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Abstract
Shiotani, H, Mizokuchi, T, Yamashita, R, Naito, M, and Kawakami, Y. Influence of body mass on running-induced changes in
mechanical properties of plantar fascia. J Strength CondRes 37(11): e588–e592, 2023—Bodymass is amajor risk factor for plantar
fasciopathy; however, evidence explaining the process between risk factors and injury development is limited. Long-distance
running induces transient and site-specific reduction in plantar fascia (PF) stiffness, reflecting mechanical fatigue and microscopic
damage within the tissue. As greater mechanical loads can induce greater reduction in tissue stiffness, we hypothesized that the
degree of running-induced change in PF stiffness is associated with body mass. Ten long-distance male runners (age: 21 2 23
years, bodymass: 55.56 4.2 kg; mean6SD) and 10 untrainedmen (age: 202 24 years, bodymass: 58.46 5.6 kg) ran for 10 km.
Before and immediately after running, the shear wave velocity (SWV) of PF at the proximal site, which is an index of tissue stiffness,
wasmeasured using ultrasound shear wave elastography. Although the PF SWV significantly decreased after running in runners (2
4.0%, p5 0.010) and untrained men (221.9%, p, 0.001), runners exhibited smaller changes (p, 0.001). The relative changes in
SWV significantly correlated with body mass in both runners (r 5 20.691, p 5 0.027) and untrained individuals (r 5 20.723, p 5
0.018). These results indicate that a larger body mass is associated with a greater reduction in PF stiffness. Our findings provide in
vivo evidence of the biomechanical basis for body mass as a risk factor for plantar fasciopathy. Furthermore, group differences
suggest possible factors that reduce the fatigue responses, such as adaptation enhancing the resilience of PF and running
mechanics.
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Introduction

Plantar fasciopathy is one of the most common running-related
injuries (31,33). Although the etiology of plantar fasciopathy is
not yet fully understood (39), mechanical overload is widely ac-
cepted as a cause of this injury (2,25). Both intrinsic and extrinsic
factors may be involved in mechanical load. For instance, body
mass is an intrinsic risk factor (24,36). Habitual exercise levels
(e.g., frequency, intensity, and duration) have been proposed as
extrinsic risk factors (32,33). In support of the latter, long-
distance runners, regardless of their performance level, are known
to be the most vulnerable to this injury (21,33,35). However,
there is limited in vivo evidence explaining the process between
the risk factors and the development of plantar fasciopathy.

The plantar fascia (PF), a dense connective tissue that courses
along the plantar surface of the foot, is the primary arch-supporting
tissue contributing to the spring-like function of the foot arch in
humans (13,14). At each foot contact during running, the PF is
subjected to sizable stress with the longitudinal strain reaching up to
6% (4,37,40). Previous simulation studies have demonstrated that
stress along the PF concentrates at its proximal site (4,5). Repetitive
and site-specific stress on the soft tissues can result in reduced stiff-
ness and increased strain upon load (38), reflecting mechanical fa-
tigue as well as microscopic damage within the tissue. Indeed, a
previous in vivo study has demonstrated that long-distance running
induces a transient reduction in stiffness at the proximal site of the PF
(28). Such fatigue and damage to the PF accumulate training by
training and may lead to tissue degeneration and eventually to the
development of plantar fasciopathy.

Previous mechanical testing studies have demonstrated that
greater mechanical loads can induce greater reduction in soft
tissue stiffness (15,38). Hence, a greater load on the foot during
running may lead to greater reduction in PF stiffness. In the
abovementioned study (28), running kinetics and kinematics
were not measured; thus, it was not possible to examine the as-
sociations between the reduction of PF stiffness and applied loads
during running. However, it is conceivable that the magnitude of
ground reaction force and impulse is proportional to bodymass at
constant running velocities (3,34). Thus, we developed a further
hypothesis that the degree of running-induced change in PF
stiffness is associated with body mass. If our hypothesis is
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supported, we can provide in vivo evidence of the biomechanical
basis for body mass as a risk factor for plantar fasciopathy.
Therefore, this study aimed to examine the association between
running-induced changes in PF stiffness and body mass.

Methods

Experimental Approach to the Problem

Experimental data were obtained from a previous study (28),
which examined different topics (site-specificity and group dif-
ferences in running-induced changes in morphological and me-
chanical properties of PF, and their relationships with the
lowering of the foot arch). Details of the experiment can be found
elsewhere (28). We have summarized it here.

