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Abstract   
Problem statement: Changes in the neuromuscular system owing to aging can decrease strength and muscle 
power. Additionally, muscle architecture and quality are affected by the natural aging process. However, it has 
been suggested that lifelong physical exercise may attenuate or even prevent age-related decline in physical 
function. Nevertheless, it is still uncertain to what extent chronic and predominantly aerobic physical training 
delays age-related decreases in neuromuscular function, architecture, and muscle quality. Purpose: This study 
was designed to compare the muscle architecture, muscle quality, and neuromuscular function of the knee 
extensor muscles between middle-aged runners (MR, N = 25; 53.9 ± 2.5 y, 76.5 ± 12.3 kg) and older runners 
(OR, N = 16; 64.4 ± 3.5 y, 70.5 ± 9.8 kg). Approach: Measures of muscle architecture were: cross-sectional 
area, pennation angle, fascicle length, and muscle thickness of the vastus lateralis muscle. Echo intensity of the 
vastus lateralis muscle was used as a marker of muscle quality, while isometric absolute and relative peak torque, 
rate of torque development, voluntary activation level, peak twitch torque, contraction time, and half-relaxation 
time of the knee extensor muscles were used as markers of neuromuscular function. Results: The OR group 
presented lower cross-sectional area, pennation angle, muscle thickness, absolute peak twitch torque, 100–200 
ms rate of torque development, and greater echo intensity. There were no other significant differences between 
OR and MR groups. Conclusions: These findings suggest that though older runners have approximately 20 
years of running training, they presented lower values for some markers of muscle architecture and 
neuromuscular function, as well as lower muscle quality compared to middle-aged runners.  
Key Words: Master Athlete; Running; Human Ageing; Neuromuscular funtion  

 
Introduction    

Aging is associated with changes in neuromuscular function, muscle architecture, and muscle quality 
(Aagaard et al. 2010; Baroni et al. 2013). Changes in neuromuscular function might include an age-induced 
reduction in the efferent drive to the active muscle, which would reduce voluntary activation level (VAL) during 
a maximal voluntary isometric contraction (Unhjem et al. 2016; Mckendry, 2018). However, some studies have 
failed to demonstrate an aging-induced impairment in VAL (Jakobi and Rice 2002). In addition, aging may also 
affect other markers of neuromuscular function such as isometric peak torque, rate of torque development, and 
contractile muscle properties (e.g., electrically evoked peak twitch torque, contraction time, and half-relaxation 
time (Aagaard et al. 2010). Changes in muscle architecture and quality with aging include a decrease in muscle 
mass replaced by connective tissue (e.g., fat infiltration into the lean tissue) (Fukumoto et al. 2012; Sipila & 
Suominen 1993) and a reduction in pennation angle, fascicle length, and muscle thickness (Kubo et al. 2003; 
Narici et al. 2003). All these changes can compromise the muscle capacity to generate force (Aagaard et al. 
2010).    

A driving factor underlying the age-related loss of muscle architecture, muscle quality, and neuromuscular 
function is the reduction in the number and quality of motor units (Allen et al. 2021). In this regard, life-long 
training may assist to preserve the number and quality of motor units in older individuals (Allen et al. 2021; 
Power et al. 2017, 2010) . The maintenance of the number and/or quality of motor units induced by training may 
assist to preserve muscle architecture, muscle quality, and neuromuscular function. Strength training is widely 
used as a strategy to attenuate age-induced impairments in the neuromuscular system (Booth et al. 2011; Stephen 
Harridge & Lazarus 2017). However, a growing number of older individuals are also engaged in endurance 
running training (Reaburn & Dascombe 2008). For example, master runners comprise most of the participants in 
marathons and ultra-marathons (Lee et al. 2017). Nevertheless, while it is well known that long-term running 
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training improves metabolic and cardiorespiratory factors (Kusy, Krzysztof, Zielinski 2014; Reaburn & 
Dascombe 2008; Tanaka & Seals 2008), there is a lack of studies investigating the influence of long-term 
running on muscle architecture, muscle quality, and neuromuscular function.   

Some studies investigated master endurance athletes including different sports modalities such as cyclists, 
skiers, and runners, and demonstrated that chronic endurance training might preserve some aspects of 
neuromuscular function, muscle architecture, and muscle quality (Sipila & Suominen 1993; Tarpenning et al. 
2004). However, other studies failed to demonstrate that endurance training preserved age-related neuromuscular 
alterations (Karamanidis & Arampatzis 2006; Marcell et al. 2014; Power et al. 2016). Furthermore, studies 
usually compared groups of master endurance athletes with age-matched sedentary or young athletes. To our 
knowledge, there is a limited number of research comparing muscle strength between master runners of different 
ages. A study compared male master runners from 40 to 80 years old and found no reduction in muscle strength 
of knee extensors until 70 years old, suggesting that endurance training can delay the decline in muscle strength 
(Tarpenning et al. 2004). On the contrary, another study involving women master runners from 40 to 60 years 
found a reduction in muscle strength of knee extensors as age progressed (Tarpenning et al. 2006). Corroborating 
these findings, another study found that the older individuals and master athletes had lower muscle strenght than 
the young individuals, but this study investigated the tibialis anterior muscle (Piasecki et al. 2016).  

 However, women may have greater decrease in muscle mass, strength, and performance caused by 
menopause-related reduction of estrogen levels (Maltais et al. 2009). Thus, it is still unknown if muscle 
architecture, muscle quality, and neuromuscular function of knee extensor muscles are preserved in male master 
endurance runners, and it deserves further investigation.    

Therefore, this study aimed to compare the muscle architecture and muscle quality of the vastus lateralis, 
and neuromuscular function of the knee extensor muscles between middle-aged and older runners. We 
hypothesized that muscle architecture, quality, and neuromuscular function would not differ between middle-
aged and older runners.    
 

