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Abstract
Summary  This investigation presents a comparison of calcaneus bone stiffness of endurance runners of different ages and 
age-matched controls. We found that there was an age-associated decline in calcaneus bone stiffness in the control group 
while endurance runners prevented this decline, with a higher effect as the participants increased their age.
Purpose  Previous investigations have found that endurance runners have higher bone mineral density and other bone quality 
variables in mechanically loaded bones. However, it is unknown if endurance running might counteract the decline in bone 
stiffness that occurs with age. The purpose of this study was to compare calcaneus bone stiffness of endurance runners of 
different ages to age-matched controls.
Methods  In a descriptive cross-sectional study, 182 endurance-trained male runners and 116 healthy untrained male controls 
underwent an ultrasonographic assessment of the calcaneus bone in the right and left heels. Calcaneal bone stiffness was 
calculated from assessments of the broadband ultrasound attenuation and the speed of sound.
Results  The line of best fit for the association between age and calcaneus stiffness was different between marathoners and 
controls (Z =  − 2.1, P = 0.02). A two-way ANCOVA (condition × age) with body mass, and body mass index as covariates, 
revealed that there were main effects of condition (F = 26.8, P < 0.01) and age (F = 4.2, P < 0.01) for calcaneus stiffness, with 
a significant interaction between these two factors (F = 2.8, P = 0.03). The post hoc analysis revealed that calcaneus stiff-
ness was significantly higher in marathoners of 40–44 years (121.5 ± 18.2 vs 101.1 ± 21.3 arbitrary units [A.U.], P = 0.01), 
45–49 years (121.5 ± 19.7 vs 104.3 ± 13.4 A.U., P = 0.04), and > 50 years (111.2 ± 17.9 vs 92.4 ± 16.0 A.U., P < 0.01) than 
their untrained counterparts of the same age with no statistically significant differences in the remaining age groups.
Conclusion  Endurance runners of > 40 years had higher values of calcaneus stiffness than controls, providing evidence to 
support the potential effect of endurance running to reduce the age-related decline on calcaneus bone stiffness.
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Introduction

Optimal bone tissue must be stiff, but at the same time, flex-
ible to absorb energy, and light to facilitate locomotion [1]. 
For this reason, bone health is characterized by different 

parameters of bone mineral density, geometry, architecture, 
and strength. Bone tissue is a modifiable type of tissue that 
might be affected by several environmental factors, mainly 
dietary patterns, physical activity, sex, and age [2]. Among 
them, age is the strongest factor affecting bone stiffness and 
mass, producing a progressive reduction of bone strength 
and elasticity along with age [3]. Age produces a progressive 
decline in bone mineral density and stiffness in both women 
and men which might negatively impact several health var-
iables [4], mainly due to the higher risk of fractures and 
associated comorbidities. Body weight—particularly at the 
time of skeletal maturity—dairy calcium intake, smoking, 
and exercise are other contributing factors for bone stiffness, 
although their influence is lower than that of age [5].
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Bone tissue effectively responds to the demands of 
mechanical loading by altering its structure and density that 
depend on the extent of mechanical stresses applied to the 
bone [6]. To this regard, there is wide evidence supporting 
the benefits of exercise to improve bone quality. Although 
increased physical activity may lead to enhanced bone mass, 
it is suggested that the best way to improve all bone-related 
variables is participating in structured exercise training pro-
grams [4]. Exercise has been reported as one of the best 
non-pharmacological ways to maintain bone stiffness and 
strength through age [7]. However, not all exercise programs 
produce the same benefits on bone health. Weight-bearing 
exercise seems to be the most effective form of exercise that 
leads to maintenance or improvement of bone mineral den-
sity and stiffness due to the forces exerted on the mechani-
cally loaded bones [8].

