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Abstract

Exercise is commonly recommended to counteract aging-related muscle weakness. While 

numerous exercise intervention studies on the elderly have been performed, few have included 

elite senior athletes, such as those who participate in the National Senior Games. The extent to 

which participation in highly competitive exercise affects muscle strength is unknown, as well as 

the extent to which such participation mitigates any aging-related strength losses. The purpose of 

this study was to examine isometric thigh muscle strength in selected athletes of the National 

Senior Games and healthy noncompetitive controls of similar age, as well as to investigate strength 

changes with aging in both groups. In all, 95 athletes of the Games and 72 healthy controls 

participated. Of the senior athletes, 43 were runners, 12 cyclists, and 40 swimmers. Three trials of 

isometric knee flexion and extension strength were collected using a load cell affixed to a custom-

designed chair. Strength data were normalized to dual-energy x-ray absorptiometry-obtained lean 

mass of the leg. A 3-factor multivariate analysis of variance (group × gender × age group) was 

performed, which included both the extension and flexion variables ([alpha] = 0.05). Athletes 

exhibited 38% more extension strength and 66% more flexion strength than the controls (p < 

0.001). Strength did not decrease with advancing age in either the athletes or the controls (p = 

0.345). In conclusion, senior athletes who participate in highly competitive exercise have greater 

strength than healthy aged-matched individuals who do not. Neither group displayed the expected 

strength losses with aging. Our subject cohorts, however, were not typical of those over age 65 

years because individuals with existing health conditions were excluded from the study.
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Introduction

Age-related decline of the neuromuscular system is recognized as a major cause of 

impairment of physical performance and loss of independence in the elderly (5). 

Epidemiological data support the concept that neuromuscular decline is associated with an 

increased risk of morbidity, disability, and mortality (1). Quadriceps strength in particular is 

associated with functional independence and is predictive of mortality and long-term 

survival in clinical populations (4,8,10,16,22). Because older individuals constitute the 

fastest growing portion of the American population (2), a reduction of the typical 

neuromuscular decline associated with aging could have a large impact on society.

Aging-related neuromuscular impairment is associated with a significant decline in muscle 

strength, secondary to a loss of muscle mass, that typically becomes functionally important 

after a person reaches age 60 (6). Type II muscle fibers are most affected, with loses 

demonstrated in both the number of fibers and the size of the remaining fibers (15). When 

normalized to muscle mass, the age-associated decreases in strength appear to be similar 

between the genders, although women may experience strength losses earlier than men (6).

Exercise is a prophylactic agent against age-related weakness. Exercise interventions on the 

elderly have elicited positive musculoskeletal adaptations, including enzymatic alterations 

and improved contractile and neural properties, in addition to increased muscle mass and 

strength (7,9,12,17,21,24). While these intervention studies have shown that a portion of the 

lost muscle mass and function can be regained through exercise, improvements are relatively 

small in absolute terms, and the capacity for recovery may be limited (9,21).

The National Senior Games Association is a nonprofit organization dedicated to motivating 

older adults to lead healthy lifestyles. The National Senior Games, also known as the 

“Senior Olympics,” is the largest multisport event in the world for senior athletes. All events 

are divided into 5-year age categories so that the participants compete against other athletes 

approximately the same age. Approximately 250,000 individuals participate in the 

community-level games. The competitors who make it to the National Senior Games 

represent the upper 5% of older competitive athletes in the United States. The National 

Senior Olympians comprise a unique study cohort because of their history of success at 

highly competitive level over a number of years. Study of the senior athletes has the 

potential to provide more information on the benefits of exercise than what can be learned 

from exercise interventions. Comparisons between the National Senior Olympians and 

healthy controls can provide insight into the effects of long-term intense exercise on the 

mitigation of the neuromuscular decline associated with aging.

The goal of this investigation was to examine the effects of highly competitive exercise, 

gender, and age on the strength of the knee flexors and extensors. Specifically, we aimed to 

determine if thigh muscular strength: (a) differs between elite senior athletes and healthy 
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community-dwelling controls, (b) declines between 5-year age groups, and (c) differs 

between genders in our study cohort. This study is unique in that data are reported on a large 

group of very elite elderly athletes, all of whom reported participation in highly competitive 

exercise for the last 20 years. Other studies which have examined exercise on the strength of 

older individuals are generally short-term interventions, and few have included women 

(2,7,12,17,27).

