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Conclusion  Calcaneus bone stiffness was higher in all 
endurance runners compared to a sedentary control popu-
lation. The volume of ground reaction forces which occur 
during endurance running might induce the adaptation of 
the calcaneus bone.
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Introduction

From a mechanical point of view, changes in bone min-
eral density and bone geometry are possible by inducing 
mechanical stimuli with external loadings and/or with load-
ing forces during skeletal muscle contractions, although 
other non-mechanical factors also contribute to changes 
in bone density (Stabley et al. 2014). For this reason, exer-
cise modalities requiring high muscular forces (such as 
resistance training) or generating high impacts (such as 
speed running and jumping) are regularly recommended 
to enhance bone mass and bone density (Schinkel-Ivy 
et al. 2014; Wilks et al. 2009). Nevertheless, not all exer-
cise modalities have shown an osteogenic effect on healthy 
individuals.

Cross-sectional and longitudinal investigations indicate 
that weight-bearing exercise activities, that include the 
direct action of gravitational forces, produce greater bone 
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adaptations (Guadalupe-Grau et  al. 2009; Nikander et  al. 
2010; Tenforde and Fredericson 2011) than sports like 
swimming, water polo or rowing, that do not have measura-
ble osteogenic benefits (Gomez-Bruton et al. 2014; Greene 
et al. 2012; Greenway et al. 2012). Moreover, sports with 
high ground reaction forces produce high muscle forces 
as the muscles lengthen at great speed during exercise 
actions and landing. Exercise activities that combine the 
mechanical stimulus from ground reaction forces and the 
tension produced by intense muscle contractions are con-
sidered better for bone stimulation (Ju et  al. 2014). Since 
bone adaptation is limited to loaded regions (Guadalupe-
Grau et  al. 2009), the exercise modality has to be cho-
sen to specifically act on the whole body or relevant sites 
(Kemmler et al. 2006). Based on these osteogenic criteria, 
running could be one of the most suitable exercise routines 
to preserve or to improve bone mineral stiffness and bone 
strength in healthy male and females. However, the out-
comes of previous investigations on this topic are contra-
dictory because either positive [e.g., increased bone mass 
and cross-sectional moments of inertia (Feldman et  al. 
2012)] or adverse bone adaptations [e.g., reduced bone 
mass and increased bone turnover (Hetland et  al. 1993)] 
have been found when comparing endurance runners to 
healthy sedentary controls. Perhaps, the anatomical loca-
tion of the bone adaptation assessment in these previous 
investigations is responsible for this inconsistency because 
the positive outcomes were found on tibia structure (loaded 
region during endurance running) while the negative bone 
adaptations were found on the lumbar spine and proximal 
femurs (less loaded region during running).

The study of bone mineral density in runners is an ideal 
scenario to investigate bone adaptations because the differ-
ences in training volume, running pace and stride length 
between sprinters and endurance runners provide different 
mechanical environments using the same exercise activity 
(e.g., running). Evidence suggests that sprinters typically 
present higher values of bone mineral density than endur-
ance runners in both adult (Magkos et al. 2007) and master 
categories (Nowak et al. 2010; Wilks et al. 2009) probably 
due to higher impact loading protocols in sprinters versus 
endurance athletes. Recently, it has been suggested that 
bone mineral density depends on running distance because 
participants in short-distance disciplines presented higher 
values of bone mineral density than long-distance athletes 
(Gast et  al. 2013). Specifically, the differences in bone 
density between short-distance runners and endurance run-
ners were most marked at loaded-bearing regions (legs, 
hips and spine). However, all previous investigations (Gast 
et al. 2013; Nowak et al. 2010; Wilks et al. 2009) typically 
grouped endurance runners in the same category despite the 
differences in training volumes and running pace between 

shorter distance runners (e.g., 10-km runners) and longer 
distance runners (e.g., marathoners).

Therefore, the aim of this study was to assess bone ultra-
sonographic variables in different types of endurance run-
ners to determine whether prolonged running constitutes 
an effective “mechanical stimulus” to produce measur-
able bone adaptations in a loaded region, e.g., calcaneus. 
A second aim was to determine whether endurance run-
ning training and calcaneus bone adaptations are related 
in a dose–response manner. For this purpose, we measured 
calcaneus bone stiffness in male and female runners of dif-
ferent endurance running disciplines. We hypothesized that 
longer distance runners (e.g., marathoners) would have 
increased calcaneus bone stiffness compared to shorter dis-
tance runners (e.g., 10-km and half-marathon runners).

