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INTRODUCTION 

Maintaining motor performance at an appropriate level 
is a common desire among humans, which cannot be 
fulfilled owing to numerous factors, such as disease, 
injury, and aging. Among these factors, aging is the one 
currently affecting all humans. Strihler characterized 
aging as the structural and functional deterioration of the 
overall neuromuscular system, and the corresponding 
degradation of the physio-motor abilities [1]. Although 
the underlying mechanism of aging has not been fully 
clarified despite extensive studies in various fields, most 
studies in the literature agree that aging-related 
complications are not simply the result of chronological 
age; a mixture of various factors induces aging, and 
ultimately decreases the overall motor performance 
[2–4]. The fact that aging is affected by numerous factors 
including chronological age, genetics, environment and 
lifestyle has hampered systematic and quantitative 

research on the effect of aging on human motor ability; 
controlled experiments with human participants have 
been challenging. 

Among the factors affecting aging apart from the 
chronological age, training is a flagship example. The 
negative effects of aging are unavoidable for all 
individuals, but they are more prominent among non-
athletes. Strength parameters like number of motor units, 
rate of force development, and peak power of elite 
athletes are better than those of healthy age-matched 
controls [5, 6]. The decline in the maximum rate of 
oxygen consumption due to aging also depends on the 
amount of training [7, 8], and the aerobic capacity of 
highly trained octogenarians is substantially higher than 
that of their untrained counterparts [9]. 

In attempts to focus on the pure effect of age, several 
studies investigated the performance of masters athletes 
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who underwent a similar level of training, and showed 
that parameters, such as muscle mass, strength, speed, 
power, and endurance, all deteriorate with increasing age, 
even in master athletes [4–6, 10, 11]. Particular attention 
has been paid to the two key parameters of human motor 
ability: strength and endurance. Some studies claimed 
that a decrease in strength precedes a decrease in 
endurance [12, 13], whereas others claimed the opposite 
[10, 14, 15]. In addition, Rittweger et al. suggested a 
balanced decline in both [11]. 
 
However, human motor ability is multi-dimensional, and 
therefore, understanding the effect of aging on human 
motor ability requires more than simple knowledge of the 
temporal profile of each motor function. Knowledge of 
how aging affects the structural aspects of motor ability is 
needed as well. In this study, we address the effect of 
aging on human motor ability structure by extracting the 
principal components (PCs) from the 100m, 400m, and 
1500m run records of 446 top-level male decathletes 
whose ages ranged from 20 to 74. It is generally accepted 
that the record in 100m run represents sprinting ability, 
i.e., strength and power, whereas the performance in 
1500m run represents endurance [16–18]. An athlete’s 
performance in a 400m run indicates the mixed motor 
abilities of strength and endurance [16, 17, 19]. The 
results of our principal component analysis (PCA) 
clarifies that 1) the relative dominance of strength and 
endurance in each PC, or multi-dimensional structure of 
motor ability of masters decathletes changes substantially 
due to age, and 2) the change mostly develops around 50, 
which significantly precedes the “breakpoint” suggested 
in previous studies [20, 21]. 
 
RESULTS 
 
We categorized the 446 record holders into the following 
nine age groups: 20~34, 35~39, 40~44, 45~49, 50~54, 
55~59, 60~64, 65~69, and 70~74 years. The sample size, 
the average speed, and the standard deviation of each age 
group and each track event are summarized in Table 1. 
 
