
with ANOVA showed no group differences in the [La]b peak before the oldest, 
+70 yr group (IV: Table 4). When all athletes in different age groups were 
considered, the [La]b peak correlated significantly with running times in all sprint 
events (IV: Table 5). Adjusting for age, the [La]b peak remained correlated with 
400-m times. 
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FIGURE 21   Relationships between age and [La]b peak after 100-m (A), 200-m (B), and 400-m 
                      (C) sprint races. Regression equations:  **p<0.01,   ***p<0.001. 
 
 
5.3 Muscle structure 
 
 
5.3.1 Muscle fiber area, distribution and MyHC isoform content 
 
The mean cross-sectional area of type I fibers showed no significant association 
with age (Fig. 22A) (V). However, there was a progressive aging-associated 
reduction in type II fiber areas (Fig. 22B-D), leading to a decline in type IIA/I, 
IIAB/I, and IIB/I fiber area ratios with age (Fig. 22E). The relative distribution 
of the histochemically determined fiber types did not differ with age and was 
54±11 for type II in the overall study sample. 

FIGURE 22 Relationship between age and mean fiber area of type I (A) and different type 
II muscle fibers (B-D), and the ratio of type II-to-type I fiber areas (E) of m. 
vastus lateralis. Type II fiber area and type IIA/I, IIAB/I, and IIB/I fiber area 
ratios decline with age (p<0.001). Mean ± SE. 
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The analysis of MyHC isoform composition of muscle homogenates showed an 
aging-related increase in relative content of MyHC I and a decrease in that of 
MyHC IIx, whereas no difference was observed in MyHC IIa expression (V: Fig. 
5). The MyHC I isoform content was strongly associated with the 
corresponding histochemically determined relative area of type I fiber (r=0.92, 
p<0.001) (V). 
 
5.3.2 Muscle thickness, pennation angle and fascicle length 
 
The ultrasound results for the knee extensor and ankle plantar flexor muscle 
thickness and pennation angle are shown in Figure 23 (II). There was an age-
related decline in KE (–6%/decade), PF (–2.5%/decade) and KE+PF muscle 
thickness (–5.5%/decade). This decline in muscle thickness was also observed 
in all individual KE and PF muscles (data not shown). Pennation angle was 
associated with age for VL but not for GM or GL. No significant relationships 
existed between age and fascicle length for VL, GM, or GL (II: Appendix 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 23 Association of age with knee extensor (KE) and ankle plantar flexor (PF) 

muscle thickness (A), and with pennation angle of m. vastus lateralis (VL), m. 
gastrocnemius medialis (GM), and m. gastrocnemius lateralis (GL) (B). 
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5.4  Muscle contractile function  
 
 
5.4.1 Single-fiber contractile properties 
 
Single fiber contractile function was analyzed in subgroups of young adult (18-
33 yr, n=8) and older (53-77 yr, n= 9) runners (V). Maximal tension (Po) of type 
IIa MyHC fibers was lower in the older than in younger subjects, but the 
difference in type I fibers remained only at trend level (p=0.13) (Fig. 24A). Older 
runners showed smaller fiber sizes (Fig, 24B). Difference in Po of type IIa fibers 
was eliminated after adjusting for differences in fiber size (specific tension, ST), 
whereas the type I fibers from older runners showed higher ST values than 
those from younger athletes (Fig. 24C). The maximal unloaded shortening 
velocity of fibers (Vo) did not differ between young and older runners (Fig. 
24D). In both age groups, there were no significant differences in Po, CSA or ST 
values between fiber types. However, a trend towards greater Po (p=0.055) and 
CSA (p=0.087) of type IIa than type I fibers was found in younger runners. Type 
IIa fibers were faster than type I fibers for both young and older runners 
(p<0.001).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 24 Maximal tension (A), cross-sectional area (B), specific tension (C), and maximal 

unloaded shortening velocity (D) in skinned single muscle fibers expressing 
type I and IIa MyHC isoforms in young (18-33 yr, n=8 and older (53-77 yr, n=9) 
runners. Values are mean ± SD. Significant age effect *p<0.05, **p<0.01, 
***p<0.001.  
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5.4.2  Maximal and explosive muscle strength 
 
Figure 25 shows selected dynamic strength variables (II, V). There were gradual 
age-associated declines in maximal concentric strength (half-squat 1-RM, –
9%/decade; half-squat 1-RM/KE muscle thickness, –4%/decade, p<0.01), and 
in jumping performance (CMJ, –11%/decade; squat jump, –10%/decade, 
p<0.001) reactive jump, –11%/decade, p<0.001; standing triple jump –
8%/decade, p<0.001 [40-82 yr]. The relative increase in jump height from SJ to 
CMJ (prestretch augmentation) did not differ with age. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 25 Relationship between age and dynamic strength measures. 
 
 
Clear age-associated declines were also found in maximal isometric force of 
lower and upper body muscle groups (bilateral leg extension –8%/decade; 
bilateral leg extension RFD, –11%/decade; unilateral knee extension –
7.5%/decade [40-82 yr]; unilateral knee flexion –8%/decade, p=0.013 [40-82 yr]; 
bench press –9.5%/decade, p<0.001)(Fig. 26). The knee flexor/knee extensor torque 
ratio did not differ with age (40-82 yr) (data not shown). When isometric force 
production was calculated as a force per KE muscle thicknesses (specific force), 
age-related difference in maximal force was eliminated in both bilateral leg 
extension and in unilateral knee extension (40-82 yr) (Fig. 26). Age differences in 
bilateral leg extension RFD persisted after adjusting for KE muscle thickness 
(Fig. 26).  
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FIGURE 26 Relationship between age and isometric strength measures. 

 
 

Force-time curves of fast bilateral isometric leg extension action indicated an 
aging-related decline in the absolute rate of force development (RFD: 
�force/�time) along with lengthening in times needed to reach specific force 
levels 100 N up to 2 000 N (Fig. 27). Furthermore, when the force-time curves 
were normalized to maximal force produced, there continued to be an aging-
related lengthening in times time needed to reach 10-80 % of maximal force.  

 

 
 
FIGURE 27 Force-time curves calculated for absolute values and normalized force-time 

curves calculated as a percentage of maximal force (Fmax) developed in fast 
bilateral isometric leg extension action in different age groups. Asterisks at the 
side of force-time curve indicate significant age effect obtained by regression 
analysis: ***p<0.001; **p<0.01; *p<0.05. 
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5.5 Relative agonist and antagonist electromyographic activity 
during fast bilateral isometric leg extension  

 
 
Figure 28 shows the agonist (VL, VM) iEMG activity in fast bilateral isometric 
leg extension action during 0-100 ms and 0-500 ms relative to maximum 
activation in the same action.  There was an overall age-related decline in the 
relative iEMG of VL and VL+VM for the 0-100 ms time period (Fig. 28A). The 
VL and combined VL+VM activities during the first 100 ms were significantly 
lower from the maximum activity of the corresponding muscles in the two 
oldest group and 60-69-yr age group, respectively. Slight but nonsignificant 
overall age-related declines were observed in relative VL (p=0.06), VM (p=0.21), 
VL+VM (p=0.09) activity for 0-500 ms time period (Fig. 28B). On the other hand, 
the iEMG values differed significantly from the maximum activity in 50-59 yr 
and 70-84 yr age groups for VL and in the oldest group for VM and VL+VM.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 28 Agonist iEMG activity in leg extensors (m. vastus lateralis, VL; m. vastus 

medialis, VM) in fast bilateral isometric leg extension between 0 and 100 
milliseconds (ms) and 0 and 500 ms. Significantly different from max iEMG 
value: * p<0.05; ** p<0.01; ***p<0.001. Significant age effect obtained by the 
regression analysis: #p<0.05. 
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Figure 29 presents the antagonist (BF) activities during rapid bilateral isometric 
leg extension action relative to maximum agonist values of the BF recorded 
during unilateral isometric knee flexion. The antagonist BF activity values 
during 0-100 ms (p=0.36), 0-500 ms (p=0.15) or maximal force phases (p=0.15) 
were not significantly related to age.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
FIGURE 29 Antagonist biceps femoris (BF) iEMG coactivity (relative to maximal agonist 

values of the BF in knee flexion) during the rapid bilateral isometric leg 
extension in 0-100 ms, 0-500 ms and maximal force phase of the contraction.  

 
 
5.6 Interrelationships between muscle and sprint performance 

characteristics  
 
 
5.6.1 Relation of strength to muscle architecture, composition and 

electromyographic activity  
 
Table 5 shows the age-adjusted correlations of selected muscle strength, 
structure and iEMG characteristics. Of absolute isometric strength, Fmax 
correlated with KE thickness, while RFD correlated with the relative agonist 
[(VL+VM)/2] iEMG of 0-100 ms and 0-500 ms. When the isometric force was 
calculated as a percentage of maximum produced, the time to reach 30% of 
maximum was inversely associated with MyHC II%, iEMG 0-100 ms and iEMG 
0-500 ms. The time to force level of 60% correlated with iEMGs 0-100 ms and 0-
500 ms, while time to 90% force level was related to iEMG of 0-500 ms. With 
regard to dynamic strength, CMJ and SJ height correlated with MyHC II %. The 
squat 1-RM did not correlate with MyHC II% or KE muscle thickness, although 
the latter association approached statistical significance (p=0.06).  
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TABLE 5 Age-adjusted correlations between selected muscle structural, iEMG and 
strength characteristics. Values are correlations (r). Significant correlations  
are in bold: *p<0.05, †p<0.01, ‡p<0.001.  

 
In multiple stepwise regression analysis muscle thickness was the only 
predictor of isometric Fmax, whereas both muscle thickness and relative iEMG 
entered the models for RFD and time to reach 30%, 60% and 90% force levels of 
the maximum (Table 6). Age and fascicle length did not enter into the models of 
for isometric strength measures. Conversely, using stepwise regression, only 
age entered to the models of dynamic strength parameters, explaining 43%, 77% 
and 82% of the variance in squat 1-RM, squat jump and CMJ, respectively. 
When age was intentionally left out, 41%, 48% and 53% of the variance in squat 
1-RM, squat jump and CMJ, respectively, was accounted for by the KE+PF 
thickness, while MyHC did not enter to these models.  
 
TABLE 6 Stepwise multiple regression analysis for the skeletal muscle structural factors 

and relative agonist EMG activation predicting isometric and dynamic force 
production characteristics. 

 

 

Dependent variable Predictors Cumulative r2 p-value 

Isom  Fmax KE thickness 0.51 <0.001 

Isom RFD KE thickness 
iEMG 0-100 ms 

0.39 
0.52 

<0.001 
<0.001 

t 30% Fmax 
iEMG 0-100 ms 

KE thickness 
0.27 
0.44 

<0.001 
<0.001 

t 60% Fmax 
iEMG 0-500 ms 

KE thickness 
0.27 
0.39 

<0.001 
<0.001 

t 90%Fmax 
iEMG 0-500 ms 

KE thickness 
0.18 
0.27 

<0.001 
<0.001 

Squat-1RM Age 0.43 <0.001 

Squat Jump Age 0.77 <0.001 

CMJ Age 0.82 <0.001 

Isom 
Fmax 

Isom 
RFD 

t 30% 
Fmax 

t 60% 
Fmax 

t 90% 
Fmax 

Squat 
1-RM 

Squat 
Jump  CMJ 

 

Age-controlled partial correlation 

MyHC II %  0.06 0.18 -0.32† –0.19 –0.03 0.15 0.29* 0.32† 
KE thickness 0.30* 0.23 –0.18 –0.14 –0.24 0.26 0.06 0.09 

VL fascicle length –0.18 0.08 –0.09 –0.23 –0.08 0.09 0.07 –0.03 
GM fascicle length –0.08 0.04 –0.07 –0.16 –0.18 –0.13 –0.16 0.09 
VL+VM iEMG 0-100ms 0.14 0.48‡ -0.48‡ -0.36† –0.12 - - - 
VL+VM iEMG 0-500 ms  0.00 0.43‡ -0.50‡ -0.48‡ -0.31† - - - 
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5.6.2 Relation of sprint performance to muscle structural and strength 
characteristics  

 
When adjusted for age, KE+PF thickness was associated with Vmax kvert, kleg and 
t60m (Table 7) (II). No other morphological characteristics were related to 
running parameters (data not shown). Of the muscle strength, squat 1-RM, CMJ 
and maximal isometric leg extension force correlated with the sprint 
parameters, but no associations were found between isometric leg extension 
RFD and any sprint performance characteristics. 
 
 
TABLE 7 Age-adjusted correlations between selected biomechanical variables and 

muscle structural and strength characteristics. Values are correlations (r). 
Significant correlations are in bold: *p<0.05, †p<0.01, ‡p<0.001.  

 
  
 
The stepwise regression models of the muscle predictors for Vmax, Fbrake and 
Fpush are shown in Table 8. The variables entered were age, KE+PF thickness, 
type II fiber percentage, type II-to-I fiber area ratio, maximal isometric leg 
extension force and CMJ (n=54). Age was the strongest predictor of Vmax and 
explained 89% of the total variance, with maximal isometric force being the 
only other factor (1%) to appear in the model. When age was intentionally 
excluded from the model, CMJ and KE+PF thickness appeared in the model 
and together explained 80% of the variance in Vmax (not shown). 

In the GRFs, KE+PF thickness was the only variable to enter the model for 
Fbrake (26%), whereas maximum CMJ height was the only significant predictor of 
Fpush (34%). Age did not enter the models for Fbrake and Fpush. 

 
 

TABLE 8 Stepwise multiple regression analysis for the skeletal muscle factors predicting 
maximum sprinting velocity (Vmax), and the average net resultant GRF of the 
braking (Fbrake) and push-off (Fpush) contact phases.  

 
 
 
 
 

 

Dependent variable Predictors Cumulative r2 p-value 

Vmax 
Age 

Isom Fmax 
0.88 
0.89 

<0.001 
0.012 

Fbrake KE+PF thickness 0.26 <0.001 

Fpush CMJ  0.34 <0.001 

Vmax Lstr Freqstr tc Fbrake Fpush kvert kleg t 60m  

Partial correlation adjusted for age 

KE+PF thickness 0.28* 0.16 0.11 –0.08 0.22 0.10 0.48‡ 0.44‡ –0.26* 
Squat 1-RM    0.33† –0.04 0.30* –0.28* –0.00 0.14 0.52‡ 0.48‡ –0.34† 
CMJ    0.34† 0.04 0.22 –0.23* 0.00 0.17 0.21 0.16 –0.28* 
Isom Fmax    0.24* 0.12 0.09 –0.04 0.13 0.16 0.33† 0.27* –0.18 
Isom RFD 0.08 0.16 -0.08 0.11 0.07 -0.04 0.16 0.11 -0.06 
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5.7 Effects of combined strength and sprint training on running 
performance and muscle characteristics 

 
 
5.7.1 Sprint running performance 
 
The experimental group (EX) showed a significant increase in the average 
resultant GRF of the push-off phase (8%) and decreases in contact times of the 
braking (9%) and push-off (5%) phases with training (Fig. 30A) (VI). These 
changes led to an increase in the RFD in both the braking (12%) and push-off 
(14%) phases. Maximum 10-m running speed improved from 7.47±0.28 to 
7.74±0.31 m/s (4%, p<0.01) and 60-m sprint time from 8.69±0.30 to 8.52±0.29 
m/s (2%, p<0.01). Stride length of the maximum speed phase increased from 
1.79±0.06 to 1.85±0.08 m (3%, p<0.05), but no significant change occurred in 
stride rate (from 4.19±0.10 to 4.22±0.13 Hz). Training led to an increase in 
absolute leg stiffness (Fzmax/�L) from 11.8±2.7 to 13.5±3.5 kN/m (p<0.05) and 
body weight normalized leg stiffness from 0.151±0.030 to 0.157±0.028 
kN/m/kgbw (p<0.05). Increased leg stiffness was accompanied by a significant 
increase in Fzmax from 2.13±0.22 kN to 2.34±0.32 kN (p<0.05), while there was a 
trend towards a decrease in �L (from 0.188±0.041 to 0.180±0.036 m, p=0.059). In 
the control group (CTRL), no changes were observed in either the GRF 
characteristics (Fig. 30B) or in any of the other studied parameters of running. 
When comparing percentage changes over the intervention period, the push-off 
phase RFD (p<0.05), Fzmax (p<0.05) stride length (p<0.05), maximum 10-m 
speed (p<0.05) and overall 60-m sprint time (p<0.01) differed between the two 
groups.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 30 Selected ground reaction force characteristics of maximal running in the 

experimental (A) and control (B) groups. Values are mean ± SE. *p<0.05 for the 
comparison with the corresponding value before training; §p<0.05 for the 
comparison of the percentage change from before training with that in the 
control group. 

*
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5.7.2  Maximal and explosive muscle strength  
 
Maximal isometric and dynamic strength before and after the 20-week period 
are shown in Figure 31. In EX, the maximal isometric torque during unilateral 
knee extension and knee flexion exercises increased by 21% and 40%, 
respectively. Maximum dynamic strength, as evaluated by bilateral concentric 
1-RM squat, increased by 27% (n=5). Significant increases were also observed in 
the squat jump (10%), standing triple jump (4%), and the mechanical power of 
reactive jump test (29%). In CTRL, no significant changes were found in any of 
these parameters. When comparing percentage changes over the intervention 
period, all the jump test variables were increased significantly more for the EX 
than CTRL group. 
 

FIGURE 31  Isometric and dynamic force parameters in the experimental and control 
groups. Values are mean ± SE. †p<0.01, ‡ p<0.001 for the comparison with the 
corresponding value before training; §p<0.05, ¶p<0.01 for the comparison of the 
percentage change from before training with that in the control group. 

 
 
5.7.3 Muscle composition 
  
The histochemically determined fiber type distribution remained unaltered 
during the training period (VI: Table 2). In EX there was an increase in mean 
CSA of IIa fibers (20%, p<0.05), while the changes observed in type I (19%), 
IIAB (17%) and type IIB (33%) fibres were not statistically significant (p=0.3–
0.1). In CTRL, no significant changes were observed in either muscle fiber type 
distribution or CSAs (p=0.6–0.3). The percentage changes over the experimental 
period in the CSA of type II and type IIA fibres were significantly (p<0.05) 
different between EX and CTRL. The relative content of type I, IIa and IIx 
MyHC isoforms in the muscle homogenates of the biopsies did not change over 
the 20-week period in either EX or CTRL.  
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5.7.4  Single-fiber properties 
 
Single fiber CSA was measured in all the analyzed 470 fiber segments in EX 
(n=312) and CTRL (n=158), but statistical analyses were restricted to type I and 
IIa MyHC fibers due to the low number of type IIx MyHC fibers and fibres co-
expressing the type I and IIa, and IIa and IIx MyHC isoforms. In line with 
histochemical analyses, EX showed a significant increase in CSA of the type IIa 
MyHC fibers (40%), while the change in CSA of type I fibers (22%) was not 
significant (VI: Fig. 5). The difference in change in type IIa fibres between EX 
and CTRL did not reach significance (p=0.097). 
 A total of 219 single membrane permeabilized muscle fiber segments out 
of 470 fibres fulfilled the criteria for acceptance for contractile measurements 
(EX 48%, CTRL 44%) (VI: Table 3). In EX, the increases in maximum force (Po) in the cells 
expressing the type I (630±49 μN, n=45 vs. 800±155 μN, n=45 fibers) and IIa 
(640±137 μN, n=21 vs. 1010±187 μN, n=28) MyHC isoforms, respectively, did 
not reach statistical significance. In CTRL, Po in fibres expressing the type I 
(630± 31 μN, n= 15 vs. 620±122 μN, n=12) and type IIa (740±77 μN, n=19 vs. 
720±103 μN, n=15) MyHC isoform showed consistency before and after the 20-
week period. The specific tension (ST), i.e., maximum force normalized to fiber 
CSA, in single type I and IIa MyHC fibres was not affected in either group. In 
maximum unloaded shortening velocity (Vo), EX showed no significant changes 
in type I (0.50±0.06 ML/s, n=45 vs. 0.61±0.05 ML/s, n=45) or type II 1.74±0.19 
ML/s, n=21 vs. 1.83±0.26 ML/s, n=28) fibers after training. Similarly, no 
changes were present for the Vo of type I (0.57±0.10 ML/s, n=15 vs. 0.57±0.16 
ML/s, n=12) or IIa (1.58±0.14 ML/s, n=19 vs. 1.66±0.33 ML/s, n=15) fibers in 
CTRL group.   
 
5.7.5 Muscle electromyographic activity 
 
In terms of absolute iEMG values of the agonist, EX showed a 9% increase 
(p<0.05) maximum iEMG of the VL+VM in the squat jump, but no significant 
changes were observed in the muscle activation concentric half squat 1-RM or 
during isometric knee extension (VI: Fig. 4A). The maximum iEMGs of the BF 
during the isometric knee flexion remained unaltered. The percentage increase 
in the squat jump iEMG by the EX group was significantly greater than the 
percentage change by the CTRL (p<0.05).  
 Statistically nonsignificant increases were observed when the iEMGs of the 
VL and VM obtained in the dynamic squat 1-RM and squat jump actions were 
normalized to their maximum isometric activity during knee extension (VI: Fig. 
4A). In addition, no change was observed in the magnitude of antagonist BF 
iEMG coactivity (relative to maximum agonist values of the BF) during the 
isometric knee extension (28±8% before; 25±5% after), squat 1-RM (48±15% 
before; 47±10% after) or squat jump (55±8% before; 53±9% after) exercises. In 
CTRL, no significant alterations were observed in any of the muscle activity 
parameters (VI: 4B). 
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5.7.6 Relation between changes in muscle strength, fiber characteristics and 
electromyographic activity 

 
The correlation analysis of pooled data showed that the increase in unilateral 
isometric knee extension torque was associated (p<0.05) with the increase in the 
cross-sectional area of histochemically determined type II fibers (r=0.68). No 
significant correlation between the changes in bilateral squat 1-RM strength and 
changes in fiber areas was observed. Of the explosive strength measures, the 
improvements in squat jump and triple jump correlated (p<0.05) with increases 
in type II fiber area (r=0.71; r=0.66, respectively), while improvement in reactive 
jump performance correlated with changes in the areas of both type I (r= 0.68, 
p<0.05) and II fibers (r=0.62, p<0.05). No significant association was found 
between changes in muscle strength and iEMG activity levels, although a trend 
for relationship between the changes in squat jump performance and in 
corresponding iEMG was noted (r=0.51, p=0.11).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
6 DISCUSSION 
 
 
This thesis examined young and master sprinters to gain knowledge about the 
effect of age and regular training on speed performance characteristics, a topic 
that has largely remained unstudied. There were four main components in this 
research. First, the effect of age on the biomechanical aspects of sprinting was 
examined by analyzing velocity curves, stride cycle parameters, ground 
reaction forces, lower extremity stiffness and the variability and symmetry of 
the performance measures. Second, post-competition blood lactate concentration 
was determined to obtain an insight into the effect of age on anaerobic lactacid 
energy production. Third, age-related differences in structural and functional 
characteristics of muscle and the role of these factors on maximal sprint 
performance were investigated. Fourth, the effects of a 20-week combined 
strength and sprint training program on neuromuscular and sprint 
performance characteristics were evaluated in older sprinters. The following 
discussion is organized in the above-mentioned order. 

 
 

6.1 Sprint running performance  
 
 
RUNNING TIMES AND VELOCITY CURVE. In accordance with the current age group 
world record data, our results (I, II) showed a nonlinear decline in 100-m and 
60-m sprint performance with increasing age. Since many of the athletes had a 
life-long training and competition history, it was possible to estimate the 
validity of the cross-sectional performance data (II). The average rate of decline 
in 100-m sprint performance with advancing age in these athletes showed close 
similarity whether they were studied cross-sectionally (~0.5-0.6%/yr) or 
longitudinally (~0.6%/yr).  

Age-related differences in the velocity curve over 100 m were described in 
paper I. With age, the time required to reach the peak velocity sequence 
remained unchanged, whereas the distance to the peak velocity phase declined 
significantly. This velocity curve pattern was confirmed in the 60-m trials using 
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more accurate laser radar analysis (II), that showed that distance to peak 
velocity decreased with age from about 40 m to 25 m, whereas time to peak 
velocity remained unchanged (range 4.1–4.7 s). Thus, it is the length of the 
acceleration phase that differs with age and ability of the sprinter. This is in line 
with the data on elite young sprinters who reach maximum speed at 60 m and 
more (Bruggemann and Glad 1990,  Ae et al. 1994,  Ritzdorf 1997,  Ferro et al. 
2001). We also found that during 100-m competitions, the relative loss in 
velocity from the peak velocity sequence to the end of the run became greater 
with age (from 5.4% to 10.6%). These values were somewhat greater when 
compared to the decreases of about 2-7% in velocity from peak velocity phase to 
the end of the run in young elite runners observed in major championships 
(Bruggemann and Glad 1990,  Ae et al. 1994,  Ritzdorf 1997,  Ferro et al. 2001). In 
sum, it seems that the effect of age on overall sprint performance is 
characterized not only by decreased Vmax, but also shorter distance to reach 
Vmax and greater relative decrease in velocity toward the end of the run.  

It is clear that sprint performance was preserved at a remarkably high 
level well into old age in these athletes. For example, sprint performance of the 
70-84-yr-old sprinters was better than that of 64 untrained Finnish men with a 
mean age of 44 years (Surakka 2005). Nevertheless, data on speed performance 
in the untrained men from young adult to older age are lacking and thus it 
remains unknown whether the rate of loss may be less rapid in sprint-trained 
athletes than in the general population. To the best of my knowledge, the only 
evidence (indirect) comes from a sprint test up a staircase (4-5 s) that revealed a 
decrease in running speed of about 50% in men between 20-30 and 70 years of 
age, which is two-fold more than the decrease observed in the present study 
(Margaria et al. 1966).   
 
STRIDE CYCLE PARAMETERS. The changes in stride length (Lstr) and stride 
frequency (Freqstr) over 100-m competitive run were similar in runners of 
different age groups (I). In all groups, Freqstr reached peak value rapidly in the 
run (10-20 m), whereas maximum Lstr was achieved later. Further, the loss of 
velocity at the end of the run was explained by the decrease in Freqstr. The 
results on the maximum velocity phase indicated that the decrease in Lstr 
contributed more to the age-related decline in Vmax than Freqstr (I, II). The 
decline in Freqstr was related fully to increased contact time (tc), since swing 
time (tsw) did not differ between runners of different ages. Furthermore, when 
Lstr and Freqstr were normalized to leg length, the decline with age remained for 
Lstr but not for Freqstr. This indicates that it was only the Lstr aspect of velocity 
that was affected by age. These findings are supported by an earlier report on 
stride pattern in 83 elite-level male sprinters aged 30-94 years examined in 
competition conditions (Hamilton 1993). Information obtained from young 
experienced male sprinters (Ae et al. 1994,  Ito et al. 2008) and male and female 
athlete comparisons (Mero 1987) have also provided evidence that Lstr is a more 
important predictor of between-subject differences in maximum speed than 
Freqstr. For example, Ae et al. (1994) reported that at the World Championships 
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(Tokyo, 1991), the 100-m finalists (9.96 s, n=8) differed from the semifinalists 
(10.26 s, n=8) and runners who qualified for 2nd round (10.53 s, n=3) by longer 
absolute and body-height normalized Lstr, whereas no group differences were 
observed in Freqstr.  

 
GROUND REACTION FORCES. The magnitude of resultant GRFs of the braking 
(Fbrake) and push-off (Fpush) phases declined progressively with age and was 
reflected in changes in Lstr, tc and consequently in Vmax (II). Along with the 27% 
age-related decline in Vmax (from 9.7 to 7.1 m/s), Fbrake and Fpush decreased by 
20% and 32%, respectively. These findings appears to be in general agreement 
with the previous study by Mero (1987) who found clear differences in Fbrake 
and Fpush between good and average young male sprinters and female sprinters.  

As to the components of resultant GRF, our results showed a typical 
pattern, i.e., the average vertical force was about five times greater in 
magnitude than the horizontal anterior-posterior forces (III: Table 1). It is 
known that the impulse necessary to support body weight and to produce taer 
just long enough for repositioning the swing leg is a function of vertical force 
and time of contact. Considering this, differences in vertical force production 
are likely to have strong influence on the minimum time needed to be spent on 
the ground (Weyand et al. 2000), and may have been the mechanism behind the 
age-related increase in tc. The importance of vertical GRF for sprinting was 
proposed by Weyand et al. (2000) who found that a small 1.26-fold inter-subject 
variation in vertical GRF was accompanied by a 1.8-fold difference in Vmax (6.1-
11.1 m/s) and reflected in tc and Lstr. This seems to be also consistent with the 
recent data suggesting that higher initial acceleration in earlier 100-m world 
record holder  compared to that in national level runners was characterized by 
higher absolute and body mass-specific vertical GRF (Kobayashi et al. 2008). 

On the other hand, studies on young elite sprinters have suggested that 
for the most efficient force production the sprinter must be able to transfer the 
body’s center of gravity as fast as possible from vertical projection to horizontal 
movement (O'Conner 2000). Maximization of horizontal push-off force can 
decrease the angle of release and increase Lstr while maintaining Freqstr. The 
present results showed a small, but significant age-related decrease in the mean 
angle of push-off resultant GRF (i.e., decrease in the push-off 
horizontal/vertical GRF ratio). To what extent this difference in GRF direction, 
even if minor, may impair the acceleration of the body in optimal horizontal 
direction and thus affect Lstr and Vmax sprint velocity is unknown at present.  

Our subjects also demonstrated a decline in their tpush/tbrake and 
Fpush/Fbrake ratios with age, the decrements becoming evident in 70- to 82-year-
old group (Fig. 32; II: Appendix 1). It could be hypothesized that high eccentric 
impact loads are less tolerated at older ages resulting in a longer braking phase. 
Moreover, it is likely that inability for fast eccentric force production at higher 
impact force conditions has a negative influence on the efficiency of the 
concentric push-off action. In this connection, it is interesting to note that Fpush 
and Lstr showed strong relationship with tbrake, while no significant association 
was seen with tpush.  
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   FIGURE  32  Resultant force production characteristics of maximum-speed running in 

the youngest and oldest athlete groups. There was a greater relative age-
group difference in push-off than braking forces (decline in Fpush/Fbrake 
ratio) as well as greater age-related increase in braking than push-off 
ground contact time (decline in tpush/tbrake ratio).  Further, the mean angle of 
Fpush increased with age.  

 
 

LOWER EXTREMITY STIFFNESS. In this study both leg stiffness (kleg) and vertical 
stiffness (kvert) decreased with increasing age (i.e., with decreasing velocity from 
~9.7 m/s to ~7.1 m/s). Further, stiffness values were strongly negatively related 
to tbrake, suggesting that high stiffness is a prerequisite for tolerating higher 
impact loads and can lead to faster transition from the braking to the push-off 
phase. The finding of increased kvert with increasing velocity is supported by 
most of the available investigations (Luhtanen and Komi 1980,  Mero and Komi 
1986,  He et al. 1991,  Farley and Gonzalez 1996,  Arampatzis et al. 1999,  Morin 
et al. 2005). Moreover, the result that the decline in kvert is attributed to the 
combination of a decline in Fzmax and increase in �y is in agreement with 
previous experiments (Farley and Gonzalez 1996,  Arampatzis et al. 1999). In 
contrast, the data on kleg is inconsistent. While many studies have indicated that 
kleg does not change with increasing velocity (He et al. 1991,  Farley and 
Gonzalez 1996,  Morin et al. 2005), other studies have found a positive 
correlation between kleg and running velocity (Arampatzis et al. 1999,  Chelly 
and Denis 2001). It has been speculated that the lack of an association with 
velocity and kleg in previous studies may be explained by submaximal velocity 
range (2-5 m/s) as well as the potential confounding influence of using non-
athletic subjects (Brughelli and Cronin 2008). As to the spring-mass model 
components, our data indicated that the decrease in kleg with increasing age was 
attributed to a decrease in Fzmax, while �L remained constant. This finding is in 
line with the previous data by Arampatzis et al. (1999). Moreover, in our 
training intervention significant increase in kleg (14%) was due to an increase in 
Fzmax (10%), while no change occurred in leg compression.  

It is currently unclear whether during contact aging affects limb posture 
(ankle, knee, hip angles) which in turn can affect stiffness. However, the 
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observation that the mean angle of Fpush changed (i.e., decrease in horizontal 
push-off/vertical GRF ratio) may be an indication of an altered movement 
pattern and leg posture in runners of different ages. One possibility is that the 
younger (stronger) runners were more capable than the older runners of 
producing a similar level of leg spring compression with the knee joint more 
flexed. Such a leg posture has been found in young elite sprinters and is likely 
to enable more efficient transmission of the hip extension velocity to the foot 
backward velocity than if the driving leg is without knee flexion (Ito 1993). 
Differences in body position and landing angle could also explain the clear age-
related differences in vertical displacement of the center of mass. However, in 
the absence of kinematic data, any conclusions on leg movement patterns 
remain speculative at best. Moreover, neural activity and muscle-tendon 
function should be examined in the future to fully understand the effect of 
aging on stiffness regulation during maximal running. 

 
VARIABILITY AND SYMMETRY. The importance of variability as well as symmetry 
in data interpretation is obvious (Hamill and McNiven 1990). The total lack of 
knowledge about the effect of age on the reliability of biomechanical variables 
in sprinting led to the interest in the methodological study (III). The results 
showed low variability for most of the vertical and resultant GRFs as well as for 
of all the temporal-spatial stride parameters in young and older athlete groups 
(CV 1 to 6%) and agree with those of a previous study in young runners that 
indicated good stability of the average resultant GRFs during maximum-speed 
sprinting (CV 5.1-7.3% for two steps) (Mero and Komi 1986). These measures 
may be reliable enough to detect small changes in young and older sprinters’ 
performance. Age-related increases in CVs were seen in the parameters 
describing vertical loading rate, horizontal GRFs and aerial time. However, the 
major age-related difference was in the horizontal GRF component, where three 
out of four of the examined parameters showed increased CV values with age. 
From a practical standpoint, it seems that in horizontal GRFs more steps are 
required to produce reliable values, especially for older runners, to ensure the 
biomechanical relevance of the differences observed. The study design does not 
allow us to draw any conclusions about the cause of age-related differences in 
variability. The exact mechanism responsible for the variability in locomotion is 
very difficult to determine as it may arise from deviation in one or multiple 
factors in the neuromuscular locomotor system, including the musculoskeletal 
dynamics, central pattern generator, supraspinal neural system and peripheral 
feedback mechanism (Masani et al. 2002). However, further research on these 
issues and the potential beneficial effect of movement variability for injury risk 
(Bartlett et al. 2007) might prove of value. 

The symmetry analysis in the present study indicated no consistent age 
effect on the SI values between the dominant and non-dominant limbs. 
However, the SI equation is limited in that pooled data across participants can 
lead to a zero value, if some participants show superior measurements in the 
dominant leg and some in the non-dominant leg. When we did not take limb 
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dominance into account but examined only inter-limb differences (ASI %), the 
asymmetry of the parameters increased and were comparable in both the young 
(ASI 3-14%, mean 8% for all parameters) and older (2-19%, mean 8%) group. 
According to this result, clear variable-specific asymmetries between legs are 
present during sprinting, which would appear to  support previous studies on 
submaximal-speed running (Williams et al. 1987,  Belli et al. 1995) in young 
athletes. Therefore, testing runners bilaterally or using the average score of both 
sides is recommended.  
 
 
6.2 Anaerobic lactacid energy production during sprinting 
 
 
Changes in progressive sprinting speed correspond to the rate and magnitude 
of energy production in the anaerobic processes of PCr degradation and 
glycolysis, and oxidative metabolism in longer sprint distances. In the present 
investigation (IV), post-competition peak blood lactate concentration ([La]b peak) 
was used as an indirect measure of anaerobic glycolytic energy production in 
the world-level master sprinters aged 40 to 88 years. The results showed that 
[La]b peak following 100- to 400-m races declined with age, the age-group 
differences becoming significant after 70 years of age. Moreover, the age-
associated decline in [La]b peak was related to increases in running times. 
Therefore, these data support the view that reduced energy production via 
anaerobic glycolysis in older ages may be a factor in the curvilinear 
deterioration in overall sprint performance (Reaburn and Dascombe 2009). Our 
results also agree with the recent study by Benelli et al. (2007) who studied 
blood lactate response to competitive swimming in 52 male swimmers (40-79 
yr) using the same analytical method. They found an age-related decline in 
[La]b peak following competitive 50-400-m events (from 14.2 to 8.2 mmol/l) the 
age-related difference becoming most salient after 70 years of age.  

Total lactic acid production is highly correlated with the contractile muscle 
mass (Stainsby and Brooks 1990,  Jensen-Urstad et al. 1994) and the amount of 
fast fibers (Essen and Haggmark 1975,  Tesch et al. 1978) and therefore the age-
related reduction in muscle mass via preferential atrophy of fast fibers could 
play major role in the observed changes in [La]b peak. As far it is known, only 
one study has addressed the effect of aging on activities glycolytic regulatory 
enzymes in master sprinters. In his study, Reaburn (1993) found no decline in 
the activity of lactic acid-producing M-isozyme of lactate dehydrogenase 
(LDH), and total LDH in muscle homogenates in older sprinters compared with 
young sprinters, suggesting that glycolytic enzyme activity and thus muscle 
mass-specific capacity to generate lactate might be prevented by sprint-type 
training. In contrast, several studies in untrained people have reported a decline 
in activities of glycolytic enzymes (Larsson et al. 1978,  Pastoris et al. 2000,  
Hunter et al. 2002,  Kaczor et al. 2006). Further, well-controlled rat studies have 
suggested, that with normal aging the glycolytic function/lactate production is 
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decreased in muscles containing mainly fast glycolytic fibers as well as single 
fast type II fibers, but unchanged in muscles containing a large proportion of 
slow fibers (Campbell et al. 1991,  Holloszy et al. 1991,  Lowe et al. 2000,  
Hepple et al. 2004). Some of the animal studies have also provided evidence of 
impaired lactate transport capacity from muscle to blood with age, that could, 
in theory, lead to underestimation of the rate of anaerobic glycolysis (Juel et al. 
1991,  Hepple et al. 2004). Yet, it is believed that potential lactate trapping alone 
could not explain the lower age-related lactate efflux during contraction and 
that lactate production is really decreased in the old muscle (Hepple et al. 2004).  

The present study does not allow drawing any firm conclusions about 
fatigue. The major concern related to the maintenance of the maximal speed 
towards the end of the sprinting is the depletion PCr and the increased 
contribution of glycolysis that leads to lactic-acid induced accumulation of H+ 
ions (Hirvonen et al. 1987,  Hirvonen et al. 1992). The reduced pH, in turn, may 
have direct negative effect on the contractile function and could also inhibit 
glycolytic rate (Fitts 2004). Nummela and coworkers (1992) have reported that 
in young runners the impairment in the force generating capacity (estimated 
from drop jumping height after 100-400 m runs), starts when the blood lactate 
concentration approaches the level of about 10 mmol/l. In our study, [La]b peak 
following 100- to 400-m races was at a high level (100m: 10.9-14.6 mmol/l, 
200m: 15.4-17.4mmol/l, 400m: 14.1-17.5 mmol/l), suggesting muscle acidosis 
might have played a role in the fatigue response among these runners in all 
distances. Nevertheless, the finding that [La]b peak was not related to the loss of 
speed from the fastest race sequence to the final phase in these races suggests 
that fatigue could be explained also by other factors (levels of intramuscular 
PCr, ATP and glycogen, buffering capacity, neural fatigue etc.). Age-related 
increase in relative loss in velocity from the peak velocity sequence to the end of 
the run was observed in 100 m (from -5.4% to -10.6%) but not in 200 m (range -
12.3% to -14.9%) or 400 m (range -13.8 to -18.4%). However, the interpretation of 
the 100-m event is complicated by the fact that older runners reach their 
maximum speed earlier and have thus longer fatigue-inducing speed-
endurance phase. On the other hand, one could speculate that a similar loss of 
speed in longer sprint events may reflect age-related differences in race tactics. 
For example, a usual tactics for 400 m in older runners is to begin at lower 
relative pace than that in young runners and to rely more on aerobic 
metabolism throughout the race. Age-related reduction in high-intensity 
anaerobic exercises with age supports such race pacing. 

 
 
6.3 Skeletal muscle structure and contractile function 

 
 

MUSCLE STRUCTURE. In previous studies on master athletes it has become 
apparent that the muscle is capable of adapting to chronic training of different 
types. However, these studies have focused on strength, and particularly 
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endurance-trained, athletes and skeletal muscle adaptations to long-term sprint 
training remain largely unstudied. The present results (II) indicated that the 
sprint-trained subjects experienced a gradual age-related decline in muscle 
thickness both in the knee extensors (KE) (~0.6%/yr) and ankle plantar flexors 
(PF) (0.3%/yr). The rate of loss of thickness in KE agrees generally with 
previous results on KE (VL+VI) muscle thickness in untrained (0.8%/yr) and 
strength-trained master throwers (0.6%/yr) aged 40-75 years. Similarly, in the 
study by Pearson et al. (2002) the age-related loss of lean lower limb volume in 
elite level master weight lifters (0.8%/yr) compares well with our data.  

The reason for the decline in muscle mass could be a decrease in the size 
of individual muscle fibers, a reduction in muscle fiber number, or a 
combination of the two. Our results from m. vastus lateralis indicated an age-
related reduction in type II fiber area, whereas type I fiber area remained 
mostly unaffected (Fig. 22). This led to a decline in the type II-to-type I area 
ratio, which is the most probable explanation for the increase in type I MyHC 
isoform content with age, since the major fiber types showed no age-related 
differences. The maintenance of histochemically-determined fiber type 
percentage is in line with some (Saltin 1986) but not all (Trappe et al. 1995) 
findings in well-trained endurance athletes. Further, the greater reduction in the 
size of fast fibers with age confirms earlier studies in sprinters (Reaburn 1993), 
strength athletes (Brown and Coggan 1990,  Klitgaard et al. 1990a), endurance 
runners (Reaburn 1993,  Proctor et al. 1995,  Widrick et al. 1996a) and untrained 
men (Tomonaga 1977,  Larsson et al. 1979,  Lexell et al. 1988). Nonetheless, on 
the basis of these studies, strength-trained athletes could maintain their type II-
to-type I area ratio better than sprint or endurance athletes. It is possible that 
while the stimulus of sprint training exercises may be sufficient to ensure that 
all muscle fiber types are recruited, the overall duration of activation is too 
short or overload stimulus too small to cause hypertrophy of the fast fibers. 
Nevertheless, in older sprinters the fast fibers showed an up to 30 year 
“advantage” when compared to those in untrained men (V: Fig. 7A).  