Methods

Ethics statement

All participants were fully informed of any risks and dis-
comforts associated with the experiments before giving 
their informed written consent to participate. The study 
was approved by the Camilo Jose Cela Ethics Committee 
in accordance with the latest version of the Declaration of 
Helsinki.

Participants

A total of 203 trained endurance runners and 75 healthy 
controls volunteered to participate in this investigation. 
The sample of endurance runners was recruited from the 
competitors in the Rock ‘n’ Roll Madrid Marathon & ½ 
Marathon while the control participants were recruited 
from the population of students and staff of the Camilo 
José Cela University. Endurance runner participants were 
divided into two groups according to their habitual com-
petition distance: longer distance endurance runners (e.g., 
marathoners; men = 101, 41.0 ± 9.1 years; women = 21, 
40.5 ±  8.0 years) and shorter distance endurance runners 
(e.g., ½ marathon and 10-km endurance runners; men = 48, 
38.2  ±  10.4  years; women  =  33, 37.1  ±  8.8  years; 
Table 1). Control participants (e.g., sedentary counterparts) 
were specially chosen to match age and sex of the endur-
ance runners (men = 43, 38.6 ± 8.6 years; women = 32, 
37.6 ± 7.6 years). Inclusion criteria for the control group 
included being mentally active, as evidenced by occupation 
or educational participation and sedentary behavior, and 
sedentary, as evidenced by <1 h of exercise per week. To 
determine the physical activity of the sedentary controls, 
participants filled out a questionnaire about daily physi-
cal activity routines and exercise. All the participants were 
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healthy and were free of any musculoskeletal and meta-
bolic disorders known to affect the bones. In the female 
population, pregnant participants, participants currently 
breastfeeding or with signs of amenorrhea were excluded 
from the study sample. Only Caucasian individuals were 
included in the study because the amount of data obtained 
from other races was insufficient to include race as a varia-
ble for the analysis. Participants’ information was obtained 
using personal interviews and questionnaires. Subjects 
were questioned regarding date of birth, training habits 
(including the type of shoe and whether they predominantly 
trained over soil, asphalt or track), previous medical condi-
tions and injuries, and self-rated their habitual endurance 
discipline according to their routine training. Subjects una-
ble to give a single self-rated best discipline were excluded 
from the study. Participants were then assigned to the 
longer distance runners group (e.g., marathoners), shorter 
distance runners group (half-marathon and 10 km) or sed-
entary counterparts according to their habitual competition 
distance. Information about their physical characteristics, 
training habits and running experience is shown in Table 1.

Experimental protocol

All the experimental procedures were performed 1–3 days 
before the participation in the running races. Participants’ 
height (Seca 213, Germany) and body mass were meas-
ured (Radwag, Poland) and the questionnaire was individu-
ally filled out to assess medical conditions, medication, 

previous injuries in the lower limbs, training habits and 
gynecological status (only in females). Once the inclusion 
criteria were fulfilled, participants underwent an ultrasono-
graphic assessment of the calcaneus in the right and left 
feet using a bone scanner (Achilles, General Electric Health 
Care-Lunar, WI, USA). This scanner consisted of a control 
box, a heel waterbath and two transducers placed opposite 
each other at each side of the waterbath. A known ultra-
sound signal was sent from one fixed transducer throughout 
the waterbath with the heel in it and the ultrasound signal 
was subsequently received by the opposing fixed trans-
ducer. Signal parameters were digitized and sent to a com-
puter for automated analysis. For this measurement, partici-
pants remained comfortably seated and their bare foot was 
placed in the waterbath. Expandable membranes were filled 
with warm water and isopropyl alcohol was used to provide 
coupling between the heel and the membranes, eliminating 
spaces with air.

During each ultrasonographic assessment, the speed 
of sound (SOS) and the broadband ultrasound attenuation 
(BUA) were directly measured while the calcaneus stiff-
ness index was calculated as follows:

while SOS is a variable that assesses the elastic resist-
ance of the bone (and it correlates with mineral and pro-
tein contents), BUA measures the loss of ultrasound energy 
occurred by absorption or dispersion (and it correlated with 
bone density; Cepollaro et al. 1995). Stiffness is achieved 

Calcaneus stiffness (A.U.) = (0.67 · BUA+ 0.28 · SOS)−420

Table 1   Age, anthropometric characteristics and training habits of the participants in this investigation

Data are mean ± SD for longer distance runners, shorter distance runners and sedentary counterparts