Changes in the patterns of factor loadings 
 
The factor loadings (correlation coefficients) for the 
extracted PCs, and the proportions of variance explained 
by the PCs are shown in Figure 1. The loading pattern is 
visualized by highlighting significant factor loadings  
≥ 0.5. According to the loading pattern, the nine age 
groups were classified into four distinct categories. The 
loading pattern of the 20~34 and the 35~39 age groups 
shows high contributions of the 100m and the 400m runs 
to the formation of the first PC, and a high contribution of 
the 1500m run to the second PC. A similar, but slightly 
different loading pattern is observed in the 40~44 and the 
45~49 age groups. The dominance of performance in the 

100m and the 400m runs remains in the first PC, but the 
performance in the 400m run newly shows a significant 
contribution to the second PC. A substantial difference is 
observed between the 45~49 and the 50~54 age groups; 
the loading pattern is flipped as the average age increases 
only by 5 years. The loading pattern of the 50~54, the 
55~59, and the 60~64 age groups shows high 
contributions of the 1500m and the 400m runs to the first 
PC; and a high contribution of the 100m run and a 
significant contribution of the 400m run to the second PC. 
This loading pattern changes only slightly in the two 
oldest groups; the loading pattern of the 65~69, and the 
70~74 age groups shows high contributions of the 1500m 
and the 400m runs to the first PC, and a high contribution 
of the 100m run to the second PC. 
 
The clear contrast between the loading patterns of the 
70~74 and the 20~34 age groups shows that aging 
significantly affects the relative dominance of each factor 
loading. However, this substantial change does not 
develop gradually with the increase in age. The structural 
change is minimal between any pair of neighboring age 
groups, except between the 45~49 and the 50~54 age 
groups, where the flipping of the loading patterns occurs. 
Figure 2 additionally shows how the correlation between 
the performance in 100m run and 400m run and the 
correlation between the performance in 400m run and 
1500m run change as the age increases. The correlation 
coefficients also cross at the age of 50, when the flipping 
of the loading pattern occurs. 
 
Rapid changes in the directions of PCs 
 
The step-like change in the loading pattern is additionally 
visualized in Figure 3A, which shows the directions of 
the PCs, or the eigenvectors of the covariance matrix of 
the performance records. The directions of the 
eigenvectors of age groups below 50 years are distinct 
from those above 50, whereas the directions of the 
eigenvectors remain relatively similar before or after the 
age of 50 years. By contrast, the motor performance itself 
shows gradual decrease. The vectors whose components 
represent the mean values of average speed in the 100m, 
400m, and 1500m races across all age groups are 
presented in Figure 3B. The vector magnitude decreases 
gradually with increases in age, whereas no significant or 
rapid change in the direction of the vector is observed. 
 
Gradual decreases in performance 
 
The performance of each age group in each of the three 
track events is individually shown in Figure 4. Analysis 
of variance (ANOVA) and post-hoc comparisons show 
statistically significant differences between all pairs of 
neighboring age groups in any event, except two pairs in 
the 1500m run: the pair of 40~44 and 45~49; and the pair  
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Table 1. Sample size and running performance of different age groups. 

 
Average Speed (m/s) 

100m 400m 1500m 
Age Sample Size Mean (SD) Decline (%) Mean (SD) Decline (%) Mean (SD) Decline (%) 
20~34 109 9.13 (0.18) Baseline 8.12 (0.16) Baseline 5.44 (0.18) Baseline 
35~39 43 8.75 (0.23) −4.16 7.67 (0.18) −5.65 5.15 (0.26) −5.19 
40~44 34 8.32 (0.29) −8.86 7.27 (0.22) −10.54 4.86 (0.30) −10.61 
45~49 58 8.11 (0.28) −11.17 7.05 (0.24) −13.18 4.80 (0.31) −11.72 
50~54 52 7.85 (0.23) −13.97 6.76 (0.22) −16.83 4.59 (0.35) −15.63 
55~59 40 7.57 (0.23) −17.04 6.42 (0.23) −20.99 4.34 (0.32) −20.25 
60~64 44 7.39 (0.24) −19.00 6.12 (0.32) −24.73 4.04 (0.37) −25.69 
65~69 29 7.11 (0.19) −22.09 5.83 (0.39) −28.23 3.86 (0.40) −29.00 
70~74 37 6.78 (0.25) −25.69 5.43 (0.28) −33.13 3.52 (0.33) −35.26 

Note. Decline in the average speed is calculated as the percentage change with respect to the performance of 20~34 group. 
 

of 60~64 and 65~69. The linearity between performance 
and age is additionally demonstrated in Figure 5. The R2 
values for the regression of the average speeds on age 
are all close to unity. The R2 values for the regression of 
the record times on age are also fairly high but lower 
than those observed for average speed. 
 