Methods

Experimental Approach to the Problem

This study is a cross-sectional comparison of 2 cohorts: a group of elite master endurance 

athletes and a control group of healthy individuals of the same age range. Because our 

specific aim is to determine if thigh muscle strength differs between athletes and controls, 

gender, and between 5-year age categories, we recruited a large sample (n = 167) of 

individuals of both genders who are aged between 60 and 93 years. Our independent 

variables are (a) athlete or control group, (b) gender, and (c) 5-year age group. Our 

dependent variables are isometric strength of the knee extensors and knee flexors. A 3-factor 

multivariate analysis of variance (MANOVA) (group × gender × age group) was performed, 

which included both the extension and flexion variables ([alpha] = 0.05).

Subjects

Ninety-five elite senior athletes aged 65 years or older were recruited from the 2005 

Summer National Senior Games. They competed in one of the following sports: running 

events longer than 400 m (n = 43), cycling events longer than 5 K (n = 12), and any 

swimming event (n = 40). These events were chosen because data were collected 

simultaneously with another study, an aim of which was to investigate the magnitude of 

lower extremity loading (i.e., high-, medium-, and low-impact sports) on bone mineral 

density (25).

Healthy control subjects (n = 72) aged 65 years or older were recruited from the greater 

Pittsburgh metropolitan area via the research registry of the University of Pittsburgh's 

Claude D. Pepper Older Americans Independence Center. The Pepper Center is a federally 

funded research center focused on keeping elders independently living and functioning. We 

did not control for the activity level of this group; therefore, their self-reported activity levels 

ranged from sedentary to active (i.e., exercising more than 3 days per week for more than 1 

hour per day). However, none were active in running, cycling, or swimming. Subject 

demographics are detailed in Table 1.

We wanted to look at the effects of highly competitive exercise on strength. Considering the 

age range of our participants, disease or injury could have been a strong confounding factor. 

Therefore, we recruited as healthy a subject population as possible in both the athlete and 

control groups. Subjects were excluded if they had a history of any of the following: chronic 

obstructive pulmonary disease, myocardial infarction, or coronary artery disease; cerebral 

vascular accident or a history of transient ischemic attacks; rheumatoid arthritis, gout, or 

osteoarthritis severe enough to limit activity; use of a cane or walker; history of osteoporosis 
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or bisphosphonate therapy; current use of antidepressant drugs or any drugs that may 

interfere with neurological, musculoskeletal, or cognitive function; history of insulin-

dependent diabetes mellitus, or neurological or rheumatological disorders that might 

interfere with sensory input; fracture, ligament reconstruction, or sprain within the past 12 

months; and any other disease, injury, or disorder that may affect strength. Athletes were 

excluded from the study if they were competitively active in any other sport other than 

running, cycling, or swimming or if they competed in more than one of these sports.

Participants were asked whether they were right or left leg dominant, with leg dominance 

being defined as the leg they would use to kick a ball. In total, 89 of the athletes declared 

themselves right leg dominant, 3 left leg dominant, and 3 stated that they had no preference; 

70 of the 72 controls stated that they were right leg dominant and 2 said they were left leg 

dominant.

Procedures

Informed consent from the University of Pittsburgh Institutional Review Board was obtained 

from all the subjects prior to their participation. Data collection occurred at the University of 

Pittsburgh Clinical and Translational Research Center (CTRC). We did not control for the 

subjects' hydration status at the time of testing. Because of the strong inverse association 

between quadriceps strength and morbity/mortality (4,22), we assessed the strength of the 

thigh musculature. Isometric knee extension and flexion strength (100 Hz) was measured 

with a tension/compression load cell (model 3132; Lebow Products, Inc., Troy, MI, USA). 

The load cell was attached to an adjustable bar which was secured to a custom-designed 

aluminum chair. Pilot testing in our laboratory has determined that the output of the chair 

has an intraclass correlation coeffient of 0.907 with that of a Biodex dynamometer. All 

measurements were taken on the subject's left side. The data were collected in conjunction 

with another study, the purpose of which was to examine the magnitude of lower extremity 

loading on bone mineral density in senior athletes. It is our standard clinical practice to 

assess bone density on the left side because it is typically the nondominant side. Because we 

hope to look at the relationship between strength and bone mineral density in a forthcoming 

paper, we measured the strength on the subjects' left side.