As to the other determinant of muscle mass, attempts have not yet been 
made to estimate the number of motor units affecting fiber number and loss of 
muscle mass in aging athletes. However, in sprinters muscle did not display the 
dominance of histochemically-determined slow-type fibers, or the fiber type 
grouping or increased coexpression of MyHC isoforms in the same fibers, that 
might reflect the denervation-reinnervation process of muscle fibers and which 
are typically found in untrained sarcopenic muscle (Klitgaard et al. 1990b,  
Andersen et al. 1999). A question arises as to whether systematic training is able 
to reduce the magnitude of the age-related loss of muscle fibers and/or motor 
units in the vastus lateralis muscle. Although apparently no attempts have been 
made to study this issue in aging elite athletes from any sports, some authors 
have hypothesized that systematic training may not protect skeletal muscles 
from the fiber and motor unit losses in the course of aging (Alway et al. 1996,  
Faulkner et al. 2008). On the other hand, it is notable that some data from a 
well-controlled animal experiment have indicated that elderly strength-trained 
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(plantar flexion, 6h/wk) male Wistar rats had a higher number of muscle fibers 
in trained soleus muscle compared to that in untrained older animals (Klitgaard 
et al. 1989b). This suggests that very intensive strength training could have 
some delaying effect on the age-related reduction of fiber numbers. Interesting, 
there seems to be large inter-individual variation in the total number of muscle 
fibers between individuals of the same-age (Lexell et al. 1988). In a recent paper, 
Faulkner et al. (2008) suggested that this variability may relate to 
polymorphisms in genes that control fiber number during embryonic 
development, such as myostatin and insulin-like growth factor 1 (IGF-I), and 
that such polymorphisms could play a role in athletic performance with age.  

It is known that the muscle architecture affects the functional properties of 
muscle (Narici and Maganaris 2006). Our results on pennate-architecture 
muscles VL, GM and GL showed no age-related differences in fascicle length, 
suggesting the type of stress and strain on muscle in sprint training can 
attenuate the age-related loss of sarcomeres in series. This is line with findings 
of VL and GM on well-trained endurance runners (Karamanidis and 
Arampatzis 2006) but in conflict with other data showing shorter fascicle length 
of GM in older compared to young healthy sedentary men (Narici et al. 2003). 
Therefore, it can be assumed that regular exercise training in general can 
prevent the aging/disuse-related reduction in fiber length, thus maintaining the 
shortening velocity potential of the muscles. The present results, further, 
indicated that older age was associated with a decrease (30%) in the pennation 
angle of VL that may relate to reduced fiber size. However, the significance of 
the decline in the pennation angle in VL is not clear. While this change in the 
direction of fibers towards the distal tendon would imply lower contractile 
force potential (decline in physiological cross-sectional area), it may have a 
positive influence on contractile speed by increasing muscle fiber length in 
relation to whole muscle length.  

 
SINGLE-FIBER CONTRACTILE FUNCTION. The few studies conducted on the effects 
of age and long-term training on single fiber contractile function have focused 
on endurance/strength athletes (Larsson et al. 1997,  D'Antona et al. 2007), 
while it remains unknown what age changes in fiber contractility, if any, occur 
in sprint athletes. The present results indicated that the maximal shortening 
velocity, Vo, of slow type I and fast IIa MyHC fibers in older (53-77 yr) sprinters 
was similar or only slightly lower than that in young (18-33 yr) sprinters (Fig. 
24D). This result differs from most previous findings of a significant decline in 
Vo in type I and/or type II fibers in untrained men (D'Antona et al. 2007,  
Ochala et al. 2007,  Yu et al. 2007) and endurance/strength-trained men 
(Larsson et al. 1997,  D'Antona et al. 2007). On the other hand, Widrick et al. 
(1996a) reported a higher Vo in type I fibers in middle-aged endurance runners 
compared with untrained men of the same age. This difference was thought to 
be related to the faster MyLC profile in runners. The electrophoretic analyses in 
the present study, however, demonstrated no age-related differences in MyLC 
isoform composition in either type I or II MyHC fibers (not reported).  



 86 

Our data also showed that fiber-size adjusted force-generating capacity, 
i.e., specific tension (ST=Po/CSA) of single fibers was similar (type IIa fibers) or 
even slightly higher (type I fibers) in older than in young runners (Fig. 24C). 
The maintenance of ST with age is in accordance with some (D'Antona et al. 
2007) but not all results in endurance/strength athletes (Larsson et al. 1997) and 
in conflict with those of most studies in untrained men (Larsson et al. 1997,  
D'Antona et al. 2003,  Ochala et al. 2007,  Hvid et al. 2009). Our findings of 
increased type I fiber ST in older runners finds some support in the recent 9-
year longitudinal study by Frontera et al. (2008) who reported about 28% 
increase in ST of type I fibers (p=0.07) in m. vastus lateralis in post-
measurements in five elderly untrained men. Taken together, our ST results 
provide evidence that sprint-trained athletes show no significant age-related 
deterioration in the intrinsic quality (number of cross-bridges acting in parallel 
and the tension generated by each cross-bridge) of slow-type I and fast-type IIa 
MyHC fibers and that the properties of these fibers may be changed by a 
quantitative mechanism, i.e. loss of CSA. It should noted that the average age of 
the older subject group was 67.5 years and thus further investigations are 
needed to elucidate whether this protective effect of sprint training also applies 
to the elderly runners over 70 years of age.  

 
MUSCLE ACTIVATION. In the present study the relative agonist (VL, VM) and 
antagonist (BF) surface EMG in the early phases of isometric leg extension was 
compared to that at maximum activation (Figs. 28-29). This EMG normalization 
allowed a more reliable inter-subject comparison, but confined the analysis to 
the early phases of muscular action. With respect to the agonist muscles, there 
was an age-related decline in neural activation; however a significant age effect 
was seen only in the first 100 ms for VL and VL+VM. Our results also indicated 
that the early iEMG values were lower than maximal iEMG in the older but not 
in the younger age groups. These results confirm those of a previous study on 
master throwers showing decreases in rapid neural activation of the agonist VL 
muscle (Ojanen et al. 2007).  

What could be the mechanism underlying the loss of rapid neural 
activation of muscle? In a recent study in untrained subjects, intramuscular 
EMG data from the tibialis anterior muscle indicated lower motor unit 
discharge frequency along with a reduced number of doublet discharges (brief 
interspike intervals of ~5 ms) in older (71-84 yr, n=5) than young (18-22 yr, n=5) 
subjects during fast isometric dorsiflexion (Klass et al. 2008). Once again, 
however, it remains unclear whether these mechanisms seen in sedentary 
people apply to well-trained older athletes. For example, Leong et al. (1999) 
reported greater motor unit discharge rates in the rectus femoris muscle during 
slow maximal isometric knee extension in older weight-lifters (67-79 yr, n=7) 
compared with age-matched untrained men (n=5).  

It is noteworthy that training may reduce the neural drive to antagonist 
muscles enhancing the net force production of the agonists (Häkkinen et al. 
1998b). We found no significant age-related differences in the amount of BF 
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coactivity during the maximal force phase of isometric leg extension, that 
support the results of the study in elite weightlifters by Pearson et al. (2002). 
Furthermore, our EMG data expand the previous findings on master athletes 
that hamstring coactivation was unaffected by age not only in the late maximal 
force phase but also in the early rapid-force phase (0-100 ms) of isometric 
muscular action.  
 
WHOLE-MUSCLE STRENGTH. Maximal and explosive strength, measured by both 
isometric and dynamic actions, declined progressively with age. The 
observation that strength had decreased already by around age 40 is in 
accordance with the findings of studies on master strength/power athletes 
(Grassi et al. 1991,  Anton et al. 2004) and some larger studies of untrained men 
(Lindle et al. 1997,  Lauretani et al. 2003). Previous studies indicate that 
sprint/power and strength athletes have an advantage of about 20-40 years in 
maximal and rapid force over untrained men (Grassi et al. 1991,  Pearson et al. 
2002,  Ojanen et al. 2007).  

We found that when the force data were normalized with respect to the 
values of young athletes values, the relative effect of age resembled that for 
maximal (~8-9%/decade) and explosive (10-11%/decade) strength qualities (II: 
Fig. 8). Interestingly, maximum sprinting speed was the least affected by age 
(5%/decade) in our athletes. Our observations differ from those of untrained 
subjects, where a much larger decline has been found in rapid than maximal 
force capacity (Skelton et al. 1994,  Lauretani et al. 2003). Other beneficial 
adaptations could be that the relative differences in CMJ and SJ height 
(prestretch augmentation) (Fig. 25) as well as the isometric knee 
flexion/extension ratio were not affected by age. While the first observation 
seems to conflict with age-related decrease in elasticity found in untrained 
people (Bosco and Komi 1980), the second is in contrast to the greater loss 
observed in knee flexor vs. extensor function with age in recreational (
20 
km/wk) runners (Savelberg and Meijer 2004) and in master throwers (Ojanen et 
al. 2007). One could assume that the differential effect of age on the changes in 
force-production characteristics (speed, explosive strength, elasticity, knee 
flexor/extensor function) in the present sprinters may partially reflect training 
specificity for high-power stretch-shortening cycle actions that impose great 
demands on tendo-muscular elasticity and the hamstring muscles.  

 
RELATIVE IMPORTANCE OF MUSCULAR AND NEURAL FACTORS. The foregoing data 
does not allow us to draw conclusions of the exact contribution of muscular and 
neural factors to the loss of mechanical performance. However, the findings of 
no age-related differences in single-fiber specific force and antagonist 
coactivation along with small non-significant decline isometric strength/muscle 
thickness ratio (Fig. 26) suggest that maximal isometric strength can be largely 
attributed to the loss of muscle mass. This possibility is also supported by the 
significant correlation between leg muscle thickness and maximal isometric 
strength (r=0.71) in the overall sample. However, the finding that a large 
portion of the variability in maximal isometric force was not explained by the 
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differences in muscle thickness may be related to the use of ultrasound muscle 
thickness as an indirect estimate of muscle size. It could also indicate that 
besides muscle size, other factors contributed to the age-related difference in 
maximal strength. For example, maximality of agonist muscle activation and 
synergist coactivation were not investigated in the present study and may thus 
not be excluded as contributing factors in determining maximal strength in 
these athletes.  

Deterioration in the rapid isometric force production of the leg extensors 
in the sprinters studied here seemed to be explained not only by decreased 
muscle mass but also by some alteration of the muscle’s capacity to produce 
force. This was indicated by reduced absolute isometric RFD/muscle thickness 
(Fig 26) as well as a decline in the slope of the normalized force-time curve (Fig. 
27). Regarding potential neuromuscular contributors, the results indicated that 
the times required to reach force levels of 10-70% of relative isometric loads (V) 
and time to 30% of Fmax when controlled for age (Table 5) correlated negatively 
with MyHC II content. A further reason for the loss of rapid isometric force 
capacity could be a decline in the rate of neural activation. We found that the 
relative iEMG value of the agonists was together with muscle thickness the 
most important predictors of fast isometric force production (Table 6). 
However, in contrast to previous studies in untrained men (Häkkinen et al. 
1998a,  Izquierdo et al. 1999), our data suggest no effect of age on antagonist 
activity during rapid isometric action (Fig. 29). 

Vertical jump height correlated with MyHC II when controlled for age. In 
agreement with this, studies in older non-trained (Harridge et al. 1995,  Sipilä et 
al. 2004) and young athletic subjects (Mero et al. 1981,  Viitasalo et al. 1981) have 
indicated that fast dynamic actions are related to fast MyHC composition or 
percentage of type II fibers. The role of muscle activation capacity was not 
examined in dynamic performance for the sample overall. However, on the 
basis of the results of slowing of relative neural activation in the isometric 
strength test it can be suggested that age-related changes in neural activation 
may have taken place. Moreover, it is known that maximum strength has a 
great effect on power output at both light and high resistances (Stone et al. 
2003) and therefore in older age deterioration of jumping ability may become 
increasingly more dependent on loss of maximal strength. 

 
 
6.4 Skeletal muscle characteristics as determinants of sprint 

running performance 
 
 
Traditionally, a large percentage of hypertrophied fast-type II fibers or high 
MyHC II isoform content, has been viewed as prerequisite for successful sprint 
performance (Andersen et al. 2000). For example, significant correlations 
between the relative number/area  of type II fibers in the VL muscle and 
resultant GRF of the propulsive phase (Mero 1987) and maximum running 
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velocity (Mero et al. 1981,  Mero 1987) have been found in young experienced 
sprinters. A somewhat new observation is that the fascicle length of the 
quadriceps (VL) and triceps surae (GM, GL) muscles could predict overall 100-
m performance (Kumagai et al. 2000,  Abe et al. 2001). In the present study (II, 
V) VL muscle fiber distribution, MyHC II isoform content or fascicle length (VL, 
GM, GL) were not significantly associated with sprint performance. Thus, it 
would appear that the contribution of muscle fiber-type composition and 
fascicle length to sprint performance decreases as a function of age while the 
role of some other factors increases. One can however not exclude that these 
factors could have been important if we had studied similarly aged older 
distance runners or non-athletes as well. 

The overall loss of muscle size could become increasingly important for 
limiting sprint performance in master athletes. The results indicated that Vmax 
and 60-m running times were significantly associated with combined KE+PF 
muscle thickness, when controlled for the effect of age. Moreover, both leg and 
vertical stiffness correlated with KE+PF muscle thickness and in the stepwise 
regression analysis muscle thickness was the strongest predictor of Fbrake. In 
other words, it seems that the larger the leg muscles, the higher the stiffness 
(elasticity) and ability to produce/tolerate high eccentric forces, which can be as 
much as 5–fold greater than body weight. Although not having independent 
predictive value, it is possible that the selective reduction of fast fiber size and 
MyHC isoform content has a negative effect on the minimum ground contact 
time that the older runner is able to use. It should be noted that in older 
sprinters lower body weight is partially due to the age-related loss of muscle 
mass, and thus our method of controlling for average net GRFs for body mass 
[N-Nbody mass)/kgbody mass] may underestimate the “true” significance of muscle 
thickness with respect to GRFs. In fact, when the average net GRFs (N-Nbw) 
were used in the stepwise regression analysis, KE+PF muscle thickness showed 
increased predictive value for Fbrake (50%), and was also a primary predictor for 
Fpush (54%), with CMJ playing a secondary role (5%) (data not shown). These 
findings are in line with Weyand et al. (2005) who estimated the vertical force 
requirement for different velocities in young athletes and concluded that the 
greater body masses of faster sprint specialists are directly associated with the 
greater ground support forces required to reach faster running speeds.  

In terms of muscle strength, the stepwise regression analysis showed that 
CMJ height was a significant predictor of GRFs, explaining 34% of the variance 
in Fpush (II). On the other hand, the correlation analysis indicated that maximal 
strength is significantly, but weakly, related to performance when controlled for 
age. These data do not allow safe conclusions to be drawn about the relative 
importance of different strength qualities (dynamic vs. isometric, maximal vs. 
explosive-strength) for performance in master sprinters. A perennial difficulty 
in interpreting data in this area is a lack of specificity in testing the strength 
required for sprinting. For example, the fact that sprint performance requires 
good force-generating capacity from a combination of muscle groups may affect 
the level of the association between sprint and simple strength measures. 
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Furthermore, very high-speed cyclic sprinting movements (e.g., even 600°/s for 
hip and ankle extensions), which involve continuous changes in muscle 
activation, length and velocity using stretch-shortening action, are impossible to 
simulate closely by means of strength tests. Ideally, strength measurements 
would identify the weakest links that set the limits to sprint-specific force 
production. Given the different strength and metabolic requirements of 
different phases of the run (acceleration, maximum speed, speed endurance), it 
is obvious that testing different aspects of sprinting itself can be a valuable tool 
in monitoring changes in overall performance.  

As a whole, the mechanism underlying the age-related decline in maximum 
running speed is complex, and comprises a vast number of determinants. 
Figure 33 presents a simplified model of this phenomenon based on the 
biomechanical and skeletal muscle changes observed in this study.   

 
 
 

FIGURE  33  Simplified model of some of the biomechanical and skeletal muscle 
factors that may determine maximum running velocity with aging. 
Arrows represent significant age-related decrease (�), increase (�) and no 
alteration () in the variables as indicated by the regression analyses. 
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6.5 Effects of combined strength and sprint training 
 
 
Modified 20-weeks training, incorporating heavy-resistance and high-power 
strength exercises to running training, led to significant improvements in 
selected neuromuscular and performance characteristics in already highly-
trained older sprinters (Fig. 34). With respect to running mechanics, training 
was associated with increases in Vmax, Lstep, Fpush, RFD, kleg, and shortening of 
tbrake and tpush in the subjects in the EX group. This suggests that the 
improvements were targeted in particular at the biomechanical factors that 
were the most affected by age. Our results support previous findings of 
improvements in the 100-m (4%) and 300-m (2%) performance of male sprinters 
(55±6 yr) when hypertrophy-based strength training is included as part of 
overall training (Reaburn and Mackinnon 1995). For high-performance sprinters 
such improvements are marked and can be very meaningful for competitive 
success, as differences between the best athletes are usually very small. 
 
WHOLE-MUSCLE STRENGTH. In agreement with the sprint performance results, 
the training led to significant improvements in both maximal and explosive 
strength (Fig. 31). The pre-post measurements showed an average improvement 
in maximal strength of 29% (21-40%) while the improvement in the explosive 
strength parameters was about 14% (4-29%). The observation of smaller 
increases in rapid force capacity may be explicable by the training background 
of the athletes, which already consisted of sprint running and jumping 
exercises. It is also noteworthy, that maximal isometric strength of knee flexors 
showed the greatest improvement (40%). It may indicate that the athletes in 
their previous training had paid limited attention to hamstring muscles, critical 
determinants of force production during sprinting.   

The main objective of the strength training was to increase sprinting 
ability. Therefore, to optimize the transfer of strength gains to sprint 
performance, we carefully selected strength exercises that were sport-specific 
(muscle groups stressed, mechanical specificity). Nevertheless, it can be seen 
that the strength gains were much greater than the improvements in force 
production during running, suggesting that the transfer effect was not closely 
matched. This limited carry-over effect is in agreement with studies in young 
athletes showing about 1.5-2.5% improvements in sprint performance (30-m, 40-
m) despite about 20-30% gain in muscle strength (Wilson et al. 1996,  Harris et 
al. 2000). It is possible, that although the improvement in strength level can be 
achieved in a relatively short period, it requires longer time and large number 
of repetitions running-specific movements before the muscle groups 
collectively can utilize the improvements in strength in actual sprint 
performance.  
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MUSCLE ADAPTATIONS. Significant hypertrophy was observed in fast type IIa 
fibers in both histochemical (20%) and single fiber (40%) experiments. The 
magnitude of the increase in fiber size seems to correspond well with the 
magnitude of the change in maximal strength (21-40%). The increase in fast-
fiber size supports the effectiveness of this training regimen and also 
demonstrates that there is a considerable adaptational potential for increases in 
myofibrillar protein in older athletes. However, although the fast muscle fibers 
responded to the training program, the type IIa-to-I fiber area ratio remained 
smaller than that observed in young athletes (V). More detailed investigations 
over longer experimental periods, with control groups, could yield further 
information about upper limits of fast fiber hypertrophy and whether the older 
athletes experience typical decline in protein synthesis rate of myofibrillar 
proteins (Welle et al. 1995) and other hypertrophy-related mechanisms.  

No significant changes were found in MyHC isoform composition. That is 
in disagreement with the results of a previous experiment on young elite 
sprinters utilizing a similar training intervention (Andersen et al. 1994). In their 
study, Andersen and coworkers examined muscle biopsies from six elite male 
sprinters (20-27 yr) before and after a 12-week period of combined heavy-
resistance and short interval-running and found a bi-directional switch in 
MyHC expression towards the IIa isoform (MyHC I�IIa �IIx). However, this 
pattern is in contrast to the study of Cadefau and coworkers (1990) who found 
significant, approximately 8% increase in histochemically-determined type I 
fiber percentage along with insignificant decrease in type IIa, IIc, and IIb after 
an 8-month sprint training in 16 young athletes (16-17 yr). The explanation for 
the differential muscle fiber adaptations between these studies remains unclear, 
but could reflect differences in total training duration, and type, intensity and 
relative amount of strength and sprint exercises in the training programs. 
However, the MyHC regulation is complex interplay of mechanical and 
physiological factors and might be influenced, for example, age- and inter-
individual differences in thyroid hormone (Caiozzo and Haddad 1996), growth 
hormone  (Lange et al. 2002) and MyHC mRNA (Welle et al. 2000,  Balagopal et 
al. 2001) profiles. 

Improvement in muscle performance could also be related to increases in 
single fiber contractile function. We found insignificant increases in the 
maximum force (Po) of type I (28%) and IIa (58%) MyHC fibers. These changes 
were mainly a result of fiber hypertrophy since no changes in specific tension 
(ST=Po/CSA) were seen. Moreover, maximal unloaded shortening velocity 
remained unaffected. This lack of significant adaptation in specific tension and 
shortening velocity agrees with the findings of some sprint (Harridge et al. 
1998) and strength (Widrick et al. 2002,  Shoepe et al. 2003) training studies in 
young men, suggesting that mechanisms such as the maximum rate of cross-
bridge cycling, number of active cross-bridges and the tension generated by 
each cross-bridge remain unchanged with training. In contrast, previous studies 
in sedentary older people have presented evidence of significant improvements 
in single fiber force (Trappe et al. 2000,  Frontera et al. 2003) and shortening 
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velocity (Trappe et al. 2000) in response to strength training. In the sedentary 
persons the improvement in single fiber function could, however, reflect 
adaptation from the detraining state to the active usage of muscles, and 
therefore these findings should be compared with caution. 

 
NEURAL ADAPTATIONS. The training-induced increases in maximal isometric 
knee extension and knee flexion torque as well as dynamic 1-RM squat in the 
EX group were accompanied by no significant change in the maximum iEMGs 
of the agonist muscles or antagonist co-activation (VI: Fig. 4). This observation 
suggests that the modified training stimulus did not result in increases in neural 
drive during maximal slow concentric, and especially isometric contractions, 
and that improvements in strength occurred via hypertrophic rather than 
intramuscular mechanisms. No change in the iEMG of the maximal strength 
test is contrast with many previous results in untrained older people (Moritani 
and deVries 1980,  Häkkinen et al. 1996), suggesting that the magnitude of 
neural adaptations were also partially related to previous training status. 
Nevertheless, it is possible that that the largest increases in maximum iEMG 
take place during the earlier weeks of training reaching thereafter possibly 
plateau or even a periodical decrease during more prolonged training 
(Häkkinen and Komi 1983,  Deschenes and Kraemer 2002). The iEMG results 
may be influenced to some degree by the design of this study. For example, the 
absence of iEMG adaptation in unilateral isometric knee extension and flexion 
could be attributed to the specificity of the training program, which consisted 
only of dynamic exercises. In support of this idea, Häkkinen et al. (1986) 
reported that the maximal iEMG response was higher when tested with the 
same exercise mode as that used in training (Häkkinen et al. 1996).  

The 10% improvement in squat jump performance in EX was 
accompanied by a significant 9% increase in the iEMG of the agonist leg 
extensor muscles, and this was significantly greater than the change in the 
CTRL group. In theory, increased iEMG response in the initial movement phase 
could reflect increased rapid neural activation of motor units. Van Cutsem and 
coworkers (1998) studied a 12-week (5x/wk) training program consisting of fast 
ballistic contractions of the ankle dorsiflexors. The results indicated that the 
training led to more rapid onset of EMG that involved earlier motor unit 
activation along with increases in firing frequency and brief interspike intervals 
(doublets) in the EMG burst at the beginning of ballistic contractions (Van 
Cutsem et al. 1998). It has been suggested that even young athletes who are 
unfamiliar with strength training are not able to recruit the high-threshold fast 
motor units (Sale 1991). Accordingly, another possibility is that as a result of 
strength training the master athletes could recruit more and/or earlier the high-
threshold motor units. 
 In this study, no EMG measurements were taken during the sprint tests 
and it thus remains unknown whether any changes in neuronal mechanisms 
occurred in response to training. However, our result of decreased contact time 
with an increase in GRF and a clear improvement in the reactive jump test 
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(29%) could be indicative of improved tolerance to high stretch loads. On the 
basis of previous studies on plyometric (Häkkinen et al. 1985,  Schmidtbleicher 
et al. 1988) and strength training studies (Hortobagyi et al. 1996,  Aagaard et al. 
2000,  Duclay et al. 2008), such improvements in reactive (stiffness) 
characteristics could be partially related to changes in inhibitory and/or 
facilitatory reflex mechanisms related to lengthening contractions; however, 
this explanation remains speculative.  
 

 
FIGURE  34  Schematic summary of effects of increased strength training on sprint 

performance, strength and neuromuscular characteristics in older athletes. 
,  no influence;  -, decrease; + increase with training. 

 
 
TRAINABILITY OF MASTER SPRINTERS. The observed aging of function reflects not 
only physiological changes but perhaps also a decrease in the volume and 
intensity of training. For the maintenance of sprint/power performance, one 
critical change in training could be a reduction in the amount of near-maximum 
or maximum workouts. For instance, according to the size principle of motor 
unit recruitment, the highest threshold motor units and fast fibers may not be 
recruited until the force exerted exceeds 90% of the maximum or when low-
load high-velocity movements are performed (Sale 1991). Thus, an emphasis on 
less intensive exercises provides limited stimulus for structural and metabolic 
adaptations on the part of the fast contracting type II fibers. Moreover, it is only 
through regular practice of maximum-intensity exercises that the more 
advanced neural adaptations, such as motor unit synchronization, can take 
place (Semmler and Nordstrom 1998).  

The factors that contribute to reduction in training intensity and volume 
with age in master athletes are unclear. However, it is conceivable that while 
many elite master athletes remain well motivated, they are forced to train at a 
lower level due to aging-related physiological changes. In other words, despite 
an overall reduction in training, aging athletes continue to train to the upper 
limit in terms of their physiological capacity. One factor contributing to a 
reduction in training level could be a longer recovery time. This may partially 
be related to greater exercise-induced damage and/or slower rate of repair 
from this damage (Fell and Williams 2008). Studies conducted on untrained 
people have suggested that with aging, high eccentric loads, in particular, can 
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cause greater cellular damage (Manfredi et al. 1991). Such age-related change 
can reduce the number of hard workout days per week that an older sprint 
athlete is able to undertake.   

Many hormones (e.g., testosterone, growth hormone, IGF-I) are known to 
mediate acute and long-term responses and adaptations to training (Kraemer 
and Ratamess 2005). In this thesis only a few basic hormonal and nutritional 
aspects were examined as background factors. However, as far we know, our 
data are the first to demonstrate, that even in selected group of healthy athletes, 
aging leads to a decline in serum free testosterone level (T/SHBG), a factor that 
could play a role in trainability. This decline was mainly due to an increase in 
SHBG, since T showed only a trend towards a decline with age (Table 1). T 
concentrations were within normal reference values (ref. values for 51-70 yr: 8-
29 nmol/L; for 70+yr: 6-25 nmol/L) and comparable with earlier study in older 
athletes of different sports (Suominen and Rahkila 1991). Yet, none of the sprint 
athletes were hypogonadal, defined as having a T/SHBG ratio below 0.153 
nmol/nmol (Harman et al. 2001). This is in contrast, e.g., to the results of a large 
study (n=890, 23-91-yr-old) indicating that 9%, 34%, 68% and 91% of Caucasian  
men in their 50s, 60s, 70s, and 80s, respectively, could be classified as 
hypogonadal (Harman et al. 2001).  

Nutrition could influence concentrations of hormones (Wang et al. 2005) 
and promote anabolism and recovery in training. A recent study found that 
serum T/SHBG ratio correlated significantly with daily intakes of energy, 
protein and fat in 38 healthy men aged 49-73 (Sallinen et al. 2007). In the present 
athletes (40-84 yr, n=50; Table 1), no clear age-related differences were seen in macro-
nutrient intake. However, our data indicated a positive relationship between 
T/SHBG and energy intake (p<0.05), while the direct associations of T/SHBG with 
protein intake (p�0.1) and fat intake (p<0.2) were at trend level (not reported). 
Further, in line with some previous data (Key et al. 1990,  Allen et al. 2002), 
saturated fatty acids correlated negatively with SHBG (p<0.05) and positively 
with T/SHBG (p<0.01), whether adjusted or unadjusted for age. Muscle 
adaptations may also be related to micronutrient intake. In particular, vitamin 
D deficiency, as observed in the present subjects, could affect negatively the 
IGF-I signaling pathway that play a major role in muscle hypertrophy (Grounds 
2002). Given the limitations inherent with both food diaries [e.g. underreporting 
(Buzzard 1998)] and basal serum hormones [e.g. temporal variations in 
hormone levels (Rowe et al. 1974)], these results must be interpreted with 
caution. 

Periodization and variation of training stimuli can promote recovery-
adaptation. The results of the progressive periodized training program (VI) are 
promising, suggesting that even elite-level older sprinters can successfully 
undertake higher intensity training than they may have been accustomed to. A 
tempting explanation is that the sprint and strength exercises performed in the 
program (four times per week) provided an adequate overload but, owing to 
the systematic variation in intensities and type of work, it remained within the 
normal physiological range without overtraining or injuries. Taken together, 
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these data suggest that strength training (both heavy-resistance and high-power 
exercises) should become an essential component of the overall training of 
master sprint athletes to maximize long-term adaptations in neuromuscular and 
speed performance characteristics. Furthermore, the principles of the 
progression and periodization of training as well as nutrition are likely to 
contribute to the trainability of older athletes and need to be taken into account 
when planning training regimes.  

 
 

6.6 Limitations and perspectives 
 
 
Some limitations of the present thesis should be emphasized. The present study 
was based on a cross-sectional design. The methodological weakness of this 
approach is that differences between the groups may have been affected not 
only by aging per se, but also by genetic and constitutional factors. Longitudinal 
studies conducted over a span of several years with athletes who train at a high 
level would be ideal for the purpose of determining the causality between 
physiological changes and aging. It should be noted, however, that in this study 
the estimates of the average rate of decline in competitive performance were 
comparable with those obtained from cross-sectional and longitudinal 
approaches.  

Muscle mass was estimated by ultrasound measurements. The accuracy of 
the ultrasound technique can be called into question because it is unable to 
distinguish between muscle and intramuscular fat. However, this may not 
significantly influence our results as the amount of intramuscular fat in the calf 
muscles of these master sprinters was minimal when examined by computer 
tomography. In addition, previous studies have shown that muscle thickness, 
as determined by ultrasonography, provides a good estimate of muscle volume 
(Miyatani et al. 2004) and muscle mass (Sanada et al. 2006). A cause of concern 
is that only the quadriceps femoris and gastrocnemius muscles were analyzed. 
This may have limited the prediction of muscle mass for sprint performance.  

In the present thesis, the blood lactate response to competitive sprinting 
was the only measurement that provided an insight into anaerobic energy 
production ability with age. Since the lactate concentration in the blood 
represents the balance between the production of lactic acid in muscle and the 
appearance and removal of lactate from the blood according to the physiology 
of the individual, [La]b peak as a indicator of the rate of anaerobic glycolytic 
energy release must be interpreted cautiously. Moreover, the limited evidence 
available suggests that the age-related decline in the release of lactate from 
muscle to blood might underestimate the rate of anaerobic glycolysis and 
lactate production (Tzankoff and Norris 1979,  Hepple et al. 2004). 

In the training intervention (VI) an obvious limitation was the small 
sample size since only the twelve athletes who participated in the single fiber 
measurements were included. This limited the statistical power for detecting 
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differences in the changes between age groups. Further, it was not possible in 
this study to supervise the training, as the athletes arrived from all over the 
country. This was the result of an attempt to recruit sprinters representative of 
the very best national or international levels. On the other hand, one could 
argue that since master athletes typically do not take part in supervised training 
by coaches, the non-supervised training intervention provided a more realistic 
picture of what can be expected to be achieved in normal training conditions. 
However, considerable effort was expended on making the training 
intervention as successful as possible. The athletes were carefully instructed 
with both written and video materials about the program and exercises to be 
performed. Training logs were collected every four weeks during the field 
testing sessions (two visits to the athletes’ home towns and one in Jyväskylä) 
and the athletes contacted the researchers during the experimental period by 
phone if any queries about training arose. According to the completed training 
logs and the fact that the athletes had a long training history, we have no reason 
to believe that they were unable to adhere to the relatively long, 20-week, 
program. Perhaps the most important factor contributing to the success of the 
training was that all the athletes were very motivated to participate in the study 
and improve their performance.  

Some researchers have criticized studies on elite human performance on 
the grounds that the results are applicable to only a few persons. At the same 
time many aging experts stress that much can be learnt by examining 
physiological and performance adaptations in older athletes because these 
individuals optimize their physical well-being and thus reveal what is possible 
in human performance during aging. An important future goal is that we can 
design and deliver optimal training programs not only to athletes but also to 
ordinary aging people. Additional, well-controlled basic and applied studies on 
neuromuscular and performance characteristics in athletes and untrained 
people might help in reaching this goal. For example, much could be learnt by 
examining: (1) How do master athletes in various sports events differ from 
young athletes and untrained people with respect to specific neurological 
(motor unit number, firing frequency and recruitment), tendon (elasticity, 
collagens), and bone characteristics? (2) Does systematic training of master 
athletes have a protective effect against muscle sarcopenic processes at the 
molecular and nuclear levels (posttranslational modifications, oxidative 
changes, myonuclear domain size, myonuclear organization)? (3) Does training 
background influence the utilization of different energy systems and fatigue 
response during brief anaerobic exercise? And (4) Would it be possible to adapt 
the training principles and modify the exercises of athletes for used by 
previously untrained persons, and what would be the optimal and minimal 
amount of such exercise to elicit improvements in the neuromuscular system? 
Finally, given the evidence that loss of rapid force production and anaerobic 
performance becomes already evident by the fourth decade, studies should also 
focus on early middle-aged persons as a means of effectively promoting speed 
and strength qualities and mobility in the later years of life.  



  

 
 
 
 
 
 
 
 
 
 
 
7 MAIN FINDINGS AND CONCLUSIONS 
 
 
On the basis of the results and within the limitations of the study, the research 
questions presented in the study aims (page 39) are answered as follows: 
 
(1a) With age athletic sprint performance (60 m, 100 m) declined in a 

curvilinear fashion (5-6%/decade) from the peak levels attained at age 20-
35 until ~85 years of age (I, II). The decline with age in maximum speed 
was mainly related to a reduction in stride length and an increase in 
contact time, while stride frequency showed a minor decline and swing 
time remained unaffected (I, II). The age-related reductions in force 
production during running, defined here as average net resultant GRFs, 
seem to be primarily responsible for the changes in stride length, contact 
time, and, consequently, in maximum velocity with age (II). Furthermore, 
lower maximal leg and vertical stiffness in older runners may limit the 
ability to resist high impact loads and contribute to the increase in contact 
time in the braking phase.  

(1b) Methodological study (III) indicated that the older runners have increased 
variability in horizontal braking and push-off GRFs, maximal vertical 
loading rate and aerial time of maximum-speed running, whereas the 
symmetry of the biomechanical measures was not affected by age. 
However, variability in the older runners was comparable to that in the 
younger runners in all the parameters that were characterized by good 
repeatability (CV<6%).  

(2) There was an age-related decline in [La]b peak following races over 100-400 
m, the decrease becoming more evident from age 70 (IV). [La]b peak 
correlated negatively and significantly with running times in all sprint 
events in the overall sample, and with the 400-m sprint when controlled 
for age  

(3a) The athletes showed a typical age-associated reduction in fast-fiber size, a 
shift toward a slower MyHC isoform profile and a loss of leg muscle 
thickness (II, V). On the other hand, the data suggest that sprint training 
can maintain fiber size above normal levels and counteract the age-related 
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reduction in fascicle length (II, V). Furthermore, the qualitative aspects of 
muscle contraction, such as single fiber shortening velocity and specific 
force, remained unchanged with age in these athletes (V).  

(3b) Older age was associated with a reduction in maximal (8-9%) and 
explosive (10-11%) muscle strength. The mechanism underlying the 
decline in maximal strength can be largely attributed to loss of muscle 
mass, whereas rapid strength may also relate to a reduction in the fast 
fiber area and rapid neural activation (V). Yet, in the sprint athletes the 
rate of the age-related decline in strength in rapid and in maximal muscle 
strength was similar, which may reflect the specificity of training and 
positive effect of sprint training on the maintenance of rapid muscle 
strength (II). 

(4) Age was the strongest predictor of Vmax (88%). When age was excluded 
from the model, CMJ height and muscle thickness (KE+PF) appeared in 
the model and together explained 80% of the variance in Vmax. Muscle 
thickness was the best determinant of Fbrake (26%) while CMJ explained 
most of the variance in Fpush (34%). The finding that a large part of the total 
variability of the data remained unexplained suggests that force 
production during running is affected by complex interaction of 
neuromuscular and biomechanical factors.  

(5a) The 20-week periodized sprint training program with increased emphasis 
on weight-training resulted in improvements in 60-m sprint time, Vmax, 
stride length, rate of propulsive force development and leg stiffness in the 
older sprinters. Significant increases were also noted in maximal dynamic 
and isometric strength and in jumping exercises.  

(5b) Training increased type II fiber size by 17-20%. However, single fiber 
specific force and shortening velocity remained unchanged, suggesting 
that the qualitative mechanism of contraction had no clear training effect. 
Changes in the neural activation of the agonists were minor, with 
increases noted only in iEMG of the vertical jump.  

 
The present studies in high-performance master athletes provided a new insight 
into the effect of aging and training on speed ability. The results indicate that 
with systematic training, sprint performance and its physiological determinants 
are preserved at an extraordinary high level into old age. However, age group 
comparisons showed a progressive decline both in performance and in most of 
the neuromuscular characteristics studied. This may, in part, be associated with 
lack of strength training in the master sprinters. The information obtained from 
this study, in addition to contributing to present knowledge about the effects of 
aging per se, can be applied in the planning of training for athletes and non-
athletes alike. Modified speed/explosive types of exercises combined with 
heavy resistance training can be recommended as part of overall physical 
training for middle-aged and older people to prevent fast fiber atrophy and loss 
of explosive strength both of which are critical changes in the aging process as 
they contribute substantially to mobility impairment, falls and fractures.   
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TIIVISTELMÄ (FINNISH SUMMARY) 
 
Ikääntymisen ja harjoittelun vaikutukset nopeussuorituskykyyn, lihasten 
rakenteeseen ja voimantuotto-ominaisuuksiin urheilijoilla 
 
Ikääntyvät urheilijat, jotka ovat harjoitelleet vuosikymmenien ajan, tarjoavat 
tutkijoille vanhenemismallin, jossa fysiologisten muutosten ajatellaan olevan 
yhteydessä itse biologiseen vanhenemiseen eikä tyypilliseen elimistön vajaa-
käyttöön ja ikääntymiseen liittyviin sairauksiin. Aikaisemmissa veteraaniurhei-
lijatutkimuksissa on selvitetty ikääntymisen ja säännöllisen harjoittelun yhteyt-
tä maksimivoiman ja erityisesti kestävyyssuorituskyvyn säilymiseen. Nopeus-
ominaisuuksia, jotka myös vaikuttavat olennaisesti ikääntyvän henkilön liikun-
takykyyn, on tutkittu erittäin vähän. Tämän tutkimuksen tavoitteena olikin sel-
vittää iän myötä tapahtuvia nopeussuorituskyvyn ja siihen liittyvien anaerobi-
sen energiantuoton, voimantuotto-ominaisuuksien ja lihasrakenteen muutoksia 
aktiivisesti harjoittelevilla miespikajuoksijoilla. Lisäksi tutkittiin, voidaanko 
nuorten urheilijoiden harjoittelumenetelmiä soveltamalla saada aikaan positii-
visia muutoksia hermolihasjärjestelmässä ja edelleen parantaa nopeussuoritus-
kykyä iäkkäillä urheilijoilla.  

Tutkimus oli kolmivaiheinen. Ensimmäinen osavaihe toteutettiin veteraa-
nien yleisurheilun Euroopanmestaruuskisojen yhteydessä. Siinä selvitettiin 
kansainvälisen tason veteraanipikajuoksijoiden (40-88 v, n=37) 100 metrin kil-
pailusuoritusten avulla ikään liittyviä eroja nopeussuorituskyvyssä analysoi-
malla videonauhoilta nopeutta ja kinemaattisia askelparametrejä (askeltiheys, 
askelpituus, kontaktiaika, lentoaika) juoksun eri vaiheissa (osajulkaisu I). Kil-
pailututkimuksessa arvioitiin myös finaaleihin selviytyneiden urheilijoiden (40-
89 v, n=128) anaerobista energiantuottoa 100, 200 ja  400 metrin juoksumatkoilla 
veren laktaattimääritysten avulla (IV).  

Toisessa tutkimusvaiheessa syvennettiin ikään liittyvien erojen tarkastelua 
juoksumekaniikan osalta ja tutkittiin juoksurataan upotetun voimalevyjonon 
(9.4 m) avulla maksimijuoksun reaktiovoimia, kinemaattisia askelparametrejä, 
tukijalan jäykkyyttä sekä muuttujien toistettavuutta ja symmetriaa jalkojen vä-
lillä kansallisen tason pikajuoksijoilla (17-84 v, n=93) (II, III). Juoksuanalyysien 
ohella tutkittiin alaraajojen lihaksiston maksimi- ja nopeusvoimaominaisuuksia, 
sähköistä aktiivisuutta (EMG) suorituskykytesteissä, lihasarkkitehtuuria, eri li-
hassolutyyppien suhteellista osuutta, poikkipinta-alaa ja supistumisominai-
suuksia, myosiinin raskasketjukoostumusta (MyHC) sekä näiden keskinäisiä 
yhteyksiä (II, V).  