DISCUSSION 
 
A high value of a factor loading indicates a large 
contribution of specific discipline results, which refers to 
different motor abilities, to each PC. For example, high 
factor loadings of the 100m run imply that sprinting 
ability (strength) plays a dominant role in the formation 
of the PC, whereas high factor loadings of the 1500m run 
indicate the dominance of endurance. Figures 1, 2, and 
3A clearly demonstrate that the relative contribution of 
sprinting ability and endurance to each PC, or the 
structural aspect of motor ability substantially changes 
due to aging. Importantly, most of the structural change 
develops around the age of 50. Regarding the temporal 
progression of aging, Lazarus and Harridge suggested 
that the age of 70 is the “breakpoint” beyond which the 
performance failure in masters athletics is likely to occur 
[22]. They argued that a decline in the synchrony and 
integration of the systems in charge of whole body 
performance emerges around this age. Wright and 
Perricelli also showed significant decreases in motor 
performance of elite senior athletes only after the age of 
70s [20]. Considering these previous studies, our results 
suggest that the sudden change of the structure of motor 
ability can substantially precede the failure in the overall 
motor performance. 
 
In particular, the dominant role of sprinting ability in the 
formation of the first PC diminishes after the age of 50. 
This finding is consistent with previously reported 

physiological data. Lexell et al. found that the number of 
motor units in the muscles of healthy adults remains 
almost constant until 50 years of age, but decreases 
almost linearly after 50 [23]. This critical physiological 
change can be partly responsible for the observed abrupt 
structural change of the motor ability. Another study 
shows that aging diminishes the performance of both 
marathon runners and weight-lifters, but the decline is 
faster for the weight-lifters [24]. The faster deterioration 
in performance in the power demanding sports is also 
consistent with the decreased role of sprinting ability in 
the first PC. 
 
The step-like structural change in the motor ability 
contrasts sharply with the smooth decrease in motor 
performance itself. Figure 3B and Figure 5 clearly 
demonstrate that aging induces the gradual decrease in 
performance in each track event. The obvious contrast 
between the smooth decrease in the performance records 
and the sudden change in motor ability structure indicates 
a weak correlation between the performance and the 
motor ability structure. Although the apparent per-
formance of athletes changes gradually, the underlying 
structure of motor ability may change abruptly. This 
finding further emphasizes the necessity of investigations 
of both the structural changes and overall performance 
deterioration; one cannot serve as a predictor of the other. 
 
Statistical analysis shows significant differences between 
all pairs of neighboring age groups in the three track 
events, except two pairs in the 1500m run (Figure 4). On 
the other hand, Wright and Perricelli reported that the age 
at which performance first became significantly different 
from those of the previous age group was 70 years with 
regard to sprinting and 75 years with regard to endurance 
[20]. The result of our analysis differs from these 
findings. Both sprinting and endurance abilities of each 
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Figure 1. The change in loading patterns. (A) shows the factor loadings for the first and the second principal components (PCs) and 
proportions of variance explained by the PCs. Colors are assigned to loadings ≥ 0.5. Four different colors indicate four categories classified 
according to the loading pattern. (B) shows how each factor loading changes as the age increases. Flipping occurs around the age of 50. 
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age group, which are reflected in the records in 100m, 
400m and 1500m run, are generally inferior to the 
performance of the previous age group with statistically 
significant difference. 
 