One of the simplest and most accessible forms of weight-
bearing exercise is endurance running. Long-distance run-
ning is gaining popularity among young adults, particularly 
in the last decades, due to the wide spectrum of benefits over 
cardiovascular muscle and body composition parameters 
[9]. Endurance running might also be an optimal exercise to 
stimulate bone mass gain in ages close to the peak bone mass 
[10] and then to maintain bone quality throughout life [11]. 
Although sprinters, gymnasts, or team sports athletes have 
higher bone mineral density than endurance runners [12, 
13], most cross-sectional studies have found a higher bone 
mineral density in runners compared with inactive controls 
[14]. In addition, endurance running may have greater osteo-
genic effects than other forms of endurance exercise such as 
cycling, triathlon, and swimming [15].

Endurance running is a multifaceted and competitive 
sports discipline that can be performed over a wide range of 
distances. In recent years, the number of amateur runners 
that train and compete in marathons has greatly increased 
[16] because amateur runners perceive completing the dis-
tance as a personal challenge. Interestingly, marathoners 
have higher calcaneus stiffness than untrained controls and 
this difference was greater to that found when comparing 
controls to half-marathoners and 10 K runners [11]. This 
effect was likely produced by the higher running distances 
covered during training for a marathon as running mile-
age has been previously deemed as an essential factor for 
enhancements in bone mineral density [17]. In marathoners, 
Drysdale et al. [18] evidenced that runners of 20–93 years of 
age had higher broadband ultrasound attenuation (an indi-
rect measurement of bone stiffness) in the calcaneus than 
untrained controls, suggesting a beneficial role of endurance 
running on stiffness throughout a life span. However, there 
was not a specific analysis on the influence of the maratho-
ners’ age on calcaneus stiffness. Because of this, it is difficult 
to determine if endurance running produces different mag-
nitudes of effect depending on participant age.

Therefore, the purpose of this study was to identify the 
effect of endurance running on bone stiffness in runners of 
different ages by comparing calcaneus stiffness of endur-
ance runners of various ages with age-matched controls. We 
hypothesized that the magnitude of the effect found when 
comparing marathoners to the age-matched controls would 
increase with age.

Methods

Participants

A total of 182 endurance-trained runners and 116 healthy 
untrained controls volunteered to participate in this inves-
tigation. All participants of both groups were Caucasian 
males. The sample of endurance runners was recruited from 
the competitors in the 2018 Edition Rock’n’Roll Madrid 
Marathon. The inclusion criteria for the marathon group 
were the following: being an active endurance runner with 
more than 3 years of endurance running experience, having 
more than 3 sessions of training per week, and running with 
a mileage higher than 30 km per week. The exclusion criteria 
for the marathoners were the following: having a muscu-
loskeletal injury in the previous month, a positive smok-
ing status, medication or dietary supplement usage within 
the previous month, previous history of cardiopulmonary 
or musculoskeletal diseases, previous history of fracture in 
any bone of the upper leg, lower leg, or foot, and intolerance 
to milk or dairy products.

Control participants were recruited among students and 
staff of Spanish universities by using recruiting emails and 
posters. As the measurement of the controls was carried out 
after the measurement of marathoners, we especially chose 
control participants to match the age of the marathoners. 
The inclusion criteria for the control group required partici-
pants to be mentally active—as evidenced by occupation, 
educational participation, or sedentary behavior (< 1 h of 
exercise per week)—and be free of any musculoskeletal and 
metabolic disorders known to affect the bones. The exclu-
sion criteria for controls required participants to have not 
been enrolled in any kind of exercise training activity within 
the previous 2 years, in addition to the same exclusion cri-
teria applied to marathoners. Participants’ information was 
obtained by using a personal interview and questionnaire. 
Detailed information was collected, including date of birth, 
training habits (if any), previous medical conditions, and 
injuries. All participants were fully informed of any risks 
and discomforts associated with the experiments before giv-
ing their informed written consent to participate. The study 
protocol was reviewed and approved by the Camilo Jose 
Cela Ethics Committee (code:13/2017) in accordance with 
the latest version of the Declaration of Helsinki.
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Experimental design

This is a descriptive cross-sectional study designed to 
determine the effect of endurance running on calcaneus 
bone stiffness in runners with increasing age, while this 
effect was assessed by comparing densitometry vari-
ables in runners versus healthy sedentary controls. For 
this reason, the sample of marathoners and the sample 
of untrained controls were clustered in the following 
groups: < 35  years (35 marathoners and 34 controls); 
between 35 and 39 years (36 marathoners and 27 con-
trols); between 40 and 44 years (39 marathoners and 14 
controls); between 45 and 49 years (31 marathoners and 
24 controls); and > 50 years (41 marathoners and 17 con-
trols). Categorization into the age groups was determined 
by the participant’s age at the time of measurement. Infor-
mation about participants’ physical characteristics and 
running experience is included in Table 1.