Kolmannessa osavaiheessa toteutettiin harjoittelututkimus, jossa selvitet-
tiin yhdistetyn voima- ja nopeusharjoittelun vaikutuksia edellä mainittuihin la-
jisuorituskykyä ja lihaksiston toimintaa ja rakennetta kuvaaviin muuttujiin iäk-
käillä urheilijoilla (VI). Tutkittavat satunnaistettiin koe- ja kontrolliryhmiin. 
Koeryhmä toteutti jaksotetun, nousujohteisen 20 viikkoa kestävän harjoitte-
luohjelman, joka lajinomaisten juoksu- ja hyppyharjoitteiden lisäksi sisälsi kun-
tosalilla tehtäviä kesto-, hypertrofia-, maksimi- ja nopeusvoimaharjoitteita. La-
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jispesifisen voimaharjoittelun tavoitteena oli vaikuttaa nopeisiin motorisiin yk-
siköihin ja nostaa maksimi- ja nopeusvoimatasoja vastaamaan paremmin pika-
juoksun, ja erityisesti sen lyhyen kontaktivaiheen, voimantuotolle asettamia 
vaatimuksia. Kontrolliryhmä jatkoi aiempaa lajinomaista nopeusharjoittelua. 
Tutkimukseen liittyvät laboratoriomittaukset ja suorituskykytestit tehtiin har-
joittelujakson alussa, puolivälissä ja lopussa.  

Tulokset osoittivat, että pikajuoksun lajisuorituskyky (60-400 m) heikke-
nee keskimäärin 0.5-0.6 % vuodessa 35-40. ikävuoden jälkeen (I ,II, IV). Ikään 
liittyvät nopeuserot olivat samansuuruisia 100 metrin juoksun kiihdytyksen, 
vakionopeuden ja nopeuskestävyyden vaiheissa. Maksimaalisen juoksunopeu-
den hidastuminen iän lisääntyessä oli yhteydessä askelpituuden lyhenemiseen 
ja kontaktiajan pitenemiseen, sekä askelkontaktin jarrutus- ja työntövaiheen re-
aktiovoimien pienenemiseen. Askeltiheys ja heilahdusaika säilyivät lähes muut-
tumattomina. Tämä selittyy ainakin osaksi askelpituuden lyhenemisen kautta, 
sillä lyhyttä askelta pystyy tuottamaan nopeasti. Jousimallien avulla laskettu 
tukijalan jäykkyys (�pystyvoima/� jalan pituus) ja pystyjäykkyys 
(�pystyvoima/�kehon painopisteen pystyheilahtelu) alenivat iän myötä. Jäyk-
kyyden aleneminen oli vahvimmin yhteydessä kontaktin jarrutusvaiheen hidas-
tumiseen. 

Aikaisemman tutkimustiedon puuttumisen vuoksi tässä työssä (III) selvi-
tettiin myös ikään liittyviä eroja maksimivauhtisen juoksun biomekaanisten 
muuttujien toistettavuudessa ja symmetriassa jalkojen välillä. Kinemaattisen 
parametrien ja reaktiovoimamuuttujien variaatio (CV) ja epäsymmetria olivat 
samansuuruisia nuorten ja iäkkäiden ryhmissä, poikkeuksena pystyvoiman 
maksimaalista voimantuottonopeutta (�voima/�aika: kontaktin alkuvaihe) se-
kä vaakavoimia kuvaavat muuttujat, joissa variaatiokertoimet olivat korkeam-
pia iäkkäillä. Hyvin toistettavia (CV: 1-6 %) ja harjoittelun seurantaan soveltu-
via olivat kinemaattiset parametrit (askeltiheys ja -pituus, kontaktiaika, lentoai-
ka) sekä maksimaalista ja keskimääräistä pysty- ja resultanttivoimaa kuvaavat 
muuttujat. Epäsymmetria muuttujissa oli kuitenkin yleisesti sitä suuruusluok-
kaa (2-10 %), että se tulisi ottaa huomioon analyyseissa. 

100-400 metrin kilpailusuoritusten jälkeiset veren maksimaaliset laktaatti-
pitoisuudet alenivat 40 vuoden iästä alkaen, mutta muutokset olivat selvempiä 
vasta 70. ikävuoden jälkeen (IV). Eri juoksumatkojen lopputulokset korreloivat 
laktaattivasteisiin siten, että paremmat juoksuajat olivat yhteydessä korkeam-
piin laktaattipitoisuuksiin. Nämä havainnot viittaavat siihen, että nopeussuori-
tuskyvyn heikkeneminen iän myötä johtuu osittain kyvystä tuottaa energiaa 
anaerobisen glykolyysin kautta. Tuloksia täytyy kuitenkin tulkita tietyllä vara-
uksella, koska vielä ei tiedetä, missä määrin esim. ikään liittyvät erot lihasmas-
sassa, solujakaumassa ja juoksuajoissa heijastuvat laktaattivasteeseen. Jatkossa 
tulisikin tarkemmilla analysointimenetelmillä pyrkiä yksityiskohtaisemmin sel-
vittämään ikääntymisen ja systemaattisen harjoittelun vaikutuksia glykolyysin 
ja muiden energiantuottoreittien tehokkuuteen.  

Ultraäänitekniikalla mitatut etureiden ja pohjelihasten paksuudet ja 
ulomman reisilihaksen (m. vastus lateralis) lihaskimpun pennaatiokulma pie-
nenivät iän lisääntyessä. Reiden tai pohkeen lihaskimppujen pituudessa ei kui-
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tenkaan havaittu tyypillistä ikään liittyvää lyhenemistä. Vastus lateralis-
lihaksen neulabiopsianäytteistä määritettyjen nopeiden (IIA, IIAB, IIB) lihasso-
lujen keskimääräinen poikkipinta-ala ja pinta-alaosuus sekä nopeiden myosii-
nin raskasketjujen (MyHC IIa+IIx) suhteellinen osuus pienenivät iän lisääntyes-
sä. Hitaiden lihassolujen koolla ja solutyyppien suhteellisella lukumäärällä ei 
ollut tilastollisesti merkitsevää yhteyttä ikään. Vaikka ikään liittyvä nopeiden II-
tyypin lihassolujen koon pieneneminen ja siihen liittyvä MyHC II:n vähenemi-
nen oli samansuuntaista kuin aikaisemmissa tutkimuksissa harjoittelemattomil-
la henkilöillä, juoksijoiden nopeiden lihassolujen koot olivat kuitenkin huomat-
tavasti suurempia. Esim. 70-vuotiaiden juoksijoiden II-tyypin solukoossa ha-
vaittiin olevan ”ikäetua” jopa 30 vuotta, vastaten nuorten keski-ikäisten miesten 
tasoa. 

Biopsianäytteistä (m. vastus lateralis) eristettyjen yksittäisten hitaiden 
(MyHC I) ja nopeiden (MyHC IIa) lihassolujen absoluuttinen supistumisvoima 
oli pienempi iäkkäiden kuin nuorten ryhmässä. Sen sijaan solujen pinta-alaan 
suhteutettu voima ja supistumisnopeus olivat samaa suuruusluokkaa molem-
missa ikäryhmissä poiketen aiemmista harjoittelemattomilla henkilöillä teh-
dyistä havainnoista, joiden mukaan lihassolun supistuminen hidastuu ja heik-
kenee vanhetessa. Nopeusurheilijoilta saadut uudet tutkimustulokset ovat 
merkittäviä, sillä ne viittaavat siihen, että säännöllisellä harjoittelulla voidaan 
ehkäistä ikääntymiseen ja inaktiivisuuteen liittyviä haitallisia muutoksia lihas-
solujen (kokoon suhteutetussa) supistumismekaniikassa.  

Konsentrisen jalkakyykyn yhden toiston maksimivoima ja erityyppisten 
hyppysuoritusten (vertikaalihyppy ilman kevennystä ja esikevennyksellä, 5 s:n 
reaktiivisuushyppely, vauhditon 3-loikka) avulla mitattu nopeusvoima väheni-
vät asteittain nuorimmasta ikäryhmästä alkaen. Samoin alaraajojen lihasten 
isometrinen maksimivoima pieneni ja voimantuottonopeus hidastui iän myötä. 
Maksimivoiman lasku liittyi pääasiassa lihaksen koon pienenemiseen. Nopean 
voimantuoton heikkeneminen kytkeytyi lihasatrofian ohella myosiinin nopei-
den raskasketjujen (MyHC IIa+IIx) osuuden vähenemiseen. Edelleen havaittiin, 
että isometrisessa jalkojen ojennuksessa voimantuoton hidastuminen iän mu-
kana oli yhteydessä agonistilihasten aktivointinopeuden hidastumiseen. Vete-
raanijuoksijoiden voimantuotto-ominaisuudet olivat yleisesti ottaen huomatta-
vasti paremmat kuin aikaisemmin tutkittujen harjoittelemattomien miesten. 
Vastoin aikaisempia havaintoja juoksijoilla ikäryhmien väliset erot olivat lähes 
samansuuruisia nopeaa (1.0-1.1 %/v) ja maksimaalista (0.8-0.9 %/v) voiman-
tuottoa kuvaavissa parametreissä. Pikajuoksijoilla alaraajojen nopean voiman-
tuoton hyvä säilyminen suhteessa maksimivoimaan selittynee harjoittelun spe-
fisyydellä eli juoksu- ja hyppyharjoitteluun liittyvillä nopeusharjoitusärsykkeil-
lä.  

Koko tutkimusjoukossa maksimaalinen juoksunopeus, 60 metrin juoksu-
aika sekä jarrutus- ja työntövaiheen resultanttivoimat korreloivat vahvimmin 
jalkakyykkytulokseen, isometriseen maksimivoimaan, esikevennyshypyn nou-
sukorkeuteen ja jalkalihasten paksuuteen. Juoksun voimantuotto oli lisäksi yh-
teydessä lihaksiston ominaisuuksiin siten, että mitä nopeampi oli maakontakti, 
sitä suuremmat olivat maksimivoima- ja lihaspaksuusarvot. Lihasvoima ja -
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massa näyttäisivat vaikuttavan erityisesti tukijalan jäykkyyteen, mikä puoles-
taan heijastuu kontaktiaikaan. Juoksun maksiminopeuteen ja voimantuottoon 
vaikuttavien lihasominaisuuksien itsenäistä selitysosuutta tutkittiin askeltavalla 
regressioanalyysillä. Merkittävin yksilöiden välistä eroa maksiminopeudessa 
selittävä tekijä oli kronologinen ikä. Muista muuttujista vain isometrisella mak-
simivoimalla oli pieni itsenäinen selitysosuus. Kun ikä jätettiin mallista pois, 
nousivat esikevennyshyppy ja lihaspaksuus merkitseviksi. Juoksun jarrutus-
vaiheen voimantuottoa parhaiten selitti lihaspaksuus, kun taas esikevennys-
hyppy määräsi eniten työntövaiheen voimantuoton eroista. Ikä tai muut li-
hasominaisuudet eivät nousseet merkitseviksi selittäjiksi näissä malleissa.   

Kahdenkymmenen viikon yhdistetty nopeus- ja voimaharjoittelu lisäsi 
koeryhmässä konsentrisen jalkakyykyn yhden toiston maksimivoimaa (27%), 
polven ojentajien (21%) ja koukistajien (40%) unilateraalista isometristä maksi-
mivoimaa, sekä erityyppisillä hypyillä mitattua dynaamista nopeusvoimaa (4-
29%) verrattuna lähtötilanteeseen. Lisäksi juoksun maksiminopeus (4%), 60 
metrin juoksuaika (2%), askelpituus (3%),  työntövaiheen resultanttivoima (8%) 
ja voimantuoton nopeus (12-14%) paranivat, jarrutus- ja työntövaiheen askel-
kontaktiajat (5-9%) lyhenivät ja tukijalan jäykkyys kasvoi (4-14%). Muutokset 
nopeissa hyppysuorituksissa ja useimmissa juoksusuorituskykyä kuvaavissa 
muuttujissa olivat koeryhmässä merkitsevästi suurempia kuin kontrolliryhmäs-
sä. Lihassolujen prosenttiosuus ja myosiinin raskasketjujen suhteellinen osuus 
eivät muuttuneet harjoittelun seurauksena, mutta nopeiden solujen poikkipin-
ta-ala kasvoi koeryhmässä (20-40 %) ja muutos oli merkitsevä verrattuna kont-
rolliryhmässä tapahtuneeseen muutokseen. Staattisessa vertikaalihypyssä 
agonisteina toimivien polven ojentajalihasten sähköiset aktiivisuudet lisääntyi-
vät koeryhmässä (9 %) muutoksen ollessa merkitsevästi suurempi kuin vertai-
luryhmässä. Interventiotutkimuksen mukaan yhdistämällä voimaharjoitusär-
sykkeitä lajinomaiseen pikajuoksuharjoitteluun voidaan edelleen tehostaa har-
joitusvaikutusta voima- ja nopeusominaisuuksien, nopeitten lihassolujen koon 
sekä mahdollisesti myös lihaksen nopean aktivointikyvyn säilyttämiseksi. Tä-
ten näyttäisi tarkoituksenmukaiselta sisällyttää intensiivisiä voimaharjoitteita 
veteraaniurheilijoiden harjoitusohjelmiin, ottaen kuitenkin esim. turvallisuu-
teen liittyvät  tekijät huomioon vanhimmilla henkilöillä.  

Yhteenvetona voidaan todeta, että ikääntymisen myötä tapahtuvan nope-
ussuorituskyvyn heikkenemisen taustalla on useita juoksun biomekaniikkaan ja 
lihaksiston rakenteeseen, voimantuottoon ja energiametaboliaan liittyviä iän 
tuomia muutoksia. Keskeinen mekanismi näyttäisi olevan lihasmassan vähe-
neminen, mikä ilmenee erityisesti nopeiden solujen koon pienenemisenä. Pika-
juoksussa tämä voi vaikuttaa kykyyn vastustaa suuria eksentrisiä törmäysvoi-
mia pidentäen jarrutusvaiheen kestoa sekä rajoittaa työntövaiheen voimantuot-
toa ja sitä kautta askelpituutta. Normaalin fysiologisen vanhenemisen lisäksi 
nopeusominaisuuksien heikkenemistä näyttäisi selittävän muutokset harjoitte-
lutottumuksissa, erityisesti voimaharjoittelun väheneminen iän mukana. Huo-
mionarvoista on kuitenkin, että veteraanipikajuoksijoilla lihaksistoon ja varsin-
kin sen nopeaan voimantuottoon liittyvät ominaisuudet ovat selvästi parem-
malla tasolla kuin vastaavanikäisillä harjoittelemattomattomilla miehillä aikai-
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semmissa tutkimuksissa. Täten spesifisellä harjoittelulla on hyvä mahdollisuus 
vaikuttaa hermolihasjärjestelmään siten, että nopeussuorituskyvyn heikkene-
minen vanhetessa hidastuu. Useat tutkimukset ovat osoittaneet, että heikenty-
nyt kyky nopeisiin koordinoituihin liikesuorituksiin on tärkeä liikkumis- ja ta-
sapainovaikeuksien taustatekijä ja että pienilläkin harjoitusvaikutuksilla saattaa 
olla merkitystä näiden ominaisuuksien säilymisessä. Tämän tutkimuksen pe-
rusteella voidaan suositella, että keski-ikäisten ja sitä vanhempien henkilöiden 
liikuntaohjelmiin liitetään myös nopeusvoimatyyppisiä harjoitusärsykkeitä 
hermolihasjärjestelmän nopean voimantuottokyvyn ylläpitämiseksi ja kehittä-
miseksi.  
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�����!���� ��$! �.� 2���$ ���$��� 0��. �.� ��� $� �.� #��1 #���$�!���� ����/��� �/���!� ��	��� �.��� 0�� � ������� ������� �� �"����
"���$�!����� 0��. ��� �.� �������� :��$!��� !$�� �2����� ��$&�� ;)-3 /� $� ���� �.� 2��$���/ �&���� �.� ��������� ".���� $� �.�
�&� �������� $� �2����� ��$! ) �$ ;< "�� ������ �� !���� ��� ��$! ) �$ 3< "�� ������ �� ��!����� ��!�����/ �9 �.$0�� �����
���&���$�� 0��. ���������� ��� 0.����� �� ��!����� &��.����� &���� �.� $����� ��� ��$&"� �� :$�. �������� %&��.��!$�� �.� 6�
0.��. �$�������� 0��. 2��$���/ 0�� ������������/ �$���� ��� %� 0.��. �$�������� 0��. :$�. 2��$���/ ��� �9 0�� �.$���� �� $���� ���
��$&"�� �����	���� �&� �������� ��������� �.�� �������$������ ����������� �� 2��$���/ �� ����� !����� �"������� 0��� ��!���� �� ���.
".��� $� �.� �  �! �&�� �.� ������$����$� $� �.� $2����� "���$�!���� 0��. ��� 0�� "��!����/ ������� �$ ���&���$� �� �9 ��� ��������
�� 6�� ��� ��
�� �=�
= >����6	�
�6� 9�6������
 ������ ��	9���� ��

�
=

����� ���&��� �� � ����&�� ������� �� "./����� "���$��
!����� ��� $� �.� "�$!����� ����&��� $� ����� �� �
�������� �� �.� �:����/ �$ "�$�&�� �"��� ��� �$��� ��

0.$���:$�/ !$2�!���� �.�� ��2$�2� � �&!:�� $� ���������
!&���� ��$&"� 0$�1��� �$���.�� 4��� �, �$� ��2��05� �"����
�&����� ��"������� � �$�! $� �$!"��? 0.$���:$�/ !$2��
!���� �� 0.��. �.� ������.��.$������� �/��� "���$�!���� ��
������/ ��"������ $� �.� �:����/ $� �.� ��&�$!&��&��� �/��
��! �$ �������� �?"�$��2� �$��� �&���� �.� ��$&�� �$�����
".��� 4�(�+5� @��. ���������� ��� :$�. !��� ��� ��!���
��.����� �?"������� � ���.�� ������ ������� �� �.� �:����/ �$
�&� ���� &���� �:$&� 3)-* /� �$��$0�� :/ "�$������2��/
������� �������� �.� �$!"����$� $� �.� �  �! 0$��� ���$���

$� !����� ��.����� $2�� ��!� �.$0� �.�� ��$! �.� ��� $� + 
�$ * �.� ������$����$� $� !�?�!�� �"������� 2��$���/ �� A3<
"�� ������ �$� !���� ��� A,< "�� ������ �$� ��!���� 4�35�
�&� "������ 1�$0����� �:$&� �.� ����������� �.����� ��

�"���� �&����� �� :���� "��!����/ $� �.� !�����&�� $� �.�
������$����$� �� "���$�!���� 0��. ���� 	$0�2�� �.��� �� �
"�&���/ $� ���$�!���$� ��������� �.� ������ $� ��� $� �.�
"���!����� �.�� �����!��� �.� ��2�� ��� ���&�� $� �.� �&��
���� "���$�!����� >���&�� �&����� 2��$���/ �� �.� "�$�&��
$� �.� ������ ���� 4��5 ��� ������ �����. 4�95 �.��� ������
"���$�!���� !���&��� .�2� ���8&����/ :��� ����/7�� ��
!�B$� �.�!"�$��.�"� �$ "�$2��� �&���!����� ���$�!���$�
�:$&� �"���� "���$�!����� 4�(���(���)5� @� ��� �0���
$� $��/ $�� ��&�/ �.�� .�� �$�&��� $� �.� ����&���� $� �����
$� �.� ������$��.�" :��0��� �"���� ������ "���!����� ���
2��$���/� �� �.�� ��&�/ :/ 	�!���$� 4��5 �.� ���&�� $�
����������� ������� �� �"������� "���$�!���� 0�� �?�!����
:/ ����/7��� �������� "���$�!���� !���&��� �&���� �.�
"��1 2��$���/ ".��� $� �  �! ��� �  �! �2���� �� !�����
�&����� ���� ( -,+ /� 4!��� ��� ��!��� ��$&"� ��� �.�
�0$ �"���� ��������� ��$! ��������� �$!"�����$�� 0��� �$!�
:���� �$� �.� ����/���5� �.� ���&��� $� �.�� ��&�/ ��!$��
������� �.�� �.� "��1 �&����� 2��$���/ �������� ��$! *�,
!C��� �� ��� ( -(, �$ +�, !C��� �� �&����� $2�� , � �.�

������� �$� �$����"$������D ���1$ �$�.$��� ��"���!��� $� 	����. ����
����� ���2�����/ $� E/2�F�1/��F #� �� >$? () %�
�+  �+ E/2�F�1/��F
%������G ��!���D !��1$�1$�.$���H�"$���B/&����
�&:!����� �$� "&:������$� �&�&�� �  ��
����"��� �$� "&:������$� ����. �  (�

 �,)�,�(�I (I() *��+�,
����6�
� J �6��
6� �
 �#���� J �K��6���L

6$"/���.� M �  ( :/ �.� �!������ 6$����� $� �"$��� ��������

���D � ���+,I ������     3, * ��)(((�6�

�+�,
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������� �� "��1 2��$���/ 0��. ��� 0�� �����:&��� "��!����/ �$
� �������� �� �9�
��������� �.� $2����� "���$�!���� $� �"���� �&����� �.�

�����������$��.�"� :��0��� �9 �� ��� 2��$���/ �.�����
$2�� �.� ������ �$&��� $� � �  �! �&� .�2� :��� ��2���������
�� ��2���� ��&���� 4�(*� �)�;5� ��"$��� ��$! !�B$� ��.�
����� �$!"�����$�� .�2� �.$0� �.�� �� /$&�� !��� ��� ���
!��� �"������� �.� ������� ����������$� &" �$ ��$&�� � !
4A,-� !C���5 �� ��.��2�� :/ � �$!:���� �������� �� ��
��� �9 ����� 0.��. �.� 2��$���/ �������� �� �����:&���
!����/ �$ �.����� �� �9 &" �$ �:$&� ) -* ! 4A� -��
!C���5 4��)�*5� �� �&����� 2��$���/ �""�$��.�� �.� !�?�
�!&! �.� �$����� ��!� 46�5 ��������� ��� �.� �"���� ������
:��$!�� �����������/ ��"������ $� �.� �&����N� �:����/ �$
"�$�&�� �$��� �� � ���� ���� 4�+5� �� �!"$����� ����$� �$�
$2����� �"���� "���$�!���� �� ���$ �.� �:����/ �$ !�������
"�$"�� �"���� !��.����� ��� �&:��8&����/ � .��. "���������
$� !�?�!&! 2��$���/ �� �.� ��� $� �.� �&�� ��&���� ��
0$��������� �"������� .�2� ��������� �.�� �&���� �.� ����
� -� ! $� �.� �  �! ���� �.� 2��$���/ �������� :/ A�-3<
�� !���� ��� :/ A(-*< �� ��!���� 4�(3�)�*5� �.��
����&�� �$�� $� 2��$���/ ����� �.� "��1 2��$���/ ".��� ���!�
�$ :� �?"������ �$ � ����� �?���� :/ �.� �������� �� ��
4�+� �)5�
�.� �2����:�� 1�$0����� $� �.� ������ $� ��� $� �"����

�&����� �:����/ �� :���� $��/ $� ������$&" 0$��� ���$���
��� $� $�� "��2�$&� ��&�/ 4��5 �?�!����� �.� "��1 2��$���/
".��� $� !����� ��.������ 	$0�2�� :���&�� �$� $��/ !�?�
�!&! �&����� 2��$���/ :&� ���$ ����������$� ��� �"��� ���
�&����� ��� �������� ����$�� �� �.� $2����� �"���� "���$�!����
�� �� �!"$����� �$ ������ ��� �.� 2��$���/ ".���� �� �.� ��!�
��&�/� �.����$�� �.� ��! $� �.� "������ ��&�/ 0�� �$ ��2���
������ �.� 2��$���/ ��� �������� ������ "���!����� �&���� �.�
����������$� "��1 2��$���/ ��� ����������$� ".���� $� �.�
�&� ��� �$ �����!��� 0.��. ������ �.������������� 0��� ���
����� �$ �.� ������� �� �.� $2����� �  �! "���$�!���� 0��.
���� �.� "������ ����/��� 0�� ��!���� �$ �.� 2��/ :��� !���
��� ��!��� �"������� �� $���� �$ !���!�7� �.� ������ $�
�������$������ �$��$&����� ����$�� �&�. �� .����$������/ ��
"���$�!���� ��2�� �� ��������� ��� �����$�����

METHODS

Subject selection. �.�� ��&�/ 0�� "��� $� � ������
�"���� �&����� �������. "�$B��� �$��&���� �&���� �.� K��
�&�$"��� '������� ��.������ 6.�!"�$��.�"� .��� �� E/2�F��
1/��F %������ �� E&�/ �   � �&���� �.� �.�!"�$��.�"� �.�
.��.��� ���1�� 4���$����� �$ �.� �  �! "���$�!���� $� �.�
"��2�$&� /���5 !��� 4+ -** /�5 ��� ��!��� 4()-*3 /�5
�"������� 0��� ��2���� :/ "���$��� ������ �$ "������"��� �� �.�
��&�/� >������ �.��� ��.����� $�.�� �"������� 0.$ 8&�������
�$� �.� ��!������� �� �  �! �"���� �2���� 0��� �$�������
����� �.� "����!����/ .���� ��� ���$�!�� �:$&� �.� ��&�/�
%���/���? !���� ��� ++ ��!���� ��"��������� �� �$&������
"������"���� ��� ��2� �.��� 0������ �$����� �$� �.� ��&�/� ��
�.� ��.����� (3 !���� ��� (( ��!���� 4�.� ������� �-+
��������� �� ���. )�/� ��� �����$�/5 0��� �������� �$� �.�
����� ����/���� �""�$2�� �$� �.�� ��&�/ 0�� ������� :/ �.�
��.��� 6$!!����� $� �.� ���2�����/ $� E/2�F�1/��F� �.� "./��
���� �.������������� $� �.� �������� ��.����� ��� �.$0� ��
��:�� ��

Training and competition history. �.� �&:B���� $�
�.� ��&�/ �$!"����� � �������� 8&����$������ 4���������� ���$
���.� ����&����5 �:$&� �&����� ��� �$�!�� �������� �$!"��
����$� "���$�!���� ��� ��B&����� �� ������$� �.� ��.�����
"������"���� �� � :���� �����2��0 ������� �:$&� ( !�� �&����
0.��. �"������ ���$�!���$� $� �������� !��.$�� ��� �$!�
"�����$� :��1��$&�� 0�� $:������� �� �.�� $�����$� �.�
!���&��!���� $� :$�/ 0���.� ��� .���.� ��� ������$�
�"��� 0��� ������� $&�� �.�� ���$�!���$� �$&�� �$� :� $:�
������ ��$! � !���� ��� 3 ��!���� 4����&���� ��� ()�/��$��
��!����5� �� �.� :���� $� �.� 8&����$������ ��� "���$���
�����2��0 !$�� $� �.� �&:B���� .�� �� �.��� /$&�. �$!"����
�� �"���� �&����� �2���� ��� !��������� ���&��� /�����$&��
��������� �.��� 0��� ����.� ����������� ����������� �� �.�
�/"� ��� 2$�&!� $� �.� "./����� ��������� 	$0�2�� �.� ����
��!�� �.$0�� �.�� �.� �&:B���� 0��� ���.�� ��!���� 0��.
������ �$ �.� ������2� ��2�� $� �$!"�����2� "���$�!���� ���
��"�������� �.� 0$��������� ��2�� �� ���. ��� ������ �.�
�������� ��� �$!"�����$� .���$�/ $� �.� ��.����� ��� ��2�� ��
��:�� ��

TABLE 1. Physical characteristics and training history of male and female athletes in different age groups (mean, SE).

Males Females

40–49 yr
(N � 7)

50–59 yr
(N � 8)

60–69 yr
(N � 8)

70–79 yr
(N � 8)

80–89 yr
(N � 6)

35–39 yr
(N � 3)

40–49 yr
(N � 8)

50–59 yr
(N � 8)

60–69 yr
(N � 8)

70–79 yr
(N � 4)

80–89 yr
(N � 2)

Age (yr) 43.6 (1.2) 54.9 (1.2) 63.3 (0.9) 73.6 (3.6) 84.4 (2.8) 37.3 (0.6) 43.6 (0.7) 54.8 (1.2) 64.4 (1.1) 71.8 (1.2) 83.5 (3.5)
Height (m) 1.77 (0.01) 1.77 (0.03) 1.73 (0.02) 1.73 (0.01) 1.67 (0.01) NAc 1.70 (0.02) 1.66 (0.03) 1.67 (0.02) 1.68 (0.02) 1.53 (0.01)
Weight (kg) 80.2 (2.6) 77.5 (3.2) 69.3 (1.3) 71.0 (2.5) 63.2 (4.1) NA 63.5 (2.3) 58.8 (3.0) 61.3 (3.1) 59.8 (6.2) 55.8 (5.4)
Training frequency

(sessions per
week)

3.3 (0.6) 3.5 (0.5) 4.5 (0.7) 4.8 (0.7) 2.8 (0.6) NA 5.0 (0.5) 4.2 (0.2) 2.6 (0.6) 2.2 (1.8) 4.8 (2.3)

Training hours
(h�wk�1)

5.8 (0.5) 6.0 (0.8) 7.6 (1.2) 9.0 (1.8) 6.1 (2.0) NA 7.6 (2.6) 8.1 (2.7) 4.4 (2.0) 2.8 (1.8) 5.0 (2.1)

Sprint training of
total traininga

(%)

92.2 (5.9) 80.6 (11.1) 81.7 (8.7) 71.8 (14.3) 80.2 (4.4) NA 85.3 (7.3) 75.9 (11.2) 71.5 (12.1) 84.2 (15.8) 59.6 (36.8)

Years of sprint
training

21.7 (4.7) 22.9 (8.5) 38.3 (10.0) 30.8 (8.3) 40.5 (13.3) NA 21.5 (2.1) 30.8 (4.5) 24.7 (6.4) 12.5 (7.5) 42.5 (22.5)

All time personal
best 100 mb (s)

10.87 (0.09) 10.96 (0.06) 11.07 (0.28) 11.00 (0.34) 11.35 (0.15) NA 11.99 (0.31) 11.93 (0.18) 12.17 (0.12) NA NA

a Sprint training includes speed, speed endurance, resistance, and plyometric training.
b Males N � 22, females N � 10.
c Nonapplicable.
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Collection of video data. �.� �������. "�$B��� 0��
������� $&� �� ��$�� �$$"�����$� 0��. �.� �$��� $�����7���
�$!!������ ��� /��� :��$�� �.� �.�!"�$��.�"� �.� �������.
"��� 0�� "�������� �$ �.� �$!"�����$� $�����7��� ��� ���
�����!���� �$� 2���$��"��� 0��� !���� %$� �.� &�� $� �.�
"������ ��&�/ �.��� ��!��� �$����$�� �$� 2���$��"��� "�$�
���&��� 0��� ������ &"$�� ��� ���� 0��� �$������� �� �
!����� �$ �� �$� �$ ��������� 0��. �.� �$!"�����$��
�&���� �.� �.�!"�$��.�"� )� �  �! �"���� ����� ����&��

��� (� .���� ��� �, ������ 0��� ���$���� :/ � �$&��"���$�
���0 &���� �0$ #��1 #���$�!���� 4	�6 �   #��1 #���$��
!���� ���.�$�$���� ����5 .��.��"��� ��!���� 4�  	75
0��. �.� "������ 2���$ ���.��8&�� �.� &�� $� �.� "������
2���$ ���.��8&� �� 0.��. �.� ��!��� �$����� $� � ������
�?�� ���:��� $�� �$ �$2�� ����� "$���$�� $� �.� ���� :/
1��"��� �&����N� �!��� ��7� �&���������/ ����� �$� ���&����
����/��� 4+)5� �.� ��!���� 0��� !$&���� $� �"������7��
���"$�� 0��. "�� ��� ���� ���$���� ��� ����$�1�� �$ ���.
$�.�� �$ �/��.�$��7� �.� 2���$ ���!��� >��$�� ��� �����
!���&��!���� ����:����$� 0�� �$�� :/ ����:����$� �$��
4.���.� (�3 !5 "����� �� :$�. ���� $� �.� ����1� �.� ��!����
0��� �8&�""�� 0��. ��!�$� 4�D �D��)I� -* !!5 ��� ���1
��/�$� 	$:�$� �$����� 4�D �D���I� -�  !!5 7$$! �������
%$� �.� ���$������ ��'	� ��"�� 4>��� �� ; !��5 0���
&����7���
�&���� �.� �  �! �2���� �.� ��!���� 0��� �$����� "���

����� �$ �.� ����1 �� � �������� $� ,( ! �0�/ ��$! �.� �����
���� 4:�.��� :��1 ������.�5 ��� �� �.� "$��� $� (� ! ��� 3� !
��$! � �������� ����� �.� ��!���� 0��� "����� $� 2���$��"�
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RESULTS
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TABLE 3. Comparison of selected performance parameters of the 100-m run in 10-yr age groups of female runner (mean, SE).

Parameters

Age Group

35–39 yr
(N � 3)

40–49 yr
(N � 8)

50–59 yr
(N � 8)

60–69 yr
(N � 8)

70–79 yr
(N � 4)

80–89 yr
(N � 2)

Velocity (m�s�1)
Average over 100 m 7.82c,d,e,f (0.07) 7.52d,e,f (0.10) 7.11a,d,e,f (0.09) 6.62a,b,c,e,f (0.12) 5.61a,b,c,d,f (0.09) 4.61a,b,c,d,e (0.09)
During acceleration (0–10 m) 4.42c,d,e,f (0.01) 4.20d,e,f (0.05) 4.11a,d,e,f (0.06) 3.85a,b,c,e,f (0.04) 3.44a,b,c,d,f (0.14) 2.94a,b,c,d,e (0.13)
During peak velocity phase 8.88c,d,e,f (0.07) 8.59c,d,e,f (0.13) 8.04a,b,d,e,f (0.10) 7.49a,b,c,e,f (0.12) 6.44a,b,c,d,f (0.15) 5.34a,b,c,d,e (0.14)
During final phase (90–100 m) 8.34c,d,e,f (0.18) 8.02d,e,f (0.14) 7.40a,e,f (0.13) 6.80a,b,e,f (0.20) 5.46a,b,c,d (0.17) 4.38a,b,c,d (0.16)

Stride rate (Hz)
Average over 100 m 4.21 (0.03) 4.16 (0.06) 4.18 (0.08) 3.97 (0.05) 3.94 (0.08) 3.78 (0.10)
During acceleration (0–10 m) 3.59 (0.04) 3.50 (0.06) 3.59 (0.09) 3.38 (0.07) 3.26 (0.22) 3.16 (0.12)
During peak velocity phase 4.47 (0.04) 4.37 (0.06) 4.37 (0.08) 4.19 (0.05) 4.22 (0.09) 4.08 (0.07)
During final phase (90–100 m) 4.11 (0.01) 4.04 (0.07) 4.06f (0.10) 3.80 (0.06) 3.80 (0.06) 3.55c (0.19)

Stride length (m)
Average over 100 m 1.86c,d,e,f (0.01) 1.81e,f (0.03) 1.70a,e,f (0.03) 1.67a,e,f (0.04) 1.42a,b,c,d,f (0.02) 1.22a,b,c,d,e (0.01)
During acceleration (0–10 m) 1.23e,f (0.01) 1.20e,f (0.02) 1.15f (0.02) 1.14f (0.02) 1.06a,b (0.04) 0.93a,b,c,d (0.01)
During peak velocity phase 1.99e,f (0.01) 1.97d,e,f (0.03) 1.84e,f (0.03) 1.79b,e,f (0.04) 1.52a,b,c,d (0.03) 1.31a,b,c,d (0.01)
During final phase (90–100 m) 2.03e,f (0.05) 1.99e,f (0.03) 1.83e,f (0.04) 1.79e,f (0.06) 1.43a,b,c,d (0.02) 1.23a,b,c,d (0.02)

Contact time (ms)
During peak velocity phase 103d,e,f (2) 108d,e,f (1) 110d,e,f (1) 124a,b,c,e,f (4) 151a,b,c,d,f (4) 180a,b,c,d,e (6)
During final phase 110d,e,f (4) 113d,e,f (2) 116d,e,f (2) 134a,b,c,e,f (4) 158a,b,c,d,f (3) 208a,b,c,d,e (1)

Flight time (ms)
During peak velocity phase 121e,f (3) 122e,f (2) 126e,f (4) 116e,f (4) 93a,b,c,d (2) 75a,b,c,d (3)
During final phase 123e,f (4) 128e,f (3) 131e,f (4) 118e,f (4) 95a,b,c,d,f (6) 65a,b,c,d,e (5)

a,b,c,d,e,f Group is significantly different (P � 0.05) from the 35- to 39-, 40 to 49-, 50- to 59-, 60- to 69-, 70- to 79-, and 80- to 89-yr-old group, respectively.

TABLE 2. Comparison of selected performance parameters of the 100-m run in 10-yr age groups of male runners (mean,SE).