The decrease in performance records is not only 
statistically significant but also almost linear with 
respect to age (Figure 5). The regression of both the 
record times and the average speeds on age shows high 
goodness of fit, but the R2 values for the regression of 
the average speeds on age are higher than those for the 
record times in all three track events. I.e., the linearity 
between age and speed is stronger than the linearity 
between age and record time. Mathematically, the 
average speed is inversely proportional to the time 
record in any race. For example, 10% increase in speed 
corresponds to 9.09% decrease in time, rather than 10% 
decrease. Twenty percent increase in speed corresponds 
to 16.7% decrease in time. This nonlinear relationship 
between time and speed should be responsible for the 
observed differences in the R2 values. The higher R2 
values for the regression of the average speeds on age 
suggest that the average speed should be considered as 
the more reliable performance metric when we need to 
predict the performance of a specific age group e.g., by 
interpolation. 
 
A limitation of this study is that all the confounding 
factors could not be controlled. However, we investigated 
the performance of only elite athletes (record holders) 
who maintained the similar, highest level of motor 
abilities by intense training. In addition, considering the 
large sample size and the diversity of the countries where 
the athletes have lived, the effect of the uncontrolled 

confounding factors is not expected to be significant. 
(The nationalities of the record holders are listed in the 
Supplementary Table 1).  
 
The training strategy may enhance athletes’ performance 
further when the strategy is tuned according to the 
biological age of athletes. Multiple studies provided the 
evidence of efficacy of specialized training in enhancing 
specific motor ability of the elderly [25–27]. Our result 
shows that motor ability structure suddenly changes 
around the age of 50; the contribution of the sprinting 
ability to the formation of the first PC diminishes, and 
the sprinting ability begins to contribute to the second 
PC after 50. This finding suggests that a training strategy 
focusing more on sprinting ability around the age of 50 
may decelerate the age-induced deterioration in 
decathlon performance. For example, significant 
increase in isometric force, dynamic force, and cross-
sectional area of vastus lateralis muscle; and significant 
improvement in ground reaction force characteristics 
were obtained from 20 weeks strength and sprint training 
program for elite masters athletes [25]. Although the 
detailed strategy for effective training needs to be 
addressed carefully in the future work, the result of the 
current study provides important information regarding 
the age when the athletes should begin to pay more 
attention to power and sprinting training. 
 
Not only the results but also the methods of this study 
are potentially useful. This is not the first study that 
adopted PCA in the field of sports science; various 
studies used PCA to extract major factors in the 
achievement of high performance in sports events [28, 
29]. However, to the best of our knowledge, this is the 

 

 
 

Figure 2. The change in correlation coefficients. The age dependent changes of the correlation coefficient between the speed in 100m 
run and the speed in 400m run; and the correlation coefficient between the speed in 400m run and the speed in 1500m run are shown. The 
two correlation coefficients cross around the age of 50. 
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Figure 3. The change in principal components (PCs) and performance. (A) Abrupt changes in the directions of the PCs. Each vector 
denotes the first or the second PC. Sudden changes in the directions of both the first and the second PCs occur around the age of 50. (B) 
Gradual decrease in performance. The coordinate of the end point of each vector consists of the mean values of average speed in three track 
events. Aging gradually diminishes the magnitude of the vector, but hardly changes its direction. 
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Figure 4. Statistically significant decrease in performance with increase in age. (A) and (B) show 100m, 400m, and 1500m run 
performance in speed and record times across nine age groups. The circle and the bar denote the mean and the mean ± standard deviation. 
Analysis of variance (ANOVA) demonstrates significant differences between all pairs of neighboring age groups in all three events, except only 
two pairs in the 1500m run. 