Experimental protocol

In the group of marathoners, measurements were carried 
out in the facility used to collect race bibs one to two days 
before the marathon (21 ± 1 °C), in April 2018. Controls 
were measured in a laboratory room simulating the condi-
tions of the aforementioned area (21 ± 1 °C). The measure-
ments in the control group were performed between April 
and May 2018. All measurement methods were identical in 
both groups. Upon arrival, each participant filled out an ad 
hoc questionnaire about age, medical history, training hab-
its (if any, including running experience and mean weekly 
mileage in the last three months). Body height was then 
measured with a stadiometer to the nearest 0.1 cm and body 
mass was measured with a weight scale with a precision 
of ± 0.05 kg (Radwag, Poland). Body mass index (BMI) was 
calculated from body height and mass. Then, participants 
underwent an ultrasonographic assessment of the calcaneus 
bone in the right and left heels using a bone scanner (Achil-
les, General Electric Health Care-Lunar, WI, USA). For this 

Table 1   Morphological characteristics of endurance runners (marathoners) and untrained counterparts (controls)

Data are mean ± SD for marathoners of > 35 years (n = 35), between 35 and 39 years (n = 36), between 40 and 44 years (n = 39), between 45 and 
49 years (n = 31) and > 50 years (n = 41) compared to age-matched untrained controls (n = 34, 27, 14, 24, 17, respectively). d = Cohen’s effect 
size. CI confidence intervals

Variable (units) Age group Marathoners (n = 182) Controls (n = 116) P value d (95% CI)

Age (years)  < 35 years 27.7 ± 3.8 26.6 ± 4.9 0.30 0.25 (− 0.22 to 0.72)
35–39 years 36.7 ± 1.5 37.0 ± 1.5 0.33  − 0.25 (− 0.25 to 0.75)
40–44 years 42.1 ± 1.4 42.4 ± 1.2 0.43  − 0.24 (− 0.86 to 0.37)
45–49 years 46.8 ± 1.3 47.1 ± 1.4 0.38  − 0.24 (− 0.77 to 0.30)
 > 50 years 55.9 ± 5.9 56.4 ± 5.3 0.77  − 0.08 (− 0.65 to 0.48)

Body height (cm)  < 35 years 176.6 ± 6.0 177.5 ± 7.4 0.67  − 0.12 (− 0.59 to 0.35)
35–39 years 177.3 ± 4.8 176.0 ± 6.1 0.46 0.24 (− 0.26 to 0.74)
40–44 years 174.6 ± 5.8 177.3 ± 7.2 0.27  − 0.41 (− 1.03 to 0.20)
45–49 years 173.9 ± 7.1 176.9 ± 8.6 0.35  − 0.37 (− 0.91 to 0.17)
 > 50 years 171.7 ± 6.7 173.8 ± 4.8 0.45  − 0.34 (− 0.91 to 0.23)

Body mass (kg)  < 35 years 77.2 ± 0.8 74.3 ± 13.6 0.37 0.24 (− 0.23 to 0.72)
35–39 years 77.0 ± 9.5 78.5 ± 11.9 0.67  − 0.14 (− 0.64 to 0.36)
40–44 years 73.6 ± 7.7 79.7 ± 8.5 0.04  − 0.75 (− 1.38 to [− 0.13])
45–49 years 73.0 ± 8.0 82.0 ± 8.5 0.01  − 1.09 (− 1.66 to [− 0.52])
 > 50 years 71.0 ± 7.7 86.0 ± 18.7  < 0.01  − 1.24 (− 1.65 to [− 0.63])