Parameters

Age group

40–49 yr
(N � 7)

50–59 yr
(N � 8)

60–69 yr
(N � 8)

70–79 yr
(N � 8)

80–89 yr
(N � 6)

Velocity (m�s�1)
Average over 100 m 8.83b,c,d,e (0.10) 8.13a,d,e (0.07) 7.78a,b,e (0.07) 6.95a,b,c,e (0.14) 5.89a,b,c,d (0.13)
During acceleration (0–10 m) 4.76b,c,d,e (0.04) 4.45a,d,e (0.05) 4.35a,d,e (0.07) 3.99a,b,c,e (0.06) 3.45a,b,c,d (0.08)
During peak velocity phase 10.20b,c,d,e (0.15) 9.32a,d,e (0.09) 8.90a,d,e (0.09) 7.89a,b,c,e (0.16) 6.74a,b,c,d (0.15)
During final phase (90–100 m) 9.67b,c,d,e (0.16) 8.58a,d,e (0.11) 8.14a,d,e (0.10) 7.28a,b,c,e (0.17) 6.02a,b,c,d (0.17)

Stride rate (Hz)
Average over 100 m 4.39e (0.06) 4.35e (0.09) 4.32e (0.04) 4.19 (0.06) 3.94a,b,c (0.09)
During acceleration (0–10 m) 3.70e (0.08) 3.70e (0.08) 3.75e (0.06) 3.50e (0.09) 3.11a,b,c,d (0.09)
During peak velocity phase 4.66e (0.06) 4.64e (0.09) 4.54 (0.05) 4.42 (0.06) 4.23a,b (0.09)
During final phase (90–100 m) 4.27e (0.07) 4.23e (0.10) 4.18e (0.07) 4.03 (0.04) 3.76a,b,c (0.13)

Stride length (m)
Average over 100 m 2.01b,c,d,e (0.02) 1.87a,d,e (0.04) 1.80a,d,e (0.03) 1.66a,b,c,e (0.04) 1.49a,b,c,d (0.03)
During acceleration (0–10 m) 1.29c,d,e (0.03) 1.21 (0.02) 1.16a (0.03) 1.14a (0.03) 1.11a (0.02)
During peak velocity phase 2.19b,c,d,e (0.03) 2.02a,d,e (0.04) 1.96a,d,e (0.03) 1.79a,b,c,e (0.05) 1.60a,b,c,d (0.03)
During final phase (90–100 m) 2.26b,c,d,e (0.04) 2.04a,d,e (0.05) 1.95a,e (0.05) 1.81a,b,e (0.05) 1.61a,b,c,d (0.03)

Contact time (ms)
During peak velocity phase 98c,d,e (0.7) 102d,e (0.1) 109a,e (0.2) 118a,b,e (2) 141a,b,c,d (5)
During final phase 103c,d,e (2) 106d,e (2) 117a,e (2) 130a,b,e (4) 156a,b,c,e (7)

Flight time (ms)
During peak velocity phase (ms) 121e (0.2) 121e (0.3) 116e (0.2) 111e (0.3) 97a,b,c,d (0.4)
During final phase 125d,e (4) 122d,e (2) 115e (3) 108a,b (3) 96a,b,c (3)

a,b,c,d,e Group is significantly different (P � 0.05) from the 40- to 49-, 50- to 59-, 60- to 69-, 70- to 79-, and 80- to 89-yr-old group, respectively.
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:/ � ���$��������� "$�/�$!��� �&�2� ������� 4%��� �5�
�.� 2��$���/ �&�2�� $� �  �! �&� ��� �.$0� �� %��� � �

��� > ��� �.� ����������� ����������� �� �������� 2��$���/
2��&�� �� ��:��� � ��� (� �.� ������2� ���� $� �������$������
������� �� 2��$���/ $2�� �.� ����� � ! 0�� +�,< "�� ������
�$� :$�. �������� @.�� �$���$���� �$� ��� �2����� 2��$���/
�&���� ������� ����������$� 4 -� !5 �$�������� 0��. ����
��!� :$�. �� !���� 4� � � �3(G � �  �  �5 ��� ��!���� 4�
� � �3*G � �  �  �5�

�� !���� �.� �������� ��8&���� �$ ����. �.� "��1 2��$���/
4�.� ������� � �! ��8&����5 �� �.� + � �$ +,�/��$�� �&�����
4+) !5 �������� ������������/ 4� �  � )5 ��$! �.�� �� �.�
* -*, /� 4�) !5� 	$0�2�� �.� ��!� �$ "��1 2��$���/ 4�����
+�+ -;� * �5 �.$0�� �$ ����������� ����������� :��0��� ���
��$&"�� �� ) -), /� ��!���� �.� �������� �$ "��1 2��$���/
4() !5 0�� ������������/ ��������� ��$! �.�� 4� !5 �� 3 -*,
/�� 
$ ����������� ����������� 0��� $:���2�� :��0��� �.�
��� ��$&"� �� ��!� ��8&���� �$ ����. �.� "��1 2��$���/ 4�����
+��)-)�)* �5�
�.� �&�����N "��1 2��$���/ �.$0�� ����� ��� ��$&" ����

�������� �� !���� ��� ��!���� 4��:��� � ��� (5� �.� ����
������� �������� �� "��1 2��$���/ �$� !��� ��� ��!��� �&��
���� 0��� )�,< ��� ;� < "�� ������ ���"����2��/� @.��
�$���$���� �$� ��� �.� "��1 2��$���/ �.$0�� �� ��2����
�$�������$� �$ ���� ��!� :$�. �� !���� 4� � � �*+G � �
 �  �5 ��� ��!���� 4� � � �, G � �  �  �5�
�.� ������2� �������� $� 2��$���/ ��$! "��1 2��$���/ ���

8&���� �$ �.� ����� ".��� $� �.� �&� 4����� A)-� < �$�
!���� ��� A;-�*< �$� ��!����5 �$�������� ������������/

0��. ��� :$�. �� !��� 4� � � �)�G � �  � �5 ��� ��!���
�&����� 4� � � �3;G � �  �  �5�

Stride rate. �� �&�2�� $2�� �.� �  ! �� %��&��� � 6
��� � �������� �.�� �&����� �� ��� ��� ��$&"� ��� �� :$�.
������� ����.�� �.� !�?�!&! $� ���� !�?�!&! �� :��
�0��� � ��� � ! 0.���&"$� �� ��������� �$0��� �.�
��� $� �.� �&�� �&���� ����������$� �� $� �.� $����� !���
�&����� 4* -*, /�5 �������� ������������/ ��$! �.�� $� ���
$�.�� !��� ��$&"� 4� �  � )5 ��� �&���� �.� "��1 2��$���/
".��� ��$! �.� + � �$ +,� ��� ) � �$ ),�/��$�� ��$&"� 4� �
 � �5 4��:�� �5� �� ��!���� �.��� 0��� �$ ����������� ����
�������� �� �� 2��&�� :��0��� ��B����� ��� ��$&"� 4��:��
(5� �� !���� �2����� �� ������� ����������$� �� ��� ��
�&���� "��1 2��$���/ ��8&���� �������� :/ ���< (� < ���
��,< "�� ������ ���"����2��/ 0.����� �� ��!���� �.� ����
������� �������� �� �.� �2����� �� ����������$� �� ���
"��1 2��$���/ �� 0��� ���< ���< ��� ��;< "�� ������
���"����2��/�
@.�� �$���$���� �$� ��� �� �&���� ������� ����������$�

4 -� !5 �$�������� ������������/ 0��. �.� 2��$���/ $� �.��
".��� :$�. �� !���� 4� �  �+,G � �  � �5 ��� �� ��!���� 4�
�  �; G � �  �  �5� 	$0�2�� �.� �2����� �� ��� ��
�&���� "��1 2��$���/ ��� ����������$� ".���� �.$0�� �$
����������� �$�������$� 0��. 2��$���/ �� ���.�� !���� $� ���
!����� �.� ������� �� �� ��$! �.� "��1 2��$���/ ��8&���� �$
�.� ��� $� �.� �&� 0�� ���$������ 0��. �.� ���&���$� ��
2��$���/ ��$! �.� "��1 2��$���/ ��8&���� �$ �.� ��� $� �.�
�&� �� !���� 4� �  �(3G � �  � )5 ��� �� ��!���� 4� �  �+*G
� �  � �5�

Stride length. �9 �&�2�� �� %��&��� � � ��� % ��� �.�
���&��� �� ��:��� � ��� ( �.$0 ����������� ����������� �� �9
�&���� ��� ".���� $� �.� �  �! �&� �� :$�. �������� �&����
�.� ����������$� !��� ��� ��!��� �&����� �� /$&���� ���
��$&"� 0��� �:�� �$ ��1� �$���� ������� ��� �$ �������� �.���
�9 &" �$ ��$&�� ) ! 0.����� �� $���� �&����� �.� !�?�
�!&! �9 0�� ��.��2�� �������� %�$! �.� "��1 2��$���/
".��� �$ �.� ����������$� ".��� $� �.� �&� �9 ��!�����
&��.����� �� :$�. !���� ��� �� ��!����� �� !���� �2�����
�9 ������� ����������$� �9 ��� �9 $� �.� "��1 2��$���/
��8&���� �������� :/ +�3< ��,< ��� )� < "�� ������
���"����2��/ 0.����� �� ��!���� �.� �2����� �9 ���������
��$� �9 ��� �9 $� "��1 2��$���/ ��8&���� ��������� :/
)��< (�;< ��� )��< "�� ������ ���"����2��/� @.�� �?�
"������ �� ������2� 2��&�� 4�9I.���.�5 �.� ������� �� �9
�&���� "��1 2��$���/ 0��. ��2������ ��� 0�� +��< "��
������ �$� !���� ��� +�,< "�� ������ �$� ��!�����
@.�� �$���$���� �$� ��� �.� �2����� �9 $2�� �  ! ���

�9 �&���� "��1 2��$���/ ��� ����������$� ".���� $� �.� �&�
�$�������� 0��. 2��$���/ $� �.$�� ".���� �� :$�. ������� 4� �
 �+(G � �  � � �� ��� �����5� 	$0�2�� �9 �&���� �������
����������$� $2�� �.� ����� � ! �.$0�� �$ ����������� �$��
������$� 0��. �.� � �! 2��$���/ �� ���.�� !���� $� ��!�����

Ground contact time. �.� ����2��&�� 6� 2��&�� �&��
��� "��1 2��$���/ ��� ���&������� �� %��&�� ( � ��� > ���
�.� ��� ��$&" ����������� �� 6� ��� �.$0� �� ��:��� � ���
(� 6� ��������� "�$������2��/ �� �&����� 2��$���/ ���������
0��. ���� ���$ �.� ������2� ��!� �"��� �� �$����� ".��� 4<
������5 ��������� �������/ 0��. ��� ��� 2��$���/ ��$! ��

������  !����"��	#� "#�	� �$  %%&' 
	����( ��'� # # $	������ �$
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I

�2����� ++< $� ������ ��!� �� � �+ !C��� 4+ -++ /�5 �$ ;�<
�� ;�+ !C��� 4*)-** /�5 �� !���� ��� ��$! �� �2����� +;<
�� *�, !C��� 4()-(, /�5 �$ 3�< �� )�( !C��� 4* -*3 /�5 ��
��!�����
����������� �$�������$�� 0��� �$&�� �� :$�. !��� ���

��!��� �&����� :��0��� �.� 2��$������ �&���� "��1 2��$���/
��� ����� ".���� ��� 6� �&���� �.��� ".���� 4"������ � �
� �;�G � �  �  � �� ��� �����5� 	$0�2�� �.��� 0��� �$
����������� ������B&���� �$�������$�� :��0��� �������� ��
2��$���/ ��$! "��1 2��$���/ ��8&���� �$ ����� ".��� ��� �.�
�������� �� 6� ��$! "��1 2��$���/ ��8&���� �$ ����� ".��� ��
���.�� !���� $� ��!�����

Flight time. �.� ����2��&�� 2��&�� $� %� �&���� "��1
2��$���/ ��� �.$0� �� %��&��� ( � ��� > ��� �.� ��� ��$&"
����������� �� ��:��� � ��� (� �.��� 0��� ����������� ����
�������� �� %� 2��&�� :��0��� �.� $����� ��� �.� $�.�� ���
��$&"��
@.�� �$���$���� �$� ��� %� �&���� "��1 2��$���/ ���

����������$� ".���� 0�� ������������/ ������� �$ 2��$���/ $�

�.��� ".���� 4� �  �+*G � �  � � �� :$�. �����5 �� ��!�����
�� !���� %� �&���� �.� "��1 2��$���/ ".��� 0�� ���$������
0��. �.� 2��$���/ $� �.�� ".��� 4� �  �(3G � �  � )5 0.�����
�$ �&�. �$�������$� 0�� $:���2�� �&���� �.� ����������$�
".���� %&��.��!$�� %� $� �.� "��1 2��$���/ ��� ���������
��$� ".���� �.$0�� � ����������� �$�������$� �$ �9 $� �.$��
".���� �� !���� 4"������ � �  �)*G � �  �  � �� :$�. �����5
��� �� ��!���� 4"������ � �  �;*G � �  �  � �� :$�. �����5�

DISCUSSION

�.��� ��� � �&!:�� $� ��&���� $� �.� ������$��.�" :��0���
"�$������2� 2��$���/ ��� ������ "������ �� �.� �  �! �&� ��
/$&���� �"������� 4�(+*� �)�;5� 	$0�2�� �$ �.� �&�
�.$��N 1�$0����� �.� "������ ��&�/ �� �.� ����� �$ "�$2���
���$�!���$� $� 2��$���/ ��� ������ �.������������� �&����
���. "���$�!���� ".��� $� �.� �  �! �&� �� !����� �"�����
���� �.� !�B$� �������� 0��� �� �$��$0�D �5 �.� �"�������
2��$���/ $� ����� !��� ��� ��!��� !����� ��.����� ��������

������ *!��#� "#�	� �$ "������� +�, �-, �
��� 
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�(��- �
����
)
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I

�?"$��������/ 0��. ��� �.� ����������� :��$!��� !$�� �2�
����� ����� A;)-3 /� $� ���� �5 �������$������ �����������
�� 2��$���/ 0��� ���.�� ��!���� �� ���. ".��� $� �.� �&� ��
:$�. �������� (5 �.� ������$����$� $� �.� $2����� �  �!
"���$�!���� 0��. ��� 0�� "��!����/ ������� �$ �������� ��
�9 ��� �������� �� 6� 0��. ��2������ ��� �� :$�. !��� ���
��!��� �"��������

Velocity. ����/��� $� �.� ����������$� ".��� $� �.� �&�
��2����� �.�� �.� ��!� ��8&���� �$ ����. �.� "��1 2��$���/
��8&���� ��!����� &��.����� 0.����� �.� �������� �$ "��1
2��$���/ ���&��� ������������/ 0��. ���� ������ �$!"�����$�
����/��� 4&���� ����� ��2����5 $� /$&�� ����� �"������� 4�*5
��������� �.�� �.� ��!� ��8&���� �$ ����. "��1 2��$���/
4!���� A;� -;�) � ��!���� A)� -;�) �5 �� ��$�� �$ �.��

�$&�� �� �.� "������ ��&�/ :&� �.� �������� �$ "��1 2��$���/
4!���� )*-;� ! ��!���� +)-), !5 0�� �&� �$ .��.��
����������$� 2��$���/ ������� �.�� �.�� �� �.��� !�����
�"��������
�.� ����������� ������� �� "��1 2��$���/ �� �.�� ��&�/

4A;< "�� ������5 �� ��$�� �$ �.� �$����"$����� 2��&� $�
A,< �� 	�!���$�N� ��&�/ 4��5� 6$!"���� 0��. ����� /$&��
�&����� �.� "��1 2��$���/ ��.��2�� :/ �.� ������� !��� 4+ 
/�5 ��� ��!��� 4+� /�5 �"������� �� �.�� ��&�/ 0��� �(< ���
�+< �$0�� �.�� �.� .��.��� ��"$���� "��1 2��$���/ 2��&�� ��
/$&�� !��� 4��� ) !C���5 ��� ��!��� 4� �*3 !C���5 �"�����
��� ���"����2��/ 4�35�
�.� �������� $� 2��$���/ ��$! "��1 2��$���/ ��8&���� �$

�.� ��� $� �.� �&� �$� �.� ������� !��� ��� ��!��� �"�������
�� �.�� ��&�/ 4)-;<5 0��� �:$&� �.� ��!� �� �$����"$�����
2��&�� �$� /$&�� !��� 4�-3<5 ��� ��!��� �&����� 4(-*<5
�� �.� ������ !�B$� �.�!"�$��.�"� 4�(3�)�*5� @.�� ���
���"������ �.� ������ $� ��� $� �$�� $� 2��$���/ �� �.� �  �!
�"���� �� !&�� :� ��!�!:���� �.�� �� $���� �&����� �.� "��1
2��$���/ �� ��.��2�� ������� �.����$�� �.� �������� $� ������
�����$� ".��� �� �$���� �.�� �� ����� /$&�� �&������

Stride rate. �.� ���&��� $� �.� �&����� ��&�/ �������� �.��
�� .�� �$ !�B$� �$�� �� �?"������� �.� ����������� ������� ��
�&����� 2��$���/ &���� �.� ��� $� * � 	$0�2�� ����� * /� $�
��� �.��� 0�� � !��1�� ������� �� �� 0.��. ���!� �$
�$����:&�� �$ �.� ������� �� �"���� "���$�!���� �� �.� $�����
!��� ��� ��!��� ��� ��$&"�� ��!�����/ 	�!���$�N� ���� 4��5
�.$0�� �.�� �� ��!����� �����/ ��$! ��� ( &���� �.� $�����
��� ��$&"�
�.� �� �&�2�� �.$0 �.��� �������� ".����� �� ���&�������

�� %��&�� � 6 ��� � �� ��������� ��"���/ �� �.� :��������
$� �.� ���� ��� �.� �&����� ����. �.� !�?�!&! $� ����
!�?�!&! �� ������/ �� � -� !� �.�������� �� ��������
����&���/ �$0��� �.� ��� $� �.� �&�� �� �.� ���� � �! ���
8&���� �.� ������� �� �� :��$!�� !$�� "�$�$&���� 0.��.
�� ���$������ 0��. � !$!�����/ �������� �� �9� 6$!"����$�
$� �� 2��&�� $� ��������� 2��$���/ ".���� $� �.� �������
�&����� �� �.� �&����� ��&�/ 0��. �.$�� 2��&�� ��"$���� ��
!�B$� �$!"�����$�� 4��)5 �.$0� �.�� �.� /$&�� �"������� ���
�&"���$� �$ !����� �"������� "�����&����/ �� �.� �:����/ �$
�������� �.��� �� �&���� ����������$� ".��� ��� �� �.� �:����/
�$ !������� .��. �� �.�$&�.$&� �.� �&�� ������������/ �&��
��� �.� "��1 2��$���/ ��8&���� !����� �"������� .�� ��!$��
��!���� �� �$ ����� /$&�� �"��������
�.� �:����/ �$ ��.��2� .��. �� �� �.$&�.� �$ :� �������� :/

:�$�$����� ��� ��� �.� ��2��$"!��� $� �.� ������� ���2$&�
�/���! 4�;5� �� .�� :��� ��"$���� �.�� �.� .��.��� �&����� ��
�� ����.�� ������/ �""�$?�!����/ �� �.� ��� $� * /� �����
0.��. �.� ������:����/ $� �� :��$!�� ������2��/ ��!���� 4�;5�
�.��� �� � "�&���/ $� ���� ��������� �$ 0.�� �?���� �.�
!�?�!&! �� �� �&����� $� !�?�!&! ���8&���/ �� $�.��
�/���� �"��� !$2�!���� ��� :� !��������� 0��. ����������
���� �&� �������� ��� �.$�� $� 	�!���$� 4��5 �&����� �.�� ��
�$!"�����2� !����� �"������� �.� �:����/ �$ ��.��2� .��.
���8&���/ �� �/���� 0.$���:$�/ �"������� !$2�!���� �$��
�$� �.���� !��1���/ :��$�� A* /� $� ���� 	$0�2�� ��
�.$&�� :� �$��� �.�� �� �� ��$���/ ������� �$ �9� �� �.�
�"������� �� /$&���� ��� ��$&"� 0��� �:�� �$ ��������

������ /!����"��	#� "#�	� �$ ����#�� #�� $��(�� ��'� �	
��( ���
$#���  %&' �0	���� # # $	������ �$ #(� �� '#�� +�- #�� $�'#�� +�-
�
����
)
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������� �9 �.� ��� ��!� ��������� ��� �$���8&����/ ��
�$!"$���� 0�� ���������� �&� �$ �.�� �������"������� �.�
������2��/ �!��� ����������� ������� �� �� �� �.��� !�����
�"������� !�/ :� "����/ ����&����� :/ �.����� �� �9 0��.
����

Stride length. �.� ���&���$� �� �9 "��/� � ������2� �$��
�� �.� ����������� ������$����$� �� �  �! �"���� "���$�!����
�� �.��� 0$��������� !����� �"�������� �.�� �� ������/ ���&��
������ :/ �������� �.�� �&���� ���. 2��$���/ ".��� �9 ���
������ !��1���/ 0��. ��� 0.����� �� �.$0�� �!����� ����
��������� �&� �������� ��� �� �����!��� 0��. �.�
$:���2���$�� $� 	�!���$� 4��5 0.$ �$&�� �.�� �.� ������� ��
"��1 �&����� 2��$���/ �� !����� �"������� 0�� ���$&���� �$�
:/ ����������� �.$������� $� �9 0��. ���������� ���� �.� �9
2��&�� ��� �.� !�����&�� $� �.� ����������� ������� �� �9 ��
	�!���$�N� ��&�/ A;< "�� ������ ��� �$�������� 0��. $&�
���&��� �� �.� "��1 2��$���/ ".����
�9 �&�2�� �� %��&�� � � ��� % �������� �.�� �.� �.�����

�� �9 $2�� �.� �$&��� $� �.� �  �! ���� ��� 8&��� ��!���� ��
��������� ��� ��$&"�� �&���� �.� ����������$� ".��� $� �.�
�&� �.��� 0�� � ����� �������� �� �9 �$��$0�� :/ � ".��� $�
��!$�� �$������ �9 �$0��� �.� ��� $� �.� �&�� �� �.� ����
� �! ��8&���� �.��� �� � ����.� �������� �� �9 �� !���� ���
�� /$&���� ��!��� �"������� "$���:�/ �&� �$ � �.���� ��
�&����� ���.��8&� :��$�� �.� �����.��� ����� � ��$��� ���"���
��$� $� �9 �&�2�� �������� �.�� �.� �&����� �� /$&���� ���
��$&"� 0��� �:�� �$ �������� �9 �$� � �$���� �������� 0��.
� ������� �9 �.�� $���� �&������ �� ������$� �$ �.�� :���&��
�� ����.�� !�?�!�� 2��&� ������/ �� � -� ! �� ��� �&��
���� �.� .��.�� ����������$� ��� �.� "��1 2��$������ �$&�� ��
/$&���� �"������� ���! �$ :� �?"������ :/ � .��.�� �:����/ �$
�������� �9�
#��2�$&� �������� $� �� �� ��� 4�5 �������� �.�� �.� �9

�&�2�� $� �.� 0$���N� :��� !��� �"������� ����!:�� �� �.�"�
�.$�� $� �.� ������� !����� �"������� �� �.�� ��&�/� 	$0�2��
�$!"���� 0��. /$&�� �"������� �.� �:�$�&�� �9 2��&�� $�
����������$� "��1 2��$���/ ��� ����������$� ".���� $� �.�
�&� 0��� �:$&� )< �(< ��� ��< �$0�� ���"����2��/ �$�
!����� !��� �"������� 4+ -++ /�5 ��� �:$&� (< � < ���
� < �$0�� ���"����2��/ �$� !����� ��!��� �"������� 4()-(,
/�5� �.�� �$!"����$� �&������ �.�� �.� �:����/ �$ ��������
.��. �9 �&���� �.� "��1 2��$���/ ��8&���� ��� �$ !�������
�� �$0��� �.� ��� $� �.� ���� �� �� �!"$����� �.������������
$� ����� /$&�� �"������� ��� !�/ �?"���� �.� !�B$���/ $� �.�
���������� �� 2��$���/ :��0��� !����� �"�������� �.� �������
���� �� �.� ������� ����������$� 2��$���/ ���!� �$ :� �������
�$ ����������� :$�. �� �� ��� �9�
>���&�� �.� ������$����$� �� �.� �"���� "���$�!���� 0��.

��� ���!� �$ :� �.� !$�� ��$���/ ���1�� �$ �.� ���&���$� ��
�9 �.� �������� 8&����$� �� 0.�� ����&����� �9� �� �.� :����
$� 1�$0����� �2����:�� ��$! /$&���� �&:B���� �� �""����
�.�� �9 �� �&����� �� �����!���� ������/ :/ �.� �:����/ �$
��2��$" ����� 2������� �$���� �&���� �.� ��$&�� �$�����
".��� 4�+( 5� ���$����� �$ ���$ ��� �$!� 4�+5 �&����
!�?�!&! 2��$���/ $� A�� !C��� �.� �"������ .�� �$ "�$�&��
� 2������� �$��� $� !$�� �.�� �.��� ��!�� .�� :$�/ 0���.� $�
$�� ���� %&��.��!$�� :���&�� �.� �$����� ".��� �� .��.�
2��$���/ �"������� ����� A* -�  !� 4��� �.� "�$"&���$�

".��� $��/ �$� A; < $� �.�� ��!�5 �.� ��.���� !&�� :�
��"�:�� $� "�$�&���� �.�� �$��� 2��/ ��"���/� ������� �$ �.��
� .��. "��������� $� ������0���. 4�/"� ��� ��?5 !&���� ��:���
.�� �.$0� �$ :� "�������2� $� ����� �$��� "�$�&���$� ��
/$&�� �"������� 4�(5� �$ $&� 1�$0����� �.��� �� "�������/
$��/ $�� ��&�/ 4,5 �2����:�� $� �.� �!"��� $� �.� �����
"�$���� $� �.� �$��� "�$�&���$� ��"����/ �� !����� ����$���
��2�� �"������� ��� B&!"���� �.�� ��&�/ ��!$�������� �.��
2������� B&!" .���.� �� � ���������7�� �8&�� B&!" $� � �$���
"����$�! ��������� ��$! A �(( ! �� + � �$ +,�/��$��� �$
A ��, ! �� �.� ��.����� $2�� 3 � ���$ �.� ���&��� $� �.��
��&�/ �.$0�� �.�� �.� ��.����� $2�� 3 0��� �:�� �$ ��������
)*< $� �.� !�?�!&! "$0�� $&�"&� "�$�&��� :/ + � �$
+,�/��$�� ��.������ ��!�����/ �2������ ��$! &�������� "�$�
"�� .�� ������/ ��������� �.�� �?"�$��2���������. �.��������
������ $� �.� ��� !&����� ������� 0��. ��� ��"������/ ��$!
�.� ��?�. ������ $�0��� �� :$�. ������� 4��)�,5� �.��
����������� ������� �� �.� !&����N� �:����/ �$ "�$�&�� �$���
��"���/ ���!� �$ :� "��!����/ �����:&��� �$ � �������� ��
!&���� !��� ��&��� :/ � �$�� ��� �� ���$"./ $� ��:��� ��
"�����&��� $� �/"� �� ��:��� 4�)�,� 5� ���$ �� .�� :���
��!$�������� �.�� �.� ��������� ���� $� �$��� "�$�&���$�
0��. ��� !�/ :� �������� :/ �������� $� �.� ���2$&� �/��
��!N� �:����/ �$ ����2��� !&����� ��"���/ 4�+5� 	$0�2�� ��
!&�� :� �!".���7�� �.�� �&����� !$2�!���� 0��. ��"�����2�
"����".���� �!"$�� &��8&� ��!���� $� �.� �$��� "�$�&���$�
��"�:������� $� �.� ��&�$!&��&��� �/���! ��� �.&� �.� �"���
&����$�� $� ��!����� ����$�� �$� �$��� "�$�&���$� �� �"�������
:���� $� ��/���� ���������"�����$� �?"�$��2� !$2�!���� ��
������&��� �$ &��������� �.� &�����/��� !��.����! �$� �?�
"������� �.� ����������� ���&���$� �� �$��� "�$�&���$� ���
�9 �� �"���� �&����� �.��� �� � ���� �$� �"$����"������
��&���� �?�!����� �����������$��.�"� :��0��� ������ "���!�
����� ��$&�� ������$� �$���� ������$!/$���"./ ��� !&����
��:�� �.��������������

Ground contact time. 6� 0�� �$&�� �$ :� �� �!"$��
���� ������ "���!���� ������� �$ ����������� �� 2��$���/ :��
�0��� ��� ��$&"� �� :$�. !��� ��� ��!��� �&������ 6$�����
���� 0��. �.� �&����� ���&��� ��&���� .�2� ��!$�������� �.��
� �.$�� 6� �� � ������2� ����$� �$� 0$��������� "���$�!����
�!$�� /$&���� ��.����� 4�*���)5� �� �� �?�!"�� �$!�
"�����$� ����/��� �� �.� @$��� 6.�!"�$��.�"� :/ �$��2�� ��
��� 4�)5 ��2����� �.�� �� �.� ������� !��� �"������� 6� �&����
�.� "��1 2��$���/ ".��� 4���;-���* !C���5 0��� �� �$0 ��
* -*� !�� �.$�� 2��&�� ��� �)< :��$0 �.� �$����"$�����
2��&�� �$� �.� ������� !��� �"������� 4+ -++ /�5 �� �.�� ��&�/�
���$ �.� �"���� ������ $� /$&�� ��� !����� �"������� �������
�� ��!� �"��� �� �$����� ��� ����.� ".����� �� /$&�� !���
�"������� 4�)5 �.� ������2� ��!� �"��� �� �$����� �� A(*<
�$!"���� 0��. A++< �� �.� /$&����� !��� �"������� �� $&�
��&�/� �.��� �$!"����$�� �&����� �.�� �.� �������&��.���
����&�� $� �.� ����� /$&�� ��.����� �� �.��� �:����/ �$ !���!�7�
6� 0.��� ���������� %� ��� �.� �����. $� �.� �������
6� �� �"���� �&����� �� �$&�� �$ :� ���$������ 0��. ����$��

�&�. �� ������ ���.��8&� 4�*5 ��� ��� ��������� 4�35� %$� �?�!�
"�� �&��&��� �� ��� 4�35 ��"$���� �.�� .��. ��1�� B$��� ���������
0�� ������� �$ �.$�� 6�� �.� ����� ��� ��������� �� �&�� ��
�&������� �$ :� ��"������ $� "������2���$� $� �.� !&����� 4�+5
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��� $� �.� ������. �����? "$��������$� �&���� �$����� 4;5 0.��.
����� �$ � ������ ��������$� ��$! �.� :��1��� ".��� �$ �.�
"�$"&���$� ".���� ���$ �� �� $:2�$&� �.�� � �.$������ 6�
��8&���� � ��"�� ����&��!��� $� �.� !$�� "$0���&� �/"� ��
!$�$� &����� %�����/ � !��.������ ����$� �.�� �� 1�$0� �$
�$����:&�� �$ �.$�� 6� �� �.� �!��� �������� :��0��� :$�/N�
������ $� ���2��/ ��� ����� ��$&�� �$����� "$��� 4�*5� @.��.��
�.��� ��� ����������� �.����� �� ��� ��������� ������. �����?
���"$��� ���!&���� ����2���$� �&���� ������.��.$������� �/���
�/"� !&���� ����$� �� �$� 1�$0� /���

Flight time. �.� "������ ���� �.$0�� �.�� �� �&�����
2��$���/ ��������� 0��. ��� �.��� 0�� � ����&�� ������� ��
%� ��� �9� 	$0�2�� � ��$��� ���"����$� $� ����2��&�� ����
�� %��&�� ( � ��� > �������� ������ $� �$ ������� �� %�
:��$�� ��� A3 /� �� !���� ��� A;) /� �� ��!����� �.����$��
�� �""���� �.�� �� �.��� !������ �"������� ���$�� � ����� $�
2��$���/ ��$! A)�( !C��� �$ A3�) !C��� �.��� �� � ���.��
������ �������� �� %� ��� �9 0��. ���������� �&����� 2��$��
��/ 0.����� �� .��.�� 2��$������ 43�)-� �+ !C���5 �.� ������
!��� �� %� �$� � ��2�� �������� �� �&����� 2��$���/ ��
"�$"$���$����/ �!����� �.�� �.�� �� �9� �.&� �.� �����������
8&����$� �� 0./ %� �$�� �$� �.���� �$���������/ �� � ���&��
$� �.���� �� �&����� 2��$���/ ��� �9 �� .��.�� 2��$�������
>���&�� %� �� �����!���� !����/ :/ �&����N� ���&�����
��1��$�� 2��$���/ �� !�/ :� �.�� &���� A;)-3 /� $� ��� �.���
0��� $��/ �!��� ����������� �� �!"&���� ��������� �&����
"�$"&���$� "$���$� $� �.� �$����� ".���� ��������� �.�����
�� 6� 0��. ��� �� ���!� �.�� �.��� �8&�2����� �!"&���� 0���
��.��2�� :/ ��������� �$!:�����$�� $� �������2� �$��� ���
6�� %$� �.� ������ /$&���� �&����� �.� �!"&��� 0��
��.��2�� :/ �.� �""������$� $� ������� ��$&���������$�
�$���� �&���� :������ �$����� ��!�� 0.����� $���� �&�����
�""���� ������ ��$&�� �$���� �&���� �$���� �$����� ��!��
4( 5� �.� "$���:�� �?"������$� �$� �.� �!��� $� �$ �.���� ��
%� ���"��� ��������� �� �9 �� 2��$���/ �� ��������� �$&�� :�
�.� ����������� �� ��1��$�� ��� ������� �.������������� $� �.�
������ 4���� .��.�� ��1��$�� ����� �� ��$0�� �&�����5 4+5�

Methodological considerations. �.�� ��&�/ .�� ����
���� ��!�����$�� �� ������$� �$ ��� ��$��������$��� �������
%���� �2�� �.$&�. �.� "������ ����/��� 0�� ��!���� �$ �.�

2��/ :��� �"������� �� ���. ��� ��$&" 0� �$ �$� 1�$0 �.�
������ $� ������� $� �$�"./��$�$����� ����$�� $� $&� ���������
%$� �?�!"�� :���� $� $&� �����2��0 �.� $����� ��!���
�&����� 43 -*3 /�5 .�� �$� �$!"���� �� ��.������ �� �.���
/$&�. ��� !�/ �$� .�2� ��!���� ������� �$�����&��$� $�
�������� :��1��$&�� �$ /$&���� ��!��� �"�������� ���$��
�.� �2��&���$� $� �.� ������ $� ��� $� :�$!��.������ "���!�
����� �� �$!"������� :/ ����������� �� �.� �&����� 2��$���/
��� .���.� $� �.� ��.������ ��&���� $� /$&�� �&����� .�2�
�.$0� �.�� �� ��� �9 �������� �������/ �� �.� �$0�� 2��$��
����� :&� �� �.� .��.�� 2��$������ 4A3� -,�) !C���5 �� ���
������� �$ � ������2��/ ������� �?���� �.�� �9 4��5� 	$��!���
4���(5 �$&�� �.�� �!$�� /$&���� �"������� �� ������ �$
�������� 0.����� �9 ������ �$ ������� �� �.� .���.� 4��� ���
�����.5 $� �.� ��.���� ��������� ��� �.&� �� �� "$���:�� �.��
�$!� "$���$� $� ����������� �� �� ��� �9 0��. ��� �� $����
�&����� �$&�� :� �?"������ :/ �.��� ����$��� %�����/ �� $��/
�.� 2��/ :��� �"������� 0��� �������� �.��� 0�� � �!���
�&!:�� $� �&:B���� "�� ��$&"� �.����$�� �.� ���&��� �$&��
:� �������� :/ ��!"���� :��� ��� �/"� �� ���$���

CONCLUSIONS

�.� ���&��� $� �.� "������ ��&�/ �.$0�� ��!���� ������2�
������� �� 2��$���/ �� ��� ".���� $� �.� �&� 0��. ��2������
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ABSTRACT

KORHONEN, M. T., A. A. MERO, M. ALÉN, S. SIPILÄ, K. HÄKKINEN, T. LIIKAVAINIO, J. T. VIITASALO, M. T.

HAVERINEN, and H. SUOMINEN. Biomechanical and Skeletal Muscle Determinants of Maximum Running Speed with Aging. Med.

Sci. Sports Exerc., Vol. 41, No. 4, pp. 844–856, 2009. Purpose: Aging diminishes the ability to run fast, but the specific mechanisms

responsible for this deterioration remain largely unknown. In the present study, we investigated the age-related decline in sprint running

ability through a cross-sectional examination of biomechanical and skeletal muscle characteristics in 77 competitive male

sprinters aged 17–82 yr. Methods: Ground reaction force (GRF) and kinematic stride cycle parameters were measured during the

maximum-velocity phase using a 9.4-m-long force platform. Knee extensor (KE) and ankle plantar flexor (PF) structural characteristics

were investigated using ultrasonography and muscle biopsies (vastus lateralis). Force production characteristics of leg extensor muscles

were determined by dynamic and isometric contractions. Results: The main findings were as follows: 1) the progressive age-related

decline in maximum running velocity (Vmax) was mainly related to a reduction in stride length (Lstr) and an increase in ground contact

time (tc), whereas stride frequency showed a minor decline and swing time remained unaffected; 2) the magnitude of average braking

and push-off resultant GRFs declined with age and associated with Lstr, tc, and Vmax; 3) there was an age-related decline in muscle

thickness, Type II fiber area and maximal and rapid force-generating capacity of the lower limb muscles; and 4) muscle thickness

(KE + PF) was a significant predictor of braking GRF, whereas the countermovement jump height explained most of the variance in

push-off GRF in stepwise regression analysis. Conclusions: Age-related slowing of maximum running speed was characterized by a

decline in stride length and an increase in contact time along with a lower magnitude of GRFs. The sprint-trained athletes demonstrated

an age-related selective muscular atrophy and reduced force capacity that contributed to the deterioration in sprint running ability with

age. Key Words: LOCOMOTION, MASTER ATHLETE, MUSCLE FIBER, SPRINT RUNNING, STRENGTH

T
he ability to run fast is a major factor determining
level of performance in various sporting and
recreational physical activities. However, with aging,

the ability to perform short sprints declines and may
eventually inhibit participation in physical activities. Given
the growing number of people remaining highly physically
active into older age, information on the mechanisms
responsible for the decline in maximal locomotor perfor-
mance may be of increasing overall importance and have

implications for the planning of exercises to preserve and
potentially improve speed performance in older people.
Accordingly, examination of the specific biomechanical and
physiological changes that impair maximum running veloc-
ity (Vmax) in older athletes is needed to understand the
degree to which these changes are preventable by regular
training. So far, studies of age-related changes in Vmax have
focused mainly on stride cycle parameters (12,20). How-
ever, stride parameters do not provide information on the
factors underlying changes in performance; hence, it would
be important to determine the interrelationship between
stride cycle parameters, ground reaction forces (GRFs), and
neuromuscular factors.

The two basic mechanisms that determine Vmax are the
forces generated to the ground and the speed at which the
legs can be swung forward and backward (36). On the basis
of studies in young adults, Vmax is primarily related to the
magnitude of contact forces that the runners are capable of
producing during the short contact phase. For example, in the
study by Weyand et al. (36), a 1.8-fold intersubject difference
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in Vmax (from 6.2 to 11.1 mIsj1) and 1.7-fold difference in
stride length were attributable to a 1.3-fold change in vertical
GRF. The faster runners also had higher stride frequency.
However, this was achieved by reduced contact time,
whereas the time taken to swing the limb into the position
for the next stride did not vary between runners. These
findings are in line with the studies by Mero (25) and Mero
and Komi (26) that used resultant GRF as a specific force
indicator in young male and female runners with different
sprinting abilities. The higher Vmax and longer strides of the
fastest runners were explained by their superior ability to
produce greater ground contact forces.

Skeletal muscle characteristics have been commonly iden-
tified as critical determinants of sprint performance. Inves-
tigations in young athletes have suggested that sprinting ability
is limited by muscle mass (3,23,35), fiber type composition
(5,25,27), and fascicle length (3,23). However, it is not
uncommon to observe wide variation in muscle properties
among athletes of similar performance level (2,27). This
suggests that the ability to run fast depends on a combination
of factors. In addition to muscle structural characteristics,
several studies have shown that whole-muscle mechanical
performance is associated with sprinting ability (11,39). On
the other hand, the association between muscle strength and
sprint performance may be influenced, among other factors, by
the type of contraction. For example, there is some evidence to
suggest that rapid muscle force capacity is more closely related
to sprint performance than maximal strength (9,22). However,
the extent to which these findings in young sprint athletes
apply to older runners remains unknown.

Accordingly, the main purpose of this study was to
examine specific biomechanical characteristics that may
determine the ability to run at maximum speed with in-
creasing age. To address this aim, we measured both GRF
and stride cycle parameters in male sprinters aged 17–82 yr.
The secondary aim was to identify age-related differences in
the morphological and mechanical properties of the lower
limb muscles and to determine the relationship between the
muscle characteristics and sprint performance.

METHODS

Subjects. This study was part of a larger investigation
on aging, speed performance, and skeletal muscle
characteristics (19). Eighteen young adult (17–33 yr) and
59 elite master (40–82 yr) male sprinters were chosen for
the present study. The subjects arrived from all over
Finland. All 77 athletes were included in sprint performance
tests, but because of the subjects’ decisions not to complete
certain assessment tasks (fear of injury, timing of testing not
suitable for the current training/competition preparation
schedule), the muscle strength and structural characteristics
data were obtained from 58 to 77 subjects. The missing data
were mainly from the youngest age group. The subjects had
achieved good national- or international-level results in
100- to 400-m sprint events and were continuing to train

and compete systematically. The runners in different age
groups had similar relative performance level: the 60-m
running times in this study ranged from 109 T 3% (17–33 yr)
to 106 T 4% (70–82 yr) of the age-group world record
times. Furthermore, there were no significant age-group
differences in the reported all-time personal best 100-m
times (ranged from 10.96 T 0.28 s in the 17–33 yr age group
to 11.46 T 0.30 s in the 70–82 yr age group, n = 37). A
questionnaire indicated a decrease in total training hours
(from 10.6 to 6.4 hIwkj1, P G 0.001) and sessions (from 5.7
to 3.9 times per wk, P G 0.001) from the youngest to the
oldest group, whereas training years increased with age
(from 12.8 to 27.3 yr, P G 0.05). With increasing age, the
number of hours spent on speed and strength training
decreased (from 5.3 to 3.1 hIwkj1, P G 0.001, and from 4.8
to 1.0 hIwkj1, P G 0.001, respectively), whereas the amount
of other exercises (aerobic running, cross-country skiing,
ball games) tended to increase with age (from 0.5 to
2.3 hIwkj1, P = 0.08). A written consent was obtained from
all subjects. The Ethics Committee of the University of
Jyväskylä, in conformity with the Declaration of Helsinki,
approved the study.

Anthropometry. Body height was measured with a
height gauge, and body mass was measured with a balance
beam scale. Total body fat percentage was assessed using
bioelectrical impedance (Spectrum II; RJL Systems, Detroit,
MI). Upper leg length was determined as the distance from
the lateral condyle of the femur to the greater trochanter,
and lower leg length was determined as the distance
between the lateral malleolus of the fibula and the lateral
condyle of the femur. Leg length was calculated as the sum
of the upper and lower leg lengths and was used for
normalization of the biomechanical variables.

Ultrasonographic measurements. Knee extensor
(KE) and ankle plantar flexor (PF) morphological
characteristics were measured using B-mode ultrasonogra-
phy (SSD-1400; Aloka, Tokyo, Japan), as described earlier
(21,23), with slight modifications. Briefly, a 5-cm linear-
array probe (7.5 MHz) was positioned perpendicular to the
surface of the muscle, and in the ultrasonic images, the
subcutaneous adipose tissue layer, superior and inferior
aponeurosis, and fascicles between the aponeuroses were
identified. The thickness of the KE muscles (vastus lateralis
(VL), vastus medialis (VM), vastus intermedius (VIM),
rectus femoris (RF)) and PF muscles (gastrocnemius medialis
(GM), gastrocnemius lateralis (GL)) was determined as the
distance from the adipose tissue–muscle interface to the
intermuscular interface. The measurements for the VM were
taken at 30% and those for the VL, VIM, and RF at 50% of
the distance between the lateral condyle of the femur and the
greater trochanter (for VIM two locations: under VL and
under RF), whereas the anatomic site for the GM and GL at
30% proximal between the lateral malleolus of the fibula and
the lateral condyle of the tibia. The sum of the muscle
thicknesses of all the knee extensor and plantar flexor muscles
(KE + PF muscle thickness) was used as an indicator of
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muscle mass. The pennation angle was measured as the angle
between the fascicle and the deep aponeuroses, and fascicle
length was estimated from the muscle thickness and pennation
angle as follows: Fascicle length = Muscle thickness � sin
(pennation angle)j1. Fascicle pennation angle and length
were determined from the VL, GM, and GL. The ratios of
VL fascicle length to upper leg length and of GM and GL to
lower leg length were also examined. The interday repeat-
ability (coefficient of variation, CV%) of the muscle
architectural measurements using this method has previously
been shown to be 2.5% for muscle thickness, 3.8% for
pennation angle, and 5.0% for fascicle length (21). In
addition, previous studies have provided evidence that
muscle thickness, as determined by ultrasonography, is a
good estimate for muscle volume (28) and muscle mass (32).

Muscle biopsy and histochemical analyses. Details
of the muscle sampling procedure and myofibrillar ATPase
histochemical analyses have been described earlier (19).
Briefly, muscle biopsy samples were taken from the middle
portion of the vastus lateralis of the dominant leg (take-off
foot in jumping events). Serial cryosections (10 Km) were
stained for myofibrillar ATPase after acid (pH 4.37, 4.60)
and alkaline (pH 10.30) preincubations. The number and
cross-sectional area of the various fiber types were analyzed
using a microscope combined with a computer-assisted
image analysis system (Tema; Scanbeam, Hadsund,
Denmark). For the purpose of this study, the fibers were
divided into Types I and II fibers. Fiber-type character-
istics were calculated from an average of 492 fibers (range,
89–1100) in each biopsy sample.

Strength testing. Dynamic and isometric strength of
the lower limb muscles was determined as described pre-
viously (8,19). Briefly, one repetition maximum (1-RM)
dynamic strength of the leg extensors was measured using a
concentric half-squat exercise (from 90- knee angle) in the
Smith machine (Frapp fitness, Joensuu, Finland). Dynamic
speed–strength ability was assessed by a countermovement
jump (CMJ) on a contact mat. Maximum vertical jump
height was assessed by determining the rise of the body’s
center of gravity (calculated from flight time). During the
test, the hands were kept on the hips to minimize dif-
ferences in technique.

Bilateral isometric force of the leg extensors was mea-
sured by an electromechanical dynamometer (University of
Jyväskylä) with the subject seated with knees and hip at
107- and 110- flexion, respectively. On a verbal command,
the subjects performed an isometric leg extension as hard
and as fast as possible during 2.5–4 s. Maximal force was
defined as the highest force value recorded, and maximal
rate of force development (RFD), a measure of isometric
speed-strength quality, was defined as the greatest increase
in force in a given 5-ms period using 1-ms moving intervals
($force/$time). Furthermore, specific force (maximal force/
KE thickness) and specific RFD (maximal RFD/KE
thickness) were determined to provide an insight into the
muscles’ intrinsic force/speed generation capacities. The

subjects performed approximately three to four trials for
each strength test (up to five trials in squat 1-RM) until their
performance no longer improved.