* Significantly different from sedentary counterparts at P < 0.05
†  Significantly different from shorter distance runners at P < 0.05

Longer distance runners Shorter distance runners Sedentary counterparts

Males

 N 101 48 43

 Age (years) 41.0 ± 9.1 38.2 ± 10.4 38.6 ± 8.6

 Height (cm) 174 ± 8 174 ± 8 177 ± 3

 Body mass (kg) 74.4 ± 9.1* 71.9 ± 9.8* 81.8 ± 15.9

 Body mass index (kg m2) 24.6 ± 2.4* 23.8 ± 2.5* 26.1 ± 4.3

 Training volume (km week−1) 53.4 ± 20.2† 38.4 ± 25.6 –

 Running experience (years) 9.8 ± 9.3 7.0 ± 7.0 –

Females

 N 21 33 32

 Age (years) 40.5 ± 8.0 37.1 ± 8.8 37.6 ± 7.6

 Height (cm) 161 ± 5 163 ± 6 164 ± 6

 Body mass (kg) 58.0 ± 6.4 56.8 ± 5.9* 62.0 ± 9.7

 Body mass index (kg m2) 22.3 ± 2.1 21.3 ± 2.1* 23.2 ± 3.6

 Training volume (km week−1) 44.8 ± 12.9† 27.0 ± 15.4 –

 Running experience (years) 8.1 ± 7.2 5.4 ± 5.7 –
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through the combination of SOS and BUA related to 
patient age. Previous investigations have obtained good 
validity and reliability results when using this instrument 
to measure the bone mineral density of the calcaneus with 
a coefficient of variation of 0.47  % for SOS, 2.6  % for 
BUA and 1.6 % for stiffness (Cepollaro et al. 1992; Toyras 
et al. 2002). Besides, a recent meta-analysis has indicated 
that quantitative ultrasound has an excellent sensitivity to 
assess exercise-induced changes in bone status (Babatunde 
and Forsyth 2013). If right-to-left calcaneus stiffness dif-
fered by more than 10 %, the assessment was repeated in 
both feet. Those participants with right-to-left stiffness dif-
ferences higher than 10 % were excluded from the analy-
sis. In each ultrasonographic measurement, T scores and Z 
scores for calcaneus stiffness were calculated using the ref-
erence 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 (Gast et al. 2013). 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 (Gast et al. 2013).

Statistical analysis

Initially, all the variables measured in the calcaneus (speed 
of sound, broadband ultrasound attenuation, and stiffness) 
were compared between right and left feet using Student’s 
t test for paired samples. All variables were very compara-
ble in both feet (<1 % of variation), and thus, mean values 
for both feet were used for statistical analysis. Compari-
son between the three groups of subjects (longer distance 
runners, shorter distance runners and sedentary counter-
parts) for age, height, body mass, body mass index and 
training status was made using a one-way analysis of vari-
ance (ANOVA). Between-group differences in calcaneus 

ultrasound properties were performed using an ANCOVA 
with age, body mass and body mass index as covariates. 
Tukey’s post-hoc analysis was then used to identify differ-
ences between groups in these variables. Besides, we cal-
culated the effect size in pairwise comparisons in reference 
to the control group according to the formula proposed by 
Glass et al. (1981). The magnitude of the effect size was 
interpreted using the scale of Cohen (1988): an effect size 
lower than 0.2 was considered small, an effect size around 
0.5 was considered medium and an effect size over 0.8 was 
considered large. Male and female populations were ana-
lyzed separately because this investigation did not aim to 
investigate sex differences. We also performed a prelimi-
nary analysis of the effects of the type of shoes and the 
most habitual training surface on the differences between 
longer distance runners and shorter distance runners. 
These variables did not influence calcaneus density and 
were excluded from the analysis. Data are expressed as 
mean values ±  standard deviation (SD). The significance 
level was set at α = 0.05. This statistical analysis was per-
formed using the SPSS v.18 software package (SPSS Inc., 
USA).