Body mass index (kg/m2)  < 35 years 24.7 ± 2.8 23.5 ± 3.7 0.19 0.36 (− 0.11 to 0.84)
35–39 years 24.5 ± 2.8 25.3 ± 3.8 0.42  − 0.26 (− 0.76 to 0.24)
40–44 years 24.1 ± 2.1 25.3 ± 1.8 0.13  − 0.60 (− 1.2 to 0.02)
45–49 years 24.1 ± 2.0 26.2 ± 1.6 0.02  − 1.11 (− 1.69 to [− 0.54])
 > 50 years 24.1 ± 2.0 28.4 ± 1.2  < 0.01  − 1.15 (− 1.75 to [− 0.55])

Training experience (years)  < 35 years 7.0 ± 5.3 - - -
35–39 years 8.7 ± 7.4 - - -
40–44 years 10.5 ± 8.1 - - -
45–49 years 10.0 ± 6.4 - - -
 > 50 years 20.2 ± 11.7 - - -
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measurement, participants remained comfortably seated and 
their bare foot was placed in a water bath while minimal 
foot movement was ensured during the measurement by an 
experimenter that kept participant’s calf in position. This 
scanner consisted of a control box, a heel water bath, and 
two transducers placed at each side of the water bath. During 
the assessment, a known ultrasound signal was sent from one 
transducer to the other while the heel was placed in the bath. 
Calcaneus bone stiffness was calculated from the magnitude 
of the ultrasound signal’s attenuation, as previously indi-
cated [11]. Signal parameters obtained by the bone scanner 
were digitized and sent to a computer for automated analy-
sis. Scanner’s expandable membranes were filled with warm 
water, and isopropyl alcohol was used to provide coupling 
between the heel and the membranes to eliminate spaces 
with air. During each ultrasonographic assessment, the speed 
of sound, in m/s, and the broadband ultrasound attenuation, 
in dB/MHz, were directly measured. Calcaneal bone stiff-
ness was calculated in arbitrary units as (0.67 × broadband 
ultrasound attenuation + 0.28 × speed of sound) − 420. In 
previous investigations, the coefficient of variation for the 
speed of sound was 0.47%, 2.6% for broadband ultrasound 
attenuation, and 1.6% for calcaneal stiffness [19]. In the case 
of a right-to-left difference in calcaneus stiffness greater than 
10%, the measurement was repeated in each heel. If the dif-
ference persisted, participants were excluded from the analy-
sis due to an asymmetry from a speculated previous injury.

Statistical analysis

Initially, all bone densitometry variables measured in the cal-
caneus (speed of sound, broadband ultrasound attenuation, 
and stiffness) were compared between the right and left foot 
by using a Student’s t test for paired samples. Densitometry 
variables were very comparable in both feet (less than 1% of 
variation), and thus, mean values for both feet were used for 
statistical analysis. Afterwards, T scores and Z scores were 
calculated for calcaneus stiffness in each individual using 
the reference population included in the manufacturer’s 
software. The individual T score represents the difference 
between the participant’s value for calcaneus stiffness and 
the mean value for a population of young adults of the same 
sex with peak bone mass. The individual Z score represents 
the difference between the participant’s value for calcaneus 
stiffness and the value of a sex- and age-adjusted population 
[20]. Differences in age, height, body mass, and body mass 
index were made using Student’s t test for unpaired sam-
ples. Differences in densitometry variables were analyzed 
by using a two-way ANCOVA (condition × age) with body 
mass, and body mass index as covariates. For this analy-
sis, there were two clusters for condition (marathoner vs 
controls) and five clusters for age (< 35 years, 35–39 years, 
40–44 years, 45–49 years, and > 50 years of age). In the 

case of a significant F test, Tukey’s post hoc was used to 
detect difference in pairwise comparisons within the indi-
viduals of the same age group. Data are expressed as mean 
values ± standard deviation (SD) for each age group. In the 
scatterplots, the association between densitometry variables 
and age is presented, including the line of best fit for the 
two conditions. The Fisher’s r to z transformation was used 
to verify if the slope of the line of best fit was different 
between marathoners and controls. The significance level 
was set at P < 0.05 for all statistical analysis. In addition, to 
determine the magnitude of differences, Cohen’s effect size 
(d) and 95% confidence intervals (CI) were calculated and 
interpreted as follows: < 0.2 trivial; 0.2–0.6 small; 0.6–1.2 
moderate; or > 1.2 large [21]. All these statistical analy-
ses were performed using the SPSS v.20 software package 
(SPSS Inc., USA).