Sprint measurements. The subjects ran a maximal
60-m sprint twice on an indoor synthetic track with spiked
running shoes (rest between runs of 7 min). The athletes
started from a static forward–lean standing position with the
front leg 70 cm behind the starting line (first photocell gates).
Further, to minimize the aging effect on starting actions
(reaction time, technique), own start without commands were
used. Vertical and horizontal anteroposterior GRFs and
timing parameters were measured during the maximal speed
phase (from 30 m onward) using a special 9.4-m-long force
platform system. It consisted of nine tartan-surface force
plates (five two-dimensional and three three-dimensional
force plates, 0.9/1.0 m; natural frequency, Q170 Hz; non-
linearity, e1%; cross talk, e2%, TR test, Finland; and one
Kistler 3-dimensional force plate, 0.9/0.9 m; natural
frequency, 400 Hz; Honeycomb, Kistler, Switzerland)
connected in series. The force signals were sampled at
1000 Hz and stored on a microcomputer via an AT Codas
A/D converter card (Dataq Instruments, Inc., Akron, OH).

The maximum 10-m running velocity (30–40 m) and the
60-m trial time (t60m) were obtained by four pairs of double-
beam photocell gates. In addition, a laser radar (Laveg Sport;
Jenoptik, Jena, Germany), positioned 6 m behind the start
line, was used to analyze the instantaneous running speeds
of the athletes. The results indicated that 91% of the athletes
had reached their Vmax by the 40-m mark (range, 19–48 m;
mean 30 T 6 m), and those athletes who continued to accel-
erate up to 40–48 m achieved 99% of their Vmax by the 40-m
mark (data not shown). Thus, the 30- to 40-m distance used
for force platform measurements represented the phase of
maximum velocity sprinting for all the athletes.

The force platform data were analyzed using custom-
written software (University of Jyväskylä, Finland). The
vertical and horizontal GRFs were integrated with respect to
time phases and were then combined to obtain the average
resultant GRFs. A horizontal GRF curve was used to divide
the force components into the braking and push-off phases
(26). Time of total contact (tc), braking phase (tbrake), push-
off phase (tpush), swing (tsw), and aerial phase (taer) were
obtained from the force platform records (Fig. 1). Stride
cycle time (tstr) was defined as the time between consecu-
tive footfalls of the same foot, and stride frequency (Freqstr)
is the inverted value of the stride cycle time [1/tstr, (= step
frequency / 2)] (36). Duty factor was defined as time of
contact relative to entire stride cycle duration (tc/tstr). Stride
length (Lstr), the distance between successive contacts of the
same foot (step length � 2), was measured from spike
marks on a thin paper sheet firmly attached over the force
platform. In previous measurements in young sprinters, the
accuracy of this method has been T2 cm compared with film
analysis (A. M., unpublished observations).

Each trial involved four to six contacts on the force
platform. For consistency, the first four contacts of the two
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trials were taken for the analyses. Because no significant
bilateral differences were found in the biomechanical
variables, the results for the right and left sides were averaged
for each subject. The intrasubject variability of the biome-
chanical variables was assessed for 18 young (24 T 4 yr) and
25 older (70 T 4 yr) runners. All variables had a coefficient
of variation (calculated from a total of 8 contacts/4 strides)
of 0.9%–6.0%. No age-related differences were observed
in the CVs.

The amplitudes of the resultant GRFs (Fbrake and Fpush)
are given as average net forces relative to body weight
(F = (N j Nbw) / kgbw), and the direction of GRF are given
as the mean angle of the average net resultant GRF in the
braking and push-off phases (25,26). Further, to examine

the RFD applied to the ground, the Fbrake and Fpush were
divided by the respective tbrake and tpush (expressed as
NIsj1Ikgj1). Leg length showed significant correlations with
Freqstr (r = j0.39, P G 0.001), Lstr (r = 0.39, P G 0.001),
and tsw (r = 0.28, P G 0.05) when controlled for speed
(partial correlation). Because there was an age-related
difference in leg length (Table 1), both absolute and relative
leg length–adjusted Lstr, Freqstr, and tsw (i.e., divided by
1/leg length) were analyzed. Figure 1 illustrates the
biomechanical parameters examined in this study.

Statistical analyses. Linear and quadratic regression
analyses were performed to determine the association
between sprint performance and muscle morphological
and functional characteristics with age (Figs. 2–6). The
mean percent changes in selected variables across the age
range (% per decade) were calculated from the difference in
the mean values of the youngest, 17–33 yr (mean, 23.8 yr),
and the oldest, 70–82 yr (mean, 74.9 yr), groups. ANOVA
was used to determine differences between 10-yr age groups.
In the event of significant age effect, Tukey’s post hoc test
was used to identify the significant differences between each
pair of age groups. The mean statistical power for detecting
significant (P G 0.05) age effect in various comparisons was
0.95. Three parameters showed power values less than 0.80
(Fpush-angle- = 0.78; pennation angle of VL = 0.74; Leg
extension specific RFD = 0.75). Pearson’s correlation
coefficient was used to examine the relationships between
continuous variables, and where appropriate, partial correla-
tion was used to control the effect of age in the relationship.
Stepwise multiple regression analyses were conducted to find
out the combination of muscle characteristics and age that
explained the most variance in Vmax and GRFs and to
examine the association of Fpush, Fbrake, and age with Vmax,
Lstr, and tc. Statistical significance was set at P G 0.05 for all
analyses.

RESULTS

Subject characteristics. There was an age-related
decline in body mass (r = j0.40, P G 0.001), body height
(r = j0.63, P G 0.001), and leg length (r = j0.55,
P G 0.001), whereas percent body fat increased with age
(r = 0.30, P G 0.01). Leg length relative to height did not
correlate with age (Table 1).

FIGURE 1—Description of the components of the stride cycle (A) and
resultant force vector diagram (B) that reflects the changes in
magnitude and orientation of the GRF through contact. Stride cycle
parameters were defined according to Weyand et al. (36). tc = contact
time, taer = aerial time, tsw = swing time. Fbrake = resultant GRF of the
braking contact phase, Fpush = resultant GRF of the push-off contact
phase, Fv = vertical GRF, Fh

j = horizontal braking GRF, Fh
+ =

horizontal push-off GRF.

TABLE 1. Selected physical characteristics of subjects in different age groups.

Age Group

Variable 17–33 yr 40–49 yr 50–59 yr 60–69 yr 70–82 yr

n 18 14 15 16 14
Age (yr) 23.8 T 4.2 44.4 T 3.6 53.8 T 2.8 65.6 T 2.3 74.9 T 3.8
Body mass (kg) 77.5 T 5.9e 80.2 T 8.4d,e 73.1 T 5.4 70.8 T 5.9b 70.0 T 9.2a,b

% body fat 16 T 3e 18 T 3 18 T 3 17 T 4 21 T 4a

Height (m) 1.80 T 0.04c,d,e 1.82 T 0.07c,d,e 1.74 T 0.04a,b,e 1.73 T 0.04a,b 1.68 T 0.05a,b,c

Leg length (m) 0.87 T 0.03d,e 0.88 T 0.05c,d,e 0.84 T 0.03b 0.83 T 0.03a,b 0.82 T 0.04a,b

Leg length (% height) 48.6 T 1.2 48.6 T 1.5 48.4 T 1.2 48.0 T 1.1 48.5 T 1.1

Values are means T SD. n, number of subjects.
a,b,c,d,e Group is significantly (P G 0.05) different from the 17- to 33-, 40- to 49-, 50- to 59-, 60- to 69-, and 70- to 82-yr-old groups, respectively.
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Biomechanical parameters. The 60-m running times
increased from 6.98 T 0.17 s in 17- to 33-yr-old runners to
9.23 T 0.41 s among 70- to 82-yr olds (P G 0.001; +6% per
decade; Appendix 1 for age group comparisons). There was a
progressive age-related decline in Vmax (j5% per decade) and
Lstr (j4% per decade; Fig. 2), which both became significant
by the 40- to 49-yr age group in comparison with the
youngest group (Appendix 1). Freqstr also showed a reduction
with age (j1% per decade; Fig. 2). However, after the
significant decline from the youngest (2.25 Hz) to the 40- to
49-yr group (2.13 Hz), Freqstr remained the same until the
oldest group (2.12 Hz; Appendix 1). When expressed relative
to leg length, the age-related decline remained significant for
Lstr (r = j0.77, P G 0.001; j3% per decade) but not for
Freqstr (r = 0.10; Appendix 1).

Of the temporal variables (Fig. 3), there was an age-
related increase in tc (+5% per decade), tbrake (+9% per
decade), and tpush (+2% per decade) and a decrease in taer
(j2% per decade), whereas tsw remained unchanged.
However, tsw normalized to leg length increased with age
(r = 0.44, P G 0.001, +1% per decade). The tpush/tbrake ratio
showed nonlinear reduction with age (r2 = 0.17, P G 0.001),
reaching significance for the oldest group (Appendix 1).
Duty factor (tc/tstr) increased with age (r = 0.73, P G 0.001).

The GRFs of the braking (Fbrake) and push-off (Fpush)
phases declined gradually with age (j4% per decade and
j6% per decade, respectively; Fig. 4A). The Fpush/Fbrake

ratio showed lower values in the 70- to 82-yr-old group
(Fig. 4B). The mean angle of Fpush became more vertically

oriented with age, whereas no age effect existed in the
braking GRF angle (Fig. 4C). The age-associated increase
in the mean angle of Fpush reached significance only in the
60- to 69-yr-old group (Appendix 1). Further, the decline in
GRFs along with increase in contact times with age led to
clear reductions in the rate of GRF development in both
braking (Fbrake/tbrake: j9% per decade) and push-off phases
(Fpush/tpush: j8% per decade).

Muscle morphology. There was an age-related decline
in KE (j6% per decade), PF (j2.5% per decade), and
KE + PF muscle thickness (j5.5% per decade; Fig. 5;
Appendix 2). When compared with the youngest groups,
KE and KE + PF thickness showed a decline by age 50–59
yr and thereafter, whereas the age group differences in PF
thickness did not reach significance (Appendix 2).

The mean cross-sectional area of Type I fibers showed no
significant association with age, but a reduction in Type II
fiber area (j7% per decade) and Type II-to-I fiber area ratio
(j4.5% per decade) was observed (Fig. 5B). The relative
number of Types I and II fibers did not correlate with age.

Pennation angle showed a progressive age-related decline
for VL (r = j0.43, P G 0.001) but was not associated with
age for GM or GL. For VL, a significant decline in
pennation angle was observed in the oldest age group in
comparison with the youngest group (Appendix 2).

There were no significant age-related differences in
fascicle length for VL, GM, or GL. Furthermore, fascicle
length relative to leg length did not correlate with age in the
VL, GM, or GL.

Muscle strength. There was an age-related decline in
maximal dynamic strength (concentric half-squat 1-RM,

FIGURE 2—Relationships between age and maximum running
velocity (Vmax), stride length (Lstr), and stride frequency (Freqstr). Lstr

was determined as the distance between the consecutive contacts of the
same foot (step length � 2) and Freqstr from the inverse of the total
stride cycle time [1/tstr, (= step frequency / 2)]. Regression equations:
Vmax = 10.02 j 0.007x j 0.0004x2; Lstr = 4.23 + 0.01x j 0.0003x2;
Freqstr = 4.55 j 0.005x (all n = 77).

FIGURE 3—Relationships between age and stride cycle time, tstr (A),
total contact time, tc, braking time, tbrake, push-off time (triangles), tpush
(B), swing time, tsw (C), and aerial time, taer (D). tstr = 441.3 + 0.49x;
tc = 89.6 + 0.45x, P G 0.001; tbrake = 51.1 j 0.48x + 0.008x2, P G 0.001,
tpush = 54.6 + 0.14x, P G 0.001, tsw = 327.45 + 1.27x j 0.013x2; taer =
113.1 + 0.68x j 0.009x2 (all n = 77).
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j9% per decade), maximal isometric force (bilateral leg
extension, j8% per decade), vertical jump height (CMJ,
j11% per decade), and maximal rate of isometric force
development (leg extension RFD, j10% per decade; Fig. 6;
Appendix 3). Isometric force normalized to KE muscle
thickness was not associated with age (r = j0.17), whereas
the isometric RFD/KE thickness ratio declined with age
(r = j0.37, P G 0.01). ANOVA of RFD/KE thickness ratio
showed an overall decline in with age (P G 0.05), but in the
post hoc analysis, the differences between the age groups
did not reach significance (Appendix 3).

Relationships among biomechanical parame-
ters. Table 2 shows the simple and age-adjusted correlations
between the biomechanical parameters. In the overall sample,
Vmax was significantly associated with all parameters, except
tsw. Of the parameters, Lstr, tc, tbrake, and Fpush were the best

correlates of Vmax. When controlled for age, most of the
significant correlations between the parameters remained,
with tc showing the strongest relationship with Vmax.

Stepwise multiple regression analysis, with the inclusion
of Fpush, Fbrake, and chronological age in the models, was
used to determine the association of GRFs with Vmax, Lstr,
and tc. Age and Fpush jointly explained 91% and 81%,
respectively, of the variance in Vmax and Lstr. For the tc, age,
Fpush, and Fbrake were all significant predictors and together
explained 70% of the total variance in tc. When age was
intentionally excluded from these regression models, both
Fpush and Fbrake entered in the equations and together
accounted for 53%, 46%, and 61%, respectively, of the
variance in Vmax, Lstr, and tc.

Relationships among muscle morphology,
strength, and biomechanical parameters. Table 3
shows the age-adjusted correlations among the muscle
structure, strength, and running parameters. KE + PF
thickness was associated with Vmax and t60m. No other
morphological characteristics were related to running
parameters (data not shown). Of the muscle strength
measures, squat 1-RM, CMJ, and maximal isometric force
correlated with the sprint parameters, but no associations
were found between isometric RFD and sprint performance
(not shown).

Table 4 shows the stepwise regression models of the
muscle predictors for Vmax, Fbrake, and Fpush. The variables
entered were KE + PF thickness, Type II fiber percentage,
Type II-to-I fiber area ratio, maximal isometric force, CMJ,
and chronological age (n = 54). Age was the strongest
predictor of Vmax and explained 89% of the total variance,
with maximal isometric force being the only other factor
(1%) to appear in the model. When age was intentionally
excluded from the model, CMJ and KE + PF thickness
appeared in the model and together explained 81% of the
variance in Vmax (not shown).

In the GRFs, KE + PF thickness was the only variable to
enter the model for Fbrake (26%), whereas maximum
CMJ height was the only significant predictor of Fpush

(34%). Age did not enter the models for Fbrake and Fpush.

DISCUSSION

The present study showed that in competitive male
sprinters the slowing of maximum running speed with age
was characterized by a decline in stride length and an
increase in ground contact time along with a lower
magnitude of GRFs. The athletes demonstrated age-related
changes in muscle structure and force production capacity
of the lower limb muscles that contributed to the deterio-
ration in sprint running performance. Figure 7 shows a
simplified diagram summarizing the observed biomechan-
ical and skeletal muscle changes with age that may be
connected to the decline in sprinting ability.

Kinematic stride cycle parameters. On the first
level of the mechanical analysis, we found that a decrease in

FIGURE 4—Relationships between age and the average net resultant
GRF of the braking (Fbrake) and push-off (Fpush) contact phases (A),
Fpush as a fraction of Fbrake (B), and mean angle of the resultant GRF
from vertical, averaged over the braking (Fbrake-) and push-off
(Fpush-) phases (C). Fbrake = 19.77 j 0.07x; Fpush = 13.07 + 0.09x j
0.002x2; Fpush/Fbrake = 0.725 + 0.005x j 7E j 005x2; Fbrake- = 75.7 +
0.013x; Fpush- = 69.9 + 0.033x (all n = 77). *P G 0.05 versus 17- to
33-yr-old group, †P G 0.01 versus 50- to 59-yr-old group.
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Lstr contributed more to the decline in Vmax than Freqstr
(Fig. 2). Further, the reduction in Freqstr was associated
entirely with increased tc because tsw did not vary between
runners of different ages. These results are in line with age-
related changes in stride cycle parameters in previous studies

(12,20). However, because differences in body size may in-
fluence stride variables (13), we also adjusted Lstr and Freqstr
to leg length. The decline with age was still evident for Lstr
but did not persist for Freqstr. This suggests that it was
primarily the Lstr aspect of velocity that was affected by age.

Some studies have proposed that the ability to reposition
the limbs in the air is an important determinant of sprinting
speed (34). However, other studies have challenged this
view and concluded that, despite having a more powerful
muscle profile, a faster sprint specialist has a similar mini-
mum swing duration to that of slower runners (36). In this
connection, it is believed that the mechanical energy re-
quired for the repositioning of the swinging leg can occur
passively through elastic recoil and energy transfer between
body segments rather than by power generated within
muscles (36). Our results showed a lack of difference in
tsw between the young and older runners (Fig. 3C).
However, when tsw was corrected for dimensional changes
(i.e., divided by leg length), a significant increase in swing
duration was observed in the three oldest age groups in
comparison to the youngest group. Therefore, it cannot be
ruled out that tsw or the ability to rotate the legs backward
and forward is a contributing factor in determining sprinting
speed in older age groups. An evaluation of the swing phase
from other points of view, e.g., segment and joint angular
velocities/accelerations during forward and backward swing
phases, might provide further information on this topic. For
example, studies involving young elite sprinters have in-
dicated that differences in swing-back velocity immediately
before ground contact can explain differences in maximum
velocity between runners (4).

FIGURE 5—Relationships between age and knee extensor (KE) and ankle plantar flexor (PF) muscle thickness (A), mean cross-sectional areas of the
vastus lateralis muscle fibers (B). KE muscle thickness = 14.29 j 0.079x (n = 58); PF muscle thickness = 4.56 j 0.013x (n = 58); KE + PF muscle
thickness = 18.86 j 0.093x (n = 58); Type I fiber area = 7031 j 23.7x; Type II fiber area = 9199 j 60.8x; Type II-to-type I fiber area ratio = 1.36 j
0.006x (fiber data, all n = 65).

FIGURE 6—Relationships between age and dynamic (A) and isometric
(B) strengthmeasures. Half-squat 1-RM= 171 + 1.55xj 0.033x2 (n = 62);
CMJ height = 64.7 j 0.55x (n = 77); maximal force of isometric leg
extension = 4473 j 29x (n = 72); maximal rate of force development
(RFD) of isometric leg extension = 33,798 j 275x (n = 71).
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Ground reaction forces. The present study demon-
strated that the magnitudes of GRFs in sprinting are reduced
substantially with age (Fig. 4A) and reflected in changes
in Lstr, tc, and, consequently, in Vmax. Our findings are in
general agreement with those of previous studies that have
examined GRF and stride characteristics in young runners
with different sprinting abilities (18,25,26,36). For instance,
the treadmill running study by Weyand et al. (36) found
that Vmax (1.8-fold difference: 6.2–11.1 mIsj1) was highly
sensitive to a small variation (1.26-fold difference) in
vertical forces. Higher vertical forces had a positive effect
on both the maximal Lstr and minimal tc that runners were
able to achieve.

In this investigation, resultant GRF was used as a specific
force indicator, thereby providing an insight into the
interaction between vertical and horizontal force compo-
nents. Although vertical force dominates the resultant GRF
(Fig. 1B) and is likely to have a strong effect on the
minimum time needed to be spent on the ground to produce
sufficient vertical impulse to support body weight and to
create taer long enough for repositioning the swing leg,
horizontal GRFs may also play a major role in attaining
higher sprinting speed (15). Our results indicated a small
but significant change in the mean angle of Fpush (i.e.,
decrease in the horizontal push-off/vertical GRF ratio) in

older runners (Fig. 4C). However, to what extent these age
differences in GRF direction, even minor, may impair the
acceleration of the body in the optimal horizontal direction
and thus affect sprint velocity is unknown at present.

The present study also indicated an age-related decline in
Fpush/Fbrake as well as tpush/tbrake ratios, but these decre-
ments were evident only in the oldest group (Fig. 4B). It
could be hypothesized that high eccentric impact loads are
less tolerated at older ages, resulting in a longer braking
phase and a decreased elastic energy/force potentiation
during the concentric phase. The consideration of subopti-
mal stretch-shortening cycle action during ground contact
of running in elderly men seems to be supported by the
recent study of Cavagna et al. (7). Their results indicated
a reduced elastic recovery (j20%) in old (74 T 6 yr)
compared with young (21 T 2 yr) subjects running at
moderate speeds (4.2–4.7 mIsj1). More detailed analysis of
the effects of age on support leg movements (14) and
spring-like function of muscle-tendon complex (31) during
maximum speed running awaits further studies.

Muscle morphology and sprint performance.
Studies in young athletes have shown that although
sprinters vary in body height, they are typically heavier
and have greater muscle mass along with a faster fiber-type
profile in their leg muscles than middle- and long-distance

TABLE 2. Simple and age-controlled correlations among the biomechanical variables.

Variables Vmax Lstr Freqstr tc tbrake tpush tsw taer Fbrake

Pearson Correlation Coefficient
Maximum velocity (Vmax)
Stride length (Lstr) 0.89‡
Stride frequency (Freqstr) 0.53‡ 0.09
Contact time (tc) j0.84‡ j0.62‡ j0.70‡
Braking time (tbrake) j0.73‡ j0.61‡ j0.48‡ 0.81‡
Push-off time (tpush) j0.42‡ j0.21 j0.53‡ 0.57‡ j0.02
Swing time (tsw) j0.11 0.33† j0.85‡ 0.27* 0.08 0.35*
Aerial time (taer) 0.40‡ 0.69‡ j0.41‡ j0.35† j0.41‡ 0.03 0.79‡
Braking GRF (Fbrake) 0.59‡ 0.61‡ 0.26* j0.66‡ j0.58‡ j0.32† 0.11 0.52‡
Push-off GRF (Fpush) 0.71‡ 0.65‡ 0.33† j0.74‡ j0.83‡ j0.10 0.08 0.54‡ 0.63‡

Vmax Lstr Freqstr tc tbrake tpush tsw taer Fbrake
Partial Correlation Adjusted for Age

Maximum velocity (Vmax)
Stride length (Lstr) 0.35†
Stride frequency (Freqstr) 0.48‡ j0.65‡
Contact time (tc) j0.65‡ 0.12 j0.65‡
Braking time (tbrake) j0.56‡ j0.15 j0.32† 0.67‡
Push-off time (tpush) j0.14 0.33† j0.44‡ 0.45‡ j0.36‡
Swing time (tsw) j0.29* 0.73‡ j0.93‡ 0.39‡ 0.09 0.38†
Aerial time (taer) j0.02 0.74‡ j0.71‡ j0.04 j0.20 0.17 0.88‡
Braking GRF (Fbrake) 0.21 0.15 0.04 j0.44‡ j0.35† j0.13 0.14 0.37‡
Push-off GRF (Fpush) 0.44‡ 0.28* 0.10 j0.53‡ j0.73‡ 0.21 0.12 0.39‡ 0.44‡

Values are correlations (r ).
Significant correlations are in bold (* P G 0.05, †P G 0.01, ‡P G 0.001).

TABLE 3. Age-adjusted correlations between selected biomechanical variables and muscle structural and strength characteristics.

Vmax Lstr Freqstr tc Fbrake Fpush t60m

Partial Correlation Adjusted for Age
KE + PF thickness 0.28* 0.16 0.11 j0.08 0.22 0.10 j0.26*
Half-squat 1-RM 0.33† j0.04 0.30* j0.28* j0.00 0.14 j0.34†
CMJ height 0.34† 0.04 0.22 j0.23* 0.00 0.17 j0.28*
Maximum isometric force 0.24* 0.12 0.09 j0.04 0.13 0.16 j0.18

Values are correlations (r).
Significant correlations are in bold (* P G 0.05, †P G 0.01, ‡P G 0.001).
See Table 2 and text for abbreviations.
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runners (5,16). Furthermore, the fascicle length and pen-
nation angle may vary according to running event special-
ization (3) and could predict overall sprint performance in
sprinters (2,23). The present results imply that the decline in
the contractile force and velocity potential of muscle with
age were mainly attributable to reductions in muscle
thickness and Type II fiber area (Fig. 5) because the muscle
fiber-type distribution and the muscle architectural
characteristics remained largely unchanged. Furthermore,
on the basis of our earlier study (19), regular sprint training
does seem to reduce the typical age-related decrease in the
single-fiber mechanical properties (specific force, shorten-
ing velocity) and thus might not be a factor in the

deterioration in the strength and sprint performance in
these athletes.

The combined KE + PF muscle thickness was the
strongest predictor of Fbrake in the regression analysis,
explaining 26% of the total variance (Table 4). It is worth
noting that the lower body weight in older sprinters is
partially caused by age-related loss of muscle mass, and the
present approach of controlling the average net GRFs for
body mass (i.e., (N j Nbw) / kgbw) may underestimate ‘‘true’’
prediction of muscle thickness to GRFs. When the average
net GRFs were used in the stepwise regression analysis,
muscle thickness showed an increased prediction for Fbrake

(50%) and was also a primary predictor for Fpush (54%) with
CMJ playing a secondary role (5%; data not shown). Hence,
in aging sprinters, muscle volume does seem to play a
significant role in the ability to tolerate the great contact
forces needed to achieve higher sprinting speeds. This view
is consistent with the results of a recent study by Weyand
and Davis (35) that estimated the vertical force requirements
for different velocities in young male and female athletes. It

TABLE 4. Stepwise multiple-regression analysis for the skeletal muscle factors
predicting maximum sprinting velocity (Vmax), and the average net resultant GRF
(related to body weight) in of the braking (Fbrake) and push-off (Fpush) contact phases.

Dependent Variable Predictors Cumulative r2 P

Vmax Age 0.88 G0.001
Maximal isometric force 0.89 0.012

Fbrake KE + PF muscle thickness 0.26 G0.001
Fpush CMJ height 0.34 G0.001

FIGURE 7—Simplified diagram of the selected biomechanical and skeletal muscle factors that may determine maximum running speed with
aging. Arrows represent significant age-related decrease (,), increase (j) and no alteration (6) in the variables, as indicated by the regression
analyses (Figs. 2–6).
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was concluded that, for runners of same stature and body
composition, the larger muscle masses of the faster sprint
specialists are directly related to the greater ground contact
forces necessary for attaining higher velocities (35).

Muscle strength and sprint performance. Maximal
dynamic and isometric leg strength as well as CMJ
performance and rate of isometric force development showed
a gradual age-related decline (Fig. 6). When isometric force
production was normalized to leg muscle thickness, the age-
associated decline disappeared for maximal force but
remained true for RFD. This slowing of isometric RFD is
consistent with our observation of age-related preferential
atrophy of fast fibers, although other factors such as rapid
neural activation of motor units may also play a role in well-
trained older athletes (29). On the basis of the training data,
possibly the deterioration in muscle function and associated
neuromuscular properties is affected by the lack of proper
strength training needed for the effective stimulation of fast
motor units. This assumption is also consistent with our
recent results (8), indicating selective hypertrophy of Type II
fibers along with improved rapid neural activation of muscle,
when supplementing sprint training with maximal and
explosive strength exercises in elite older sprinters.

Among the muscle functional parameters, CMJ was the
only predictor of GRFs, explaining 34% of the variance in
Fpush (Table 4). Several studies in young athletes have also
indicated that the CMJ performance is related to overall sprint
times, Vmax, and stride cycle parameters (9,22,27,39). Appar-
ently, despite many performance dissimilarities (e.g., acyclic
vertical vs cyclic horizontal), CMJ, to some extent, simulates
fast stretch–shorten cycle contraction of sprint stride contact.
On the other hand, the level of prediction of CMJ for Fpush
(34%) as well as the age-adjusted associations of the maximal
and rapid strength measures with sprint performance were
weak in this study (r = 0.23–0.36; Table 3), which is in
contrast to many (27,38,39) but not all (37) studies in young
athletes. One possible explanation for these low correlations
between strength qualities and sprint performance could be
that, with age, sprint performance becomes relatively more
dependent on technical factors. For example, the elderly
sprinters may show greater limb movement constraints
(decreased range of motion) because of reduced joint function,
which would directly affect stride length (12).

Specificity of training adaptations. Previous findings
in untrained (24) and strength-trained (6,30) men have
suggested that the age-related decline in rapid muscle force/
power–generating capacity occurs at a higher rate than that in
maximal isometric and dynamic strength. For example, the
study by Pearson et al. (30) among elite master Olympic
weightlifters (40–87 yr) and age-matched controls indicated
that the rate of loss in maximal isometric knee extension force
(j5% to j6% per decade) was approximately half of that
observed for leg extension muscle power (j12% to j13%
per decade). To address this issue, we calculated changes in
strength measures and sprinting velocity on the basis of the
values observed in the young athlete group (Fig. 8). Our data

suggest that in continuously sprint-trained athletes, the decline
in rapid isometric force and vertical jumping capacity
(Èj10% to j11% per decade) proceeds only a slightly
faster than that in maximal strength (Èj8% to j9% per
decade). Furthermore, it was somewhat unexpected that sprint
performance (Vmax and 60-m time), which is likely to impose
higher requirements on the integration of muscle force
production and neuromuscular coordination than the present
simple strength tasks, was the least affected by age in these
sprinters (Èj5% to j6% per decade). This result seems to
confirm the concept of high training specificity and the
adaptability of the neuromuscular performance characteristics
during aging, and that in large part, the decline in performance
in older people is due to a reduction in specific exercise
stimulus rather than aging per se. This knowledge is
encouraging for aging people who aim to exercise regularly
with specific training modes with a view to continuing their
higher-intensity sporting and recreational physical activities.

Limitations. Because of the cross-sectional nature of the
study, the findings may have been affected by genetic and
constitutional factors. Longitudinal studies are needed to
provide more definitive insights into the age-related change in
maximum running speed. A potential confounding factor is
the assessment of muscle thickness by ultrasonography
because this method is unable to distinguish between muscle
and intramuscular fat. However, this may not significantly
influence our results because the amount of intramuscular fat
in the calf muscles of these master sprinters was minimal
when examined by computer tomography (H. S., unpublished
observations). Nevertheless, a more reliable assessment of
muscle mass loss warrants the use of other techniques, such as
magnetic resonance imaging, and should also focus on other
sprint-specific muscle groups (knee flexors, hip extensors, hip
flexors). Although we recruited highly competitive sprinters to
minimize the effect of physical activity on our measures, the
fact that there were age-related reductions in training volume,
especially in strength training, may have contributed to the rate

FIGURE 8—Age-related changes in sprint and strength characteristics
expressed as a percentage of the value for the young athlete group.
Maximum sprinting velocity = Vmax; max isometric strength = maximal
force of bilateral leg extension; max dynamic strength = concentric
half-squat 1-repetition maximum strength; rapid isometric strength =
maximal RFD during bilateral leg extension; jump performance =
maximum CMJ height.
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of decline in variables. A similar trend of overall reduction in
training stimulus with age has been noted in many studies on
endurance athletes and may be explained by age-related
reductions in motivation and ‘‘intrinsic drive’’ to train
intensively (33) and/or decreased trainability due to physio-
logical changes, e.g., impaired recovery and muscle repair
processes (10). Finally, a limitation of the study is that there
were incomplete data sets for muscle structure and strength
tests. Although no bias is expected because of homogeneity
of the athletes in different age groups, the sprint performance
predictions on the basis of muscle characteristics could be
improved with a larger sample size.

CONCLUSIONS

The findings of the present study suggest that the age-
related decline in maximum velocity sprinting is primarily
related to reduction in stride length and increase contact time
secondary to decreased ability to generate ground contact
forces. Selective muscular atrophy and reduced maximal and
rapid muscle force capacity all could contribute to the age-
related deterioration in maximal running performance in
sprint-trained athletes.

Valuable information on the effects of aging and long-term
training on skeletal muscle and physical performance

characteristics can be obtained by studying master athletes
from different sports. A smaller decrease in sprinting speed
compared with strength performance in these athletes
supports the concept of training specificity and the favor-
able effect of regular sprint training on complex locomotor
skills during aging (Fig. 8). The present data indicate,
however, limited benefit of sprint training alone in prevention
of Type II muscle fiber atrophy. This result suggests that the
degree of recruitment of fast motor units by short-duration,
high-velocity contractions are insufficient for maintaining
fast muscle mass and force production. Given the present
as well as other findings (1,17) on the effect of long-term
aerobic versus resistance training on muscle characteristics,
optimal training should also include intensive strength
exercises.
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Age Group

Variables 17–33 yr 40–49 yr 50–59 yr 60–69 yr 70–82 yr

n 18 14 15 16 14
t60m (s) 6.98 T 0.17* 7.63 T 0.30* 7.99 T 0.31* 8.54 T 0.28* 9.23 T 0.41*
Vmax (mIsj1) 9.65 T 0.31* 8.80 T 0.33* 8.34 T 0.33* 7.73 T 0.28* 7.09 T 0.37*
Lstr (m) 4.30 T 0.14* 4.14 T 0.17* 3.94 T 0.14* 3.65 T 0.15* 3.35 T 0.19*
Lstr/Lleg (mImj1) 4.93 T 0.18* 4.69 T 0.20a,d,e 4.67 T 0.17a,d,e 4.41 T 0.23* 4.12 T 0.24*
Freqstr (Hz) 2.25 T 0.10* 2.13 T 0.12a 2.12 T 0.10a 2.12 T 0.10a 2.12 T 0.07a

Freqstr/Lleg (HzIm
j1) 2.58 T 0.16 2.42 T 0.24 2.52 T 0.17 2.57 T 0.14 2.60 T 0.15

tc (ms) 100 T 6* 111 T 10a,e 112 T 9a,e 116 T 7a,e 127 T 6*
tbrake (ms) 44 T 6d,e 48 T 8e 50 T 6e 52 T 9a,e 63 T 5*
tpush (ms) 56 T 6b,d,e 64 T 7a 62 T 5 64 T 6a 63 T 5a

tpush/tbrake 1.32 T 0.24e 1.38 T 0.30e 1.26 T 0.17 1.29 T 0.42 1.01 T 0.15a,b

tsw (ms) 347 T 19 360 T 19 361 T 16 355 T 20 347 T 14
tsw/Lleg 398 T 22c,d,e 409 T 24 428 T 19a 429 T 31a 426 T 27a

taer (ms) 123 T 7e 125 T 5e 125 T 7e 119 T 9e 110 T 8*
tstr (ms) 447 T 20* 471 T 24a 473 T 21a 472 T 22a 473 T 15a

tc/tstr 0.224 T 0.009* 0.236 T 0.010a,e 0.236 T 0.012a,e 0.247 T 0.013a,e 0.267 T 0.013*
Fbrake N-Nbw 1389 T 190c,d,e 1374 T 196d,e 1213 T 142a,e 1120 T 132a,b 1015 T 204a,b,c

Fbrake (N-NbwIkg
j1) 18.1 T 2.2d,e 17.2 T 1.8e 16.4 T 1.7e 15.8 T 1.7a 14.4 T 1.4a,b,c

RFDbrake (NIs
j1Ikgj1) 415 T 60c,d,e 375 T 100e 336 T 63a,e 320 T 105a,e 231 T 33*

Fpush (N-Nbw) 1123 T 143c,d,e 1068 T 115d,e 963 T 143a,e 875 T 123a,b,e 694 T 113*
Fpush (N-NbwIkg

j1) 14.5 T 1.5d,e 13.4 T 1.3e 13.0 T 1.8e 12.4 T 1.9a,e 9.9 T 1.1*
RFDpush (NIs

j1Ikgj1) 259 T 38* 211 T 25a,e 215 T 36a,e 193 T 23a,e 158 T 23*
Fpush/Fbrake 0.82 T 0.10e 0.78 T 0.08 0.80 T 0.10e 0.79 T 0.12 0.69 T 0.08a,c

Fbrake-angle (-) 76.3 T 2.2 76.0 T 2.8 75.5 T 2.9 76.9 T 1.9 77.3 T 1.6
Fpush-angle (-) 70.6 T 2.2d 71.4 T 1.4 71.9 T 2.1 72.8 T 1.6a 71.6 T 1.7

Values are means T SD. n, number of subjects.
* ,a,b,c,d,e Group is significantly (P G 0.05) different from all other age groups, 17- to 33-, 40- to 49-, 50- to 59-, 60- to 69-, and 70- to 82-yr-old groups, respectively.
See Figure 1 and text for the description of the variables.

APPENDIX 1
Biomechanical Characteristics of Running by Age Groups
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APPENDIX 2
Muscle Structural Characteristics by Age Groups

Age Group

Variables 17–33 yr 40–49 yr 50–59 yr 60–69 yr 70–82 yr

Muscle thickness (cm) n = 9 n = 12 n = 12 n = 15 n = 10
KE 12.2 T 1.3c,d,e 11.1 T 1.4c,d,e 9.6 T 1.3a,b 9.3 T 1.2a,b 8.1 T 1.2a, b

PF 4.1 T 0.6 4.1 T 0.5 3.9 T 0.4 3.6 T 0.45 3.6 T 0.4
KE + PF 16.3 T 1.5c,d,e 15.2 T 1.5c,d,e 13.5 T 1.4a,b,e 13.0 T 1.2a,b 11.7 T 1.5a,b,c

Fascicle length (cm) n = 9 n = 12 n = 12 n = 15 n = 10
VL 8.1 T 2.4 8.0 T 1.3 8.0 T 2.5 8.1 T 1.5 7.9 T 1.4
GM 6.2 T 1.8 6.2 T 1.4 5.4 T 1.6 6.1 T 1.1 5.0 T 0.6
GL 7.9 T 2.5 8.3 T 2.4 7.2 T 2.2 7.4 T 1.4 6.5 T 1.4

Relative fascicle length (cmIcmj1) n = 9 n = 12 n = 12 n = 15 n = 10
VL/upper leg length 0.18 T 0.05 0.17 T 0.03 0.18 T 0.06 0.18 T 0.03 0.18 T 0.03
GM/lower leg length 0.15 T 0.05 0.15 T 0.04 0.14 T 0.04 0.16 T 0.03 0.14 T 0.02
GL/lower leg length 0.19 T 0.06 0.20 T 0.06 0.19 T 0.06 0.20 T 0.04 0.17 T 0.03

Pennation angle (-) n = 9 n = 12 n = 12 n = 15 n = 10
VL 19.3 T 5.2e 17.7 T 3.4 16.0 T 4.8 15.3 T 3.2 13.2 T 3.3a

GM 23.1 T 4.5 23.1 T 4.7 25.8 T 6.3 20.3 T 4.2 24.7 T 5.3
GL 13.6 T 2.6 12.9 T 3.7 14.5 T 3.6 12.4 T 3.1 13.7 T 4.6

Fiber CSA (Km2) n = 11 n = 14 n = 14 n = 15 n = 11
Mean 7400 T 1600d,e 5950 T 1100 5900 T 1600 5200 T 1300a 5300 T 1800a

Type I 6800 T 1300 5600 T 1200 5850 T 2100 5300 T 1150 5700 T 2300
Type II 7900 T 2000c,d,e 6300 T 1300 5950 T 1600a 5150 T 1600a 5050 T 1700a

Type II-to-I CSA ratio 1.17 T 0.15e 1.15 T 0.22e 1.08 T 0.27 0.96 T 0.18 0.91 T 0.15a,b

Type II (%) 52 T 13 52 T 13 54 T 8 53 T 13 60 T 12

Values are means T SD. n, number of subjects.
a,b,c,d,e Group is significantly (P G 0.05) different from the 17- to 33-, 40- to 49-, 50- to 59-, 60- to 69-, and 70- to 82-yr-old groups, respectively.
CSA, cross-sectional area; KE, sum of thickness of knee extensor muscles (vastus lateralis (VL), vastus medialis, rectus femoris (RF), vastus intermedius (two locations: under VL and
under RF)); PF, sum of thickness of ankle plantar flexor muscles (gastrocnemius medialis (GM) and gastrocnemius lateralis (GL)).

Age Group

Variables 17–33 yr 40–49 yr 50–59 yr 60–69 yr 70–82 yr

Half squat 1-RM (kg) n = 14 n = 14 n = 14 n = 12 n = 8
195 T 44c,d,e 166 T 30d,e 160 T 18a,d,e 124 T 25a,b,c 109 T 23a,b,c

CMJ height (cm) n = 18 n = 14 n = 15 n = 16 n = 14
52 T 7* 41 T 3* 33 T 3a,b,e 29 T 4a,b,e 23 T 3*

Max isometric force (N) n = 13 n = 14 n = 15 n = 16 n = 14
3800 T 850c,d,e 3300 T 750e 2800 T 650a 2600 T 700a 2250 T 650a,b

Specific isometric force (NIcmKE
j1) n = 9 n = 12 n = 12 n = 15 n = 10

308 T 51 309 T 69 299 T 70 282 T 73 260 T 67
Isometric RFD (N � 103Is–1) n = 13 n = 14 n = 15 n = 16 n = 13

26.8 T 6.4c,d,e 23.1 T 5.8d,e 18.3 T 5.5a 15.8 T 5.5a,b 13.0 T 4.2a,b

Specific isometric RFD (NIsj1IcmKE
j1) n = 9 n = 12 n = 12 n = 15 n = 10

2130 T 400 2060 T 530 2050 T 760 1630 T 460 1530 T 510

Values are means T SD. n, number of subjects.
*,a,b,c,d,e Group is significantly (P G 0.05) different from all other age groups, the 17- to 33-, 40- to 49-, 50- to 59-, 60- to 69-, and 70- to 82-yr-old groups, respectively.
CMJ, countermovement jump; RFD, rate of force development; cmKE, sum of thickness of knee extensor muscles.