Materials and methods   
Participants   

Forty-one male runners aged between 50 and 71 years, exposed to regular running endurance training, 
were recruited from the local running clubs. The inclusion criteria were: 1) training for at least five years; (2) 
running training at least 15 km/week and competing at least three times a year in local running competitions. The 
exclusion criteria were: (1) present a history of lower limb musculoskeletal injuries; (2) cardiovascular disorders 
or any contraindication to performing the experimental tests.   

The volunteers were allocated into one of the two groups: middle-aged runners (MR; n = 25; 50–59 y) or 
older runners (OR; n=16; 60–71y). The sample size was calculated using the Epinfo calculator developed by the 
Center for Disease Control and Prevention. The following parameters were inputted: 350 participants (based on 
the number of male runners above 50 years old participating in local running events), anticipated frequency of 
50%, the confidence level of 10%, and design effect of 1.0. A total sample size of 41 participants resulted in a 
statistical power of 80%. All participants signed written informed consent. This study was approved by the 
Ethics Committee of the Federal University of Parana.    
 

Experimental Procedures   
Participants visited the laboratory and were submitted to the experimental procedures in the following 

order: 1. Completed a questionnaire of training background; 2. height and body mass measurements; 3. Muscle 
architecture [cross-sectional area (CSA), pennation angle (PA), muscle thickness (MT), and fascicle length (FL)] 
and muscle quality (echo intensity) assessments; 4. neuromuscular function assessment. Participants were asked 
to refrain from intense physical activity 48 h before the measurements. A single experienced evaluator 
performed all measurements. In addition, participants of both groups were familiar with neuromuscular function 
assessment as they had been in other studies from our laboratory.  Even so, all participants performed a 
standardized familiarization before data collection.   
Training Background  

Training characteristics were obtained through a semi-structured questionnaire. The time of running 
practice, frequency, duration of training sessions, and weekly training minutes (volume). The relative 
performance level of runners was determined from the aged-graded running calculator of Masters Athletics 
(Masters Athletics Rankings, Track and Field - World Rankings, n.d.), and classified as: >100% = World record 
level; > 90% = World-class level; > 80% = National class level;> 70% = Regional class level and > 0% = Local 
class level.  
 

Height and body mass measurements   
Body mass was measured to the nearest 0.1 kg using a calibrated electronic scale Balmak, model Class 

III (Labstore, Curitiba, PR, Brazil). Stature was determined to the nearest 0.1 cm with a stadiometer attached to 
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the scale. The measurements were performed with the participants wearing light clothes and without shoes. Body 
mass index (BMI) was calculated using the following formula: body mass (kg) / [height (m)]2

.  
 
Ultrasonography  

An experienced researcher identified the location of the scanning site (middle point between lateral 
epicondyle and greater trochanter of the right femur). This point was marked with semi-permanent ink and used 
as a reference. Subsequently, participants lay in a supine position for 20 min, with their legs extended and 
relaxed to allow fluid shifts. After that, the skin was marked with a pencil marker every 3 cm from the reference 
point toward the medial and lateral aspects of the thigh (Berg et al. 1993). The muscle evaluated was the vastus 
lateralis due to its great relevance in the running. It plays a significant role in the support phase (eccentric 
contraction), being one of the most recruited muscles (Cappellini et al. 2006; Hamner et al. 2010) .   

Ultrasonographic (US) images of the vastus lateralis were taken at each transverse (cross-sectional area) 
and longitudinal (pennation angle, fascicle length and muscle thickness) site. A mode-B US (Konica Minolta® - 
Sonimage HS1, JPY) with a multi-frequency linear probe (8–12 MHz) and a linear ray transducer (5 x 2 cm) was 
used to obtain the axial-plane images. Sequential US images were acquired, aligning the superior edge of the 
probe with each mark in the skin following a middle-to-lateral direction. Care was taken to apply minimal 
pressure during scanning, and a generous amount of conductive gel was used. Participants were instructed to 
maintain their leg muscles relaxed during the entire procedure. The same investigator, who had extensive 
experience in ultrasonography, obtained all images.   

The VL muscle images from the procedures previously described were reconstructed for further 
determination of muscle architecture and muscle quality (Reeves et al. 2004). First, the US images were digitized 
and sequentially opened in Power Point (Microsoft, Redmond, WA, USA). Next, each image was manually 
rotated until the whole fascia of the VL muscle had been reconstructed, and CSA was determined (Lixandrao et 
al. 2014). Subsequently, US images were analyzed with Image-J software (National Institute of Health, USA). 
The software was calibrated with fixed distance scales displayed in the US images.    

The distance between deep and superficial aponeurosis was calculated to obtain the MT through the mean 
value of 5 parallel lines drawn at right angles. The best fascicle image in each assessment was used for PA and 
FL analysis. The PA was calculated as the angle between the muscle fascicle and the deep aponeurosis. The FL 
was assessed by the length of the fascicular path between the two aponeuroses. For reliability and reproducibility 
of measurements, a pilot study was carried out on two different days as recommended (Hopkins 2000). The 
coefficients of variation (CV), intraclass correlation coefficient (ICC), and the standard error of measurements 
(SEM) were calculated. To cross-sectional area the results were 0.11, 0.97 and 0.28, to fascicule length 0.12, 
0.89 and 0.29, to pennation angle 0.13,0.94 and 0.69 and to muscle thickness were 0.09, 0.81 and 0.08 
respectively. The between-day coefficient of variation for CSA, MT, PA, and FL was lower than 1.7%.   

Echo intensity (muscle quality) of CSA was assessed using the mean and median of gray-scale values and 
calculated by the standard histogram function. The gray-scale values range from 0 (black) to 255 (white), where 
higher values represent a greater amount of fat and fibrous tissue in the muscle (Pillen et al. 2009, Young, 
2015).   
 

Neuromuscular function assessment    
Participants were positioned with their hip and Knee at 90° and their right leg strapped to the lever arm of 

an isokinetic dynamometer (Biodex System 3 Pro, Biodex Medical System, USA), following the manufacturer's 
recommendation to evaluate the force of knee extensors. The rotational axis of the dynamometer was visually 
aligned to the lateral femoral epicondyle, and the leg was attached to the dynamometer lever arm 2 cm above the 
lateral malleolus.    