Results

Marathoners and controls had similar age and body 
height in all age groups. However, controls were heavier 
(from > 40 years of age) and had a higher body mass index 
(from > 45 years of age) than the age-matched marathoners.

Figure 1 contains the association between age and cal-
caneus stiffness, BUA, and speed of sound in marathoners 
and controls. The line of best fit was different between 
marathoners and controls for calcaneus stiffness (Z =  − 2.1, 
P = 0.02) and for the speed of sound (Z =  − 2.0, P = 0.02), 
but it was similar between conditions for BUA (Z =  − 0.1, 
P = 0.02). The ANCOVA revealed that there were main 
effects of the condition (F = 26.8, P < 0.01) and age (F = 4.2, 
P < 0.01) for calcaneus stiffness, with a significant interac-
tion between these two factors (F = 2.8, P = 0.03). The post 
hoc analysis revealed that calcaneus stiffness was signifi-
cantly higher in 40–44, 45–49, and > 50-year-old maratho-
ners than their untrained counterparts of the same age (all 
P < 0.05; Table 2) with no differences in the remaining age 
groups. The magnitude of the differences in runners older 
than 40 years of age was moderate (from 0.99 to 1.10). There 
was a main effect of the condition (F = 16.9, P < 0.01) for 
BUA, while the main effect of age (F = 2.1, P = 0.07) and the 
interaction between variables did not reach statistical signifi-
cance (F = 1.6, P = 0.17). Marathoners of 40–44 years of age 
and of > 50 years had higher BUA than their age-matched 
controls (P < 0.05, effect size from small-to-moderate) 
with no other significant differences in the remaining age 
groups. There were main effects of the condition (F = 23.1, 
P < 0.01) and age (F = 4.2, P < 0.01) for the speed of sound 
(F = 3.0, P = 0.01) with a significant interaction between 
these two factors (F = 2.7, P = 0.03). The speed of sound was 
higher in endurance runners of 40–44 years, 45–49 years, 
and > 50 years of age (P < 0.05) with moderate effect sizes.
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Figure 2 contains the association between age and T and 
Z scores in marathoners and controls. The line of best fit was 
different between marathoners and controls for both T score 
(Z =  − 2.5, P < 0.01) and Z score (Z =  − 2.1, P = 0.02). The 
ANCOVA revealed that there were main effects of the condi-
tion (F = 26.0, P < 0.01) and age (F = 3.5, P < 0.01), and an 
interaction between these conditions (F = 3.3, P = 0.01) for 
T score. The T score of marathoners was higher than those 
of untrained controls in the 40–44, 45–49, and > 50-year-
old age groups (P < 0.05). However, for Z score, there was a 
main effect of the condition (F = 23.2, P < 0.01) and a con-
dition × age interaction (F = 2.6, P = 0.05) while the main 

effect of age did not reach statistical significance (F = 1.8, 
P = 0.11). The Z score of marathoners was higher than those 
of untrained controls in the 40–44, 45–49, and > 50-year-old 
age groups (P < 0.05). The magnitude of the difference in T 
and Z scores between marathoners and controls increased 
with the age (Table 2).