Subjects were placed in a comfortable seated position on the chair and secured using canvas 

straps to minimize extraneous movements. The hip and knee were positioned in 90° and 45° 

of flexion, respectively. The load cell was positioned just proximal to the malleoli. The 

distance from the knee to the load cell was recorded in order to calculate torque. Subjects 

were asked to position their arms either crossed at the chest level or resting on their lap to 

avoid bracing or pulling on the chair. A photograph of a subject in the athlete group 

performing the knee flexion strength test is shown in Figure 1.

After gravity effect torque was calculated, subjects performed 3 repetitions of maximal 

isometric knee extension or flexion lasting 5 seconds each. The order in which flexion or 

extension was tested was counterbalanced; 30 seconds of rest was provided between 

contractions. Similarly, subjects performed 3 repetitions, each lasting 5 seconds, of maximal 

isometric knee flexion or extension.
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Subjects were instructed to continue breathing during the tests and to not hold their breath in 

order to prevent against doing the Valsalva maneuver. During the test, subjects were 

encouraged to “push” for the extension trials and to “pull” for the flexion trials. The test 

administrator loudly repeated the word push or pull each second for a total of 5 seconds.

Lean mass of the left leg (in kg) was measured with a Hologic QDR-4500A (Hologic, Inc., 

Bedford, MA, USA) dual-energy x-ray absorptiometer (DXA) used in fast-array mode. A 

licensed DXA technician performed the scans. Subjects were positioned supine with the 

lower extremities in slight external rotation and ankle in maximum plantar flexion. The 

Hologic software Version 12.4 defined the leg as the segment distal to the femoral neck. 

Bone mineral density scans were also made of the total body, spine, and forearm, the data of 

which are presented elsewhere (20,25).

Strength data were analyzed using Matlab 7.1 (Mathworks, Inc., Natick, MA, USA). Raw 

data were filtered with a fourth-order low-pass Butterworth filter with a cutoff frequency of 

25 Hz. The cutoff frequency was based on a residual analysis described by Winter (26). 

Torque was calculated as the product of the force in the load cell times the distance from the 

knee to the adjustable bar. Peak torque was recorded for each trial of knee extension and 

flexion. The 3 trials per subject were averaged to yield representative values. The average 

peak torque was then divided by the lean mass of the leg to yield a strength measurement in 

N·m·kg−1. Isometric peak torque has an intraclass correlation coefficient of greater than 

0.89 (3).

Subjects were asked to complete a physical activity questionnaire to determine lifetime and 

current physical activity (14). The questionnaire was handed to the subjects and they were 

instructed to complete it before leaving the testing center. Upon retrospect, we learned that 

the questionnaire was too detailed and complex for a subject to complete alone. It would 

have been better if done in interview format. Due to a lack of manpower and the desire to 

test as many subjects as possible during the 2-week window of the National Senior Games, 

we did not read through the surveys while the subjects were still in our laboratory. After the 

games were over, it was apparent that the survey data were not usable. From the surveys, we 

have confirmed that the athletes were active for more than 20 years, but we cannot provide 

more information on activity with confidence.

Statistical Analyses

To determine the effect of age on strength, all subjects were categorized into 5-year age 

groups such that individuals aged 65–69 years constituted one group (n = 51), as did those 

aged 70–74 years (n = 45) and 75–79 years (n = 41). Those subjects aged 80 years and older 

(n = 31) were categorized into a single group.

The knee flexion and extension peak torque data obtained in this study had an observed 

bivariate correlation of 0.667 (p < 0.01). Because of this high correlation, these 2 factors 

were considered simultaneously as dependent measures in a 3-factor MANOVA to 

determine if strength differences existed between the athlete and control groups, genders, 

and age categories. Our sample size of 167 participants assured that the power of the 
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statistical test exceeded 80%. Tukey post hoc tests were performed when appropriate 

([alpha] = 0.05).

Three subjects (athlete group, 2 men, 1 woman, 2 in 65–69 age group, 1 in 70- to 74-year 

age group) were outliers because of very high values of their strength variables (z-score > 

3.29). A sensitivity analysis was performed with the subjects included and then excluded 

from the statistics. The inclusion of the subjects did not change the outcome of the study, 

and as we have no reason to believe that the data are not valid, the subjects were kept in the 

MANOVA.