Participants were also fixed at the correct position by the equipment straps. The torque data were smoothed 
using a zero-lag eighth-order low-pass digital Butterworth filter. The cut-off frequency was determined by 
residual analysis and set at 8 Hz. The magnitude of torque was calibrated based on the Biodex System 
measurement.   
 

Torque measurement   
Participants performed four 5-s isometric contractions (25, 50, 75, and 100% of perceived maximal 

voluntary isometric contraction, MVIC) for warm-up. After a 3-min rest, participants performed three 5-s 
MVICs, with a 2-min rest period between MVICs.If the coefficient of variation excessed 5% between 
contractions, an additional attempt was performed and the attempt out the 5% variation was excluded from 
analysis. Explicit instructions to contract as hard and as fast as possible were given. Visual feedback of torque 
signal was provided to the participants on a PC screen. Participants reported no pain or any unusual discomfort 
during the contractions.    

The MVIC with the highest peak torque (N.m) was considered for analysis. Peak torque was also 
expressed relative to CSA (Ptcsa) (Aagaard et al. 2007). The rate of torque development (RTD) was calculated 
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between different time intervals (i.e.,0 to30, 0 to 50, 0 to 100, and 0 to 200ms), as previously suggested (Aagaard 
et al. 2002).    
 
EMG recording    

The EMG activity was recorded from the VL muscle using the Delsys Trigno Wireless EMG system 
(Trigno™ Wireless System, Delsys® Inc., Boston, MA) following the recommendations of SENIAM (Surface 
EMG for the Non-Invasive Assessment of Muscles). Before the electrode placement, the skin was shaved, 
abraded with emery paper, and cleaned with alcohol to reduce skin impedance below 5 kΩ. The EMG signal was 
captured at a sampling frequency of 2kHz, bandwidth 10-500 Hz at -3 dB (digital filter), gain 2000. For 
synchronization with the Biodex System, torque data were acquired simultaneously and inputted into an 
additional channel of the Delsys Trigno Wireless System.   
 

Electrical stimulation   
Electrical stimuli were delivered to the femoral nerve using an electrical stimulator (Neuro IOM 9-channel, 

Neurosoft®, Ivanovo, Russia). Surface monopolar electrodes (Ambu® Neuroline 715, Ballerup Denmark) were 
placed on the femoral nerve (cathode) and gluteal fold (anode). The optimal motor point for femoral nerve 
stimulation was identified approximately 2 cm from the femoral pulse. The cathode location was moved around 
the inguinal triangle delivering percutaneous electrical nerve stimuli (30 mA) until both the highest peak twitch 
torque of knee extensors and peak-to-peak amplitude of the compound muscle action potential (M-wave) of the 
VL muscle were detected.    

 
The optimal intensity of electrical stimulation was identified by offering single stimuli at relaxed 

quadriceps, starting at 30 mA and increasing 5 mA every 30 seconds until the attainment of a plateau in both 
peak twitch torque and M-wave during three consecutive stimuli. The optimal stimulation intensity for 
neuromuscular function assessment was set at 120% of the plateau (range 50 to 110 mA) to ensure maximal 
stimulation during the tests (Neyroud et al. 2014).    

A first single stimulus (1-ms duration, 1 Hz frequency) was delivered at the torque plateau during the 
MVIC (superimposed twitch), approximately 1.5 s after the torque onset. Then, a second stimulus (1-ms 
duration, 1 Hz frequency) was delivered on the relaxed muscle (potentiated twitch) 2 s after the MVIC (Allen et 
al. 1995; Millet et al. 2011; Shield & Zhou 2004). Then, the voluntary activation level (VAL) was calculated by 
the twitch interpolation technique (Merton et al. 1954), using the following equation (Allen et al., 
1995): VAL (%) = [1 – (superimposed twitch/potentiated twitch)] x 100.  

The following parameters were also obtained from the mechanical response of the evoked potentiated 
twitch on relaxed muscle: (1) peak twitch torque (Ptt) - the highest twitch torque; (2) contraction time (Ct) - the 
time from the beginning of the mechanical response to Pt; and (3) half relaxation time (HRT) - the time from the 
peak twitch torque to 50% of its decline. All data analyses were performed on the Neuromuscular Tool (Mayor 
et al 2020), using a custom-built Matlab-based software (version 2019a, Mathworks Inc.)   
 

Statistical Analysis   
Data are expressed as means ± SD. The Shapiro-Wilk test checked the data normality. When data 

normality was not confirmed (weight, BMI, level of vigorous physical activity, practice time, voluntary 
activation level, contraction time, peak twitch torque, and rate of torque development at 50 ms), data were log-
transformed. Comparisons between the MR and OR groups were performed using the Student t-test for 
independent samples. When data were non-normally distributed even after log transformation, non-parametric 
Mann-Whitney U test was used to compare MR and OR. The significance level was set at p<0.05. All statistical 
analysis was performed using SPSS version 22 (IBM Corporation, Armonk, New York, USA).    
 

Results   
Participants characteristics   

Apart from the expected differences in age (p<0.001), no differences were observed in anthropometric and 
training characteristics between OR and MR groups (p>0.05, Table 1). The athletic performance level was 
similar between OR and MR groups in two running distances (10km: 69.6±12.9% for MR and 71.2±12.2% for 
OR; 21km: 71.3±11.9% for MR and 74.2±10.6% for OR). The majority of runners were classified at the regional 
level.   

 
Table 1 Participants characteristics (means ± SD) of middle-age (MR) and older (OR) runners.   