Discussion

The aim of this study was to investigate the effect of endur-
ance running on calcaneus bone stiffness in runners of dif-
ferent ages by comparing calcaneus stiffness of endurance 
runners of various ages with untrained controls. By using a 
cross-sectional study, male marathoners and age-matched 
controls underwent an ultrasonographic assessment of the 
calcaneus bone to determine stiffness. Overall, the asso-
ciation between age and calcaneus stiffness was different 
between marathoners and controls for calcaneus stiffness. 
Specifically, the decline with age in calcaneus bone stiff-
ness was more pronounced in controls than in marathoners 
as it was represented by the statistically significant differ-
ences in the lines of best fit between these two conditions 
(Fig. 1). This produced that the calcaneus stiffness of mara-
thoners was higher than the value of the control group only 
in runners older than 40 years of age (Table 2), with no 
differences in younger participants. Last, T scores and Z 
scores were also higher in marathoners older than 40 years 
of age than in age-matched controls, with a tendency for a 
higher effect size of endurance running on bone stiffness 
with age (Table 2). Collectively, all this information suggests 
that being involved in endurance running was effective to 
reduce the age-related decline on calcaneal bone stiffness. 
This might indicate a positive effect of endurance running 
on bone stiffness in loaded bone areas, which would be of 
higher magnitude along with participant’s age.

Mechanical loading through external impact forces and 
internal muscle forces plays an important role in the regula-
tion of bone strength and geometry. For this reason, it has 
been found that bone mineral content and the cortical area 
of the tibia of master athletes are the largest in sprinters, 
followed by (in descending order) middle-distance runners, 
long-distance runners, and race-walkers [22]. This indicates 
that endurance running may induce lower effect on bone 
quality than other shorter and more intense sport activities 
because it is a discipline with lower external impact forces 
and lower values of force. However, endurance running is 
an excellent choice due to its cardiovascular benefits, while 
lifelong participation in endurance running slows the inevi-
table age-related decline in aerobic function and muscular 
strength [23]. Additionally, previous investigations have 
deemed that weekly running mileage is an essential factor 
to obtain the benefits of endurance running on bone quality 

Fig. 1   Association between age and stiffness, broadband ultrasound 
attenuation (BUA), and speed of sound measured in the calcaneus 
bone of marathoners and untrained controls. Each black dot repre-
sents data for one marathoner (n = 182) and each white square rep-
resents an age-matched untrained control (n = 116). The black line 
represents the line of best fit for marathoners and the dashed line rep-
resents the line of best fit for controls. (*) The line of best fit for mar-
athoners was different from the line of best fit for controls (P < 0.05)
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[17], and for this reason, training for and participating in 
marathons may produce a greater effect on bone stiffness 
than training and competing in shorter running distances 
[11]. This might be because, during training for a marathon, 
a runner generates repetitive forces of low peak intensity that 
must be maintained for long periods in order to obtain the 
cardiovascular and muscle adaptations to complete 42.2 km 
in 3 to 6 h. Hence, endurance running may be an exercise 
activity with positive effects on bone quality while the run-
ning volume per week seems to be the main factor to deter-
mine the magnitude of the benefits.

It has been previously suggested that the effect of exercise 
on bone tissue may depend on age because bone modeling 
can become less active and responsive to mechanical load-
ing with age [24]. The current investigation adds new and 
important information to the effects of endurance running 
on bone quality because it indicates that the effect of train-
ing/competing in marathon events is greater with individual 
age. Specifically, the values obtained in the densitometry 
variables measured in the calcaneus were not different 

between controls and marathoners younger than 40 years of 
age. However, after this age, marathoners presented calca-
neus with higher values of stiffness than their age-matched 
controls. Furthermore, the association between age and 
calcaneus bone stiffness in the group of untrained controls 
presented a clear age-induced decline which was notably 
reduced in marathoners. These data suggest that endurance 
running may be an excellent method of preventing age-
related declines in calcaneus bone stiffness. The continu-
ation of endurance running training through life appears to 
be an important contributor to maintain bone condition, as 
found in other types of exercise [6].

Table 2 contains the comparison of calcaneus stiffness 
against reference values of young and healthy individuals (T 
score) and age-matched healthy individuals (Z score). Inter-
estingly, marathoners of > 50 years of age had the lowest T 
score despite having the longest running experience (with 
more than 20 years of experience on average). This indicates 
that even in marathoners that had been training and com-
peting for several years, there is a progressive age-related 

Table 2   Ultrasonographic parameters measured in the calcaneus bone of marathoners and untrained controls