 

 
 

Figure 5. Linear decrease in performance with increase in age. (A) and (B) show the age-dependent linear decreases in speed and the 
linear increases in record times, respectively. The R2 values for the regression of the both variables on age are all high, but the regression of 
speed on age shows higher R2 values for all three events. 
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first study that analyzed the age-dependent changes in the 
relative dominance of each motor ability by performing 
PCA across various age groups. In this initial study, we 
applied the method to decathlon in which the 
performance in each component event readily reflects 
each motor ability. However, various sports including 
tennis and water polo require multiple but almost 
independent motor abilities like strength, endurance, 
flexibility, etc. With proper database, we may perform 
PCA across various age groups for these sports events as 
we did in this study, which may contribute to under-
standing when and how the training strategy should be 
modified for the athletes to minimize the age-induced 
deterioration in performance. 
 
METHODS 
 
Subjects 
 
We used publicly available data acquired from the results 
of the Summer Olympics held in 2000, 2004, 2008, 2012, 
and 2016; and the all-time male masters decathletes 
world records list from 1975 to 2012 without merging 
any of the data sets in such a way that individuals might 
be identified. In addition, this study did not enhance the 
public data set with identifiable, or potentially 
identifiable data, which concludes that no IRB approval 
is needed. We additionally obtained written confirmation 
that the data sets can be used for this study from the 
International Olympic Committee (IOC) Olympic 
Studies Centre, and the World Master Athletics, to which 
the ownership of the data sets belongs. All data used in 
this study are available from the following websites: 
www.iaaf.org, and www.mastersathletics.net. The data of 
any athlete with zero points in any of the ten events were 
excluded. We compiled the total of 467 rows of running 
records in the three track events (100m, 400m and 1500m 
runs), and then excluded 21 extreme outliers whose 
records were outside the three standard deviation 
intervals using a stem and leaf plot [30]. 
 
Data analysis 
 
Before performing PCA, each record (in time) was 
converted to average speed. For example, the record of 
10.98 seconds in the 100m run was converted to 100 
meters divided by 10.98 seconds, or 9.107 m/s. We chose 
to extract the first and the second PCs, consulting the 
results of previous decathlon studies [31, 32]. To identify 
PCs, we used the varimax rotation method for each age 
group separately, and the rotations converged in 3 
iterations. We used one-way repeated-measures analysis 
of variance (ANOVA) to verify the differences in 
performance in each of the running events between 
different age groups with a significance level of 0.05. The 
Tukey honest significant difference (HSD) test was 

performed as a post hoc test with the same significance 
level. All statistical analyses were performed using SPSS 
for Windows Ver. 23 (SPSS, Inc., Chicago, IL, USA). 
 
AUTHOR CONTRIBUTIONS 
 
S.B.P, and P.P conceived the study. J.A directed the 
study. S.B.P, P.P, and J.M reviewed previous studies. 
S.B.P, P.P, and J.M collected the data and performed 
statistical analysis. All authors discussed the results. 
S.B.P made figures. S.B.P, P.P, and J.A contributed to 
writing the main manuscript text. 
 
ACKNOWLEDGMENTS 
 
We thank the International Olympic Committee (IOC) 
Olympic Studies Centre, and World Master Athletics for 
allowing us to use the performance records of decathletes.  
 
CONFLICTS OF INTEREST 
 
No author has conflicts of interest. 
 
FUNDING 
 
This study was supported by the National Research 
Foundation of Korea (NRF) Grants funded by the Korean 
Government (MSIT)—No. NRF-2016R1A5A1938472, 
and No. NRF-2018R1C1B5046957.  
 
REFERENCES 
 
1. Strihler B. Times, Cells, and Aging. Elsevier; 2012. 

2. Arampatzis A, Degens H, Baltzopoulos V, Rittweger J. 
Why do older sprinters reach the finish line later? 
Exerc Sport Sci Rev. 2011; 39:18–22.  

 https://doi.org/10.1097/JES.0b013e318201efe0 
PMID:21088606  

3. Suominen H, Korhonen M. Sport performance in 
master athletes: Age-associated changes and 
underlying neuromuscular factors. Neuromuscular 
aspects of sport performance. 2010; 17:270–282. 
https://doi.org/10.1002/9781444324822.ch15 