Variable   MR (n=25)   OR (n=16)   P-value   
Age (years)   53.9±2.5   64.4±3.5   <.001   
Weight (kg)   76.5±12.3   70.5±9.8   .08   
Height (m)   1.74±0.06   1.73±0.06   .51   
BMI (kg/m2)   25.1±3.7   23.6±3.1   .31   
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Vigorous physical activity (min/week)   309.4±186.1   315.6±147.2   .46   
Time of running practice (years)   17.5±10.5   19.6±10.9   .73   
Frequency of running training (session/week)   4.4±2.3   4.4±0.9   .52   
Duration of running training session 
(min/session)   68.2±18.8   78.1±31   .41   

  
  Muscle architecture and muscle quality   

Muscle architecture and quality are described in Table 2. Muscle CSA, pennation angle, and muscle 
thickness were lower in the OR than in the MR group (p<0.05). There was no significant difference between OR 
and MR groups for fascicle length (p>0.05). Echo intensity was greater in the OR than in the MR group 
(p<0.05).     
 

Table 2  Parameters of muscle architecture and muscle quality of middle-age (MR) and older (OR) runners   
Variable   MR (n=25)   OR (n=16)   Difference   P values   
CSA (cm2)   23±5.3   19.4±4.9   16%   .03   
PA (°)   18.7±3.7   16.3±2.8   13%   .04   
FL (cm)   7.8±1.4   6.9±1.7   12%   .06   
MT(cm)   2.7±0.6   2.3±0.7   15%   .02   
EI (UA)   58.1±11.6   67.7±9.0   14%   <.01   

  
Note. CSA – cross-sectional area; PA – pennation angle; FL – fascicle length; MT – muscle thickness; EI – echo 
intensity.   
 

Neuromuscular function    
Parameters of neuromuscular function are reported in Table 3. Absolute (N.m) but not relative peak torque 

(N.m/cm2) was different between OR and MR groups (p = 0.02 and 0.50, respectively). The OR group also 
presented a lower RTD 100ms (p = 0.04) and RTD 200 ms (p = 0.03), but not RTD 30 ms (p = 0.18) and RTD 
50 ms (p = 0.08). Voluntary activation level, contraction time, half-time relaxation, and peak twitch torque were 
similar between OR and MR (p>0.05).     
 

Table 3    
Parameters of neuromuscular function of  middle-age (MR) and older runners (OR)   

Variable   MR (n=25)   OR (n=16)   Difference   P values   
Pt (N.m)   238.1±55.2   195.5±57.9   18%   .02   
Ptcsa (N.m/cm2)   10.6±2.4   10.2±2.4   3%   0.50   
RTD 30 (N.m.s-1)   680.9±457.5   501.4±344.1   26%   0.18   
RTD 50 (N.m.s-1)   733.6±471.1   501.1±273.2   31%   0.08   
RTD 100(N.m.s-1)   730.5±402.8   504.5±237.2   30%   .04   
RTD 200(N.m.s-1)   598.5±260.9   439.2±175.6   26%   .03   
Ct (ms)   101.3±31.2   128.2±175.6   20%   .14   
Ptt (N.m)   42.3±15.4   40.9±13.2   3%   .75   
HRT (ms)   136.7±75.7   174.9±76.9   21%   .12   
VAL (%)   94.3±3.6   92.3.6±7.5   2%   .07   

  
Note. Pt – absolute peak torque; Ptcsa – peak torque relative to the cross-sectional area; RTD 30, 50, 100, and 
200 ms – rate of torque development from 0-30, 0-50, 0-100 and 0-200, respectively; Ct – contraction time; Ptt – 
peak twitch torque; HRT – half relaxation time; VAL – voluntary activation level.   

    
Discussion   

The present study compared muscle architecture and muscle quality of the vastus lateralis muscle and 
neuromuscular function of knee extensor muscles between middle-aged and older runners. The main findings of 
this study were that older runners presented lower pennation angle, cross-sectional area, and muscle thickness 
than middle-aged runners. In addition, older runners also showed lower muscle quality, absolute peak torque, 
and RTD 100 and 200 ms. However, there was no difference between groups for peak torque relative to the 
cross-sectional area, rate of torque development RTD 30 ms and 50 ms, voluntary activation, and contractile 
muscle proprieties.    

Some parameters related to muscle architecture and muscle quality were lower in the OR than in the MR 
group, contrary to our hypothesis that there would not be differences in muscle architecture and muscle quality 
between older and middle-aged runners. Our hypothesis was based on a proposed theoretical model suggesting 
that master athletes might postpone the age at which muscle architecture and muscle quality alteration occur 
(Lazarus & Harridge 2017). However, despite the older runners presenting an average of almost 20 years of 
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running training, the cross-sectional area, pennation angle, and muscle thickness were lower, and echo intensity 
higher than in the middle-aged runners. Previous studies involving sedentary older adults showed a rate of 
muscle mass decline of ~1.5 % per year (Goodpaster et al. 2006). Interestingly, the CSA difference between OR 
and MR groups was ~16%, corresponding to a rate of muscle mass decline of ~1.6 % per year, similar to that 
reported for sedentary individuals. Furthermore, muscle thickness and pennation angle were lower in the OR 
than in the MR, which may indicate a lower number of sarcomeres in parallel, while echo intensity was higher in 
the OR than in the MR, indicating increased infiltration of fat and connective tissue into skeletal muscle and 
lower muscle quality (Fukumoto et al. 2018; Narici et al. 2003). Together, these findings demonstrated that 
systematic running training might not be sufficient to fully counteract the natural age-induced alterations in 
muscle architecture and quality. Nevertheless, previous studies showed that master endurance athletes presented 
higher quadriceps CSA and better muscle quality than sedentary older adults (Mikkelsen et al. 2013; Mckendry, 
2019; Sipila & Suominen 1991), suggesting that endurance training provides some benefits even with an 
inevitable loss in muscle architecture and muscle quality with aging. Thus, it is probable that even presenting 
lower values for some parameters of muscle architecture and quality, the older runners preserve part of the 
muscle architecture and quality compared to sedentary older adults.   