APPENDIX 3
Muscle Strength Characteristics by Age Groups

http://www.acsm-msse.org856 Official Journal of the American College of Sports Medicine

A
PP

LI
ED

SC
IE
N
C
ES



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

VARIABILITY AND SYMMETRY OF FORCE PLATFORM 
VARIABLES IN MAXIMUM-SPEED RUNNING 

 IN YOUNG AND OLDER ATHLETES  
 
 
 
 

by  
 

 
Korhonen MT, Suominen H, Viitasalo JT,  

Liikavainio T, Alén M, & Mero AA 
 

(Submitted for publication) 
 
 

 
 

 
 
 
 
 
 
 
 
 
 

�

   PAPER III    



III

 1

      

Variability and Symmetry of Force Platform Variables in  
Maximum-Speed Running in Young and Older Athletes 
 

 

Marko T. Korhonen1, Harri Suominen1, Jukka T. Viitasalo3,  
Tuomas Liikavainio4, Markku Alen5, and Antti A. Mero2 

 

 
1 Department of Health Sciences, University of Jyväskylä, Finland 
2 Department of Biology of Physical Activity, University of Jyväskylä, Finland 
3 KIHU – Research Institute for Olympic Sports, Finland 
4 Department of Physical and Rehabilitation Medicine, Kuopio University Hospital, 
  Kuopio, Finland 
5 Department of Medical Rehabilitation, Oulu University Hospital and Institute of 
  Health Sciences, University of Oulu  
 

 

ABSTRACT 
Eighteen young (23±4 yr) and 25 older (70±4 yr) competitive male sprinters were 
examined for ground reaction force (GRF) and temporal-spatial variables. The data were 
collected during maximum-speed phase, and variability and symmetry indices were 
calculated from a total of 8 steps. There was little variation (CV<6%) in the vertical and 
resultant GRF and temporal-spatial variables, while vertical impact loading had high 
variability (CV:10–21%). The CV of the horizontal braking and push-off GRFs, vertical 
loading rate, and aerial time were higher in the older than in the young sprinters. There 
was a variable-specific asymmetry between legs but it was not related to leg dominance. 
No age differences existed in the symmetry indices. Results indicate that only selected 
force platform variables of sprinting are symmetric and repeatable enough so that their 
use for comparison purposes is appropriate. Data also suggest that aging increase 
variability in certain biomechanical measures, whereas symmetry may not be affected by 
age. 
 

Keywords:  Biomechanics, Ground reaction forces, Repeatability, Reliability, 
             Locomotion, Aging  
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INTRODUCTION 1 
 2 
With aging the ability to run fast declines progressively (Hamilton,1993; Korhonen et 3 
al.,2003; Korhonen et al.,2009; Roberts et al.,1997). Although the previous studies have 4 
described nature of the age-related decline in maximum running speed, no authors have 5 
addressed the effect of aging on the parameter variability and symmetry. The knowledge 6 
of the degree of variability has importance for experimental work in indicating which 7 
measures can confidently detect small training- or age-related changes in an athlete’s 8 
performance. Examination of symmetry has also direct relevance for the data collection 9 
indicating whether unilateral trials give symmetrical values for different variables, and 10 
provides insight into the potential functional imbalance of neuromuscular performance.  11 

Investigations on young runners have indicated that many basic temporal-spatial 12 
and ground reaction force (GRF) variables of sprinting show relatively small intra-13 
individual variability, and that a large number of trials/steps may not be required to obtain 14 
stable and reliable data (Bradshaw et al.,2007; Hunter et al.,2004; Mero & Komi,1986). 15 
However, these investigations have provided no conclusive evidence, because the only 16 
study (Mero & Komi,1986) that investigated the variability during maximum-speed running 17 
was limited to two GRF variables and the other studies (Bradshaw et al.,2007; Hunter et 18 
al.,2004) focused accelerated sprinting excluding direct comparison with the maximum-19 
speed running. Furthermore, with increasing age reproducing the complex movement 20 
pattern of sprinting may become more challenging as the neuromuscular system and 21 
motor control deteriorates (Spirduso,2001).  22 

In most sprint running studies, the biomechanical variables have been measured on 23 
only one side of the body, with the assumption that similar results would be obtained for 24 
the contralateral side. However, studies regarding symmetry during submaximal-speed 25 
running (at 2.9-6.8 m·s-1) in young athletes have indicated that symmetry in 26 
biomechanical measures between opposing legs cannot be automatically presumed (Belli 27 
et al.,1995; Williams et al.,1987). Moreover, there is some evidence to suggest that leg 28 
dominance/preference can increase asymmetry during submaximal-speed running and 29 
walking, because the dominant leg may be more responsible for propulsion, whereas the 30 
non-dominant leg plays a stabilizing function (Sadeghi et al.,2000). However, it remains 31 
unclear whether these findings on slow running or walking apply to sprint running with 32 
much higher force and movement speed requirements. Moreover, aging could increase 33 
asymmetry in sprinting due to an increase in bilateral asymmetry in muscle power and 34 
force production of lower limbs (Perry et al.,2007).  35 

Despite the importance of parameter repeatability and symmetry for accurate 36 
performance assessment, there is a lack of information of these components in sprint 37 
running. Therefore, the purpose of this investigation was to determine variability and 38 
symmetry of force platform measures of maximum-speed sprinting in young and older 39 
runners. We took as our first hypothesis that older age is associated with increased 40 
parameter variability in sprint running. Our second hypothesis was that older age leads to 41 
increased performance asymmetry during maximal running. 42 
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METHODS 1 
 2 
Eighteen young adult (age 23±4 yrs) and 25 older (age 70±4 yrs) sprinters were 3 
examined during preseason. The young participants were taller (1.79±0.04 m vs. 4 
1.72±0.04 m, P<0.001) and heavier (77±6 kg vs. 71±8 kg, P=0.007) than the participants 5 
in the older group. However, this may not significantly influence our results as the forces 6 
were normalized to body weight, and the age-related difference in step length was similar 7 
when adjusted or unadjusted for the differences in body height. The participants had 8 
achieved national- or international-level performances in 100–400 m sprint events, and all 9 
were currently participating in competitions. The running times of the 60-m sprint trials 10 
performed in this study were 111±4% and 109±6% of the indoor age-based world record 11 
times for young and older participants, respectively.  12 

In order to analyse bilateral symmetry of stride characteristics, the dominant 13 
(preferred) leg of the participant was defined as the participant’s perceived dominant leg 14 
and the leg used for the take-off in a one-footed jump. Eleven of the young participants 15 
and 14 of the older participants were right-footed. A strength test (David Rehab 2200 16 
dynamometer, David Fitness and Medical, Helsinki, Finland) of a subset of participants 17 
indicated that isometric knee extension torque was, on average, 3.7% and 5.0% higher in 18 
the dominant leg than in the non-dominant leg for the young (n=15) and older (n=18) 19 
participants, respectively. Thirteen of the young participants and 18 of the older 20 
participants were midfoot strikers, and the rest were forefoot strikers. (The forefoot 21 
strikers did not show an initial vertical impact force, Fzimpact, Figure 1a.). According to the 22 
medical histories and focused medical examination, all participants were healthy and free 23 
of musculoskeletal or neurological impairments which may affect the normal sprint 24 
running pattern. This study was approved by the Ethics Committee of the University of 25 
Jyväskylä, and written informed consent was obtained from the participants. 26 

After a warm-up of about 30–45 mins and several submaximal practice trials, the 27 
participants performed two maximal 30-m sprints and two maximal 60-m sprints. The 28 
sprints were performed from a standing start in spiked running shoes on an indoor 29 
synthetic track that was bordered by an open area of 6-10 m on both sides. A rest interval 30 
between each run of 5–7 mins was given so as to avoid neuromuscular fatigue, which 31 
may lead to loss of maximal performance and an increase in the variability of the sprinting 32 
movement pattern.  33 

Vertical and horizontal GRFs and step temporal-spatial variables were measured 34 
during the maximum-speed phase of the 60-m trials (from 30 m onwards) using a 9.4-m 35 
long force platform system. The force platform system consisted of nine tartan-surfaced 36 
force plates (five 2-D and three 3-D force plates, 0.9�1.0m, natural frequency � 170Hz, 37 
nonlinearity � 1%, cross talk � 2%, TR-test, Jyväskylä, Finland; and one Kistler 3-D force 38 
plate, 0.9�0.9m, natural frequency 400Hz, Kistler, Winterthur, Switzerland) connected in 39 
series. The force platform system was firmly attached to a concrete base that was set 40 
below the track surface. The force signals were sampled at 1000Hz and stored on a 41 
microcomputer via an AT Codas A/D converter card (Dataq Instruments, Akron, OH, 42 
USA). The sprints over the force platform were also videotaped (Redlake Motionscope, 43 
500C; 125Hz, 1/500; Redlake, San Diego, CA, USA) in lateral view to evaluate the foot-44 
strike pattern during a run.  The camera field of view was 9m, and showed all the foot 45 
contacts on the force platform system that were used in the biomechanical analyses. 46 
Step length, Lstep, was measured (to 0.5cm) from spike marks on a thin paper sheet that 47 
was firmly attached over the force platform (the paper was changed after about every 48 
fourth trial). In our previous measurements on young sprinters the difference between this 49 
paper method and film analysis was ±2 cm (A. Mero, unpublished observation). However, 50 
due to the potential errors related to the video analyses (digitization process), the 51 



III

 4

measurement of Lstep, is likely to be more accurate by using the paper method (exact 1 
spike marks) and was therefore used in this study. The maximal 10-m sprint velocity and 2 
60-m sprint times were obtained using double-beam photocell gates. In addition, a laser 3 
radar (Laveg Sport; Jenoptik, Jena, Germany) positioned 6 m behind the start line, was 4 
used to analyze the instantaneous running speeds of the athletes. The results showed 5 
that the athletes achieved 99-100% of their maximum speed in the 30- to 40-m distance 6 
used for force platform measurements.  7 

The force platform data were analysed using custom-written software. Vertical and 8 
horizontal antero-posterior force-time curves and the resultant force vector diagram are 9 
shown in Figure 1. The variables describing the maximum rate of impact loading and the 10 
average rate of impact loading were calculated from the initial part of the vertical force-11 
time trace (Gottschall & Kram,2005). The maximum rate of impact loading, LRmax, was 12 
defined as the greatest instantaneous slope of the GRF trace (Figure 1a);  13 

 14 
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The average rate of impact loading, LRave, was defined as  16 
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where 
tF is the time interval from the beginning of the ground contact to the instant of the 18 
impact peak, Fzimpact.  19 

The other GRF variables included the maximal and average values of the vertical 20 
(Fz), horizontal antero-posterior (Fy), and resultant (Fr) forces. The resultant GRF was a 21 
2-D vector composed of the vertical and anterior/posterior GRF components. The 22 
transition point from negative to positive values in the antero-posterior GRF curve was 23 
used to divide the force components into braking and propulsion phases (Mero & 24 
Komi,1986). For these analyses, a vertical force threshold of 20N was used to identify the 25 
beginning and end of the ground contact. Of the temporal variables, contact time (tcontact), 26 
aerial time (taerial), and step frequency (Freqstep=1/(tcontact+taerial)) were obtained from the 27 
force-time traces. The dominant side step for the parameters of taerial, Freqstep, and Lstep 28 
was defined as the step that begins from the dominant leg contact (dominant side Freqstep 29 
included the tcontact of the dominant leg).  30 

The asymmetry between dominant and non-dominant leg variables was quantified 31 
with a symmetry index (SI) (Herzog et al.,1989);  32 

 33 
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where XD is the variable for the dominant leg, and XND is the variable for the non-35 
dominant leg. When SI of the individual is zero, there is perfect symmetry between the 36 
legs. A positive SI indicates a higher value for the dominant leg than for the non-dominant 37 
leg, and a negative SI indicates a lower value for the dominant leg than for the non-38 
dominant leg. The data were also examined using the absolute symmetry index, ASI=�SI�, 39 
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so that averaging positive and negative symmetry indices over several participants does 1 
not lead to a zero value (Giakas & Baltzopoulos,1997).  2 

Each trial involved 4–6 contacts on the force platform. For consistency, the first four 3 
contacts of the two trials were taken in the analyses for each participant. In the analyses 4 
the values for the dominant leg and non-dominant leg were calculated from the two trials 5 
and averaged intra-individually. Furthermore, the forces were normalized to body weight 6 
(bw) in order to allow comparisons between participants. 7 

All statistical analyses were performed using SPSS 16.0 software (SPSS Inc., 8 
Chicago, IL, USA). The coefficient of variation, CV = (SD/mean) × 100, was calculated to 9 
assess the relative intra-individual variability of the variables for the dominant leg and for 10 
the non-dominant leg. In the force platform measurements, the errors related to 11 
instrumentation and scoring are small and the major source of variability is expected to 12 
be due to the biovariation associated with human movement (Hamill & McNiven,1990). A 13 
2×2 ANOVA (two age groups × two sides) was used to examine the influence of age and 14 
leg dominance on the CV values (Figure 2). Age group comparisons for the mean values 15 
of all the dependent variables (dominant and non-dominant side values pooled together), 16 
and symmetry indices (SI and ASI) were made using ANOVA (Table 1). A paired t-test, 17 
with Holm correction for multiple comparisons, was used to compare the mean values of 18 
the GRF and step temporal-spatial variables between dominant and non-dominant legs 19 
within groups. Test-retest comparison of maximum running speed and 60-m running time 20 
within groups was made using paired t-tests. The level of significance was set to P<0.05.  21 
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RESULTS 1 
Older age was associated with a decline in maximum running speed (9.50±0.42m. s-1 vs. 2 
7.30±0.57m.s-1, P<0.001) and an increase in the 60-m times (7.09±0.21s vs. 9.06±0.65 s, 3 
P<0.001). For vertical GRFs, the young participants produced a greater LRmax, (P=0.009), 4 
Fzmax (P<0.001) and Fzave (P<0.001), whereas LRave was similar (P=0.177), and Fzimpact 5 
lower (P=0.012) in the young participants than in the older participants. All the horizontal 6 
GRFs showed higher values for the young participants than for the older participants (all 7 
P<0.001). The resultant GRFs, Frbrake-max (P=0.022), Frbrake-ave (P<0.001), Frpush-max 8 
(P<0.001), and Frpush-ave (P<0.001) were higher in the young participants than in the old 9 
participants.  10 

For the temporal-spatial variables, the young participants had a shorter tcontact and a 11 
greater taerial, Freqstep, and Lstep compared to the older participants (all P<0.01). When Lstep 12 
was calculated in relation to body height, the age-related decline remained significant 13 
(Lstep/body height ratio=1.20±0.03 vs. 1.03±0.06; P<0.001).  14 

The CVs ranged from 1.5% to 17.4% in the young participants, and from 1.4% to 15 
21.1% in the older participants (Figure 2). In general, the variation in both groups was low 16 
(CV < 6%) in the vertical and resultant forces and in all the step temporal-spatial 17 
variables, but clearly higher for vertical loading (LRmax, LRave, Fzimpact) and horizontal 18 
forces. The test-retest CV values for the maximum speed and 60-m times were 0.6±0.3% 19 
and 0.4±0.2% in the young group of participants, and 0.7±0.5% and 0.5±0.5% in the older 20 
group of participants, respectively.  21 

The CVs of LRmax (P=0.037), Fybrake-max (P<0.001), Fypush-max (P<0.001), Fypush-ave 22 
(P=0.003), and taerial (P<0.001), showed higher variability in the older participants than in 23 
the younger participants (Figure 2). No effect of lateral dominance on the CV values was 24 
observed. 25 

There were no differences in the variable mean values between the dominant and 26 
non-dominant legs in either group (Table 1). The symmetry index ranged from –5.4% to 27 
+5.6% in the young group, and from –2.6% to +2.7% in older group (Table 1). There was 28 
one significant age-related difference in the symmetry index, with younger participants 29 
showing greater asymmetry for taerial than older participants (P=0.037).  30 

The absolute inter-leg asymmetry (ASI) values ranged from 2.7% to 14.3% in the 31 
young group, and from 2.2% to 18.8% in the older group (Table 1). Age had a significant 32 
effect on absolute symmetry index of Fzmax that was higher in the young (3.8%) than in 33 
older (2.2%) group (P=0.016). 34 
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DISCUSSION 1 
 2 
The primary new findings from the present investigations were as follows. First, among 3 
the many commonly used force platform variables only step temporal-spatial (Lstep, 4 
Freqstep, tcontact) and selected vertical (Fzmax, Fzave) and resultant (Frbrake-ave, Frpush-max, Frpush-5 
ave) GRF variables provided repeatable and symmetric values during maximum-speed 6 
running. Second, the older runners showed higher CVs than young runners in the GRF 7 
variables measuring maximum vertical loading rate, horizontal braking and push-off 8 
forces, and aerial time. This finding provides partial support for the hypothesis that aging 9 
leads to increased variability in sprinting. Third, the data also suggest that symmetry of 10 
the biomechanical measures is not affected by age, thus not supporting our second 11 
hypothesis of age-related increase in asymmetry.  12 

The present investigation demonstrated that in both age groups the CVs of all the 13 
temporal-spatial variables and selected vertical and resultant GRF variables were less 14 
than 6% (Fig. 2). These variables can be suitable for inter-individual comparisons and 15 
reliable enough to identify the relatively small training-induced changes in an athlete’s 16 
performance. For example, in a recent study (Cristea et al.,2008) older sprinters showed 17 
3% and 8% increases in Lstep and Frpush-ave in response to training that are likely to be 18 
detected by the variability levels of 1.5% and 5.5%, respectively, observed in this 19 
investigation. In contrast, all the vertical loading and some horizontal GRF (Fybrake-max, 20 
Fybrake-ave) variables demonstrated larger variability (CV>10%) in the present work and 21 
should be used with caution for sprint assessment. However, the relatively large CV% 22 
values of horizontal GRFs reflect, in part, the low absolute values of these variables.  23 

Our results about the magnitude of variability in the force platform measures are in 24 
line with the findings of the only available study on the variability of maximum-speed 25 
sprinting (Mero & Komi,1986). The study examined reproducibility of Frbrake-ave and Frpush-26 
ave during maximal speed phase (35-45 m; 8.8-10.2 m/s) in 11 male and 8 female young 27 
adult competitive sprinters (Mero & Komi,1986). The CV for the Frave of two right foot 28 
contact was 7.3% and 5.1% during the braking and push-off phase, respectively. 29 
However, the study was limited to two GRF measures. Accordingly, the present study is 30 
the first to provide more comprehensive information on the variability and symmetry of the 31 
measures during maximum-speed sprinting and provide for basis of comparison for future 32 
studies.   33 

Older runners exhibited greater CV than young runners for the GRF variables 34 
describing both braking and push-off phases of the contact (Fig. 2). The main difference 35 
was in the horizontal component where three out of four examined parameters showed 36 
age-related increase in the CV values. From a practical standpoint, our results indicate 37 
that older runners have comparable variability to young runners in the variables that are 38 
characterized by relatively good repeatability (CV<6%) and similar number of trials may 39 
be used to describe the basic biomechanical characteristics of sprint running. However, in 40 
horizontal GRFs more steps are required to produce reliable values, especially for older 41 
runners, to ensure the biomechanical relevance of the differences obtained.  42 

The mechanism of the increased in variability was not addressed in this study and 43 
could only be cautiously speculated based on data of non-sprint activities. Overall control 44 
of locomotor movements requires integration of central nervous system with sensory 45 
inputs (visual, vestibular, proprioceptive) to produce appropriate motor response 46 
(Dietz,2003). Evidence also suggests that complex networks of neurons located in the 47 
spinal cord (central pattern generators), with the control of higher centers and feedback 48 
from peripheral receptors, are important for the automated rhythmic movement 49 
generation in locomotion (Dietz,2003; Dimitrijevic et al.,1998; Grillner,1981). Age-related 50 
degeneration within the central or peripheral nervous system may lead to impairment in 51 
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automatic pattern generation and increase variability in locomotion (Prince et al.,1997). 1 
For example, recent study including a large sample of healthy older adults (n=558, 2 
79.4±4.1 yrs) showed that increased variability in step time in walking was related to 3 
impairment in the central nervous system, whereas step width variability was related to 4 
sensory impairment (Brach et al.,2008). Studies have also provided evidence that the 5 
nervous system’s ability to control leg muscle force generation is impaired with age, 6 
particularly in eccentric contractions (Carville et al.,2007; Christou & Carlton,2002). Thus, 7 
one possibility is that aging sprint athletes experience impairment in the force control by 8 
nervous system, which is reflected in an increased in variability in the biomechanical 9 
parameters. However, if the neuromuscular force control was the mechanism, one might 10 
expect significant CV differences also in vertical GRFs that are on average 5 times 11 
greater than horizontal GRFs; this did not occur suggesting that other mechanism may be 12 
responsible.  13 

 Some authors assume that increased variability in horizontal braking and push-off 14 
GRFs could be due to differences in running style (Lees & Bouracier,1994). In their study 15 
they examined loading and horizontal GRFs in 7 experienced and 7 inexperienced male 16 
runners during overground 60-m running trials (4.7-5.2 m/s). The inexperienced runners 17 
showed greater variability in braking and push-off impulses (running style variables), 18 
whereas there were no group differences in LRmax, LRave or Fzimpact. Further, non-runners 19 
had similar LRmax and LRave but higher Fzimpact that can reflect a heavier heel strike and 20 
reduced shock absorption ability. Accordingly, those group differences in GRF pattern 21 
seem to be quite similar to those found between young and older sprinters in the current 22 
study suggesting that differences in running style and experience (amount of practice) of 23 
the athletes may have played role in the age-related increase in variability, especially in 24 
horizontal forces.  25 

Preferred use and superior performance and skill of one leg versus the other is 26 
commonly observed for various motor activities (Peters,1988). This may be due to 27 
genetically determined brain laterality that is intensified by increased use of one side in 28 
daily activities and exercise (Gabbard & Hart,1996; Peters,1988). The SI values between 29 
the dominant and non-dominant legs of this study seem to suggest no effect of lateral 30 
dominance on sprint running (Table 1). Our result is in line with some studies of slow 31 
running (Hamill et al.,1984) and walking (Gundersen et al.,1989; Hamill et al.,1984). 32 

The SI equation is “limited” in that pooled data across participants can lead to a 33 
zero value, if some participants show superior measurements by the dominant leg and 34 
some superior by non-dominant leg. When we did not take into account leg dominance 35 
but examined only inter-leg differences, the ASI symmetry values ranged from 2.7% to 36 
14.3% (mean 7.8%) in young and from 2.2% to 18.8% (mean 7.8%) in older runners. 37 
According to this result, marked variable-specific asymmetries between legs are present 38 
during sprinting, supporting previous studies on submaximal-speed running (Belli et 39 
al.,1995; Vagenas & Hoshizaki,1992; Williams et al.,1987; Zifchock et al.,2006). The 40 
smallest ASI values (� 6%) were found in selected temporal-spatial variables (Lstep, 41 
Freqstep, tcontact) and vertical (Fzmax, Fzave) and resultant GRFs (Frbrake-ave, Frpush-max, Frpush-42 
ave) and might be expected to reflect, in part, small variability of these parameters. 43 

The SI and ASI results provided evidence that older age has no effect on symmetry 44 
during sprint running at maximal force effort. These results do support earlier findings of 45 
inter-leg asymmetry during walking in healthy individuals of different age (Liikavainio et 46 
al.,2007; Menz et al.,2004; Stacoff et al.,2005). One could thus infer that increased 47 
asymmetry in different modes of human locomotion is not a normal concomitant of aging.  48 

The maintenance of symmetry in older runners may indicate that although the 49 
structure and function of neuromuscular locomotor system show age-related 50 
degeneration, the movement coordination and force characteristics of each side of the 51 
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body are similarly affected by age. It is partially supported by our finding on isometric 1 
strength test showing that in older athletes the strength advantage of the dominant leg 2 
was 5%, which compared quite well to that (3.7%) in young runners. In sprint running the 3 
stride pattern is highly dependent on the ability to tolerate the great contact forces. Thus, 4 
if strength asymmetry is large, it could affect symmetry in maximal running.  5 

Neural basis of bilateral symmetry in human running is not known and is very 6 
difficult to investigate. However, studies have provided insight into the neural 7 
mechanisms responsible for left-right coordination in walking that may apply to running. 8 
Some investigators have assumed that the primary site of symmetry regulation during 9 
walking is the central pattern generator of the spinal cord (Yogev et al.,2007). Studies 10 
using split-belt treadmill have suggested that there are autonomous pattern generators 11 
for each leg that communicates with its counterpart for the contralateral leg to ensure 12 
bilateral coordination (Dietz et al.,1994; Yang et al.,2005). The regulation of symmetry 13 
may also rely on proprioceptive feedback (Dietz et al.,1994), and control by higher 14 
centers that is evidenced by excessive asymmetry in people with certain unilateral central 15 
nervous system pathology (Wall & Turnbull,1986). Accordingly, the lack of any significant 16 
difference between the asymmetry of biomechanical parameters in young and older 17 
runners in this study suggests that the capacity of integrated neuromuscular system to 18 
coordinate very fast symmetric movements is not compromised by aging. This may 19 
partially reflect favourable effects of lifelong training on movement coordination 20 
(Spirduso,2001). To clarify this point it would be interesting to compare older athletes and 21 
non-athletes in locomotion, motor control, and structure and function of the brain. 22 

Taken together, our results suggest that asymmetry in biomechanical variables of 23 
sprint running is not influenced by age, vary with the parameter of interest, and cannot be 24 
predicted from leg dominance. Unilateral leg examination may not be representative and 25 
this should be taken into account for comprehensive sprint performance evaluation. 26 
Furthermore, the observation that asymmetry was not related to leg dominance raises a 27 
question as to whether general definitions used for leg dominance (e.g., leg used for one-28 
foot jumping or kicking a ball) are valid for locomotion action (Sadeghi et al.,2000). In this 29 
regard, determination of absolute inter-leg differences (ASI) could be a more appropriate 30 
method for estimating symmetry in sprint running.  31 

Certain limitations of our study should be pointed out. First, in the current study the 32 
measurements were taken on the same day. Information regarding inter-day repeatability 33 
is needed to complement the findings of the present study. Second, our study sample 34 
consisted only of highly-trained competitive male sprinters. The reproducibility and 35 
symmetry of biomechanical variables may be different in female athletes or inexperienced 36 
runners. Third, a limitation of the study is the relatively small number of steps analysed. 37 
However, we believe that a larger number of maximal overall sprint trials are not 38 
practically possible for runners to perform without a confounding fatigue effect, and that it 39 
is important to establish the reliability of assessment tasks that are applicable to normal 40 
training and competition situations. 41 

On the other hand, a main advantage of the present study was that the 42 
measurements were made using a unique long force platform system which allowed the 43 
recording of consecutive steps bilaterally during the same trial. This significantly cut time 44 
in data collection and is likely to reduce the targeting-, velocity-, and fatigue-induced 45 
variability in the measurement which may be a matter for concern when a single force 46 
plate with multiple maximal sprint trials is used (Abendroth-Smith,1996; Hunter et 47 
al.,2004). Actually, based on previous study by Hunter et al. (2004), with single force 48 
plate method about 7-8 sprints are needed to obtain 4-5 successful ground contacts for 49 
one side.  50 



III

 10

In conclusion, these results indicate that only selected force platform variables are 1 
symmetric and repeatable enough so that their use for experimental work and 2 
comparison purposes is appropriate. Our data also provide evidence that older age 3 
increase variability in certain GRF and step temporal-spatial variables of sprint running, 4 
whereas the symmetry of the biomechanical measures may not be affected by age.  5 
In contrast to endurance running and walking, studies evaluating the reliability of 6 
biomechanical variables in sprint running have been very limited. This lack of knowledge 7 
must be regarded as a serious problem that may influence the accuracy of performance 8 
assessment and could lead to wrong conclusions. Thus the present data have potentially 9 
important implications and can be used as a reference in the selection of biomechanical 10 
variables designed to investigate sprint performance in young and older runners.  11 
 12 
 13 
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FIGURE CAPTIONS 
 
Figure 1.  
Example of (a) vertical and (b) horizontal force-time curves, and (c) the resultant force 
vector diagram of the first right foot contact for a young sprinter with midfoot strike while 
running at 10.0 m·s-1. In panel c, the diagram illustrates the changes in magnitude and 
orientation of the resultant GRF through the contact. A vertical broken line in the first 
contact (a-c) indicates the border between the braking and push-off phases. Fzmax = 
maximal vertical force, Fzimpact = vertical impact force, LRmax = maximum rate of impact 
loading (the greatest instantaneous slope in the vertical GRF), LRave = average rate of 
impact loading (Fz impact / the time interval from the beginning of the ground contact to the 
instant of the impact peak), Fybrake-max = maximal horizontal braking force, Fypush-max = 
maximal horizontal push-off force, Frbrake-max = maximal resultant braking force, Frpush-max = 
maximal resultant push-off force, tcontact = ground contact time, taerial = aerial time, bw = 
body weight. 
 
 
 
Figure 2.  
Intra-individual coefficient of variations (CV %) of the (a) vertical, (b) horizontal, and (c) 
resultant components of the GRF, and (d) the temporal-spatial step variables for the 
dominant (dom) and non-dominant (non-dom) legs in young and older sprinters. Bars 
indicate group means ± SD calculated from four steps of each leg (from 2 trials). *P < 
0.05, **P < 0.01, ***P < 0.001 for the significant age effect. See text and Figure 1 for 
description of the variables. The number of participants for each variable is the same as 
in Table 1. Note the different scale on the y-axes. 
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Table 1. The components of the GRFs and temporal-spatial stride parameters of sprint running for the dominant and non-dominant sides, and the 
                symmetry indices (SI, ASI) in young and older subjects. 

 
Values are group means ± SD. Number of subjects = 18 young and 25 older subjects (a  these variables could be determined only for the midfoot 
strikers, �= 13 young and 18 older runners). *Significantly different (�<0.05) from the corresponding value in the young group (indicated by bold 
numbers). bw = body weight. See text and Fig. 1 for description of the parameters. 
 

   

Young runners 

 9.50±0.42 m/s 

 

Older runners 

7.30±0.57 m/s 

 
 Dominant Non-dominant SI % ASI % 

 

Dominant Non-dominant SI % ASI % 

�������	
�����
         
 LRmax (bw/s)  418±58 418±56 -0.6±15.4 11.8±9.9  338±121 339±112 0.6±20.4 18.1±11.3 
 LRave (bw/s)a 211±32 206±26 1.7±15.9 11.2±11.0  193±59 195±60 -1.3±25.6 18.8±16.8 
 Fz impact (bw)a 2.01±0.79 2.12±0.72 -5.4±15.4 13.5±8.5  3.20±0.64 3.29±0.69 -2.6±16.7 10.1±13.4 
 Fz max (bw) 3.34±0.25 3.35±0.26 -0.3±6.8 3.8±2.6  2.82±0.34 2.83±0.33 -0.3±4.0 2.2±1.6* 
 Fz ave (bw) 2.07±0.13 2.02±0.10 2.0±4.5 3.8±3.1  1.85±0.19 1.85±0.20 0.5±4.8 4.1±2.7 
��������	
�����         
 Fybrake-max (bw) 1.42±0.17 1.43±0.24 0.6±15.8 13.7±7.8  0.88±0.20 0.91±0.26 -2.0±22.6 18.3±14.3 
 Fybrake-ave (bw) 0.40±0.04 0.41±0.06 -0.3±17.0 14.3±9.8  0.31±0.04 0.32±0.05 -1.9±22.1 17.4±15.2 
 Fypush-max (bw) 0.74±0.09 0.73±0.08 3.0±7.9 6.5±5.2  0.50±0.07 0.50±0.07 2.7±6.8 6.5±3.7 
 Fypush-ave (bw) 0.41±0.03 0.40±0.04 2.9±11.3 10.1±5.7  0.29±0.04 0.28±0.03 2.1±11.1 9.7±6.5 
����	����
�����
          
 Frbrake-max (bw) 3.76±0.63   3.52±0.38 5.6±11.0 9.6±7.7  3.29±0.50 3.26±0.57 1.5±8.6 6.1±6.5 
 Frbrake-ave (bw) 2.70±0.25 2.62±0.17 2.8±6.7 5.8±4.4  2.40±0.29 2.39±0.30 0.7±4.7 4.1±2.7 
 Frpush-max (bw) 3.08±0.21 3.05±0.25 0.5±6.5 4.2±4.4  2.74±0.31 2.74±0.31 -0.2±5.6 4.8±3.0 
 Frpush-ave (bw) 1.90±0.15 1.87±0.17 0.4±6.6 3.9±4.3  1.61±0.19 1.62±0.18 -0.3±6.8 5.9±3.5 
�������	�������	
����������
         
 tcontact (ms) 102±7 101±7 1.4±4.7 4.0±2.9  129±16 127±16 1.5±3.6 3.3±2.1 
 taerial (ms) 129±11 123±9 5.0±8.1 8.0±5.2  116±9 117±12 -0.6±8.7* 7.3±5.0 
 Freqstep (Hz) 4.34±0.25 4.49±0.25 -3.6±5.8 5.7±3.8  4.14±0.27 4.16±0.30 -0.4±5.0 4.0±3.1 
 Lstep (m) 2.16±0.07 2.13±0.07 1.7±3.2 2.7±2.3  1.77±0.10 1.77±0.12 -0.2±3.0 2.6±1.6 
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Korhonen, Marko T., Alexander Cristea, Markku Alén, Keijo Häk-
kinen, Sarianna Sipilä, Antti Mero, Jukka T. Viitasalo, Lars Larsson,
and Harri Suominen. Aging, muscle fiber type, and contractile function in
sprint-trained athletes. J Appl Physiol 101: 906–917, 2006. First published
May 11, 2006; doi:10.1152/japplphysiol.00299.2006.—Biopsy samples
were taken from the vastus lateralis of 18- to 84-yr-old male sprinters
(n � 91). Fiber-type distribution, cross-sectional area, and myosin
heavy chain (MHC) isoform content were identified using ATPase
histochemistry and SDS-PAGE. Specific tension and maximum short-
ening velocity (Vo) were determined in 144 single skinned fibers from
younger (18–33 yr, n � 8) and older (53–77 yr, n � 9) runners.
Force-time characteristics of the knee extensors were determined by
using isometric contraction. The cross-sectional area of type I fibers
was unchanged with age, whereas that of type II fibers was reduced
(P � 0.001). With age there was an increased MHC I (P � 0.01) and
reduced MHC IIx isoform content (P � 0.05) but no differences in
MHC IIa. Specific tension of type I and IIa MHC fibers did not differ
between younger and older subjects. Vo of fibers expressing type I
MHC was lower (P � 0.05) in older than in younger subjects, but
there was no difference in Vo of type IIa MHC fibers. An aging-related
decline of maximal isometric force (P � 0.001) and normalized rate
of force development (P � 0.05) of knee extensors was observed.
Normalized rate of force development was positively associated with
MHC II (P � 0.05). The sprint-trained athletes experienced the
typical aging-related reduction in the size of fast fibers, a shift toward
a slower MHC isoform profile, and a lower Vo of type I MHC fibers,
which played a role in the decline in explosive force production.
However, the muscle characteristics were preserved at a high level in
the oldest runners, underlining the favorable impact of sprint exercise
on aging muscle.

exercise; myosin heavy chain; single-fiber contractile properties; mus-
cle strength

NORMAL AGING IN HUMANS IS characterized by muscular atrophy
and a loss of force-generating capacity. Earlier studies have
related muscle atrophy to the decrease in the number and size
of muscle fibers (45, 59). Furthermore, it is commonly reported
that in aging muscles the reduction in individual fiber size is
mainly confined to fast type II fibers, leading to a progressive
decrease in the type II-to-type I fiber area ratio (41, 45, 69).
Electrophoretic studies have revealed that older age is also
associated with a change in the expression of myosin heavy
chain isoforms (MHC) in favor of slow MHC I, which is
probably a reflection of the selective atrophy of type II fibers
(28, 36, 60). Myosin isoform content is the main determinant
of a fiber’s contractile properties, and the aging-related shift in
muscle MHC content has been found to play an important role

in the decline in rapid force capacity of the lower-limb muscles
(31, 36). Single-fiber studies, on the other hand, have provided
evidence of an aging-related decrease in shortening velocity
and specific tension of fibers expressing types I and/or IIa
MHC isoforms (17, 38, 43), which could partially explain
the impairment of whole-muscle contractile performance
with aging.
The effect of long-term physical exercise on aging-associ-

ated changes in skeletal muscle structure and function has been
investigated in endurance-trained people. These studies have
generally demonstrated that continued endurance training
maintains the aerobic capacity of muscles (29, 56) but does not
slow down the aging-associated loss of muscle mass, atrophy
of type II fibers, or decline in whole muscle force production
(29, 36, 56, 71). Contrary to these findings, there is some
evidence that long-term strength training provides a strong
stimulus for the preservation of the structural and mechanical
characteristics of skeletal muscle during aging (36, 53). One
influential study supporting this view has been published by
Klitgaard and coworkers (36). They found that elderly men
with 12–17 yr of heavy resistance training had muscle fiber
sizes, MHC composition, and muscle force characteristics
similar to those of young adult control subjects.
To the best of our knowledge, no study has examined the

interaction of age and long-term sprint training with the struc-
tural and functional properties of human skeletal muscle. Such
a study would improve our understanding of the adaptability of
the aging neuromuscular system to training characterized by
explosive muscle actions. Because the muscle contractions in
sprint training effectively stimulate fast motor units, it could be
assumed that this type of training might counteract the age-
dependent atrophy of type II muscle fibers. Additionally, long-
term sprint training could provoke favorable adaptations in
muscle strength characteristics, especially explosive force-
production capacity. Evidence suggests that the ability to
develop force rapidly may become a vital strength character-
istic during aging because it relates to the capacity to carry out
time-critical fast actions, such as correcting for a sudden loss of
balance (67).
In the present study, we examined 91 active male sprinters

across a wide age range from 18 to 84 yr to determine the
influence of age and long-term explosive type of training on
muscle structure and function. Specifically, the study addressed
aging-related differences in fiber size and distribution, MHC
isoform content, and the contractile properties of single muscle
fibers expressing the type I and IIa MHC isoforms from the
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vastus lateralis muscle. The relationship between age, MHC
isoform content, and force-production characteristics of the
knee extensor muscles was examined as well.

METHODS

Subjects. Sixteen young adult (18–33 yr) and 75 master-aged
(40–84 yr) male sprinters were recruited by means of personal letters
from among the members of Finnish track and field organizations. To
qualify for the study the master athletes had to have a long-term sprint
training background and success in international or national champi-
onships in 100- to 400-m sprinting events. The young adult sprinters
(personal records, 100 m: 10.97� 0.07; 200 m: 21.92� 0.19; 400 m:
49.54 � 0.84 s) were selected for the study on the criterion that their
age-adjusted sprint performance resembled that of the master athletes.
According to the sprint test used in the study the runners were well
matched for relative performance level: the 60-m sprint times were
109 � 0.4, 110 � 1.1, 107 � 1.2, 109 � 0.9, and 109 � 1.6% of the
indoor age-based world record times for 18- to 33-, 40- to 49-, 50- to
59-, 60- to 69-, and 70- to 79-yr-old runners, respectively.
Training characteristics and competition performance of the sub-

jects were studied by means of a questionnaire and personal interview
(37) (Table 2). As expected, the data showed an aging-related increase
in the number of years of prior sprint training and competition. The
weekly training hours, training frequency, and strength training hours
decreased with advancing age. The aging-related decrease in the
weekly training and strength training hours occurred in a nonlinear
fashion with the greatest change occurring from the youngest to the
40- to 49-year-old athletes.
All the subjects were apparently healthy as determined by reference

to their detailed medical histories. Men over 55 yr were further
evaluated for clinical evidence of cardiovascular diseases by a focused
medical examination based on resting electrocardiograms and blood
pressure measurements. Written consent was obtained from all sub-
jects, who had been fully informed of the procedures, potential risks,
and benefits associated with participation. This study was approved by
the Ethics Committee of the University of Jyväskylä and conformed to
the Declaration of Helsinki.

Anthropometry and muscle architecture. Body height was mea-
sured with a height gauge and body mass with a balance beam scale.
Total body fat percentage was assessed by use of bioelectrical imped-
ance (Spectrum II; RJL Systems, Detroit, MI). Thigh length was
measured with a ruler as the distance from the lateral condyle of the
femur to the greater trochanter. Thigh circumference was measured
with a tape at 50% thigh length. Muscle thickness and fascicle length
were determined at the midregion of the vastus lateralis muscle
(biopsy site) by a B-mode ultrasound instrument (SSD-1400, Aloka,
Japan) as described previously (39). Briefly, during the ultrasound
scanning procedure a 5-cm linear-array probe (7.5 MHz) was posi-
tioned perpendicular to the surface of the muscle and in the ultrasound

images the subcutaneous adipose tissue layer and superior and inferior
aponeurosis, and a number of muscle fiber fascicles between aponeu-
roses were identified. Muscle thickness was determined as the dis-
tance from the adipose tissue-muscle interface to the intermuscular
interface. The muscle fiber pennation angle was measured as the angle
between the fiber fascicle and the deep aponeuroses. From the muscle
thickness and fiber pennation angle, the fiber fascicle length across the
deep and superficial aponeuroses was estimated as follows: fiber
fascicle length � muscle thickness �sin (fiber pennation angle)�1. The
physical characteristics of the subjects in the age groups are shown in
Table 1.

Muscle biopsy.Muscle samples were taken from the middle portion
of the vastus lateralis of the dominant leg by using a needle biopsy
technique (5) with suction. Before the biopsy, the surrounding area
was cleaned with an antiseptic solution and then anesthetized with 1%
lidocaine containing epinephrine. A needle (5 mm) was inserted into
the muscle belly at a depth of �1.5–2.5 cm below the surface of the
skin, and, with the aid of suction, �100–150 mg of muscle tissue
were removed. Care was taken to achieve a consistent biopsy depth
because of potential variation in fiber-type distribution and size from
the superficial to deep vastus lateralis (58). The muscle sample was
cleaned of any visible connective and adipose tissue and divided into
three parts. The first part was frozen immediately in liquid nitrogen
and stored at �80°C for future biochemical analysis. The second part
of the sample was examined under a magnifying glass to determine
the fiber orientation, mounted transversely in embedding medium on
a cork disc, and frozen rapidly in isopentane cooled to �160°C in
liquid nitrogen. The sample was then transferred to a freezer at�80°C
until the day of the histochemical and MHC analyses. The third piece
was immediately placed in an ice-cold relaxing solution (in mmol/l:
100 KCl, 20 imidazole, 7 MgCl2, 2 EGTA, 4 ATP, pH 7.0; 4°C).
Small bundles of �25–50 fibers were dissected free from the muscle
and tied to a glass microcapillary tube at �110% resting length. The
bundles were then placed in a skinning solution (relaxing solution
containing glycerol; 50:50 vol/vol) at 4°C for 24 h and subsequently
stored at �20°C for use within 3 wk, or treated with cryoprotectant
(sucrose) solution for long-term storage at �80°C as described earlier
(16). At the beginning of a set of experiments, a sucrose-treated frozen
bundle was desucrosed by stepwise lowering of the sucrose concen-
tration of the relaxing solution until no sucrose remained. The bundle
was thereafter stored in relaxing solution with glycerol at �20°C for
a maximum of 2 wk.