Results

Our subjects ranged in age from 65 to 93 years. Controls were significantly older and 

heavier (p < 0.05) than the athletes. Our purpose was to determine the effects of competitive 

exercise at an elite level (i.e., athlete or control group), gender, and age on the strength of the 

thigh musculature. Athletes were stronger than controls (p < 0.001, Figure 2) and men were 

stronger than women (p < 0.05) for both knee extension (man = 12.7 ± 3.1 N·m·kg−1, 

woman = 11.5 ± 4.1 N·m·kg−1) and flexion strength (man = 4.8 ± 1.8 N·m·kg−1, woman = 

4.4 ± 1.7 N·m·kg−1). No differences were noted between age categories (p = 0.345, Figure 

3). The 2-way interaction of age category by gender was not significant (p = 0.164) nor were 

activity group by age category (p = 0.175) or activity group by gender (p = 0.221). The 3-

way interaction was not significant (p = 0.296).

Discussion

Our purpose was to examine the effects of competitive exercise, gender, and age on 

isometric knee flexion and extension strength. We determined that thigh muscle strength was 

significantly greater in elite athletes and in men in our combined subject population. Aging 

was not associated with significant losses in strength in our combined sample of athletes and 

controls.

Athletes had an average of 66% greater isometric knee flexion strength and 38% greater 

isometric extension strength than did the control group. This is not surprising as the 

participants in the “athlete” group represent an elite group of competitive individuals who, 

by virtue of qualifying for the National games, are in the upper 5% of participants at the 

community level. What is notable about our study is not this finding because it was 

expected, but rather, that we have quantified the knee flexion and extension strength of these 

elderly endurance athletes compared to their healthy control contemporaries. Other 

researchers have reported that exercise results in positive adaptation of skeletal muscle, 

including increased strength, mass, and protein synthesis (9,24), and exercise is often 

considered a prophylactic agent against the age-related decline in physical function. Trappe 

et al. (24) noted a 53% increase in knee extension strength after 6 months of a resistance 

training in older men. Conversely, Puggaard noted no increases in isometric thigh muscle 

strength after an 8-month aerobic training intervention in 75- and 85-year-old women (17). 

The current study differs from previous studies because we primarily examined the effect of 
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highly competitive endurance training, not resistance training, on strength, and we also did 

not perform an intervention but rather studied a people with a lifestyle of intense training.

Most of the research on the effects of exercise in the elderly has involved intervention 

studies. The current study is unique in that it is not an intervention study; rather, we report 

on elite master endurance athletes compared to healthy controls of the same age range. 

However, several authors have reported data on master athletes compared to controls, 

although the bulk of this research has reported data on men only. Klitgaard et al. (13) 

reported that elderly swimmers had greater isometric strength than age-matched control 

subjects. Similarly, Sipila and Suominen (19) reported greater knee extension and flexion 

strength in men athletes aged 70–81 years compared to an age-matched population sample.

All the athletes in the current study were competitors in endurance events of running, 

cycling, or swimming in the National Senior Games. However, we were unable to assess the 

amount of resistance exercise they did as part of their normal training routine. Nor did we 

record the amount of endurance and/or resistance exercise done by individuals in the control 

group. Rather, the groups were simply defined as (a) both “healthy” and (b) one group was 

comprised of elite competitive athletes and those in the other group were not elite 

competitive. Ettinger et al. (7) reported no differences in both isometric knee flexion at 

extension strength between older individuals receiving either an aerobic exercise or 

resistance exercise intervention. When compared to a control group, Ettinger et al. (7) 

reported increased knee flexion strength but no differences in knee extension strength.

When comparing strength differences between genders in the combined sample of athletes 

and controls in the current study, we found that men were approximately 8 and 10% stronger 

than women in isometric knee flexion and extension, respectively. This finding was expected 

because hormonal and genetic factors favor greater muscle mass, and therefore strength, in 

men. Others have also documented increased strength in men (18,11).

Interestingly, we did not find the hypothesized decrease in thigh muscle strength in older 

individuals as compared to the youngest tested age group of 65–69 years. This is true for 

both the combined sample of athletes and controls and when athletes were considered alone. 

Klitgaard et al. (13) reported that elderly swimmers who have been competitive for 12–17 

years (mean age: 69 years) and young subjects (mean age: 28 years) displayed similar 

isometric knee extension strength. However, exercise intervention studies have not reported 

such results; rather, older individuals still did not have as much strength as individuals aged 

between 20 and 30 years (8,23).