In fact, despite these differences in muscle architecture and quality, voluntary activation level was similar 
between groups. Voluntary activation indicates the ability of the central nervous system to fully activate the 
skeletal muscle (Maffiuletti et al. 2016). Thus, the fact that VAL was similar between MR and OR groups 
indicates that the two age groups of master endurance runners present the same ability to activate their motor 
unit and musculature optimally. Some studies reported a reduction in VAL of the knee and elbow extensor 
muscles in sedentary old adults, principally after 75 years (Clark & Taylor 2011; Mau-Moeller et al. 2013). On 
the other hand, other studies comparing moderately trained young and older individuals found no differences in 
VAL (Gerstner et al. 2017; Hurley et al. 1998; Roos et al. 1999). Maintaining VAL with aging is important 
because a small deficit in the VAL represents a significant deficit in force production (Koster et al. 2012). The 
lack of difference in VAL between OR and MR groups, even with some differences in muscle architecture and 
quality suggests that running training might assist in preserving neuromuscular function in older age.     

Most of the contractile muscle properties were not different between OR and MR groups. Nevertheless, 
older runners presented lower knee extensor absolute peak torque than middle-aged runners. These differences 
disappeared, however, when peak torque was normalized by the cross-sectional area of the vastus lateralis 
muscle. As there was no difference in VAL between OR and MR groups, these findings might indicate that 
differences in muscle force were likely due to changes in muscle architecture, particularly changes in muscle 
mass. These results agree with previous studies of master endurance athletes that reported that regular endurance 
training could delay the age of a significant decline in knee extensor peak torque normalized by lean body mass 
(Tarpenning et al. 2004). However, other studies suggested that regular endurance training was not effective   to 
maintain muscle strength (Harridge et al. 1997; Karamanidis & Arampatzis 2005; Marcell 2014; Power et al. 
2016). These controversial results may be explained by differences in the characteristics of the participants. 
These studies included either very old subjects (70-100 years) that not necessarily participated in endurance 
competitions (Harridge et al. 1997) or masters runners that trained between 175 and 250 minutes per week 
(Marcell 2014), which is lower than those values reported by our older participants (~300 min/week). Apart from 
these discrepancies, our findings indicate that the age-induced loss of muscle mass might explain the reduction in 
absolute peak torque in the OR group.   

No differences were observed between OR and MR in RTD  30 ms and RTD 50 ms, indicating that despite 
the age differences between groups (~10 years), older runners showed a similar capacity to rapidly-produce 
torque at the early phase of the muscle contraction. However, OR presented lower RTD 100 ms and RTD 200 ms 
than MR group. The rate of torque development is an important parameter indicating the ability of the 
neuromuscular system to rapidly develop torque (Andersen & Aagaard 2006), but different physiological 
parameters affect the RTD depending on the analyzed time intervals (Andersen & Aagaard 2006). For example, 
the RTD of the knee extensors at time intervals up to 90 ms is moderately correlated with the twitch muscle 
contractile properties (Andersen & Aagaard 2006), while time intervals longer than 90 ms are more dependent 
on maximum strength (Andersen & Aagaard 2006; Maffiuletti et al. 2016). Indeed, our findings showed no 
difference between groups for parameters related to the twitch muscle contractile properties but a lower absolute 
peak torque in the OR than in the MR group. Thus, the lower RTD 100 ms and RTD 200 ms in OR than MR 
group might be due to the lower absolute peak torque in the former than in the last. Furthermore, the difference 
between OR and MR runners was 26% and 30% for RTD 100 ms and RTD 200 ms, respectively, which is lower 
than the 30% and 47% observed in previous studies that compared young and older sedentary individuals 
(Gerstner et al. 2017; Jenkins et al. 2014; Mau-Moeller et al. 2013; Thompson et al. 2013). These findings 
suggest that endurance running training might attenuate the age-induced reduction of the late phase of the rate of 
torque development. These findings are also relevant because muscle contraction velocity is a stronger predictor 
of performance during functional tasks than muscle strength (Bento et al. 2010). Thus, even that only partially 
attenuates loss in the rate of torque development, endurance training might contribute to maintaining 
functionality in older people.  
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Together, our findings indicate that older runners present lower values of some markers of muscle 
architecture (pennation angle, cross-sectional area, and muscle thickness), neuromuscular function (absolute 
peak torque and rate of torque development), and lower muscle quality (i.e., higher echo intensity), in 
comparison with middle-aged runners. However, it is probable that even with these alterations, older runners 
present better markers of muscle architecture, neuromuscular function, and muscle quality than sedentary older 
individuals (Allen et al. 202; Mckendry et al. 2018) . In addition, some of the reported alterations might be due 
to training adaptations rather than a genuine loss with aging. For example, a lower pennation angle may be more 
energetically advantageous during running; therefore, older runners may present a regarding    

The present study has some limitations. The main limitation is the lack of corresponding groups composed 
of sedentary individuals and groups of younger runners. Including these groups would have assisted in a better 
understanding of the role of endurance running training on muscle architecture, muscle quality, and 
neuromuscular function during the aging process. However, we aimed to analyze the age-related neuromuscular 
alterations in two groups of very active people. Sedentarism is usually associated with chronic disease and 
accelerates the loss of muscle mass. In addition, this is a cross-sectional study, which precludes to infer about 
cause-effect relationships.    
 

Conclusions   
Findings of the present study suggest that older runners present lower values of some markers of muscle 

architecture (pennation angle, cross-sectional area, and muscle thickness), neuromuscular function (absolute 
peak torque and rate of torque development), and lower muscle quality (i.e., higher echo intensity) when 
compared with middle-aged runners. However, the relative peak torque, voluntary activation, twitch muscle 
contractile properties, and capacity to rapidly develop muscular torque in an early phase of an explosive 
contraction (30-50 ms) did not differ between the two age-group of master long-distance runners. These results 
suggest that long-term endurance running training may partially contribute to preserving some aspects of the 
neuromuscular performance with aging. Longitudinal studies are required to confirm this supposition.   

   
Acknowledgments: The authors gratefully thank all volunteers who participated and cooperated in this study, 
the Coordination for the Improvement of Higher Education XXXXXX (XXXXX), and the Graduate Program in 
Physical Education (XXXXX).   
   