Myofibrillar ATPase histochemistry. Serial 10-	m-thick transverse
sections were cut on a cryostat (Leica CM 3000) at �24°C, mounted
on glass slides, and stained for myofibrillar ATPase after acid (pH
4.37, 4.60) and alkaline (pH 10.30) preincubations (7). Six different
fiber types (I, IC, IIC, IIA, IIAB, and IIB) were identified according
to Staron et al. (64). However, because in each age group the type IC
and IIC represented�1.0% and�0.5% of the fiber pool, respectively,

Table 1. Physical characteristics of subjects by age group

Variable

Age Group

P18–33 yr 40–49 yr 50–59 yr 60–69 yr 70–84 yr

N 16 16 18 21 20
Age, yr 24.3�1.0 44.0�0.9 53.9�0.6 65.8�0.6 75.3�0.9
Height, cm 178.0�1.1d,e 180.5�1.9c,d,e 175.5�1.1b 172.7�0.9a,b 171.1�1.2a,b �0.001
Body mass, kg 77.2�1.4e 79.7�1.9d,e 74.3�1.4 71.2�0.9b 69.8�2.0a,b �0.001
Body fat, % 16.5�0.9 13.3�1.0 14.9�0.9 13.6�1.0 15.0�1.0 NS
Thigh length, cm 45.0�0.5 47.1�0.6 46.1�0.6 45.0�0.4 45.1�0.7 NS
Thigh circumference, cm 55.9�0.6c,d,e 54.5�0.7d,e 52.2�0.5a,e 50.7�0.5a,b 48.7�0.8a,b,c �0.001
VL thickness, cm 2.61�0.08c,d,e 2.35�0.09e 2.08�0.11a 2.10�0.09a 1.96�0.08a,b �0.001
VL fascicle length, cm 7.91�0.49 7.90�0.35 7.71�0.41 7.99�0.27 7.38�0.27 NS

Values are means � SE. N, number of subjects; VL, vastus lateralis muscle. ANOVA P values and location of significant differences are shown. a,b,c,d,eGroup
is significantly (P � 0.05) different from the 18- to 33-, 40- to 49-, 50- to 59-, 60- to 69-, and 70- to 84-yr-old groups, respectively. NS, not significant.
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they were not included in the analyses. Figure 1A illustrates cross
sections from a young and an old muscle stained for mATPase activity
after alkaline preincubation, discriminating between slow and fast
fibers.
The fiber area and relative proportion of the various fiber types

were analyzed from the stained cross sections by using a microscope
combined with a computer-assisted image-analysis system (Tema,
Scanbeam, Hadsund, Denmark) (61). Relative fiber-type distribution
was calculated from an average of 508 � 29 fibers in each biopsy
sample. The measurements of fiber cross-sectional area comprised an
average of 228� 15 type I, 162� 10 type IIA, 60� 5 type IIAB, and
53 � 6 type IIB fibers.

Homogenate electrophoresis. The MHC isoform content of the
biopsy samples was determined by SDS-PAGE according to previ-
ously described methods (1) with slight modifications. For the anal-
ysis, 10–15 cryosections (10 	m) from each biopsy were placed into
700 	l of a lysine buffer containing 10% (vol/vol) glycerol, 5%
(vol/vol) 2-mercaptoethanol, 2.3% (mass/vol) SDS in 62.5 mM
Tris �HCl buffer (pH 6.8) and heated for 10 min at 60°C. A small
amount of the muscle extracts (3–10 	l) was loaded into each lane of
the SDS-PAGE gel system consisting of stacking gel with 3% acryl-
amide and separating gel with 6% acrylamide and 30% glycerol. The
gels were run on an electrophoresis device (Bio-Rad Protean II xi
Cell) at 4°C at a constant voltage of 70 V for 42 h. After the run, the
gels were fixed for 24 h in 5% acetic acid and 50% methanol, stained
with Coomassie blue, and destained in 7.5% acetic acid and 5%
methanol overnight or until the background was clean. In the stained
gels three distinct protein bands could be separated and identified as
MHC I, IIa, or IIx isoforms according to their migration characteris-
tics. The relative proportion of each MHC isoform in a biopsy sample
was determined by using a densitometric system (Cream 1D, Kem-
En-Tec aps, Copenhagen, Denmark). Examples of SDS-polyacryl-
amide gel and densitometric tracings illustrating separation of the

MHC isoforms in samples from a younger and an older subject are
shown in Fig. 1B. It has been shown previously that the slowest
migration protein band in humans is analogous to the MHC IIx, not
the MHC IIb isoform, in rats (54) and therefore the MHC IIx
nomenclature is used in this study.

Single-fiber contractile measurements. On the day of an experi-
ment, the fibers were placed for 30 min in a relaxing solution
containing 0.5% Brij-58 (polyoxyethylene 20 cetyl ether; Sigma
Chemical). The fibers were mounted in an experimental apparatus
similar to the one described previously (20, 51), leaving an average
fiber segment length of 2.02 � 0.51 mm (mean � SD, range
1.05–3.60 mm) exposed to the solution between connectors to a force
transducer (model 403, Cambridge Technology) and a direct-current
torque motor (model 300H, Cambridge Technology). The apparatus
was mounted on the stage of an inverted microscope (Zeiss Axiovert-
35, Carl Zeiss, Oberkochen, Germany). When the fiber was in the
relaxing solution, sarcomere length (SL) was set to 2.76 � 0.04 	m
(range 2.66–2.85 	m) by adjusting the overall segment length. The
segments were observed at a magnification of�320. Prints of the fiber
segments were taken with a videoprinter (P71E, Mitsubishi Electric).
Sarcomere length, segment width, and the length of the segment
between the connectors were measured directly from the microscope
via a TV overlay with the aid of a digitizer connected to a microcom-
puter (Videoplan, Kontron Bildanalyes Gmbh, Munich, Germany).
The final magnification with the image analysis system on the TV
screen was �1.480. Fiber SL was measured routinely in the fibers
during maximal activation. Fiber depth was measured by recording
the vertical displacement of the microscope nosepiece while focusing
on the top and bottom surfaces of the fiber. Cross-sectional fiber area
was calculated from the width and depth, assuming an elliptical
circumference. Specific tension was calculated as maximum tension
(Po) normalized to cross-sectional area, and was corrected for the 20%
swelling that is known to occur during skinning (51).
Relaxing and activating solutions contained (in mM) 4 MgATP, 1

free Mg2�, 20 imidazole, 7 EGTA, 14.5 creatine phosphate, and
sufficient KCl to adjust the ionic strength to 180. The pH was adjusted
to 7.0. The free Ca2� concentrations were 10�9 M (relaxing solution)
and 10�4.5 M (maximum activation solution) and are expressed as
pCa (�log [Ca2�]). Apparent stability constants for Ca2�-EGTA
were corrected for temperature and ionic strength (13). The computer
program of Fabiato (13) was used to calculate the concentrations of
each metal, ligand, and metal-ligand complex. Immediately preceding
each activation, the fiber was immersed for 10–20 s in a solution with
a reduced Ca2�-EGTA buffering capacity (50). This solution was
identical to the relaxing solution except that EGTA was reduced to 0.5
mM, which resulted in more rapid attainment of steady tension during
subsequent activation and helped to preserve the regularity of cross-
striations during activation.
Maximal unloaded shortening velocity (Vo) was measured by the

slack-test procedure (12). Fibers were activated at pCa 4.5 and, once
steady tension was reached, various amplitudes of slack (
L) were
rapidly introduced (within 1–2 ms) at one end of the fiber. The time
(
t) required to take up the imposed slack was measured from the
onset of the length step to the beginning of tension redevelopment. For
each amplitude of 
L, the fiber was reextended while relaxed to
minimize nonuniformity of sarcomere length. A straight line was
fitted to a plot of 
L vs. 
t, using a least-squares regression, and the
slope of the line was recorded as Vo for that fiber. Po was calculated
as the difference between the total tension in the activating solution
(pCa 4.5) and the resting tension measured in the same segment while
in the relaxing solution. All contractile measurements were carried out
at 15°C. The contractile recordings were accepted in subsequent
analyses if a Vo value was based on linear regressions including four
or more data points, and data were discarded if the coefficient of
reliability (r) for the fitted line was less than 0.97, if Po changed more
than 10% from first to final activation, or if SL during isometric

Fig. 1. Examples of enzyme histochemistry and gel electrophoresis of muscle
samples from runners aged 26 (Young) and 71 yr (Old). A: cryosections stained
for myofibrillar ATPase after preincubation at pH 10.30 showing slow type I
(I) and fast type II fibers (II). Scale bar, 50 	m. Note the larger difference
between the younger and older muscle in the area of type II compared with
type I fibers. B: portion of a 6% SDS-polyacrylamide gel with densitometric
scans used for determination of myosin heavy chain (MyHC) isoform content
of the muscle homogenates. The sample from the younger subject shows all 3
MyHC isoform bands, whereas no IIx MyHC was detected in the older muscle.
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tension development changed by more than 0.10 	m compared with
SL when the fiber was relaxed (51).
After mechanical experiments, each single fiber, dissolved in sam-

ple buffer, was loaded onto a 6% SDS-PAGE gel and run at 120 V for
24 h at 10°C as described earlier (44). Gels were subsequently silver
stained and MHC isoforms were determined.

Sprint performance. Eighty-six subjects participated in the sprint
and strength performance tests. Sprint performance was determined
by standing-start 30- and 60-m sprint trials performed on an indoor
tartan running track (air temperature 19–20°C). Times for the sprint
tests were measured by use of double-beam photocell gates connected
to an electronic timer (starting line was 0.7 m behind the first
photocell gates). The testing session was preceded by a �30- to
45-min general warm-up such as the subjects were accustomed to
(jogging, stretching) and submaximal practice runs to familiarize them
with the procedures. The subjects performed two maximum-effort
trials at both sprint distances with 5–7 min of rest between runs.
During the sprint tests all subjects wore spiked track shoes. For the
60-m sprints the test-retest r value varied from 0.93 to 0.98 and the
coefficient of variation (CV) from 0.7 to 0.9% in the different age
groups.

Strength measurements. Maximal bilateral isometric strength and
force-time parameters of the knee extensor muscles were measured
with an electromechanical dynamometer (23). In the test, the subjects
were in a seated position with 107° knee and 110° hip angles (180° �
full extension). On a verbal command, the subjects performed a
maximal isometric leg extension as fast as possible over 2.5–4 s. Each
testing session consisted of two practice contractions followed by
three to four maximum-effort trials with 1- to 1.5-min rest periods.
The force signal was recorded on a computer (486 DX-100) and

subsequently digitized and analyzed by a Codas computer system
(Data Instruments). Maximal isometric force (Fmax) was defined as the
highest force value recorded during the contraction. The entire force-
time curve was analyzed according to the guidelines of Viitasalo et al.
(72, 73). In the force-time curves, the times taken to increase force
from contraction onset to the levels of 100, 250, 500, 750, 1,000,
1,500 and 2,000 N (absolute scale), and the times needed to increase
force from the start of contraction to 10–90% of Fmax in 10%
increments (relative scale) were calculated. The maximal rate of force
development (RFD) was determined as the greatest increase in force
in a given 50-ms time period. Normalized maximal rate of force
development (normalized RFD), a measure of the slope of the force-
time curve when normalized with respect to maximal force, was
obtained by dividing the absolute RFD by the Fmax for the subject
(expressed as % of Fmax per second). The test-retest r values of the
two best efforts were within the range 0.96–0.99 for Fmax and
0.85–0.98 for RFD, and the CVs were between 2.7–4.2% for Fmax
and 4.9–9.0% for RFD in the different age groups.

Dynamic explosive strength was evaluated by means of a vertical
countermovement jump (61). The test was performed on a contact mat
(Newtest, Oulu, Finland) connected to a digital timer (�0.001 s) that
recorded the flight time of the vertical jump. The height of rise of the
body’s center of gravity was calculated from the flight time. During
the jump the hands were kept on the hips to minimize differences in
technique. After the practice jumps the subjects performed three to
four maximal trials, separated by 1–1.5 min of rest, and the highest
jump with an acceptable technique was used for the analyses. The
flight time of the two highest jumps showed r and CV values within
the range of 0.94–0.99 and 0.6–2.2% in the different age groups.

Statistical analysis. Linear and curvilinear regression analyses were
performed to determine the association between age and the depen-
dent variables. The linear model provided a similar or better fit with
the present data (excluding sprint performance and training data) than
the nonlinear model and is therefore the one described below. In
addition, ANOVA was used to compare the age groups in terms of
their physical characteristics (Table 1), training and selected perfor-
mance characteristics (Table 2), and contractile properties of single
muscle fibers (Table 3). When a significant difference was found,
Tukey’s and Tamhane post hoc tests were used for the specific
comparisons. Comparisons of slope differences between cross-sec-
tional areas of the different type II fibers with respect to age (Fig. 2)
were assessed by using the F-test. Differences in cross-sectional and
relative fiber-type area between different fiber types within age groups
were analyzed by ANOVA (Figs. 3B and 4). Pearson correlation
coefficients were used to measure the association between MHC I
isoform content and relative type I fiber area as well as correlations of
strength, sprint, and jump performance with MHC II content. Statis-
tical significance was set at P � 0.05 for all analyses.

RESULTS

Physical characteristics. Body height and mass were lower
in the older age groups, whereas percentage body fat did not
differ with age (Table 1). Thigh length showed no significant
differences with age, but there were aging-associated decreases
in thigh circumference and vastus lateralis muscle thickness.
The estimated fascicle length of the vastus lateralis muscle did
not differ with age.

Fiber cross-sectional area. Type I fiber cross-sectional area
showed no differences with advancing age (Fig. 2A). However,
there was a progressive aging-associated reduction (P � 0.001)
in the cross-sectional area of different type II fibers (Fig. 2,
B–D), leading to a decline (P � 0.001) in type IIA/I, IIAB/I,
and IIB/I fiber area ratios with age (Fig. 3A). The slopes of the
aging-related declines in the fiber areas were not different for

Table 2. Training and performance characteristics of subjects by age group

Variable

Age Group

P18–33 yr 40–49 yr 50–59 yr 60–69 yr 70–84 yr

Training
Years of sprint training 13.2�1.3c,d,e 28.1�2.0 28.8�2.8a 35.1�4.2a 34.3�4.9a 0.001
Training hours, h/wk 11.5�0.6b,c,d,e 6.7�0.7a 7.6�0.7a 6.1�0.5a 5.9�0.7a �0.001
Frequency, sessions/wk 5.9�0.3bc,d,e 4.9�0.4 4.4�0.2a 4.2�0.3a 4.0�0.3a �0.001
Strength training, h/wk 5.2�0.4b,c,d,e 2.2�0.5a,d 1.5�0.3a 0.8�0.1a,b 0.9�0.2a �0.001

Performance†
60-m sprint, s 7.00�0.03b,c,d,e 7.62�0.09a,c,d,e 8.03�0.09a,b,d,e 8.61�0.08a,b,c,e 9.53�0.19a,b,c,d �0.001
Vertical jump, cm 52.5�1.62b,c,d,e 42.0�0.97a,c,d,e 33.1�0.89a,b,d,e 28.3�0.91a,b,c,e 22.7�0.99a,b,c,d �0.001
Isometric force, N 3,865�233c,d,e 3,307�187d,e 2,872�186a 2,440�120a,b 2,310�175a,b �0.001

Values are means � SE. ANOVA P values and location of significant differences are shown. a,b,c,d,eGroup is significantly (P � 0.05) different from the 18-
to 33-, 40- to 49-, 50- to 59-, 60- to 69-, and 70- to 84-yr-old group, respectively. †Number of subjects for the performance tests was 14, 15, 17, 21, and 19 for
the 18- to 33-, 40- to 49-, 50- to 59-, 60- to 69-, and 70- to 84-yr-old group, in that order.
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type IIA (6.7%/decade), IIAB (7.5%/decade), or IIB (11.3%/
decade) fibers. When the cross-sectional area of fast and slow
fibers was compared within the age groups, type I fibers were
smaller than type IIA and/or IIAB fibers in the three youngest
age groups but were larger than type IIAB and IIB in the two
oldest groups (Fig. 3B). Among the fast fiber population, the
area of type IIA fiber was larger than that of type IIAB and type
IIB in all age groups (P � 0.001–0.01), whereas a difference
between type IIAB and type IIB was observed in the 40- to
49-yr (P � 0.01) and 50- to 59-yr (P � 0.05) groups (data not
shown).

Fiber-type distribution. The relative distribution of the his-
tochemically determined fiber types did not differ with age. For
all subjects combined, the fiber-type percentages were 45.7 �
1.3 for type I, 32.0 � 1.0 for IIA, 11.4 � 0.6 for IIAB, and
9.8 � 0.9 for IIB.

Relative area of fiber types. When fiber-type distribution
was combined with the corresponding fiber area to form the
relative fiber-type area, there was an increase in the area of
muscle occupied by type I fibers as a function of age (P �
0.05) (Fig. 4). Within the fast fiber subtypes no aging-associ-
ated differences in relative area of fiber types were observed,
although there was a trend toward a decrease (P � 0.05) in the
area of type IIB fibers with age. Among fast fibers, type IIA
fibers occupied the largest area in all age groups (P � 0.001),
whereas no differences were seen in the relative areas of types
IIAB and IIB.

MHC isoform content. The analysis of MHC isoform com-
position revealed an aging-related increase in the relative
content of MHC I (P � 0.01) and a decrease in that of MHC
IIx (P � 0.05), whereas no age difference was observed in
MHC IIa expression (Fig. 5). MHC I isoform content was
highly associated with the corresponding histochemically de-
termined relative area of type I fiber (r � 0.92, P � 0.001).

Single-fiber contractile properties. A total of 144 single
membrane permeabilized muscle fiber segments out of 302
fibers fulfilled the criteria for acceptance for contractile mea-
surements in the younger (18–33 yr, n � 8) and older group
(53–77 yr, n � 9) (Table 3). No significant difference was
found in the relative number of single-fiber preparations that
fulfilled the criteria for acceptance in the younger (44%) and
older subjects (51%).
Muscle fiber size was measured in a total of 265 muscle fiber

segments in the younger (n � 138) and older (n � 127)
subjects at a fixed sarcomere length assuming an elliptical
cross section of the fiber segment. Because of the paucity of
muscle fibers expressing the IIx MHC isoform (n � 7) and
fibers coexpressing the type I and IIa (n � 2) or the IIa and the
IIx (n � 11) MHCs, aging-related differences in fiber size were
restricted to analyses of fibers expressing the type I and IIa
MHC isoform. Compared with the younger group, the older
athletes had 21 and 37% smaller (P � 0.05) cross-sectional
areas in muscle cells expressing the type I (3,450 � 150 	m2,
n � 43 vs. 4,360 � 160 	m2, n � 68) and IIa (3,080 � 190
	m2, n � 53 vs. 4,930 � 140 	m2, n � 47) MHC isoforms,
respectively. The smaller type IIa fiber size and the more
pronounced decline in type IIa fibers than in type I is in
accordance with morphological measurements from the biopsy
cross sections. However, a smaller type I muscle fiber size in
the old subjects was only observed at the single muscle fiber
level. The advantage with measurements at the single muscleT
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fiber level is that cross-sectional area is measured at a fixed
sarcomere length. However, a selective aging-related decrease
in type II muscle fiber area has been repeatedly documented in
human quadriceps muscle and a bias due to the smaller number
of muscle fibers measured at the single muscle fiber level is a
more likely explanation for the different results on type I
muscle fiber size in old age.
Statistical analyses of differences in contractile properties

between younger and older subjects were restricted to muscle
cells expressing the type I and IIa MHCs because of the paucity
of cells expressing other MHCs or combinations of MHCs. The
maximum force generated by the single muscle fibers was
higher (P � 0.001) in the younger than in the older subjects.
However, this difference was primarily due to the larger size of
the muscle fibers in the younger subjects, and no aging-related
difference was observed in specific tension, i.e., when maxi-
mum force was normalized to the cross-sectional area of the
fibers (Table 3). In accordance with previous studies in single
human muscle fiber segments Vo increased in the following
order: �/slow (type I)3 I/IIa3 IIa3 IIax3 IIx MHCs in both
the younger and older subjects (Table 3). An aging-related
difference in contractile speed was observed in muscle cells
expressing the type I MHC isoform, i.e., Vo was 24% slower
(P � 0.05) in the muscle fibers from the older subjects. The Vo
values of muscle fibers expressing the IIa MHC isoform were
not significantly different between younger and older subjects.

Sprint and strength performance. Table 2 shows the 60-m
sprint, vertical counter movement jump and maximal isometric
muscle strength (Fmax) values among the different age groups.
There were clear age group differences in all of these perfor-
mance measures. The rate of decrease in vertical jump height
(11.1%/decade) and Fmax (8.3%/decade) was best described as
a linear function of age. The rate of lengthening in the 60-m
sprint times with age was curvilinear, showing an accelerated
rate around age 65–70.

Fig. 2. Relationship between age and mean cross-sectional area of
type I (A) and different type II muscle fibers [IIA(B), IIAB(C), and
IIB (D)]. Regression lines are shown for cross-sectional areas of
type II fibers, which declined significantly with age. The slope of
the regression line among the fast fibers was similar.

Fig. 3. A: ratio of type II-to-type I fiber mean cross-sectional areas of vastus lateralis
muscle in different age groups. There was a significant decline (P � 0.001) in type
IIA/I, IIAB/I and IIB/I fiber area ratios with age. B: difference between the mean
cross-sectional area (	m2) of each type II and type I fibers in different age groups.
***P � 0.001, **P � 0.01, *P � 0.05 compared with type I fiber.
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The force-time curves on the absolute scale indicated an
aging-related lengthening (P � 0.001) in the times needed to
reach specific force levels up to 2,000 N (Fig. 6A). Correspond-
ingly, there was an aging-associated decline (P � 0.001) in the
absolute RFD. The loss of RFD from 25,270 � 1,576 N/s in
the youngest group to 13,216 � 1,234 N/s in the oldest group
represented a decrease of 9.7% per decade. The time taken to
reach RFD lengthened (P � 0.001) from 54� 4 ms (18–33 yr)
to 104 � 12 ms (70� yr) with increasing age.
When the force in the force-time curves was calculated as a

percentage of the maximal force produced, there continued to
be an aging-related lengthening (P � 0.001–0.05) in the time
needed to reach 10–80% of Fmax, with the significance of
association being strongest at force levels between 10–50% of
the maximum (Fig. 6B). Moreover, adjustment for Fmax also
decreased the influence of age on the rate of force development
(normalized RFD), although a small but significant decline
(P � 0.05) remained. In all age groups normalized RFD
occurred early in the force-time curve, i.e., before 25% of
maximal force was reached (range 21.1–24.9%).

Relation between force production and MHC isoform ex-
pression.When all subjects were considered, absolute maximal
RFD was associated with the total relative MHC II (IIa�IIx)
isoform content (r � 0.28, P � 0.01). The times taken to reach
the specific force levels between 100 N and 1,500 N were also
related to MHC II (r � �0.41 to �0.31, P � 0.001–0.01).
Adjusting for age, the times to the force levels up to 1,000 N
remained correlated with MHC II (r � �0.35 to �0.32, P �

0.01), whereas the effect of MHC II on absolute RFD was no
longer statistically significant. Furthermore, the correlation co-
efficients between Fmax and MHC II did not reach the level of
statistical significance whether unadjusted or adjusted for age.
The association of normalized force production with MHC II

content was also evaluated, to take into account differences in
the strength levels of the athletes. For the overall sample, a
relationship between normalized RFD and MHC II content was
found (r � 0.27, P � 0.05). In addition, the times taken to
reach the force levels of 10–70% of Fmax were associated with
MHC II, the correlation being progressively weaker with
increasing force levels (10–40%, r � �0.41 to �0.38, P �
0.001; 50%, r � �0.33, P � 0.01; 60–70%, r � �0.28 to
�0.23, P � 0.05). After controlling for age, normalized RFD
(r � 0.23, P � 0.05) and the times taken to reach 10–50% of
Fmax (r � �0.35 to �0.26, P � 0.01–0.05) continued to show
a significant correlation with MHC II content.
With regard to dynamic performance, vertical jump height

correlated with MHC II content (overall sample: r � 0.39, P �
0.001; age-adjusted: partial r � 0.32, P � 0.01). The 60-m
running times were related to MHC II only when the subjects
were taken as a whole (r � �0.26, P � 0.05).

DISCUSSION

The present study examined aging-related differences in
muscle fiber and force-production characteristics in competi-

Fig. 4. Proportion (%) of overall muscle fiber cross-sectional area occupied by
different fiber types in the vastus lateralis muscle of subjects in different age
groups. Relative area of type I fibers increased with age (P � 0.05) whereas
that of type IIB showed aging-associated decline (P � 0.05).

Fig. 5. Relationship between age and relative content of MyHC I (A), IIa (B),
and IIx (C) isoforms. Lines in A and C are linear regressions.
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tive male sprinters with a very long history of systematic
training. The main findings were as follows: 1) With increasing
age there was a progressive decrease in the cross-sectional area
of fast type II fibers, whereas the area of slow type I fibers
remained constant. 2) The percentage of different fiber types
showed no age-associated differences; however, when ex-
pressed as their relative area, an increase in the area occupied
by type I fibers and decrease in type IIb fibers with age was
found. 3) There was an aging-associated increase in the pro-
portion of slow MHC I with a concomitant decrease in MHC
IIx isoform content. 4) The preferential decrease in the size of
muscle cells expressing fast MHC isoforms (type IIa) was
confirmed in single membrane permeabilized fiber segments,
i.e., at a fixed sarcomere length. 5) Po was lower in muscle cells
from older than young subjects, but this difference was sec-
ondary to the smaller size of muscle fibers in older age, and
force normalized to fiber cross-sectional area (specific tension)
was not affected by age in muscle cells expressing the type I or
IIa MHC isoforms. The Vo was significantly slower in type I
but not in type IIa MHC fibers from the older subjects. 6) The
decline in the explosive force-production capacity of the knee
extensor muscles was associated with both quantitative and
qualitative changes in the slow MHC isoform, i.e., there was a
shift toward a slower MHC composition as well as a decrease
in shortening velocity in muscle cells expressing the slow
MHC isoform.

Fiber cross-sectional area and distribution. The present data
showed that sprint-trained vastus lateralis muscle was charac-
terized by a large cross-sectional area of both slow and fast
fibers. We can put these results into greater perspective by
comparing them with previous data by Häkkinen and cowork-
ers (24–26) obtained from untrained middle-aged (40 yr) and

older (70 yr) men with the same analytical methods. This
comparison, shown in Fig. 7A, indicates that the older 70-yr-
old sprinters had on average 65, 69, and 28% larger cross-
sectional area of type I, IIA, and IIB fibers than age-matched
untrained men. In fact, the oldest sprinters had fiber area values
equivalent to those of untrained 40-yr-old men.
Although the quadriceps muscle of the present sprint athletes

appeared to be strongly influenced by regular training, muscle
fiber cross-sectional area decreased with age. Consistent with
several previous studies in untrained (41, 45, 69) as well as in
endurance-trained humans (36, 56, 71), we observed that the
reduction in fiber area is mainly confined to fast fibers, leading
to a decrease in the type II-to-type I fiber area ratio with age
(Figs. 1–3). Our finding that type II fiber cross-sectional area
decreases progressively in the vastus lateralis muscle, starting
as early as at�30 yr of age, is also supported by some previous
studies of untrained people (45, 52). On the other hand, in the
present sprinters the extent of the aging-related decrease in the
different type II fiber areas was similar. This result differs from
some earlier reports (10, 21) according to which in untrained
people type IIB fibers are much more susceptible to the effects
of aging than type IIA fibers.
In the present study the distribution of type I and II fibers or

different fast fiber subtypes in sprint-trained athletes was un-
altered with age. However, when the proportion of fiber types
was expressed as their respective cross-sectional areas, the
sprinters showed an aging-associated increase in the muscle
area occupied by type I fibers (Fig. 4), owing to a decrease in
the size of individual fast fibers. On average across all subjects,
53–60% of their muscle area was occupied by fast type II
fibers. These values are similar to those observed in earlier
studies in young adult sprinters of the same caliber (2, 62).

Fig. 6. Force-time curves (up to 2,000 N) and maximal rate of
force development (RFD) calculated for absolute values (A),
and normalized force-time curves and RFD calculated as a
percentage of maximal force (Fmax) developed (B) in fast
isometric contraction in different age groups. RFD was ob-
tained from the slope of force-time curve (
force/
time).
Asterisks at the side of force-time curve and above the bars
indicate significant age effect obtained by the regression anal-
yses: ***P � 0.001; **P � 0.01; *P � 0.05.
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MHC isoform expression. The measurement of MHC iso-
form composition in the muscle homogenates showed an ag-
ing-related increase in the relative proportion of slow MHC I
with a concomitant decrease in MHC IIx content. In line with
our results, other electrophoretic studies of muscle homoge-
nates have generally reported that in normally active (28, 36,
60) and endurance-trained people (36) aging is associated with
a shift toward greater relative MHC I content in the vastus
lateralis. Previous experiments on human limb muscles have
demonstrated that given types of histochemically determined
muscle fibers mainly express their analogous MHC isoforms
(except that type IIB express MHC IIx) (54, 63). This seems to
be consistent with the findings that the increase in MHC I with
age proceeds in parallel with an increase in the relative area of
type I fibers, induced by the atrophy of fast fibers (36). In our
study, we too found a strong association between relative type
I fiber area and MHC I isoform profile.
The results on fast MHC isoforms revealed that a number of

master athletes had an absence of MHC IIx, whereas all of the

young adult athletes showed detectable amounts of the MHC
IIx isoforms (Fig. 5C). Previous research on young subjects (1,
2) suggests that the loss of MHC IIx could be explained by the
increased recruitment of fast fibers containing MHC IIx result-
ing in deactivation of the MHC IIx genes and activation of the
MHC IIa genes, according to the gene default theory (19).
Training studies have also indicated that a decrease in MHC IIx
can occur rapidly, within a period of 1–2 wk of intense training
(19, 65). As in most other studies with athletes, it was not
possible to standardize the level of training for several weeks
before the study, and thus the possibility exists that in certain
master athletes the absence of MHC IIx reflects an increase in
the intensity and duration of premeasurement training. Alter-
natively, it cannot be ruled out that the loss of MHC IIx in
these runners is a result of the aging-dependent transformation
of type IIx to slower MHC isoforms and/or selective loss of
type IIB fibers containing MHC IIx (40).

Contractile function of single muscle fibers. The slowing of
contractile speed in muscle cells expressing the slow MHC
isoform in older age is in accordance with the aging-related
slowing of Vo in muscle cells expressing the type I and or the
type IIa MHC in humans (11, 38, 43) and rodents (46, 68).
However, this slowing in human muscle fibers has been re-
ported in subjects with a sedentary lifestyle, and the similar
slowing observed in the physically very active subjects in this
study indicates that this slowing is not the result of a decreased
physical activity level in old age. In addition to the slowing in
contractile speed, an aging-related loss in specific tension has
been reported in sedentary individuals at the single muscle
fiber level (11, 38, 43), but no significant difference in specific
tension was observed between the strength- and sprint-trained
young and old men in this study. It is accordingly suggested
that the aging-related loss reported in specific tension at the
single muscle fiber level may be a consequence of a more
sedentary lifestyle in old age. This is supported by the in-
creased specific tension reported in response to strength train-
ing in old sedentary women (15). Trappe and coworkers (70),
on the other hand, did not observe a change in either shortening
velocity or specific tension in old sedentary humans.
In vitro motility studies after extraction of myosin from

millimeter short muscle fiber segments from human percuta-
neous muscle biopsies have shown that the aging-related slow-
ing at the single muscle fiber level is primarily caused by
altered structural-functional properties of the motor protein
myosin (33, 34, 42). Multiple slow MHC isoforms have been
identified in skeletal muscle (14, 18, 35, 47), and the possibility
cannot be excluded that the slowing in old age is associated
with an aging-related upregulation of an isoform not, or less,
expressed in young individuals. However, there is to our
knowledge no evidence of the expression of novel slow MHC
isoforms in old age with migration properties similar to the
�/slow (type I) MHC on SDS-PAGE. The longer turnover rate
of myosin in humans in old age (4) and the increased risk for
posttranslational modifications of the motor protein is ad-
vanced as a more likely cause underlying the slowing in
contractile speed. There are several potential mechanisms by
which a protein with a very slow turnover rate, such as myosin,
can be modified during the aging process. Nonenzymatic
glycosylation (glycation) of myosin has been reported to in-
crease in old age (66), and glycation has a dramatic negative
effect on myosin function that could explain the slowing

Fig. 7. Cross-sectional area of type I, IIA, and IIB fibers of vastus lateralis (A),
and maximal force (B) and rate of force development (C) in fast isometric
contraction for selected groups of middle-aged and older sprinters and un-
trained men of comparable age. Data for untrained men were obtained using
identical measurements and analyses by Häkkinen et al. (22–26).
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observed in old age (3, 8, 57). In addition, there are other
mechanisms by which myosin may be modified during the
aging process, and oxidation of cysteines has been put forward
as a mechanism underlying structural-functional changes of
myosin in old age (48, 55).

Relation between muscle force production, MHC isoform
expression, and age. An important objective of this study was
to examine the relation of the isometric force characteristics of
the knee extensor muscles to MHC composition and age. As
expected, our data demonstrated an aging-related decline in
absolute maximal force that could largely be attributed to a loss
of contractile tissue, as indirectly indicated by our fiber size
and muscle thickness findings. The results on the absolute scale
also showed an aging-related decrease in RFD, and a length-
ening of the time taken to reach the specific submaximal force
levels (Fig. 6A). When the data were normalized for maximal
force, the older runners continued to demonstrate longer times
to force production, particularly in the lower part of the
force-time curve (Fig. 6B). In line with our findings, several
other studies have reported that older subjects exhibit slower
isometric force production, whether determined by maximal
voluntary (9, 27, 67) or electronically stimulated contrac-
tions (29).
In the present study we also found that aging-related slowing

of normalized force production (RFD and time to reach 10–
70% of Fmax) was associated with a decrease in the relative
content of MHC II isoforms. This connection is likely to reflect
the differences in intrinsic properties between type I and type
II MHC fibers. As reported here or elsewhere, fibers with a fast
MHC have significantly higher shortening velocity (30, 44)
and develop tension faster (30, 49) than fibers expressing the
slow MHC isoforms. This study also indicates that older age in
sprinters is associated with a reduction in the shortening
velocity of single MHC I fibers, but it is unclear whether this
could be a factor influencing the slowing of isometric force
production. However, considering that in rapid isometric mus-
cle actions the motor units are recruited in the order of size,
e.g., the smaller slow-type before the larger fast-type motor
units (32), then an aging-related decline in the shortening
velocity of type I MHC fibers could potentially reduce the rate
of force production in the initial phase of muscle contraction.
Finally, it should be emphasized that although the older

sprint athletes in this study showed an aging-related reduction
in force production, their maximal and fast force-production
capacity remained at a high level compared with that of
untrained men. Figure 7, B and C, shows the Fmax and RFD data
for the middle-aged and older runners in this study and data
obtained from age-matched normally active men in previous
studies using the same strength testing methods and device (22,
23). The oldest sprinters had Fmax and RFD values that were
�31 and 47% higher, respectively, than those of 70-yr-old
nonathletes. These values were actually at the same level as the
values obtained for untrained subjects at the age of 40 yr.
Moreover, in terms of dynamic explosive strength, the oldest
subjects in this study had vertical jump values twice as high as
those reported earlier for untrained men aged 71–73 yr (6).

Methodological considerations. Our study has certain meth-
odological limitations that should be pointed out. First, the
results shown in this paper were obtained with a cross-sectional
design and may have been influenced by genetic and constitu-
tional factors. Longitudinal studies in athletes who remain

highly trained are required to confirm the present cross-sec-
tional observations. Second, a potential confounding factor in
this investigation is that needle biopsy specimens are not fully
representative of the whole muscle. Repeated sampling of the
same muscle has shown that the CV for fiber distribution and
size is 5–10% (58). Third, by recruiting top young and master
athletes with the same relative level of competitive perfor-
mance there were aging-related differences in training patterns,
which may have affected the results. For example, it is possible
that the reduction in resistance training in older runners may
have contributed to the decline in fast fiber size with age.
Finally, a strength of this study is that we had a good sample
of continuously trained sprinters in 10-yr age groups from
young adult to old age. The wide age range, including inter-
mediate age groups, provided a clearer picture of the nature
(i.e., rate and linearity) of aging-related changes in muscle fiber
and force-production characteristics than would have emerged
if only two discrete age groups had been compared.
In conclusion, the present results suggest that highly trained

competitive sprint runners experience the typical aging-asso-
ciated reduction in the size of fast fibers, shift toward a slower
MHC isoform profile, and lower Vo in muscle cells expressing
the type I MHC isoform, playing a role in the decline in
explosive force-production capacity. On the other hand, our
master sprinters demonstrated considerably larger fiber size,
intact maximum force normalized to cross-sectional area at the
single muscle fiber level, and higher maximal and explosive
strength characteristics than those previously reported for un-
trained older people. It is likely, therefore, that systematic
sprint training is an effective stimulus in maintaining muscle
fiber structure and force-production characteristics during ag-
ing. Although our findings are not directly applicable to un-
trained people, they tend to favor the view that, to minimize the
effect of aging on the neuromuscular system, optimal overall
physical training might require actions that impose explosive-
type overload on muscle.
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A. Cristea,1,* M. T. Korhonen,2,3,* K. Häkkinen,4 A. Mero,4 M. Alén,2,3,8,9 S. Sipilä,2,3
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Abstract

Aim: This study aims at examining the effects of progressive strength and

sprint training on regulation of muscle contraction at the whole-muscle and

single-fibre levels in older sprint-trained athletes.

Methods: Eleven men (52–78 years) were randomized to a training (EX,

n ¼ 7) or control (CTRL, n ¼ 4) group. EX participated in a 20-week

programme that combined sprint training with heavy and explosive strength

exercises, while CTRL maintained their usual run-based training schedules.

Results: EX improved maximal isometric and dynamic leg strength, explo-

sive jump performance and force production in running. Specific tension and

maximum shortening velocity of single fibres from the vastus lateralis were

not altered in EX or CTRL. Fibre type and myosin heavy chain isoform

distributions remained unchanged in the two groups. There was a general

increase in fibre areas in EX, but this was significant only in IIa fibres. The

10% increase in squat jump in EX was accompanied by a 9% increase in the

integrated EMG (iEMG) of the leg extensors but the 21–40% increases in

isometric and dynamic strength were not paralleled by changes in iEMG.

Conclusion: Adding strength training stimulus to the training programme

improved maximal, explosive and sport-specific force production in elite

master sprinters. These improvements were primarily related to hypertrophic

muscular adaptations.

Keywords ageing, fibre types, hypertrophy, master athletes, neural activity,

skinned fibres.

It has been established that ageing-related impairments

in maximal and explosive muscle strength can be

partially reversed by progressive resistance training.

The exercise-induced improvement of muscle function

can be explained by muscular or neural mechanisms, or

a combination of both. Adaptations to exercise in older

subjects have been reported at different levels, such as

(1) hypertrophic muscle adaptation with an increase in

the size of type I and type II fibres (Larsson 1982,

Frontera et al. 1988, Hakkinen et al. 2002), (2) altered
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regulation of muscle contraction at the cellular level

with effects on shortening velocity (Trappe et al. 2000),

maximum force (Trappe et al. 2000, Frontera et al.

2003), maximum force normalized to cross-sectional

area (CSA; specific force) (Frontera et al. 2003) and

power (Trappe et al. 2000), or (3) a dominant impact of

neural adaptations indicated by a large increase in

electromyographic activity of the agonist muscles with

relatively small hypertrophic changes in muscle volume

in response to strength training (Moritani & deVries

1980, Hakkinen et al. 1998).

The physical activity level of the subject determines

the nature and magnitude of strength training-induced

adaptations in the neuromuscular system. Research into

the impact of strength training in old age has focused on

subjects with a low physical activity level. To our

knowledge, no attempts have been made to investigate

the effects of strength training in older athletes who

have a previous training background. Physically active

master athletes represent a valuable model for training

studies as the physiological adaptations in this group

should reflect the impact of training per se rather than

the unspecific effect in response to increased physical

activity that may apply to previously untrained subjects.

Further insight could be obtained into the adaptive

capacity of the ageing neuromuscular system by study-

ing the influence of strength training on muscular and

neural characteristics among older athletes. Moreover,

given the importance of muscle strength and power for

many athletic movements, it is of interest to examine

whether strength training can result in increased sports

performance in older athletes.

The purpose of this study, therefore, was to carry out

a comprehensive examination of whole-muscle, single-

fibre and neural adaptations to simultaneous strength

and sprint training in highly competitive master

sprinters.

Materials and methods

Subjects

The study was part of a larger investigation of the

effects of age and long-term sprint training on muscle

structure and function (Korhonen et al. 2006). Of the

seventy-two 40- to 84-year-old male sprint athletes

participating in the baseline measurements and subse-

quently randomized into an experimental (EX, n ¼ 40)

and a control (CTRL, n ¼ 32) group, a subset of twelve

52- to 78-year-old elite sprinters with no background of

intensive strength training were chosen for the present

study, which involved single-fibre analysis of muscle

biopsy samples. Of these subjects, seven in the EX

group and four in the CTRL group completed the study.

The subjects had achieved world-class results in 100–

400 m sprint events and were all continuing to partic-

ipate in major national and/or international competi-

tions. The running times of the 60-m sprint trial

performed at the beginning of this study (see the test

description below) were on average 104 � 2% of the

age-based world record times. Selected physical and

training characteristics of the subjects, measured as

described previously (Korhonen et al. 2006), are pre-

sented in Table 1. All subjects had been sprint training

for several years. During the preceding year, the subjects

reported very similar training programmes. These con-

sisted mainly of speed, speed endurance and plyometric

exercises. In addition, the amount of resistance training

(strength endurance type) was approx. 1 h per week in

both groups.

The subjects were healthy and free of cardiovascular

diseases as assessed by their medical histories and by a

focused medical examination based on resting electro-

cardiograms and blood pressure measurements. Sub-

jects reported that they were not taking any medication

or nutritional supplements that could influence physical

performance or skeletal muscle. There were no signif-

icant between-group differences in the selected subject

characteristics either before or after training (Table 1).