Results

In males, longer distance runners and shorter distance run-
ners did not significantly differ in age and height from their 
sedentary counterparts (Table  1). However, both groups 
of runners (longer and shorter distance) presented lower 
body mass and body mass index than the sedentary con-
trols (P  <  0.05). Male longer distance runners had a sig-
nificantly higher training volume than shorter distance run-
ners (P < 0.05), but they had similar running experience. In 
females, only shorter distance runners presented lower val-
ues for body mass and body mass index than the sedentary 
controls (P < 0.05). Female longer distance runners had a 

Table 2   Ultrasonographic parameters measured in the calcaneus of male and female longer distance runners, shorter distance runners and sed-
entary counterparts

Data are mean ± SD

* Significantly different from sedentary counterparts at P < 0.05

Longer distance runners Shorter distance runners Sedentary counterparts

Males

 Speed of sound (m s−1) 1612 ± 47* 1610 ± 56* 1576 ± 36

 Broadband ultrasound attenuation (db mHz−1) 134 ± 15* 129 ± 14 126 ± 13

 Stiffness (A.U.) 120 ± 20* 117 ± 21* 105 ± 18

Females

 Speed of sound (m s−1) 1605 ± 42* 1594 ± 40* 1569 ± 33

 Broadband ultrasound attenuation (db mHz−1) 131 ± 17* 122 ± 18 120 ± 12

 Stiffness (A.U.) 116 ± 20* 108 ± 19* 99 ± 14
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significantly higher training volume than female shorter 
distance runners but similar running experience.

Table 2 depicts mean values for calcaneus ultrasound prop-
erties in all three groups of participants for both male and 
female participants. In males, longer distance runners pre-
sented higher values for speed of sound, broadband ultrasound 
attenuation and calcaneus stiffness (P < 0.05) than their seden-
tary counterparts. Shorter distance runners had higher values 
for speed of sound and calcaneus stiffness than the sedentary 
controls (P  < 0.05). However, there were no significant dif-
ferences between the two groups of runners in the aforemen-
tioned variables. In females, longer distance runners also pre-
sented higher values for all ultrasonographic parameters when 
compared to the female sedentary controls (Table 2; P < 0.05) 
while shorter distance runners differed only in speed of sound 
and calcaneus stiffness (P < 0.05). Again, there were no dif-
ferences between the two groups of runners in the calcaneus 
ultrasound properties. Mean T score and Z score values are 
shown in Fig. 1. In males, Z scores and T scores of both longer 
distance and shorter distance runners were significantly higher 
than the sedentary controls (P < 0.05). The same differences 
were found in the female population with longer distance run-
ners and shorter distance runners presenting higher Z scores 

and T scores than female sedentary controls (P < 0.05). Again, 
there were no statistically significant differences between 
longer and shorter distance runners.

Discussion

The main purpose of this investigation was to assess bone 
adaptations induced by different types of endurance run-
ning, as measured by cross-sectional comparisons in cal-
caneus ultrasound properties between male and female 
runners of different endurance running disciplines (from 
10 km to marathoners). The main results of our investiga-
tion were (a) both, longer distance and shorter distance 
endurance runners presented higher values for calcaneus 
stiffness than their sedentary counterparts (Table  2); (b) 
the adaptations in the calcaneus ultrasound properties pro-
duced by endurance training were of similar magnitude in 
men and women; (c) longer distance runners presented the 
highest values for calcaneus stiffness according to Z and 
T scores (Fig.  1) while these endurance runners had also 
the highest training volume per week (Table 1). All these 
results suggest that prolonged running produces a sig-
nificant and positive bone adaptation in the calcaneus of 
endurance runners. Besides, it is likely that the higher vol-
ume of running per week present in long-distance runners 
is responsible for a greater calcaneus adaptation in this type 
of endurance runners.

Previous investigations have been geared to determine 
the influence of the mechanical stimuli produced during 
running on bone mineral density and bone strength (Ben-
nell et al. 1997; Gast et al. 2013; Nowak et al. 2010; Wilks 
et al. 2009) because of the suitability of running to produce 
bone adaptations in young and adult individuals. In brief, 
these investigations have evidenced that sprint-type runners 
presented higher total body bone mineral density, espe-
cially in weight-bearing zones such as the legs, hip, lumbar 
spine and trunk, than endurance-trained runners (Gast et al. 
2013). However, endurance running disciplines include 
races from 5-km to ultraendurance events of 100 km. Thus, 
the mechanical stimuli for bone adaptation can be very dif-
ferent among endurance runners.