Conflict of interest: The authors declare no competing interests.  
    
 References:   
Aagaard P., Suetta C., Caserotti P., Magnusson S.P., & Kjær M. (2010). Role of the nervous system in 

sarcopenia and muscle atrophy with aging: strength training as a countermeasure. Scandinavian Journal of 

Medicine & Science in Sports, 20:49–64. DOI: 10.1111/j.1600-0838.2009.01084.x   
Aagaard P., Peter S. M., Benny L., & Kjaer M. (2007). Mechanical Muscle Function, Morphology, and Fiber 

Type in Lifelong Trained Elderly. Medicine and Science in Sports and Exercise, 39(11):1989–1996. 
DOI:10.1249/mss.0b013e31814fb402   

Aagaard P., Simonsen E. B., Andersen J. L., & Magnusson P. (2002). Increased rate of force development and 
neural drive of human skeletal muscle following resistance training. J Appl Physiol, 93:1318–1326. 
DOI:10.1152/japplphysiol.00283.2002   

Allen G. M., Gandevia S. C., & McKenzie D. K. (1995). Reliability of measurements of muscle strength and 
voluntary activation using twitch interpolation. Muscle & Nerve, 18(6): 593–600. 
DOI:10.1002/mus.880180605   

Allen M. D., Dalton B. H., Gilmore K. J., McNeil C. J., Doherty T. J., Rice C. L., & Power G. A. (2021). 
Neuroprotective effects of exercise on the aging human neuromuscular system. Experimental Gerontology, 

152:111465. DOI:10.1016/j.exger.2021.111465   
Andersen L.L., Aagaard P. (2006). Influence of maximal muscle strength and intrinsic muscle contractile 

properties on contractile rate of force development. European Journal of Applied Physiology, 96(1):46–52. 
DOI:10.1007/s00421-005-0070-z   

Baroni B. M., Geremia J. M., Rodrigues R., Borges M. K., Jinha A., Herzog W., & Vaz M. A. (2013). 
Functional and Morphological Adaptations to Aging in Knee Extensor Muscles of Physically Active Men. 
Journal of Applied Biomechanics, 29:535–542.   

Bento P. C. B., Pereira G., Ugrinowitsch C., & Rodacki A. L. F. (2010). Peak torque and rate of torque 
development in elderly with and without fall history. Clinical Biomechanics, 25(5):450–454. 
DOI:10.1016/j.clinbiomech.2010.02.002   

Berg H. E., Tedner B., & Tesch P. A. (1993). Changes in lower limb muscle cross-sectional area and tissue fluid 
volume after transition from standing to supine. Acta Physio Scan, 148:379–385.   

Booth F. W., Laye M. J., & Roberts M. D. (2011). Lifetime sedentary living accelerates some aspects of 
secondary aging. Journal of Applied Physiology, August. DOI:10.1152/japplphysiol.00420.2011   



ANDRÉ GERALDO BRAUER JUNIOR, ADRIANO EDUARDO LIMA DA SILVA, JÉSSICA TEIXEIRA, 
JOHN JAIRO VILLAREJO-MAYOR, PAULO CESAR BARAUCE BENTO   

--------------------------------------------------------------------------------------------------------------------------------------- 

---------------------------------------------------------------------------------------------------------------------------- 

JPES ®      www.efsupit.ro  
1801

Cappellini G. et al (2006). Motor Patterns in Human Walking and Running. J Neurophysiol, 95:3426–3437.  
DOI:10.1152/jn.00081.2006  

Clark B. C., & Taylor J. L. (2011). Age-Related Changes in Motor Cortical Properties and Voluntary Activation 
of Skeletal Muscle. Current Aging Science, 4(3):192–199. 

Fragala M. S., Kenny A. M., & Kuchel G. A. (2015). Muscle quality in aging: a multi-dimensional approach to 
muscle functioning with applications for treatment. Sports Med, 45: 641-658, doi: 10.1007/s40279-015-
0305-z. DOI:10.1007/s40279-015-0305-z   

Fukumoto Y., Ikezoe T., & Yamada Y. (2012). Skeletal muscle quality assessed from echo intensity is 
associated with muscle strength of middle-aged and elderly persons. European Journal of Applied 

Physiology, 112:1519–1525. DOI:10.1007/s00421-011-2099-5   
Fukumoto Y., Yamada Y., Ikezoe T., Watanabe Y., Taniguchi M., Sawano S., Asai T., Kimura M., & Ichihashi 

N. (2018). Associations of physical activity with age-related changes in muscle echo intensity in older 
adults: 4-year longitudinal study. J Appl Physiol, 125(5):1468–1474.   

Gerstner G. R., Thompson B. J., Rosenberg J. G., Sobolewski E.J., Scharville M. J., & Ryan E. D. (2017). 
Neural and Muscular Contributions to the Age-Related Reductions in Rapid Strength. Medicine and Science 

in Sports and Exercise, 49(7):1331–1339. DOI:10.1249/MSS.0000000000001231   
Goodpaster B. H., Park S. W., Harris T. B., Kritchevsky S. B., Nevitt M., Schwartz A.V., Simonsick E. M., 

Tylavsky F. A., Visser M., & Newman A. B. (2006). The Loss of Skeletal Muscle Strength, Mass, and 
Quality in Older Adults: The Health, Aging and Body Composition Study. Journals of Gerontology - Series 

A Biological Sciences and Medical Sciences, 61(10):1059–1064.   
Hamner S. R., Seth A., & Delp S. L. (2010). Muscle contributions to propulsion and support during running. 

Journal of Biomechanics, 43(14):2709–2716. DOI:10.1016/j.jbiomech.2010.06.025  
Harridge S., Magnusson G., & Saltin B. (1997). Life-long endurance-trained elderly men have high aerobic 

power, but have similar muscle strength to non-active elderly men. Aging Clinical an Experimental 

Research, 9(1):80–87.   
Harridge S., Lazarus, N. (2017). Physical Activity, Aging, and Physiological Function. Physiology, 32:152–161. 