Data are mean ± SD for marathoners of > 35 years (n = 35), between 35 and 39 years (n = 36), between 40 and 44 years (n = 39), between 45 and 
49 years (n = 31) and > 50 years (n = 41) compared to age-matched untrained controls (n = 34, 27, 14, 24, 17, respectively). d = Cohen’s effect 
size. CI confidence intervals

Variable (units) Age group Marathoners (n = 182) Controls (n = 116) P value d (95% CI)

Stiffness (A.U.)  < 35 years 116.9 ± 19.1 114.3 ± 19.4 0.96 0.12 (− 0.35 to 0.59)
35–39 years 113.6 ± 19.6 105.4 ± 20.4 0.09 0.40 (− 0.10 to 0.90)
40–44 years 121.5 ± 18.2 101.1 ± 21.3 0.01 1.06 (0.41–1.70)
45–49 years 121.5 ± 19.7 104.3 ± 13.4 0.04 0.99 (0.42–1.75)
 > 50 years 111.2 ± 17.9 92.4 ± 16.0  < 0.01 1.10 (0.50–1.70)

Broadband ultrasound 
attenuation (db/mHz)

 < 35 years 131.4 ± 18.1 130.2 ± 13.4 0.61  − 0.07 (− 0.40 to 0.54)
35–39 years 128.8 ± 13.0 124.7 ± 14.6 0.07 0.29 (− 0.21 to 0.80)
40–44 years 133.6 ± 15.8 122.4 ± 9.7 0.04 0.75 (0.12–1.37)
45–49 years 130.7 ± 17.6 127.9 ± 10.2 0.30 0.20 (− 0.34 to 0.73)
 > 50 years 130.2 ± 11.0 125.5 ± 10.2  < 0.01 0.42 (0.15–0.99)

Speed of sound (m/s)  < 35 years 1608 ± 39 1595 ± 31 0.30 0.27 (0.20–0.74)
35–39 years 1593 ± 43 1578 ± 43 0.24 0.35 (− 0.15 to 0.85)
40–44 years 1614 ± 42 1575 ± 50 0.02 0.88 (0.24–1.51)
45–49 years 1618 ± 49 1573 ± 27 0.03 0.90 (0.35–1.46)
 > 50 years 1592 ± 34 1565 ± 27  < 0.01 0.81 (0.22–1.39)

T score  < 35 years 0.61 ± 1.50 0.33 ± 1.52 0.45 0.18 (− 0.29 to 0.65)
35–39 years 0.28 ± 1.51  − 0.32 ± 1.62 0.14 0.38 (− 0.12 to 0.88)
40–44 years 0.86 ± 1.38  − 0.68 ± 1.64  < 0.01 1.50 (0.40–1.69)
45–49 years 0.89 ± 1.51  − 0.41 ± 1.08  < 0.01 0.95 (0.39–1.52)
 > 50 years 0.09 ± 1.37  − 1.41 ± 1.10  < 0.01 1.14 (0.54–1.75)

Z score  < 35 years 0.82 ± 1.45 0.41 ± 1.22 0.20 0.30 (− 0.17 to 0.78)
35–39 years 0.38 ± 1.43  − 0.15 ± 1.50 0.16 0.36 (− 0.15 to 0.86)
40–44 years 1.20 ± 1.37  − 0.19 ± 1.42  < 0.01 0.99 (0.35–1.62)
45–49 years 1.26 ± 1.51  − 0.27 ± 1.10 0.01 0.73 (0.18–1.28)
 > 50 years 1.15 ± 1.18  − 0.27 ± 0.94 0.01 0.78 (0.20–1.36)
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decline in calcaneal bone stiffness. To this respect, it seems 
that the accumulation of years of running experience does 
not produce a progressive increase in calcaneus stiffness but 
a lower rate of decline on this densitometry variable. Thus, 
the higher magnitude of the effect of endurance running on 
calcaneus stiffness in runners > 50 years of age is the result 
of the highly pronounced reduction in calcaneus stiffness 
with age in the population of controls, as it is presented 
in Figs. 1 and 2. As previously mentioned, marathon run-
ners younger than 40 years had no differences in calcaneus 
stiffness with respect to age-matched controls, although this 
lack of effect was mainly due to controls still had T scores 
close to 0. This indicates that they had not yet started their 
decline in bone stiffness. The results of this investigation 
indicate that endurance runners might prevent the decline in 
calcaneus bone stiffness by maintaining an active lifestyle 
that includes endurance running. This positive effect of run-
ning might be due to the deceleration of bone stiffness loss 
rather than to a progressive enhancement of bone quality 
induced by the accumulation of running years, as previously 
suggested [25].