A written consent was obtained from all the participat-

ing subjects, after they had been fully informed of the

procedures, potential risks and benefits associated with

taking part in the study. The study was approved by the

Ethics Committee of the University of Jyväskylä and

conformed to the principles of the Declaration of

Helsinki.

Experimental protocol

The 20-week experimental period took place during the

indoor season from late December to early May. The

main laboratory measurements of neuromuscular char-

acteristics were performed before and after the exper-

Table 1 Physical characteristics of subjects

Experimental

group (n ¼ 7)

Control

group (n ¼ 4)

Age (years) 66 � 3 71 � 5

Training background (years) 32 � 7 24 � 4

Training (h year)1) 355 � 46 310 � 45

Strength training (h week)1) 0.9 � 0.4 1.0 � 0.3

Height (cm) 173 � 2 171 � 2

Weight (kg)

Before 71.3 � 2.5 69.6 � 3.6

After 71.5 � 2.3 70.9 � 3.1

Body fat (%)

Before 15.4 � 1.4 17.5 � 1.7

After 15.9 � 0.8 17.5 � 1.9

Values are mean � SE.
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imental period and lasted 2 days. The first day included

tests of the subject’s anthropometry, maximal running

and strength performance, and measures of muscle

activation during isometric and dynamic contractions

with surface electromyography. On the second day,

fasting blood samples for the determination of serum

hormones and muscle biopsies were taken from each

subject. To obtain feedback on the athlete’s training

status and degree of progress during the intense training

period, the study included field tests (weeks 5, 10, 15)

for running performance and muscle power (data not

shown).

Periodized training programme

The combined strength and sprint training programme

was designed by researchers and coaches in collabora-

tion and utilized knowledge obtained from earlier

studies in young adult athletes (Joch 1992, Delecluse

1997, Kraemer & Häkkinen 2002). In order to reduce

the potential for overtraining and to optimize the

adaptation, attention was paid to the proper periodiza-

tion of training. The planned programme and relative

volumes of the different modes of training during the

course of the study are summarized in Figure 1 and

described in the Appendix.

Subjects completed training logs describing all their

training parameters (number of repetitions, sets, loads,

distances, times of exercises) to monitor progress and to

provide motivation for maximal effort during the study.

The logs were collected every fifth week during the field

testing sessions. The overall training adherence rate in

EX, calculated as the percentage of training sessions

successfully completed, was 86 � 4% for strength

training and 83 � 6% for sprint training across the

20-week study period. In EX, the average training hours

and frequency over the training period were 2.1 � 0.2 h

and 1.6 � 0.1 times per week for strength training and

2.1 � 0.3 h and 1.6 � 0.1 times per week for sprint

training. Other exercises (ball games, aerobic running,

skiing) were performed 0.5 � 0.2 h and 0.6 � 0.2

times per week. The controls maintained their previous

run-based training schedules.

Measurements

Muscle strength. Isometric torque of the knee extensors

and flexors was measured on the dominant leg using a

David 200 dynamometer (David Fitness and Medical

Ltd, Outokumpu, Finland) (Hakkinen et al. 1998). The

subject was in a sitting position with knee and hip angles

of 90� and 110�, respectively, and on a verbal command

exerted maximal force for a period of �4.0 s. Three to

four trials were recorded until there was no further

improvement in peak torque. Concentric force of the leg

extensors was measured with the one-repetition maxi-

mum method (1-RM) using a half squat exercise in the

Smith machine (Hakkinen et al. 2002). The test involved

the subject bending the knees to 90�with a loaded bar on

the shoulders (controlled with an auditory signal),

maintaining the position for �1 s, and then extending

up on a command. The highest load lifted was deter-

mined as the subject’s 1-RM. Two subjects in the EX

group and one control subject declined to perform the

squat test because of fear of possible injury.

Explosive strength capability was assessed by various

types of jumping tests. The squat jump required

performing a vertical jump on the force platform from

a static squat with a knee angle of �90� (Asmussen &

Bonde-Petersen 1974). Three to five trials were recorded

and the highest vertical displacement value evaluated

from the flight time was used in the analyses. For the

triple jump test, carried out on a long jump track, the

subjects began by standing on a plate (height 5 cm) with

toes over the edge (Mero et al. 1981). Using arm swings

at the start the subjects performed three successive

maximal jumps with alternative left- and right-leg

contacts, landing on two legs on the sand after the

final jump. The reactive jump test was performed two to

three times and involved a series of vertical jumps for

�5 s on a contact mat keeping the legs as extended as

possible to emphasize the use of the ankle plantar

flexors (Bret et al. 2002). The subjects were instructed

to jump as high as possible while minimizing the contact

times. The contact and flight times of each jump were

measured to determine mechanical power per kg body

weight (Bosco et al. 1983), and the mean of the two best

consecutive jumps was included in the analysis.

Figure 1 The planned training programme and relative vol-

umes of different training modes during the 20-week study.

The training programme consisted of two 11- and 9-week

periods that were further divided into three 3- to 4-week phases

with variations in training intensity, volume and type. Wk,

weeks.
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Force production of running. The subjects ran two

maximal 60 m sprints from a standing start on an indoor

synthetic track with spiked running shoes. Vertical and

horizontal ground reaction forces, contact times and

stride rates were measured during the maximal speed

phase (from 30 m) using a special 9.4-m long force

platform system (Paavolainen et al. 1999). The force

platform signals were sampled at 1000 Hz and stored on

a microcomputer via an AT Codas A/D converter card

(Dataq Instruments, Akron, OH, USA). The 10-m

running velocity over the force platform and the 60-m

trial times were obtained by using double-beam photo-

cell gates (starting line 0.7 m behind the first photocell

gates). The average stride length was calculated by

dividing the 10-m running velocity by the stride rate.

The ground reaction force variables were analysed by

custom-built software (University of Jyväskylä). The

transition point from a negative to positive value in

the horizontal force–time curve was used to divide the

contact time and vertical and horizontal force compo-

nents into the braking and propulsion phases (Mero &

Komi 1986). The vertical and horizontal forces were

integratedwith respect to time phases and then combined

to obtain the average resultant force separately for the

braking and propulsive phases. The amplitudes of the

average resultant forces were normalized to body weight

(N kg)1). The average rate of force development (RFD)

for the braking and propulsive phases was calculated by

dividing the average resultant forces by the respective

contact times. The first four contacts of the fastest trial

were averaged and used in the final analysis.

EMG activity. EMG activity during isometric knee

extension, dynamic squat 1-RM and squat jump tests

was recoded from the vastus lateralis (VL), vastus

medialis (VM) and biceps femoris (BF) of the dominant

leg using previously described procedures (Hakkinen

et al. 1998) with slight modifications. Briefly, bipolar

surface electrodes (Beckman miniature skin electrodes;

2 cm interelectrode distance; Beckman Instruments, IL,

USA) were attached longitudinally to the belly of the

muscles on the motor point areas (Hermens et al. 1999).

The positions of the electrodes were marked with small

ink dots to ensure consistency in electrode placement in

the pre- and post-measurements. The integrated EMG

activity (iEMG, in lV s)1) was analysed for the peak

force phase of the isometric knee extension (over a

period of 1 s around the peak torque) and for the whole

concentric phases of the dynamic half squat 1-RM and

squat jump exercises. The iEMG was calculated for VL

and VM separately and then averaged for the final

analyses. The iEMGs of the VL and VM during

dynamic actions were also expressed as a percentage

of their maximum isometric activity during knee

extension to evaluate neural adaptation (dynamic vs.

isometric) without comparison of absolute EMG values.

The iEMG of the BF from the knee flexion exercise was

analysed as described for VL and VM in the isometric

knee extension. To evaluate the degree of antagonist BF

coactivation during isometric knee extension, squat 1-

RM and squat jump exercises, the iEMG of the BF was

expressed relative to that measured in maximal isomet-

ric knee flexion contraction. The BF iEMG data had to

be excluded from two subjects in the EX group because

of distorted EMG signals.

Muscle biopsy. Details of the experimental procedure

have been described earlier (Korhonen et al. 2006).

Briefly, muscle samples were taken from the middle

portion of the VL of the dominant leg using a needle

biopsy technique (Bergstrom 1962) with suction. The

muscle sample was cleaned of any visible connective

and adipose tissue and divided into three parts. The first

part was frozen immediately in liquid nitrogen and

stored at )80 �C for future biochemical analysis. The

second part of the sample was mounted transversely in

embedding medium on a cork disc and frozen rapidly in

isopentane cooled to )160 �C in liquid nitrogen. The

sample was then transferred to a freezer at )80 �C until

the day of the histochemical and myosin heavy chain

(MyHC) analyses. The third part was split in several

small bundles of �25–50 fibres that were chemically

permeabilized and saved for the single-fibre analysis

(Frontera & Larsson 1997, Korhonen et al. 2006).

Homogenate gel electrophoresis. The MyHC isoform

content of the biopsy samples was determined by sodium

dodecyl sulphate-polyacrylamide gel electrophoresis

(SDS-PAGE) according to previously described methods

(Andersen & Aagaard 2000) with slight modifications

(Korhonen et al. 2006). It has been shown previously

that the slowest migration protein band in humans is

analogous to the MyHC IIx, not the MyHC IIb, isoform

in rats (Pereira Sant’Ana et al. 1997) and therefore the

MyHC IIx nomenclature is used in this study.

Myofibrillar ATPase histochemistry. The myofibrillar

ATPase histochemical analysis was performed as

described in detail earlier (Korhonen et al. 2006).

Relative fibre type distribution was calculated from an

average of 486 � 85 and 357 � 87 fibres per biopsy in

the pre- and post-measurements respectively. The

determination of fibre CSA comprised an average of

216 � 46 and 146 � 29 type I, 161 � 33 and

112 � 27 type IIA, 57 � 12 and 31 � 7 type IIAB,

and 52 � 15 and 68 � 37 type IIB fibres per biopsy in

the pre- and post-measurements respectively.

Single-fibre contractile measurements. The experimental

procedure has been described in detail elsewhere
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(Larsson & Moss 1993). The skinned muscle fibre used

in this work had an average segment length of

2.02 � 0.51 mm (mean � SD, range 1.05–3.60 mm)

exposed to the solution between the connectors of the

force transducer. The sarcomere length (SL) of the

single-fibre segment was set to 2.79 � 0.01 lm (range

2.72–2.84 lm) by adjusting the overall segment length.

Fibre SL was measured routinely in the fibres during

maximal activation. Fibre depth was measured by

recording the vertical displacement of the microscope

nosepiece while focusing on the top and bottom surfaces

of the fibre. Fibre CSA was calculated from the width

and depth, assuming an elliptical circumference. Every

width and depth value represented the average of three

different measurements. The accuracy of the measure-

ments carried out by the same observer was verified by

comparing 200 average values for depth calculated at

two different SL (r2 ¼ 0.99). Specific tension (ST) was

calculated as maximum tension (Po) normalized to CSA,

and was corrected for the 20% swelling that is known

to occur during skinning (Moss 1979).

Relaxing and activating solutions were prepared as

previously described (Larsson & Moss 1993), and the

apparent stability constants for Ca2+ -EGTA were cor-

rected for temperature and ionic strength (Fabiato 1988).

Maximum unloaded shortening velocity (Vo) was

measured by the slack-test procedure (Edman 1979).

Fibres were activated at pCa 4.5 and, once steady tension

was reached, various amplitudes of slack (DL) were

rapidly introduced (within 1–2 ms) at one end of the

fibre. The time (Dt) required to take up the imposed slack

was measured from the onset of the length step to the

beginning of tension redevelopment. For each amplitude

ofDL, the fibrewas re-extendedwhile relaxing in order to

minimize non-uniformity of SL. A straight line was fitted

to a plot ofDL vs.Dt, using a least-squares regression, and
the slope of the line normalized tomuscle fibre lengthwas

recorded as Vo for that fibre. Maximum active tension

(Po) was calculated as the difference between the total

tension in the activating solution (pCa 4.5) and the

resting tensionmeasured in the same segmentwhile in the

relaxing solution. All contractile measurements were

carried out at 15 �C. The contractile recordings were

accepted in subsequent analyses if a Vo value was based

on linear regressions including four or more data points,

and data were discarded if r for the fitted line was less

than 0.97, ifPo changedmore than 10% fromfirst to final

activation, or if SL during isometric tension development

changed by more than 0.10 lm compared with SL when

the fibre was relaxed (Moss 1979).

Single-fibre gel electrophoresis. After mechanical mea-

surements, each fibre was placed in SDS sample buffer

in a plastic microfuge tube and stored at )20 �C for up

to 1 week or at )80 �C if the gels were run later. The

MyHC composition was determined by SDS-PAGE.

The total acrylamide and bis concentrations were 4%

(w/v) in the stacking gel and 6% in the running gel, and

the gel matrix included 30% glycerol. The ammonium

per sulphate concentrations were 0.04% and 0.029% in

the stacking and separation gels, respectively, and the

gel solutions were degassed (<100 mtorr) for 15 min at

18 �C. Polymerization was subsequently activated by

adding TEMED to the stacking (0.1%) and separation

gels (0.07%). Sample loads were kept small to improve

the resolution of the MyHC bands and electrophoresis

was performed at 120 V for 22–24 h with a Tris-glycine

electrode buffer (pH 8.3) at 10 �C (SE 600 vertical slab

gel unit; Hoefer Scientific Instruments, San Francisco,

CA, USA) (for details, see Larsson & Moss 1993).

Statistical analyses

Mean values and standard errors were calculated from

individual values by using standard procedures. Linear

regression analysis was used to assess the reliability of

CSA depth measurements on single fibres. Because the

data were not normally distributed, the Wilcoxon

signed-ranks test was used to assess differences in

single-fibre CSA, Po/CSA and Vo, histochemical fibre

characteristics, MyHC, muscle performance and iEMG

before and after training within the study groups. The

Mann–Whitney test was used to test for differences in

changes between EX and CTRL. Differences were

considered significant at P < 0.05 for all analyses.

Results

Muscle strength

Maximum isometric and dynamic strength before and

after the 20-week period are shown in Figure 2. InEX, the

maximal isometric torque during unilateral knee exten-

sion and knee flexion exercises increased by 21%

(P < 0.05) and 40% (P < 0.01) respectively. Maximum

dynamic strength, as evaluated by bilateral concentric

1-RM squat, increased by 27% (P < 0.001, n ¼ 5).

Significant increases were also observed in the squat

jump (10%,P < 0.01), triple jump (4%,P < 0.01) and the

mechanical power of reactive jump test (29%, P < 0.01).

In CTRL, no significant changes were found in any of

these parameters. When comparing percentage changes

over the intervention period, all jump test variables

were found to be increased significantly more for the

EX group than for the CTRL group (P < 0.05–0.01).

Force production during running

The selected ground reaction force characteristics of

maximal running are presented in Figure 3. In EX, the
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average resultant force of the braking phase of contact

did not change (2%, P ¼ 0.18), but an 8% increase

(P < 0.05) was observed in the propulsive phase of the

contact. The ground contact times of the braking and

propulsive phases decreased by 9% (P < 0.01) and 5%

(P < 0.05) respectively. As a consequence of these

changes there was a significant increase in the rate of

resultant force development (RFD) in both the braking

(a)

(b)

Figure 2 Isometric and dynamic force parameters in the experimental (a) and control (b) groups. Values are mean � SE. *P < 0.05,
�P < 0.01, �P < 0.001 for the comparison with the corresponding value before training; §P < 0.05, –P < 0.01 for the comparison of

the percentage change from before training with that in the control group.

(a)

(b)

Figure 3 The selected ground reaction force characteristics of maximal running in the experimental (a) and control (b) groups.

Values are mean � SE. *P < 0.05, �P < 0.01 for the comparison with the corresponding value before training; §P < 0.05 for the

comparison of the percentage change from before training with that in the control group.
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(12%, P < 0.05) and propulsive (14%, P < 0.05)

phases. In addition, maximum 10-m running speed

improved from 7.47 � 0.28 to 7.74 � 0.31 m s)1 (4%,

P < 0.01) and 60-m sprint time from 8.69 � 0.30 to

8.52 � 0.29 s (2%, P < 0.01). Stride length of the

maximum speed phase increased from 1.79 � 0.06 to

1.85 � 0.08 m (3%, P < 0.05), but no significant

change occurred in stride rate (from 4.19 � 0.10 to

4.22 � 0.13 Hz). In CTRL, no significant changes were

observed either in the ground reaction force character-

istics (Fig. 3b) or in any of the other studied parameters

of running. When comparing percentage changes over

the intervention period, the propulsive phase RFD

(P < 0.05), stride length (P < 0.05), maximum 10-m

speed (P < 0.05) and overall 60-m sprint time

(P < 0.01) differed significantly between the two

groups.

EMG activity

The absolute and normalized iEMG activity levels

before and after the 20-week period are shown in

Figure 4. In EX, a 9% increase (P < 0.05) was observed

in the iEMG of the VL and VM muscles in the squat

jump, but no significant changes were observed in the

maximum iEMGs of the VL and VM in the concentric

half squat 1-RM or during isometric knee extension.

The maximum iEMGs of the BF during the isometric

knee flexion remained unaltered. The percentage

increase in the squat jump iEMG by the EX group

was significantly greater than the percentage change by

the CTRL (P < 0.05).

Statistically nonsignificant increases were observed

when the iEMGs of the VL and VM obtained in the

dynamic squat 1-RM and squat jump actions were

normalized to their maximum isometric activity during

knee extension. In addition, no change was observed in

the magnitude of antagonist BF iEMG coactivity

(relative to maximum agonist values of the BF) during

the isometric knee extension (28 � 8% before; 25 �
5% after), squat 1-RM (48 � 15% before; 47 � 10%

after) or squat jump (55 � 8% before; 53 � 9% after)

exercises. In CTRL, no significant alterations were

observed in any of the muscle activity parameters.

(a)

(b)

Figure 4 Absolute and normalized maximum integrated EMG activity (iEMG) in the experimental (a) and control (b) groups.

iEMG was averaged for the vastus lateralis and vastus medialis (VL + VM)/2 in unilateral isometric knee extension (Knee Ext),

bilateral one-repetition maximum half squat (Squat 1-RM) and squat jump. The unilateral isometric knee flexion (Knee Flex) value

represents the iEMG activity from the biceps femoris. In the normalized iEMGs the activity of the VL and VM during dynamic

actions is expressed as a percentage of their maximum isometric activity during knee extension. Values are mean � SE. *P < 0.05

for the comparison with the corresponding value before training; §P < 0.05 for the comparison of the percentage change from

before training with that in the control group.

� 2008 The Authors
Journal compilation � 2008 Scandinavian Physiological Society, doi: 10.1111/j.1748-1716.2008.01843.x 281

Acta Physiol 2008, 193, 275–289 A Cristea et al. Æ Muscular and neural adaptations in older sprinters



VI

Myofibrillar ATPase histochemistry

The relative distribution and the CSAs of the histo-

chemically identified fibre types are shown in Table 2.

The fibre type distribution remained unaltered during

the training period in EX, but the mean CSA of all

fibres in EX increased by 20% (P < 0.05). In enzyme-

histochemically classified fibre types, a statistically

significant change was only observed in type II and

type IIA fibres, demonstrating an increase of 17 and

20%, respectively (P < 0.05). Larger CSAs were also

observed in type I (19%), IIAB (17%) and type IIB

(33%) fibres in EX, but these changes were not

statistically significant (P ¼ 0.3–0.1). In CTRL, no

significant changes were observed in either muscle fibre

type distribution or CSAs (P ¼ 0.6–0.3). The percent-

age changes over the experimental period in the CSA of

type II and type IIA fibres were significantly (P < 0.05)

different between EX and CTRL. The type II-to-type I

fibre area ratio remained unchanged at the end of the

training period in both the EX (0.87 � 0.05 before;

0.88 � 0.06 after) and CTRL groups (1.09 � 0.18

before; 1.09 � 0.16 after).

MyHC isoform expression

The relative content of type I, IIa and IIx MyHC

isoforms in the muscle homogenates of the biopsies did

not change over the 20-week period in either EX or

CTRL (Table 2). The IIx MyHC isoform was not

detected in pre- or post-biopsies in three subjects in the

EX and in one subject in the CTRL group.

Single-fibre properties

A total of 219 single membrane permeabilized muscle

fibre segments out of 470 fibres fulfilled the criteria for

acceptance for contractile measurements. No significant

differences in the relative number of accepted single-

fibre preparations were observed between EX (48%)

and CTRL (44%).

Muscle fibre CSA was measured in all 470 fibre

segments in EX (n ¼ 312) and CTRL (n ¼ 158) at a

fixed SL assuming an elliptical cross section of the fibre

segment. In EX, the average CSA of all fibres was 25%

higher after (3660 � 348 lm2, n ¼ 154) than before

(2940 � 130 lm2, n ¼ 158) the 20-week training

programme, but this difference was not statistically

significant (P ¼ 0.075). In CTRL, average CSA

was 3330 � 373 lm2 (n ¼ 74) and 3410 � 399 lm2

(n ¼ 84) before and after the experimental period

respectively. Fibre type-specific analyses on CSA were

restricted to fibres expressing the type I and IIa MyHC

isoform; the low number of type IIx MyHC fibres

(n ¼ 11) and fibres co-expressing the type I and IIa

MyHC isoforms (n ¼ 20) did not permit statistical

analyses. A total of 61 fibres co-expressed type IIa and

IIx MyHCs, but these fibres were only observed in two

EX subjects both before and after the training pro-

gramme. In EX, a 40% increase (P < 0.05) in CSA was

Table 2 Histochemical fibre type distri-

bution, fibre cross-sectional areas (CSA)

and myosin heavy chain (MyHC) isoform

composition from the vastus lateralis

muscle before and after the 20-week

training period

Experimental group Control group

Before After Before After

Fibre type (%)

I 43.3 � 2.5 45.6 � 6.3 39.9 � 7.7 43.4 � 8.0

IIA 34.8 � 3.4 34.6 � 3.3 28.3 � 7.3 28.2 � 5.4

IIAB 11.2 � 2.2 7.7 � 2.3 15.1 � 3.1 9.2 � 1.1

IIB 10.7 � 2.9 12.1 � 5.3 16.7 � 6.2 19.2 � 6.4

CSA (102 lm2)

all 45.1 � 3.5 54.2 � 6.0* 46.8 � 3.5 40.1 � 2.6

I 49.2 � 3.9 58.0 � 7.5 45.8 � 6.1 38.6 � 1.5

II 42.2 � 3.3 49.3 � 4.4*§ 47.0 � 3.1 41.6 � 4.8

IIA 44.0 � 3.5 52.8 � 5.0*§ 53.2 � 6.2 45.5 � 4.1

IIAB 35.9 � 2.6 41.6 � 5.0 45.7 � 4.9 43.2 � 6.0

IIB 40.8 � 4.5 45.8 � 4.6 39.7 � 1.7 36.1 � 5.1

MyHC (%)

I 46.2 � 4.1 48.3 � 6.6 36.8 � 5.4 31.6 � 5.7

IIa 47.9 � 4.0 42.9 � 4.4 51.2 � 6.3 55.2 � 3.3

IIx 6.0 � 2.5 8.8 � 3.6 12.0 � 5.4 13.3 � 5.2

Values are mean � SE.

*P < 0.05 for the comparison with the corresponding value before training.
§P < 0.05 for the comparison of the percentage change from before training with

that in the CTRL group.
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VIobserved in muscle cells expressing the type IIa MyHC

isoform (Figure 5, Table 3). The 22% larger CSA of

type I MyHC fibres after training was not statistically

significant (Table 3). In CTRL, CSAs were unchanged

in the type I and IIa MyHC fibres. Similarly, the

difference in change in type IIa fibres between EX and

CTRL did not reach statistical significance (P ¼ 0.097).

The type II-to-type I area ratio of single fibres did not

differ significantly in response to the 20-week period in

either EX (0.96 � 0.07 before; 1.14 � 0.17 after) or

CTRL (1.04 � 0.09 before; 1.06 � 0.13 after).

In EX, the 27 and 58% increases in maximum force

(Po) in cells expressing the type I (630 � 49 lN, n ¼ 45

vs. 800 � 155 lN, n ¼ 45) and IIa (640 � 137 lN,

n ¼ 21 vs. 1010 � 187 lN, n ¼ 28) MyHC isoforms,

respectively, did not reach statistical significance. The

ST, i.e. maximum force normalized to fibre CSA, in

single type I and IIa MyHC fibres did not change in EX

or CTRL (Table 3). In CTRL, Po in fibres expressing the

type I (630 � 31 lN, n ¼ 15 vs. 620 � 122 lN,

n ¼ 12) and type IIa (740 � 77 lN, n ¼ 19 vs.

720 � 103 lN, n ¼ 15) MyHC isoforms was not

affected during the 20-week period. The maximum

unloaded shortening velocity (Vo) of type I and IIa

MyHC fibres remained unaffected at the end of the

training period in both groups (Table 3).

Discussion

In this study we examined the effects of a 20-week

combined strength and sprint training programme on

muscular and neural characteristics in male master

sprinters. The main findings were as follows: (1) the EX

group showed significant increases in maximal isometric

and dynamic leg strength, explosive jump performances

and force production in running, (2) in EX significant

hypertrophy occurred in type II and IIa fibres according

to the histochemical and single-fibre data analyses, (3)

the type II-to-type I fibre area ratio was not influenced

by the training programme, (4) the maximum velocity

of unloaded shortening and the force generation capac-

ity (ST) in single muscle fibres expressing the type I and

IIa MyHC isoforms were not affected by the training

period, (5) the relative content of MyHC isoforms and

proportions of fibre types remained unchanged during

the training programme, (6) in EX a 9% increase in the

iEMG of agonist VL and VM accompanied the 10%

increase in the squat jump, but no significant changes

were observed in iEMG, despite increases of 21–40% in

maximal isometric and dynamic leg strength.

Whole-muscle performance

Resistance training is an effective method of improving

muscle strength qualities in previously untrained sub-

jects. The present study showed that incorporating

weight training exercises into the overall training led to

improvements in maximal and explosive strength in

world-class master sprinters (Fig. 2). Part of the expla-

nation for the substantial improvements in muscular

strength may be due to the specific form of strength

training used, in which heavy resistance exercises were

combined with explosive types of weight training and

plyometric exercises. This is in accordance with previ-

ous studies demonstrating that the combination of

heavy and explosive weight training method is an

efficient strategy to improve strength performance in

both young (Harris et al. 2000, Newton et al. 2002)

and older (Hakkinen et al. 1998, Izquierdo et al. 2001,

Newton et al. 2002) subjects. However, the large

strength gains may also reflect successful periodization

of training to maintain overall training loading within

the normal physiological range.

Although many studies have shown that strength

training can improve sprinting speed in young adult

athletes (Cadefau et al. 1990, Andersen et al. 1994,

Delecluse et al. 1995, Harris et al. 2000), to our

knowledge, no attempts have been made to investigate

the manner in which strength gains are transferred to

force production in running. Our results showed that

Figure 5 Single fibre cross-sectional area

(CSA) of the vastus lateralis muscle. The

CSA values within the EX and CTRL

groups before and after the 20-week per-

iod. *P < 0.05 for the comparison of the

change within the group.
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Table 3 Cross-sectional area (CSA), specific tension (ST), and maximum velocity of unloaded shortening (Vo) in skinned single muscle fibres expressing different types of MyHC isoforms in

the experimental (EX) and control (CTRL) group before and after the 20-week training period

Type I Type I/IIa Type IIa Type IIax Type IIx

CSA

(lm2)

ST

(N cm)2)

Vo

(ML s)1)

CSA

(lm2)

ST

(N cm)2)

Vo

(ML s)1)

CSA

(lm2)

ST

(N cm)2)

Vo

(ML s)1)

CSA

(lm2)

ST

(N cm)2)

Vo

(ML s)1)

CSA

(lm2)

ST

(N cm)2)

Vo

(ML s)1)

EX before 3000 � 190

(n ¼ 90)

30.86 �
3.44

0.50 �
0.06

(n ¼ 45)

2790 �
270

(n ¼ 7)

2810 �
240

(n ¼ 44)

33.88 �
5.23

1.74 �
0.19

(n ¼ 21)

2850 �
330

(n ¼ 14)

34.49 �
2.93

2.72 �
0.47

(n ¼ 4)

2610 �
60

(n ¼ 3)

18.65

25.73

1.50

3.82

EX after 3670 �
390

(n ¼ 85)

30.19 �
3.32

0.61 �
0.05

(n ¼ 45)

3490 �
780

(n ¼ 6)

44.80 �
7.32

0.92 �
0.20

(n ¼ 3)

3950 �
360*

(n ¼ 47)

37.96 �
3.98

1.83 �
0.26

(n ¼ 28)

3170 �
730

(n ¼ 16)

15.5 2.05

(n ¼ 1)

1860

4510

CTRL

before

3280 �
440

(n ¼ 25)

32.63 �
1.23

0.57 �
0.10

(n ¼ 15)

3320 �
500

(n ¼ 31)

33.03 �
5.86

1.58 �
0.14

(n ¼ 19)

3634 �
460

(n ¼ 6)

2790 �
415

(n ¼ 4)

20.32

28.13

2.34

3.68

CTRL

after

3350 �
560

(n ¼ 28)

30.31 �
6.64

0.57 �
0.16

(n ¼ 12)

2980 �
570

(n ¼ 7)

32.95 �
5.40

0.92 �
0.20

(n ¼ 3)

3380 �
340

(n ¼ 31)

32.01 �
6.61

1.66 �
0.33

(n ¼ 15)

4140 �
610

(n ¼ 25)

28.07 �
4.20

2.59 �
0.86

(n ¼ 4)

4360

4370

Values are mean � SE. n, number of fibres tested

(for ST number of fibres same as for Vo); ML, muscle length.

*P < 0.05 for the comparison with the corresponding value before training.
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older athletes were able to produce higher ground forces

with shorter contact times in response to the training

programme, leading to an increase in the RFD (Fig. 3).

It is possible that the gain in muscular strength

improved the stretch-shortening cycle capacity in run-

ning by allowing the leg extensor muscles to withstand

greater impact loads and enhancing the force perfor-

mance potentiation in the propulsion phase of contact.

Muscular adaptations

The quantitative loss in muscle CSA with ageing is a

major contributor to the decrease in muscle strength

seen with advancing age in sedentary people (Frontera

et al. 2000). Resistance training protocols have proved

efficient in stimulating muscle fibre hypertrophy, with

subsequent increases in strength and myofibrillar pro-

tein turnover rate (Frontera et al. 1988). At the single-

fibre level, significant increases have been reported in

CSA and Po in both young (Widrick et al. 2002, Shoepe

et al. 2003) and older (Trappe et al. 2000) subjects.

However, the hypertrophic effects of resistance training

vary between studies, and it can be speculated that the

mode, intensity and duration of the training, as well as

differences in the age, sex and habitual activity level of

the subjects may be factors that decide the size of the

hypertrophic effects of training (Hakkinen et al. 1985,

Frontera et al. 1988, Trappe et al. 2000, Aagaard et al.

2001, Widrick et al. 2002, Shoepe et al. 2003). The

20-week training programme, which included sprint

and heavy resistance and explosive strength training

exercises, was accompanied by muscle fibre hypertro-

phy, with significant increases in the CSA of type II and

IIa fibres. These findings support the effectiveness of this

specific training regimen and also point out the impor-

tant contribution of hypertrophic factors to maximal

and explosive strength development in physically very

active older men.

An ageing-related preferential decrease in fast-twitch

fibre CSA, resulting in a decreased type II-to-type I fibre

area ratio, has been repeatedly documented in human

skeletal muscle from sedentary men since Tomonaga’s

pioneering study 30 years ago (Tomonaga 1977, Lars-

son et al. 1978, Yu et al. 2007). The type II-to-type I

fibre area ratio observed in older master sprinters in this

study was similar to previous observations in sedentary

older men (Larsson et al. 1978, Yu et al. 2007). The

CSA of type II (IIA) and type I muscle fibres increased

markedly in EX, although it did not reach statistical

significance. Consequently, the type II-to-type I fibre

area ratio did not increase significantly and remained

lower in older sprinters than in sedentary young men

[1.20 � 0.07 measured from skinned single fibres

(Yu et al. 2007), 1.24 � 0.05 measured from biopsy

cross-sections (Larsson et al. 1978)] and in young adult

sprinters [1.21 � 0.04 measured from biopsy cross

sections (Korhonen et al. 2006)]. Training-induced

muscle fibre growth is known to be influenced by

satellite cell function (Hawke & Garry 2001, Thornell

et al. 2003). Further research is needed to understand

whether years of intensive training in master athletes

leads to changes in satellite cell properties (number,

activation, proliferation, chemotaxis, fusion) and hence

influence the fibre type-specific hypertrophic adapta-

tions.

The histochemical fibre type distribution and the

relative MyHC isoform content remained unaffected,

suggesting that the combination of strength and sprint

training does not cause a change in muscle fibre or

MyHC isoform composition in older male sprinters

(Table 2). The two published studies on young sprint

athletes have reported divergent results concerning the

effects of simultaneous strength and sprint training on

muscle fibre distribution. Cadefau et al. (1990) reported

an increase in the percentage of type I fibres in response

to 8 months of training in 16- to 18-year-old male and

female sprinters, while Andersen et al. (1994) found

bidirectional transformation towards IIa fibres and

MyHC isoform composition (I fi IIa ‹ IIb/IIx) with

3 months of intensive training in 20- to 27-year-old

male sprinters. The reason for the discrepancies

between our and the previous findings is unclear but

could be accounted for by differences in age of subjects,

total training duration, and the type, intensity and

relative amount of strength and sprint exercises in the

training programmes.

Ageing is known to affect both the ST and maximum

velocity of unloaded shortening in single fibres express-

ing the type I and IIa MyHC isoforms in untrained

people (Larsson et al. 1997, D’Antona et al. 2003,

Ochala et al. 2007). Our previous cross-sectional study

has provided evidence that while systematic sprint

training alone can maintain the ST of type I and IIa

MyHC fibres, it is unable to prevent the ageing-related

atrophy of type II fibres and the slowing of type I fibres

(Korhonen et al. 2006). The results of the present

follow-up study show that the addition of a high-

intensity strength training stimulus to overall training

did not produce significant adaptations in the ST and

maximum velocity of unloaded shortening at the single

muscle fibre level, although a trend towards higher Vo

of type I MyHC fibres was observed in response to the

training. The lack of a significant training effect on the

ST and Vo agrees with the strength (Widrick et al. 2002,

Shoepe et al. 2003) and sprint training (Harridge et al.

1998) studies in young men, but is contradicted by some

studies in older sedentary people that have shown

increases in the ST of type I fibres (Frontera et al. 2003)

and Vo of type I and IIa fibres (Trappe et al. 2000) after

12-week strength training. It could be hypothesized that
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these differential training effects reflect various physical

activity histories and that the improved single-fibre

function in sedentary older subjects is partially ex-

plained by change from inactivity to active usage of

muscles.

On the basis of recent research, resistance training

can influence the qualitative properties of the fast

myosin isoform in young and older subjects (Canepari

et al. 2005). The ST generated at the single-fibre level is

dependent on the number of active cross-bridges and the

tension generated by each cross-bridge. The absence of

a change in ST seems to suggest that the 20-week

intensive training programme did not lead to further

increases in the number or force-generating capacity of

the cross-bridges in older sprint athletes in the present

study.

Neural adaptations

Several studies have shown an increase in muscle EMG

with resistance training, especially during the earlier

weeks, and this is regarded as evidence for enhanced

neural drive to a muscle (Moritani & deVries 1980,

Narici et al. 1989, Hakkinen & Hakkinen 1995,

Reeves et al. 2005). In the present study, the 10%

improvement in squat jump performance in EX was

accompanied by a significant 9% increase in the iEMG

of the agonist leg extensor muscles, and this was

significantly greater than in CTRL (Fig. 4). Within the

limitations of absolute surface EMG measurements, the

increased iEMG response in the initial movement phase

of the squat jump suggests adaptations in the rapid

neural activation of motor units. Increased EMG

development at the onset of a muscular contraction

has been observed in previous strength training studies

in young (Hakkinen et al. 1985, Van Cutsem et al.

1998, Aagaard et al. 2002) and older adults (Hakkinen

& Hakkinen 1995, Hakkinen et al. 1998, Barry et al.

2005). This may reflect adaptations in the motor unit

recruitment pattern, for instance, earlier motor unit

activation, increased firing frequency and brief inters-

pike intervals (doublets) in the EMG burst (Van

Cutsem et al. 1998).

The training-induced increases in maximal isometric

knee extension and knee flexion torque as well as

dynamic 1-RM squat in the EX group were not

accompanied by a significant change in the maximum

iEMGs of the agonist muscles (Fig. 4), suggesting that

the addition of strength training stimulus in already

sprint-trained athletes may not lead to increases in

neural drive during maximal slow concentric and

isometric contractions. It is important to emphasize

that despite thorough control of the measurement

procedures, EMG recording is always liable to various

errors (Farina et al. 2004) and we recognize the

difficulties in data interpretation on the basis of changes

in surface EMG. Further studies using electrical stim-

ulation and intramuscular EMG recording techniques

are needed to complement the findings of the present

study.

Among older people, poor muscle force production is

a significant risk factor for mobility disability and

incidence of falls (Bean et al. 2003, Moreland et al.

2004). Thus, a better understanding of the mechanisms

underlying strength deficits and ways of maintaining or

augmenting muscular function during ageing is of

significant importance. The present training study in

elite master athletes provides new information, inde-

pendent of deconditioning effect, on the plasticity of

the neuromuscular system in older age. We found

improved strength along with fibre hypertrophy in

older muscle in response to increased strength training

employing periodization procedures. This suggests that

the adaptability of the skeletal muscle to altered

functional demands and the concepts of progressive

overload and specificity of training also apply to older

habitually trained men. Strength training containing

both heavy resistance and high-power exercises may be

effective in preventing fast fibre atrophy and loss of

explosive force production, which are critical changes

in the normal ageing process.

Methodological considerations

For technical reasons, the muscle biopsies for single-

fibre measurements could only be obtained from a small

sample of 12 athletes. As a result of the original

randomization that was done after the baseline mea-

surements, and exclusion of one control subject, the

present study comprised seven experimental and four

control subjects. Due to the sample size, the statistical

power of this study was limited to detecting differences

in changes between groups in the outcome variables. It

may be argued whether a single needle biopsy is

representative of the whole muscle in spite of the fact

that care was taken to achieve a consistent biopsy

location in pre- and post-biopsies in all subjects. Small

variations in the location of the muscle sample will not

influence measurements of regulation of muscle con-

traction at the single muscle fibre level in muscle fibres

expressing specific MyHC isoforms. However, it cannot

be completely ruled out that it might affect fibre CSA

and fibre type proportions, although this appears

unlikely. Furthermore, differences in training back-

ground may affect the magnitude of training-induced

adaptations. However, the subjects in this study repre-

sent a homogeneous group of elite sprinters with no

background in heavy strength training, making differ-

ences in baseline training status an unlikely bias in this

study.
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Conclusions

Trained master athletes represent a valuable model for

estimating the effects of resistance training in older age.

Combined strength and sprint training programme at

high intensities have proved useful for the development

of the maximal and explosive force. Muscular adaptive

mechanisms, primarily hypertrophy of muscle fibres

expressing fast MyHC isoforms, appear to be the

dominant adaptation to this type of training in highly

trained and motivated older subjects. Improvements in

dynamic explosive force production during more com-

plex movements may also be associated with increased

rapid neural activation of motor units.
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Appendix

The training program consisted of two 11- and 9-week

periods that were further divided into three 3–4 week

phases with variations in training intensity, volume and

type. The aim of the strength training was to increase

maximal and explosive strength and promote muscle

hypertrophy. The first 4 weeks of training involved low

intensity and high volume strength endurance/hypertro-

phy exercises (3–4 sets · 8–12 repetitions at 50–70% of

1-RM) to prepare the muscles for more intensive

training in the following phases. In the second and

third phases, maximal strength (2-3 · 4–6 repetitions at

70–85%), and explosive-type weightlifting (2–3 · 4–6

repetitions at 35–60%) and plyometric exercises

(2–3 · 3–10 repetitions) were undertaken and alter-

nated within a week to allow recovery from different

types of exercise stress. During the latter half of the

training programme, the three-phase protocol was

repeated with a slight progressive increase in training

intensity aimed at inducing a further overload stimulus

and peak maximal and explosive strength at the end of

the training period. Maximal strength and plyometric

exercises had already been included in the first phase

(weeks 12–14) in the second training period. Strength

training was performed two times per week on non-

consecutive days and each session lasted 50–90 min.

The strength training focused on the leg extensor and

hamstring muscle groups and the main exercises that

were performed at the beginning of the training sessions

included leg press and/or half squat on machines, clean

pull (from knee height) and/or stiff leg deadlift (Roma-

nian lift) using free weights. The supplementary

dynamic exercises (using whole range of motion) were

hip extension, hip flexion, knee flexion, knee extension

and ankle plantar flexion on machines. In addition, each

training session included two to four exercises for the

other main muscle groups of the body (trunk extension,

trunk flexion, bench press, push press, and sprinting

arm movements with and without hand weights).

Plyometric exercises, utilized as a part of explosive

strength training, progressed over the training period

from low intensity vertical jumps to horizontal bound-

ing exercises. These exercises were performed at the

beginning of the speed training sessions.

The aim of the sprint training was to increase

acceleration and maximum speed abilities in running.

In general, it followed the athletes’ usual training

regimen but the overall volume was decreased when

strength exercises were incorporated into the pro-

gramme. The schedule for sprint training was similar

in the first and second half of the training period. Sprint

training was started with a combination of low inten-

sity, high volume speed-endurance intervals (3–5 ·
200–250 m at 75–85% of max. speed) and acceleration

practices from the standing start position (4 · 30 m at

80%) to develop the requisite muscular and metabolic

base for subsequent training. In the second and third

phases, maximum speed exercises were added and

intensified gradually up to almost competitive pace

(2–3 · 30–80 m at 90–98%) while the total running

distance covered was decreased. In addition, exercises

for explosive starting and high acceleration from

starting blocks (2–4 · 30 m at 90–98%) were included.

Each sprint training session included drills to improve

coordination and running technique. Speed training was

performed two times weekly on non-consecutive days

and each session lasted 50–90 min.
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