DOI:10.1152/physiol.00029.2016   
Hopkins W. G. (2000). Measures of Reliability in Sports Medicine and Science. Sports Medicine, 30(1):1–15.   
Hurley M. V., Rees J., & Newham D. J. (1998). Quadriceps function, proprioceptive acuity and functional 

performance in healthy young , middle-aged and elderly subjects. Age and Ageing, 27:55–62.   
Jenkins N. D. M., Buckner S. L., Cochrane K. C., Bergstrom H. C., Palmer T. B., Johnson G. O., Schmidt R. J., 

Housh T. J., & Cramer J. T. (2014). Age-related differences in rates of torque development and rise in EMG 
are eliminated by normalization. Experimental Gerontology, 57:18–28. DOI:10.1016/j.exger.2014.04.015   

Karamanidis K., & Arampatzis A. (2005). Mechanical and morphological properties of different muscle – 
tendon units in the lower extremity and running mechanics: effect of aging and physical activity. The 

Journal of Experimental Biology, 208:3907–3923. DOI:10.1242/jeb.01830   
Karamanidis K., & Arampatzis A. (2006). Mechanical and morphological properties of human quadriceps 

femoris and triceps surae muscle – tendon unit in relation to aging and running. Journal of Biomechanics 
39:406–417. DOI:10.1016/j.jbiomech.2004.12.017   

Koster A., Caserotti P., Patel K. V., Matthews C. E., Berrigan D., Domelen D. R., Van Brychta, R. J., Chen K. 
Y., & Harris T. B. (2012). Association of Sedentary Time with Mortality Independent of Moderate to 
Vigorous Physical Activity. Plos ONE, 7(6):1–7. DOI:10.1371/journal.pone.0037696   

Kubo K., Kanehisa H., Azuma K., Ishizu M., Okada M., & Fukunaga T. (2003). Muscle Architectural 
Characteristics in Young and Elderly Men and Women. International Journal of Sport Nutrition and 

Exercise Metabolism, 24, 125–130.   
Kusy K., Zielinski J. (2014). Ageing, aerobic capacity and insulin sensitivity in masters athletes: endurance and 

speed-power training benefits. Trends in Sport Sciences, 2(21): 73–84.   
Lazarus N. R., & Harridge S. D. R. (2017). Declining performance of master athletes : silhouettes of the 

trajectory of healthy human ageing? J Physiol, 595(9):2941–2948. DOI:10.1113/JP272443   
Lee D., Brellenthin A.G., Thompson P.D., Sui X., Lee I.M., & Lavie C.J. (2017). Running as a Key Lifestyle 

Medicine for Longevity. Progress in Cardiovascular Diseases, 60(1): 45–55.  
DOI:10.1016/j.pcad.2017.03.005 

 Lee E.J., Snyder E.M., Lunstrom C.J. (2020). Predictors  of  long-distance  race  performance  in master 
runners.     Journal of Human Sport and Exercise, 15(2): 355-366. DOI:10.14198/jhse.2020.152.10 
 Lixandrao M. E., Ugrinowitsch C., Bottaro M., Chacon-Mikahil, M. P. T., Cavaglieri C. R. et al (2014). Vastus 

lateralis muscle cross-sectional area ultrasonography validity for image fitting in humans. Journal of 

Strenght and Conditioning Research, 28(11):3293–3297.   
Maffiuletti N. A., Aagaard P., Blazevich A. J., Folland J., Tillin N., & Duchateau J. (2016). Rate of force 

development: physiological and methodological considerations. European Journal of Applied Physiology, 
116(6):1091–1116. DOI:10.1007/s00421-016-3346-6   



ANDRÉ GERALDO BRAUER JUNIOR, ADRIANO EDUARDO LIMA DA SILVA, JÉSSICA TEIXEIRA, 
JOHN JAIRO VILLAREJO-MAYOR, PAULO CESAR BARAUCE BENTO   

--------------------------------------------------------------------------------------------------------------------------------------- 

---------------------------------------------------------------------------------------------------------------------------- 

JPES ®      www.efsupit.ro  
1802

Maltais M. L., Desroches J., & Dionne I. J. (2009). Changes in muscle mass and strength after menopause. 
Journal of Musculoskeletal Neuronal Interactions, 9(4):186–197.   

Marcell T. J., Hawkins S. A., Wiswell R.A. (2014). Leg strength declines with advancing age despite habitual 
endurance exercise in active older adults. Journal of Strenght and Conditioning Research Research, 
28(2):504–513.   

Masters Athletics Rankings, Track and Field - World Rankings. (n.d.). 
Http://Www.Mastersathletics.Net/Index.Php?Id=2595track%20an%20field%20%E2%80%93%20world%20
rankings. https://www.runnersworld.com/advanced/a20801263/age-grade-calculator/#   

Mau-Moeller A., Behrens M., Lindner T., Bader R., & Bruhn S. (2013). Age-related changes in neuromuscular 
function of the quadriceps muscle in physically active adults. Journal of Electromyography and Kinesiology, 
23(3):640–648. DOI:10.1016/j.jelekin.2013.01.009   

Mayor J., Machaki M., Cabral L., Rodacki A. L. F., Pereira G. (2020). Neuromuscular Tool [Computer 

software]. Curitiba, Brazil; 2020 [updated April 2021]. Available from 

https://github.com/JohnVillarejo/Neuromuscular-Tool.   
Merton, B. Y. P. A., Hospital, T. N., & Square, Q. (1954). Voluntary strenght and fatigue. Journal of Physiology, 

123, 553–564.   
Mckendry J., Breen L., Shad B.J., Greig C.A. (2018). Muscle morphology and performance in master athletes: a 

systematic review and meta-analyses. Ageing Res Rev, 45: 62-82. DOI:10.1016/j.arr.2018.04.007 
McKendry J., Joanisse S., Baig S, Liu B., Parise G., Greig C.A., Breen L. (2020). Superior Aerobic Capacity and 