The current investigation presents some limitations. First, 
this is a cross-sectional study including marathoners with no 

standardized training programs in terms of volume, running 
pace, or frequency of training sessions. Although the current 
investigation is able to define the overall effect of endurance 
running on calcaneus bone stiffness, it does not define the 
most appropriate characteristics of a training program that 
maintains bone condition throughout a life-span [2]. In this 
investigation, we selected runners with > 3 years of endur-
ance experience to assess the effect of endurance running 
on calcaneus bone stiffness. However, running experience 
increased along participant’s age (Table 1). This might affect 
the understanding of research outcomes since it is unfeasi-
ble to separate the effect of age from that of accumulated 
running experience in this study. Third, this investigation 
was carried out with only male runners and controls. The 
results might not be applicable to female endurance runners, 
particularly because of the effect of menopause on bone 
condition [5]. Thus, further investigations in female mara-
thoners, considering the time after menopause, should be 
carried out to confirm the positive effect of endurance run-
ning to prevent the age-related decline on bone stiffness in 
women. Fourth, we merged participants older than 50-year-
old because we were unable to recruit a significant number 
of marathoners to maintain our analysis by 5-year intervals. 
Thus, further investigations should investigate the effect of 
running in samples > 60 years of age to see if the running-
induced prevention of the age-decline in bone stiffness per-
sists at this age [12]. Fifth, there were differences between 
controls and marathoners in body mass and body mass index 
in participants older than 40–45 years (Table 1). It is possi-
ble that these variables affected the differences in calcaneus 
bone stiffness between groups [26] and further experiments 
are needed to confirm that calcaneus bone stiffness is bet-
ter preserved in runners in absence of differences of body 
mass. Finally, we assessed the effect of endurance running 
on just one bone site. Although the assessment of calcaneus 
stiffness is a valid [27] and reliable [28] manner to estimate 
bone mineral density in healthy and clinical populations, it is 
also necessary to examine other bones to fully determine the 
effect of endurance running at preventing age-related bone 
stiffness declines. The measurement of the effect of endur-
ance running on bone mineral density (BMD) measured by 
dual-energy X-ray absorptiometry (DXA) along lifespan also 
warrants further experimentations. To the authors’ opinion, 
these limitations do not hinder the main outcomes and appli-
cability of the investigation.

In summary, it was possible to evidence an age-associ-
ated decline in calcaneus bone stiffness in a control group 
of sedentary individuals while long-distance runners (i.e., 
marathoners) presented a reduced age-related decline. 
Therefore, regular running, particularly at the training level 
required for completing a marathon, may be a good strategy 
to maintain bone stiffness through lifespan. As a novel out-
come, we found that endurance runners older than 40 years 

Fig. 2   Association between age and calcaneus stiffness T score and 
Z score of marathoners and untrained controls. Each black dot rep-
resents data for one marathoner (n = 182) and each white square rep-
resents an age-matched untrained control (n = 116). The black line 
represents the line of best fit for marathoners and the dashed line rep-
resents the line of best fit for controls. (*) The line of best fit for mar-
athoners was different from the line of best fit for controls (P < 0.05)
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of age had higher values of calcaneus stiffness than age-
matched untrained controls. The difference between run-
ners and controls did not reach statistical significance in 
participants younger than 40 years of age because at this 
age, the reduction on bone stiffness induced by age was still 
minor. This investigation provides evidence to support the 
potential effect of endurance running to reduce the age-
related decline on calcaneal bone stiffness. As a practical 
application, healthy individuals seeking to maintain bone 
health through endurance running should engage in endur-
ance training programs at a young age and continue training 
later in life to effectively reduce the effect of age on bone 
stiffness.
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