4. Wiswell RA, Hawkins SA, Jaque SV, Hyslop D, 
Constantino N, Tarpenning K, Marcell T, Schroeder 
ET. Relationship between physiological loss, 
performance decrement, and age in master athletes. 
J Gerontol A Biol Sci Med Sci. 2001; 56:M618–26.  

 https://doi.org/10.1093/gerona/56.10.M618 
PMID:11584034  

5. Aagaard P, Magnusson PS, Larsson B, Kjaer M, 
Krustrup P. Mechanical muscle function, morphology, 
and fiber type in lifelong trained elderly. Med Sci 
Sports Exerc. 2007; 39:1989–96.  

https://doi.org/10.1097/JES.0b013e318201efe0
https://www.ncbi.nlm.nih.gov/pubmed/21088606
https://doi.org/10.1002/9781444324822.ch15
https://doi.org/10.1093/gerona/56.10.M618
https://www.ncbi.nlm.nih.gov/pubmed/11584034


www.aging-us.com 5284 AGING 

 https://doi.org/10.1249/mss.0b013e31814fb402 
PMID:17986907  

6. Power GA, Allen MD, Gilmore KJ, Stashuk DW, Doherty 
TJ, Hepple RT, Taivassalo T, Rice CL. Motor unit number 
and transmission stability in octogenarian world class 
athletes: can age-related deficits be outrun? J Appl 
Physiol (1985). 2016; 121:1013–20.  

 https://doi.org/10.1152/japplphysiol.00149.2016 
PMID:27013605  

7. Katzel LI, Sorkin JD, Fleg JL. A comparison of 
longitudinal changes in aerobic fitness in older 
endurance athletes and sedentary men. J Am Geriatr 
Soc. 2001; 49:1657–64.  

 https://doi.org/10.1111/j.1532-5415.2001.49276.x 
PMID:11844000  

8. Pollock ML, Foster C, Knapp D, Rod JL, Schmidt DH. 
Effect of age and training on aerobic capacity and 
body composition of master athletes. J Appl Physiol 
(1985). 1987; 62:725–31.  

 https://doi.org/10.1152/jappl.1987.62.2.725 
PMID:3558232  

9. Trappe S, Hayes E, Galpin A, Kaminsky L, Jemiolo B, 
Fink W, Trappe T, Jansson A, Gustafsson T, Tesch P. 
New records in aerobic power among octogenarian 
lifelong endurance athletes. J Appl Physiol (1985). 
2013; 114:3–10.  

 https://doi.org/10.1152/japplphysiol.01107.2012 
PMID:23065759  

10. Baker AB, Tang YQ, Turner MJ. Percentage decline in 
masters superathlete track and field performance 
with aging. Exp Aging Res. 2003; 29:47–65.  

 https://doi.org/10.1080/03610730303706 
PMID:12735081  

11. Rittweger J, di Prampero PE, Maffulli N, Narici MV. 
Sprint and endurance power and ageing: an analysis 
of master athletic world records. Proc Biol Sci. 2009; 
276:683–89. https://doi.org/10.1098/rspb.2008.1319 
PMID:18957366  

12. Gent DN, Norton K. Aging has greater impact on 
anaerobic versus aerobic power in trained masters 
athletes. J Sports Sci. 2013; 31:97–103.  

 https://doi.org/10.1080/02640414.2012.721561 
PMID:22974317  

13. Galloway MT, Kadoko R, Jokl P. Effect of aging on 
male and female master athletes’ performance in 
strength versus endurance activities. Am J Orthop 
(Belle Mead NJ). 2002; 31:93–98. PMID:11876284  

14. Donato AJ, Tench K, Glueck DH, Seals DR, Eskurza I, 
Tanaka H. Declines in physiological functional capacity 
with age: a longitudinal study in peak swimming 
performance. J Appl Physiol (1985). 2003; 94:764–9. 
https://doi.org/10.1152/japplphysiol.00438.2002 

PMID:12391125 

15. Ganse B, Ganse U, Dahl J, Degens H. Linear decrease 
in athletic performance during the human life span. 
Front Physiol. 2018; 9:1100.  

 https://doi.org/10.3389/fphys.2018.01100 
PMID:30246782 

16. Spencer M, Gastin P, Payne W. Energy system 
contribution during 400 to 1500 metres running. New 
Studies in Athletics. 1996; 11:59–66. 