The subjects included were 10 long-distance male runners and
10 untrained men, matched for baseline physical characteristics
(i.e., age, height, and body mass). Using ultrasound shear wave
elastography, shear wave velocity (SWV) of the PF at its proximal
site (in proximity to the calcaneus) was measured as an index of
tissue stiffness. The PF SWV was measured before (pre) and im-
mediately after (post) 10 km of running, and the relative change
was calculated. The correlations between running-induced
changes in PF SWV and body mass were examined.

Subjects

Ten long-distancemale runners (age 22.06 0.7 years, height 1.68
6 0.04 m, body mass 55.5 6 4.2 kg; means 6 SD) and 10 un-
trained men (age 22.5 6 1.4 years, height 1.70 6 0.05 m, body
mass 58.46 5.6 kg) were included in the study. All subjects were
healthy, free from lower-extremity injuries for the past 12
months, and had no subjective symptoms that would impede
running at the time of measurement. The runners had maintained
habitual running of at least 10 km/week for the past 12 months,
and their running experiences ranged between 9 and 16 years.
The untrained subjects were either sedentary or lightly active, and
none of them had been involved in any structured training pro-
gram or continuous sports participation for at least 12 months
before the measurement. Age, height, and body mass were not
significantly different between runners and untrained men (p .
0.05). The subjects were asked not to perform any strenuous
exercise for at least 24 hours before the measurement. This study
was approved by the Human Research Ethics Committee of
Waseda University and conducted in accordance with the Dec-
laration of Helsinki. Written informed consent was obtained
from all subjects after the purpose, procedures, and possible risks
of this study were explained.

Procedures

The main measurements were conducted in an indoor bio-
mechanical laboratory. Body height was measured with amanual
stadiometer (YG-200; Yagami, Aichi, Japan), and bodymass was
measured with a digital scale (HBF-701; OMRON, Kyoto, Ja-
pan), while the subjects wore their own sports clothes and were
barefoot. Bodymass index (BMI) was calculated as the bodymass
relative to the square of body height.

To measure PF stiffness, ultrasound shear wave elastography,
which is a valid and reliable technique for evaluating the stiffness
of skeletal muscles, tendons, and fasciae in vivo (9,11,27,29), was
used. This technique uses multiple push pulses to generate shear
waves within soft tissues and measures their velocity (SWV).

Because SWV is related to the Young’s modulus and shear
modulus of soft tissues, it can be used as an index of tissue stiffness
(9,11). Details of ultrasound measurements and data processing
were based on previously published work, showing excellent
intratrial and intertrial reliability of PF SWV with intraclass
correlation coefficients of .0.9 (27,29). During ultrasound
measurements, the subjects were requested to rest in a supine
position on an examination bed with the knee fully extended. The
right foot was secured to a custom-made fixture, with the ankle
and toe digits in the neutral position. The PF at the proximal site
(in proximity to the calcaneus) was scanned longitudinally using
an Aixplorer ultrasound scanner (version 6.4, Supersonic Imag-
ine, Aix-en-Provence, France) with a linear array probe (SL 15-4,
Supersonic Imagine, Aix-en-Provence, France) (Figure 1). The
scanning head of the probe was coated with a transmission gel,
and an acoustic standoff pad (Gelpad for StatUS, Enraf-Nonius,
Rotterdam, Netherlands) was used to avoid excessive compres-
sion of the skin surface. B-mode ultrasound images and shear
wave data were recorded for 7 seconds at a sampling rate of 12
Hz. Three images separated by 12 frames from themiddle of the 7
seconds recording were selected for further analysis. SWV was
measured as the mean value within the region of interest (ROI),
which was manually traced over the fascial boundaries of the PF
using a measurement tool included in the Aixplorer software (Q-
box Trace, Supersonic Imagine, Aix-en-Provence, France). Care
was taken to exclude any rejection (i.e., the area with pixels
having no color) within ROI. SWV was measured for 3 images
and averaged to obtain a representative value.

After the ultrasound measurements, the subjects were asked to
run for 10 km on a 700-m outdoor asphalt-surface circular path
adjacent to the laboratory. The subjects were allowed to perform
low-intensity exercises, such as walking and jogging, for up to
700 m as a warm-up before the running task. The running ve-
locity was standardized to 10 km/h to ensure the identical loads
during running for both the groups. During running, the lap time
was recorded under the supervision of the authors, and the run-
ning velocity was adjusted by oral instructions. To account for
potential left-right differences in applied loads to the feet during
curve running (6,30), subjects ran 5 km each in counterclockwise
and clockwise directions. Subjects wore their own socks and
running shoes. None of the subjects used unsuitable shoes (e.g.,
minimalist, high cushion, high motion control, or badly de-
teriorated shoes) or orthotics that could confound the results. All
the subjects successfully completed this running task with an

Figure 1. A representative shear wave image of the plantar
fascia at the proximal site. The red outline bounds the region
of interest (ROI).
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average completion time of 0:59:57 (ranging from 0:59:04 to 1:
00:57) without interruption, resting, or walking. Body mass and
PF SWV were measured again immediately after the completion
of the running task. Care was taken to ensure that the subjects
were in the same posture for all measurements, before and after
running.