In the present investigation, we compared calcaneus 
bone stiffness in male and female long-distance runners 
(marathoners) to short-distance endurance runners (half-
marathoners and 10 km). Participants in these groups had 
comparable age, anthropometric characteristics and run-
ning experience, but long-distance runners presented higher 
values of training volume, as measured by running distance 
per week (Table  1). Interestingly, both groups of runners 
presented higher speed of sound, broadband ultrasound 
attenuation and calcaneus stiffness than age- and sex-
matched sedentary controls (Table  2; Fig.  1). These data 

Fig. 1   Calcaneus’ stiffness expressed as age- and sex-adjusted Z 
scores or peak bone mass sex-adjusted T scores in male and female 
shorter distance runners, longer distance runners and sedentary 
counterparts. *Significantly different from sedentary counterparts at 
P < 0.05
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suggest that endurance running training promotes bone 
adaptation in the calcaneus inducing a higher stiffness and 
strength, as previously found for the tibia (Feldman et  al. 
2012).

Although there were no statistically significant differ-
ences between longer distance and shorter distance runners 
in the ultrasonographic variables studied, the effect size 
obtained by longer distance training was always superior 
to the effect size for shorter distance endurance training. 
When compared to sex- and age-matched sedentary con-
trols, male longer distance runners presented greater effect 
sizes in SOS (1.00 vs 0.93), BUA (0.62 vs 0.25) and cal-
caneus stiffness (0.88 vs 0.66) than shorter distance endur-
ance runners. In female participants, longer distance run-
ners also presented greater effect sizes in SOS (1.10 vs 
0.77), BUA (0.89 vs 0.20) and calcaneus stiffness (1.20 
vs 0.60) than shorter distance runners. These results indi-
cate that the volume of endurance training might exert a 
progressive adaptation in calcaneus bone stiffness. Fur-
thermore, these results are in concordance with the tradi-
tional mechanostat theory proposed by Frost (1987) since a 
higher volume of mechanical stimuli during running tended 
to produce superior bone adaptations (Nikander et  al. 
2010).

The Z and T scores provide a unique insight into investi-
gating the impact of different sport types compared to a ref-
erence population (Tveit et al. 2014). These scales provide 
a fair comparison of an individual’s bone mineral density 
to his/her sex-matched young reference of peak bone mass 
(T score) and his/her expected age-adjusted value (Z score). 
Because the group of longer distance runners reported 
higher training volumes of weight-bearing physical activ-
ity (e.g., running), as measured per km week−1, it might be 
expected that they would show a slightly better calcaneus 
bone density than the general population and runners with 
lower training volumes. The data presented in Fig. 1 indi-
cate that endurance running training increases calcaneus 
stiffness when compared to a population at peak bone mass 
age (T score) and to an age-matched population (Z score). 
Moreover, the effect size also suggests that the higher the 
training volume, the higher the increases over Z and T 
scores in both male and female individuals.

The current experimental design presents some limi-
tations and they should be summarized to improve the 
comprehension of the main outcomes found in this inves-
tigation. First, this is a cross-sectional study that investi-
gates the effects of endurance training disciplines on cal-
caneus bone stiffness. Cross-sectional investigations have 
less validity than longitudinal studies because there still 
remains the possibility that greater calcaneus bone density 
in longer distance runners could be the result of factors 
not associated with this investigation. Second, this inves-
tigation is focused on the calcaneus while it is likely that 

endurance running training induces bone adaptation in legs 
and trunks. Thus, the examination of bone changes induced 
by endurance running training should be expanded to other 
body areas using dual-energy X-ray absorptiometry. Third, 
we did not control the diet or the nutritional status of the 
participants in this investigation. Thus, it remains the pos-
sibility that some of the differences found in this inves-
tigation are related to the diet of the runners versus their 
sedentary controls (Welch and Rosen 2005). In the authors’ 
opinion, these limitations do not hinder the main outcomes 
and applicability of the investigation.

In the current investigation, several ultrasonographic 
variables measured in the calcaneus presented greater val-
ues in endurance runners when compared to sedentary 
counterparts (Welch and Rosen 2005). Thus, it can be sug-
gested that prolonged running produces a significant bone 
adaptation in the calcaneus of endurance runners (Kemmler 
et al. 2006). Besides, the effect size in calcaneus bone stiff-
ness, speed of sound and broadband ultrasound attenuation 
in longer distance runners (marathoners) was superior to 
endurance runners of shorter disciplines such as 10 km and 
half-marathon. It is likely that the higher volume of running 
per week present in marathoners induced an enhanced cal-
caneus adaptation when compared to the remaining endur-
ance runners. Endurance running might be used to improve 
areal bone mineral density and the higher the distance 
covered per week the better the bone adaptations. Finally, 
improvements in bone mineral stiffness with endurance run-
ning were of similar magnitude in male and female runners.
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