17. Tidow G. TRAINING THEORY: Challenge Decathlon-
Barriers on the way to becoming the" King of 
Athletes"(Part II). New Studies in Athletics. 2000; 
15:39–44. 

18. Woolf A, Ansley L, Bidgood P. Grouping of decathlon 
disciplines. J Quant Anal Sports. 2007; 3. 
https://doi.org/10.2202/1559-0410.1057 

19. Miguel PJ, Reis VM. Speed strength endurance and 
400m performance. New Studies in Athletics. 2004; 
19:39–45. 

20. Wright VJ, Perricelli BC. Age-related rates of decline in 
performance among elite senior athletes. Am J Sports 
Med. 2008; 36:443–50.  

 https://doi.org/10.1177/0363546507309673 
PMID:18055922  

21. Lazarus NR, Harridge SD. The Inherent Human Aging 
Process and the Facilitating Role of Exercise. Front 
Physiol. 2018; 9:1135.  

 https://doi.org/10.3389/fphys.2018.01135 
PMID:30349481 

22. Lazarus NR, Harridge SD. Inherent ageing in humans: 
the case for studying master athletes. Scand J Med Sci 
Sports. 2007; 17:461–63.  

 https://doi.org/10.1111/j.1600-0838.2007.00726.x 
PMID:17924925  

23. Lexell J, Taylor CC, Sjöström M. What is the cause of 
the ageing atrophy? Total number, size and 
proportion of different fiber types studied in whole 
vastus lateralis muscle from 15- to 83-year-old men. J 
Neurol Sci. 1988; 84:275–94.  

 https://doi.org/10.1016/0022-510X(88)90132-3 
PMID:3379447  

24. Faulkner JA, Davis CS, Mendias CL, Brooks SV. The 
aging of elite male athletes: age-related changes in 
performance and skeletal muscle structure and 
function. Clin J Sport Med. 2008; 18:501–7.  

 https://doi.org/10.1097/JSM.0b013e3181845f1c 
PMID:19001883 

25. Cristea A, Korhonen MT, Häkkinen K, Mero A, Alén M, 
Sipilä S, Viitasalo JT, Koljonen MJ, Suominen H, 
Larsson L. Effects of combined strength and sprint 
training on regulation of muscle contraction at the 

https://doi.org/10.1249/mss.0b013e31814fb402
https://www.ncbi.nlm.nih.gov/pubmed/17986907
https://doi.org/10.1152/japplphysiol.00149.2016
https://www.ncbi.nlm.nih.gov/pubmed/27013605
https://doi.org/10.1111/j.1532-5415.2001.49276.x
https://www.ncbi.nlm.nih.gov/pubmed/11844000
https://doi.org/10.1152/jappl.1987.62.2.725
https://www.ncbi.nlm.nih.gov/pubmed/3558232
https://doi.org/10.1152/japplphysiol.01107.2012
https://www.ncbi.nlm.nih.gov/pubmed/23065759
https://doi.org/10.1080/03610730303706
https://www.ncbi.nlm.nih.gov/pubmed/12735081
https://doi.org/10.1098/rspb.2008.1319
https://www.ncbi.nlm.nih.gov/pubmed/18957366
https://doi.org/10.1080/02640414.2012.721561
https://www.ncbi.nlm.nih.gov/pubmed/22974317
https://www.ncbi.nlm.nih.gov/pubmed/11876284
https://doi.org/10.1152/japplphysiol.00438.2002
https://www.ncbi.nlm.nih.gov/pubmed/12391125
https://doi.org/10.3389/fphys.2018.01100
https://www.ncbi.nlm.nih.gov/pubmed/30246782
https://doi.org/10.2202/1559-0410.1057
https://doi.org/10.1177/0363546507309673
https://www.ncbi.nlm.nih.gov/pubmed/18055922
https://doi.org/10.3389/fphys.2018.01135
https://www.ncbi.nlm.nih.gov/pubmed/30349481
https://doi.org/10.1111/j.1600-0838.2007.00726.x
https://www.ncbi.nlm.nih.gov/pubmed/17924925
https://doi.org/10.1016/0022-510X(88)90132-3
https://www.ncbi.nlm.nih.gov/pubmed/3379447
https://doi.org/10.1097/JSM.0b013e3181845f1c
https://www.ncbi.nlm.nih.gov/pubmed/19001883