Statistical Analyses

The normality of the data was assessed using the Shapiro-Wilk
test. After normality was confirmed, a 2 3 2 split-plot analysis
of variance (ANOVA) with group (runners and untrained men)
as the between-subjects factor and time (prerunning and post-
running) as the within-subject factor was performed to compare
the running-induced changes in PF SWV. If a significant in-
teraction was found, comparisons of the PF SWV before and
after running in each group were performed using a paired t test.
In addition, the relative changes in PF SWV from prerunning to
postrunning (%DSWV) were calculated and compared between
runners and untrained men using an unpaired t test. Partial h2

(for ANOVA) andCohen’s d (for a post hoc test) were calculated
as indices of effect size. For the within-subject factor, the de-
pendence between mean values was corrected using the fol-
lowing equation:

d ¼ Mdiff

.
SDpooled

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð12 rÞ

p
; (1)

whereMdiff is themean difference between conditions, SDpooled

is the pooled SD, and r is the correlation between the mean values
(20). Effect size was interpreted as small (0.2# d, 0.5), medium
(0.5# d, 0.8), or large (d$ 0.8) (8). A post hoc power analysis
(G*Power v3.1, Heinrich Heine-Universität Dusseldorf, Ger-
many) estimated the effect size needed for 80% statistical power
was d $ 0.853. The correlations between %DSWV and body
mass and BMI were examined using Pearson’s product-moment
correlation coefficients. Bodymass and BMI at baseline were used
for correlation analysis. Statistical significance was set at a 5
0.05. Statistical analysis was performed using the SPSS software
(SPSS Statistics 28, IBM, Armonk, NY).

Results

PF SWV showed a significant group-time interaction (p5 0.001,
h2 5 0.455). PF SWV significantly decreased after running in
both runners (p5 0.010, d5 1.026) and untrained subjects (p,
0.001, d 5 1.541) (Figure 2). Runners showed a significantly
smaller %DSWV than untrained men (24.0% and 221.9%, re-
spectively; p, 0.001, d5 1.912). In both runners and untrained
subjects, %DSWV correlated with body mass (r 5 20.691, p 5
0.027 and r520.759, p5 0.011, respectively) and BMI (r52
0.723, p 5 0.018 and r 5 20.745, p 5 0.013, respectively)
(Figure 3).

Discussion

Running-induced changes in PF SWV correlated with body mass
in both the groups, which supports our hypothesis. These findings
indicate that a larger body mass is associated with a greater re-
duction in PF stiffness, thus highlighting the impact of body mass
on PF stiffness. It has been suggested that the magnitude of
ground reaction force and impulse during running is proportional

Figure 2. Box plots comparing shear wave velocity at pre-
running and postrunning in runners (closed box) and untrained
men (opened box) and bar charts comparing the relative
changes in shear wave velocity (%DSWV). *Significant differ-
ence between prerunning and postrunning (p , 0.05).
†Significant difference between runners and untrained men (p
, 0.05).

Figure 3.Correlations of the relative changes in shearwave velocity (%DSWV)with bodymass (A) and bodymass index (B) in
runners (closed circle) and untrained men (opened circle). The regression lines are shown with correlation coefficients in
runners (bold line) and untrained men (dotted line). *Significant correlation between the variables (p , 0.05).
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to bodymass (3,34) and that greater mechanical stress can induce
a greater reduction in tissue stiffness (38). Simulation studies have
demonstrated that the stress applied to the PF concentrates at the
proximal site (4,5), where SWV was measured in this study. The
reduction in PF stiffness may reflect mechanical fatigue and mi-
croscopic damage within the tissue owing to body mass-
dependent and site-specific stresses. Thus, with greater body
mass, PF can be more fatigued and more damaged by greater
stress. This, repeated during each training session, may lead to
tissue degeneration and eventually to the development of plantar
fasciopathy. Our findings provide in vivo evidence of the bio-
mechanical basis for body mass as a risk factor for plantar
fasciopathy.