Indices of Skeletal Muscle Morphology in Chronically Trained Master Endurance Athletes Compared with 
Untrained Older Adults. J Gerontol A Biol Sci Med Sci, Vol. 75, No. 6, 1079–1088. 
DOI:10.1093/gerona/glz142  

Mikkelsen U. R., Couppé C., Karlsen A., Grosset J. F., Schjerling P., Mackey A. L., Klausen H. H., Magnusson 
S.P., & Kjær M. (2013). Life-long endurance exercise in humans: Circulating levels of inflammatory 
markers and leg muscle size. Mechanisms of Ageing and Development, 134(11–12):531–540. 
DOI:10.1016/j.mad.2013.11.004   

Millet G. Y., Martin V., Martin A., & Vergès S. (2011). Electrical stimulation for testing neuromuscular 
function: From sport to pathology. European Journal of Applied Physiology, 111(10), 2489–2500. 
DOI:10.1007/s00421-011-1996-y   

Narici M. V., Maganaris C. N., Reeves N. D., & Capodaglio P. (2003). Effect of aging on human muscle 
architecture. Journal of Applied Physiology,  95:2229–2234. DOI:10.1152/japplphysiol.00433.2003   

Neyroud D., Vallotton A., Millet G. Y., Kayser B., & Place N. (2014). The effect of muscle fatigue on stimulus 
intensity requirements for central and peripheral fatigue quantification. European Journal of Applied 

Physiology, 114(1):205–215. DOI:10.1007/s00421-013-2760-2   
Pillen S., Tak R. O., Zwarts M., Lammens M., Arts I. M. P., Van Der Laak J. A., Hoogerbrugge P. M., Van 

Engelen B. G. M., & Verrips A. (2009). Skeletal muscle ultrasound: correlation between fibrous tissue and 
echo intensity. Ultrasound in Medicine and Biology, 35(3): 443–446. 
DOI:10.1016/j.ultrasmedbio.2008.09.016   

Power G. A., Minozzo F. C., Spendiff  S., Filion M., Konokhova Y., Purves-smith M. F., Pion C., Aubertin-
leheudre M., Morais J. A., Herzog W., Hepple R. T., Taivassalo T., & Rassier D. E. (2016) Reduction in 
single muscle fiber rate of force development with aging is not attenuated in world class older masters 
athletes. Am J Physiol Cell Physiol, 310:C318–C327. DOI:10.1152/ajpcell.00289.2015   

Reaburn P., & Dascombe B. (2008). Endurance Performance in masters athetles. European Review of Aging and 

Physical Activity, 5(1):31–42. DOI:10.1007/s11556-008-0041-6   
Reeves N. D., Maganaris C. N, & Narici M. V. (2004). Ultrasonographic assessment of human skeletal muscle 

size. European Journal of Applied Physiology, 91(1):116–118. DOI:10.1007/s00421-003-0961-9   
Roos M. R., Rice C. L., Connelly D. M., & Vandervoort A. A. (1999). Quadriceps muscle strenght, contractile 

properties, and motor unit firing rates in young and old men. Muscle Nerve, 22, 1094–1103.   
Shield A., & Zhou S. (2004). Assessing voluntary muscle activation with the twitch interpolation technique. 

Sports Medicine, 34(4):253–267. DOI:10.2165/00007256-200434040-00005   
Sipila S., & Suominen H. (1991). Ultrasound imaging of the quadriceps muscle in elderly athletes and untrained 

men. Muscle & Nerve, 14(6):527–533. DOI:10.1002/mus.880140607   
Sipila S., & Suominen H. (1993). Ultrasound imaging of the quadriceps muscle in elderly. Muscle & Nerve, 

16:294–300.   
Sipila S., Viitasalo J., Era P., & Suominen H. (1991). Muscle strength in male athletes aged 70-81 years and a 

population sample. European Journal of Applied Physiology 63: 399–403.   
Tanaka H., & Seals D. R. (2008). Endurance exercise performance in Masters athletes: age-associated changes 

and underlying physiological mechanisms. The Journal of Physiology, 586(1):55–63. 
DOI:10.1113/jphysiol.2007.141879   



ANDRÉ GERALDO BRAUER JUNIOR, ADRIANO EDUARDO LIMA DA SILVA, JÉSSICA TEIXEIRA, 
JOHN JAIRO VILLAREJO-MAYOR, PAULO CESAR BARAUCE BENTO   

--------------------------------------------------------------------------------------------------------------------------------------- 

---------------------------------------------------------------------------------------------------------------------------- 

JPES ®      www.efsupit.ro  
1803

Tarpenning K. M., Hamilton-wessler M., Wiswell R. A., & Hawkins S. A. (2004). Endurance Training Delays 
Age of Decline in Leg Strength and Muscle Morphology. Medicine and Science in Sports and Exercise, 
36:74–78. DOI:10.1249/01.MSS.0000106179.73735.A6   

Tarpenning K. M., Hawkins S. A., Marcell T. J., & Wiswell R. A. (2006). Endurance Exercise and Leg Strength 

in Older Women. J Aging Phys Act, 3:3–11. DOI:10.1123/japa.14.1.3.   
Thompson B. J., Ryan E. D., Sobolewski E. J., Conchola E. C., & Cramer J. T. (2013). Age related differences in 

maximal and rapid torque characteristics of the leg extensors and flexors in young, middle-aged and old men. 
Experimental Gerontology, 48(2):277–282. DOI:10.1016/j.exger.2012.10.009   

Unhjem R., Sidhu S. K., Hoff J., Wang E., Imaging M., City S.L., Unhjem R. (2016). Lifelong strength training 
mitigates the age-related decline in efferent drive. Journal of Applied Physiology, 121(2):415–423. 
DOI:10.1152/japplphysiol.00117.2016   

Young H. J., Jenkins N. T., Zhao Q., Mccully K. K. (2015). Measurement of intramuscular fat by muscle echo 
intensity. MuscleNerve, 52:963-971.  DOI:10.1002/mus.24656 

 