www.aging-us.com 5285 AGING 

whole-muscle and single-fibre levels in elite master 
sprinters. Acta Physiol (Oxf). 2008; 193:275–89. 
https://doi.org/10.1111/j.1748-1716.2008.01843.x 
PMID:18284658  

26. Louis J, Hausswirth C, Easthope C, Brisswalter J. Strength 
training improves cycling efficiency in master endurance 
athletes. Eur J Appl Physiol. 2012; 112:631–40.  

 https://doi.org/10.1007/s00421-011-2013-1 
PMID:21638070  

27. Lee K, Lee YW. Efficacy of ankle control balance 
training on postural balance and gait ability in 
community-dwelling older adults: a single-blinded, 
randomized clinical trial. J Phys Ther Sci. 2017; 
29:1590–95. https://doi.org/10.1589/jpts.29.1590 
PMID:28931994  

28. O’Donoghue P. Principal components analysis in the 
selection of key performance indicators in sport. Int J 
Perform Anal Sport. 2008; 8:145–55.  

 https://doi.org/10.1080/24748668.2008.11868456 

29. Federolf P, Reid R, Gilgien M, Haugen P, Smith G. The 
application of principal component analysis to 
quantify technique in sports. Scand J Med Sci Sports. 
2014; 24:491–99.  

 https://doi.org/10.1111/j.1600-0838.2012.01455.x 
PMID:22436088  

30. Parke CS. Essential First Steps to Data Analysis: 
Scenario-Based Examples Using SPSS. Thousand Oaks 
(California): SAGE Publications, Inc.; 2013.  

 https://doi.org/10.4135/9781506335148 

31. Linden M. Factor analytical study of olympic 
decathlon data. Res Q. 1977; 48:562–8. PMID:270188 

32. Wimmer V, Fenske N, Pyrka P, Fahrmeir L. Exploring 
competition performance in decathlon using semi-
parametric latent variable models. J Quant Anal 
Sports. 2011; 7:1–19.  

 https://doi.org/10.2202/1559-0410.1307 

 

  

https://doi.org/10.1111/j.1748-1716.2008.01843.x
https://www.ncbi.nlm.nih.gov/pubmed/18284658
https://doi.org/10.1007/s00421-011-2013-1
https://www.ncbi.nlm.nih.gov/pubmed/21638070
https://doi.org/10.1589/jpts.29.1590
https://www.ncbi.nlm.nih.gov/pubmed/28931994
https://doi.org/10.1080/24748668.2008.11868456
https://doi.org/10.1111/j.1600-0838.2012.01455.x
https://www.ncbi.nlm.nih.gov/pubmed/22436088
https://doi.org/10.4135/9781506335148
https://www.ncbi.nlm.nih.gov/pubmed/270188
https://doi.org/10.2202/1559-0410.1307


www.aging-us.com 5286 AGING 

SUPPLEMENTARY MATERIAL 
 
Please browse Full Text version to see the data of  
Supplementary Table 1. Information of the athletes. 