In Figure 3, a U-shaped pattern is noted in both the extension and flexion data such that the 

individuals aged 80 years and older are stronger than those aged 75–79 years. The strength 

of the oldest group of participants is slightly greater than those aged 70–74 years (extension: 

70–74 years = 11.95 ± 3.10 N·m·kg−1, 80+ years = 12.10 ± 4.12 N·m·kg−1; flexion: 70–74 

years = 4.25 ± 1.71 N·m·kg−1, 80+ years = 4.86 ± 1.77 N·m·kg−1). This apparent increase 

in strength may be due to a natural attrition of people not able to participate in studies as 

they age. It may be that only the healthiest of the old are still independently mobile and able 

to transport themselves into the city to participate in the study. Some who may still be able 
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to participate in their 70s may have a genetic predisposition to disease and will not be able to 

participate in their 80s, so that those who participate in their 80s are quite healthy.

Members of our research group have previously reported that the body mass index of each of 

the age groups were as follows: 60–69 years = 25.9± 3.9 kg·m−2, 70–74 years = 27.1 ± 3.5 

kg·m−2, 75–79 years = 27.7 ± 4.8 kg·m−2, and 80+ years = 26.4 ± 3.6 kg·m−2 (20). Thus, 

those participants aged 80 years and above were leaner than those in their 70s. Our strength 

data are normalized to the lean mass of the left leg. However, the lack of significance of the 

age category variable is not entirely due this normalization. When the raw torque data are 

compared between the age groups, the U-shaped pattern is still apparent in both the flexion 

and extension data.

Torque data have been reported in numerous formats in the literature. They may be reported 

as the raw torque value in Nm, not normalized to anything. Normalization is typically used 

to allow for better or more representative comparisons between groups. As such, torque data 

may be normalized to body weight or to both body weight and height. They may be 

normalized to lean mass of the body or to lean mass of the leg. We chose to normalize 

strength to lean leg mass because we though it would provide a better indication of muscle 

quality.

It should be noted that the lean mass of the entire leg, not just the thigh, was used to 

normalize the knee flexion and extension torque to allow for better comparisons between 

subjects. We did not collect another measure of thigh mass, such as a circumference. Nor do 

we have the lean mass of the thigh. We do not have a measure of the cross-sectional area of 

the hamstrings and quadriceps alone, such as would be obtained from an magnetic resonance 

imaging. Due to software constraints of the Hologic DXA system, we only have access to 

the entire lean mass of the leg. While this does not allow us to do a direction normalization 

of Nm of torque to hamstrings or quadriceps size, it does provide much more insight into 

muscle quality than if the data would have been presented as Nm alone.

There are several limitations to this study that are not mentioned above. The study was 

cross-sectional in nature; therefore, we do not know how a person's strength would change 

as they aged from 65 years to older than 80. The lifetime physical activity of both the athlete 

and control subjects is unknown. The hydration status of each subject is unknown. The 

control group was very healthy and not necessarily sedentary. The activity level of the 

control participants ranged from sedentary to active in sports other than running, cycling, 

and swimming.

Future studies should assess the total current and historical physical activity to gain 

perspective of how activity level influences strength. Also, future research endeavors should 

obtain true quadriceps and hamstring cross-sectional areas on senior athletes to examine the 

quality of the muscle tissue.

Practical Applications

This study reveals that in our cohort of healthy older individuals, the expected strength 

losses associated with aging were not found. This is particularly true for the Senior 
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Olympians. Continual participation in high intensity endurance training may have a 

protective effect on the loss of muscle strength that accompanies the aging process. While 

this study provides basic information about quadriceps and hamstrings strength in elite 

senior athletes and healthy controls, further research is needed to examine why outcomes 

were different than hypothesized. Because data on the training routines are unfortunately 

lacking in this study, critical information may be missing.
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Figure 1. 
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Figure 2. 

McCrory et al. Page 12

J Strength Cond Res. Author manuscript; available in PMC 2016 May 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
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Table 1

Group Age (y)* Height (cm) Mass (kg)* Men:Women

Senior Athlete 72.6 ± 6.4 168.7 ± 8.6 72.6 ± 13.5 57:38

Control 75.4 ± 5.6 170.8 ± 25.5 79.5 ±11.7 46:26

*
Control participants were significantly older and heavier than the athletes (p < 0.05).
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