In this study, runners and untrained men with comparable
bodymasses demonstrated different fatigue responses to PF SWV.
This can be attributed to several potential factors. First, individual
differences in running mechanics are involved in the amount of
mechanical stress applied to the PF (19,41). Untrained individuals
and novice runners exhibit larger joint angular excursions with
higher individual variability as compared with well-trained run-
ners (12,18). This can result in application of diverse mechanical
stresses on the foot, leading to different fatigue responses. Second,
a previous animal study reported that daily external loads affect
the stiffness, collagen content, stress relaxation, and hysteresis of
connective tissue (16). Because the runners in this study had no
history of plantar fasciopathy, they might be successful cases,
already optimally adapted to running-specific training. Thus,
such adaptive changes in the viscoelasticity of PF in runners to-
ward being more resilient might also be a factor in the different
fatigue responses observed between the groups.

Long-distance running has become an increasingly popular ex-
ercise to achieve physical fitness, a healthier lifestyle, and weight
loss in particular (22). Our results suggest that the condition at the
beginning of habitual running to lose weight may have the greatest
impact on the mechanical properties of PF and thus the highest risk
of plantar fasciopathy. Although only male subjects were included
in this study, body mass is a risk factor for plantar fasciopathy in
both male and female subjects (24,36). Thus, the association be-
tween running-induced changes in PF stiffness and body mass
would not be sex specific. Besides, overweight or obese individuals
were not included in this study because the BMI of the subjects
ranged from 18.0 to 23.8 kg/m2. To fully understand the etiology
of plantar fasciopathy and adaptability of PF, the acute and chronic
effects of running in a wider range of population in terms of age,
sex, body mass, body composition, and sporting background are
worth examining in future studies.

One of the limitations of this study is that the running kine-
matics and kinetics could not be assessed. As the present results
suggest the existence of other factors that reduce stress accumu-
lation, investigations into the effect of running mechanics on the
mechanical properties of PF would lead to a better understanding
of the nature of PF adaptability as well as the etiology of plantar
fasciopathy. Furthermore, the runners in this study can be cate-
gorized as recreational runners (7). Runners at different perfor-
mance levels exhibit different running mechanics (1,42) and
fatigue responses (26,43). Thus, competitive and elite runners
may exhibit different signs of adaptation in PF. Comparisons
between runners with different performance levels should be in-
corporated in future studies.

In summary, this study demonstrated that the degree of re-
duction in PF stiffness after long-distance running correlates with
body mass, indicating that a larger body mass is associated with
greater mechanical fatigue and microscopic damage within the

PF. Our findings provide in vivo evidence of the biomechanical
basis for body mass as a risk factor for plantar fasciopathy.
Nevertheless, runners exhibited a smaller reduction in PF stiffness
as compared with untrained individuals, while possessing com-
parable body mass, suggesting possible factors to reduce the fa-
tigue responses, such as adaptation enhancing the resilience of PF
and running mechanics.

Practical Applications

In team or group training, it is common to impose the same
running conditions such as duration, time, and velocity on a
group of runners. Our results demonstrated that long-
distance runners had a more resilient PF, which could min-
imize the risk of running-related injuries, including plantar
fasciopathy. However, even in well-trained runners, larger
body mass can lead to a greater reduction in PF stiffness
after running. A larger body mass is considered one of the
major risk factors for plantar fasciopathy (36). In addition,
previous epidemiological studies have suggested that long-
distance runners, regardless of their performance levels,
demonstrate the highest prevalence of plantar fasciopathy
(21,33,35). Based on these findings, runners and their
coaches should keep in mind that greater mechanical stress
can accumulate in the PF of heavier runners even at com-
parable performance levels and training volumes. Toward
minimizing the risk of plantar fasciopathy while maintain-
ing fitness and performance level in heavier runners,
replacing some runs with nonimpact or low-impact aerobic
cross-training methods, such as cycling or outdoor elliptical
bike, can be effective (17,23). The reduction in PF stiffness
after 10-km running at 10 km/h has previously been dem-
onstrated to be transient because it was observed to recover
in approximately 60 minutes (28). However, a previous
study reported that flattening of the foot arch height, which
can be a simple indicator of foot condition as it has also been
reported to be associated with a reduction in PF stiffness
(28), persists for more than 1 week after a full marathon
(10). Thus, the persistence of PF stiffness reduction may
depend on running duration and intensity. In addition, pa-
tients with plantar fasciopathy exhibit a lower PF SWV than
healthy individuals (44). It is speculated that PF stiffness will
not fully recover and will persist at lower levels as tissue
degeneration and injury develop because of excessive ac-
cumulation of mechanical fatigue and microscopic damage
within the PF. Continuous monitoring of the PF SWV (or
foot arch height) may help assess tissue conditions and
prevent injury.
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