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The purpose of this study was to investigate the site- and sex-differences in the morphological and
mechanical properties of the plantar fascia (PF) in humans. The thickness and shear wave velocity
(SWV) of PF at five different sites between the medial calcaneal tubercle and the second toe were mea-
sured for 40 healthy young participants (20 males and 20 females) using supersonic shear imaging (SSI).

Keywords: ) The thickness and SWV measurements were highly repeatable (ICC > 0.93). The proximal sites of PF
P:ant_a? dpOneurosis around the calcaneal attachment were significantly thicker and stiffer (higher SWV values) than the mid-
f‘l?nitli:lgs dle and distal sites (p < 0.05). In addition, females had significantly thinner PF in proximal and middle

sites than males, while being significantly stiffer in regardless of the sites, compared with males
(p<0.05). The results of the present study partly support previous findings on the site- and sex-
differences in PF morphology, and further reveal inhomogeneity and sex-specificity of PF stiffness. The
present study widely opens the possibility of evaluating PF functions in vivo.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
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(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The plantar fascia (PF) stretches from the medial calcaneal
tubercle to the proximal phalanges of five toes, and is known as
an anatomical constituent of the arch of the foot (Hicks, 1954;
Stecco et al., 2013). The PF is categorized as the passive linking fas-
cia, which plays an important role in passive force transmission
(Kumka and Bonar, 2012; Stecco et al., 2013). It has been demon-
strated that PF behaves visco-elastically under tension (Ker et al.,
1987; Pavan et al., 2011), thereby stabilizing the medial longitudi-
nal arch of the foot (Caravaggi et al., 2010; Huang et al., 1993) and
contributing myofascial (with toe flexor muscles) and myotendi-
nous (with the Achilles tendon) force transmission from the
hind- to forefoot during exercises (Carlson et al., 2000; Cheung
et al., 2006; Erdemir et al., 2004; Hamel et al., 2001; Hanna and
Schmitt, 2011). Most of these notions have been derived from
cadaveric studies. It has however been suggested that the mechan-
ical properties of the cadavers’ soft tissues differ from those of the
tissues in vivo, through the preservation and fixation procedures
(Ling et al., 2016; Wilke et al., 2011).
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During daily exercises, PF is mechanically stretched, thus the
morphological and mechanical properties of PF may adapt to such
stress accumulation. A previous simulation study using a three-
dimensional finite element foot model suggested that the distribu-
tion of the tension and peak stress along PF is site-specific (Chen
et al.,, 2015). This result has partly been substantiated through
in vivo studies on PF morphology (e.g., thickness measurement
by B-mode ultrasonography) showing site-specific differences in
PF thickness (Crofts et al., 2014), and a common site of plantar
fasciitis being at the proximity to the calcaneal attachment
(Gibbon and Long, 1999). Furthermore, PF thickness at the cal-
caneal attachment is known to be thinner in females than in males
(Huerta and Garcia, 2007). The females’ medial longitudinal arches
are more deformable with weight bearing than those of males
(Fukano and Fukubayashi, 2012), and females have greater inci-
dence rates of the plantar fasciitis than males (Scher et al., 2009;
Werner et al., 2010). These pieces of evidence suggest the site-
and sex-differences of the mechanical properties of PF, which has
not been clarified through in vivo measurements.

The ultrasound shear wave elastography is a relatively new
technique that quantitatively evaluates soft tissue stiffness. It mea-
sures the velocity of mechanical waves in shear direction propagat-
ing within the soft tissues generated by acoustic radiation force
pulse signals emitted from the ultrasound transducer (Bercoff
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et al.,, 2004). The shear wave velocity (SWV) directly reflects the
Young’s modulus of the soft tissue (Ates et al., 2018; Eby et al.,
2013), therefore it can be a measure of the stiffness of the soft tis-

Table 1
Physical characteristics and the foot dimensions of the participants.
Males Females p value

Age (years) 22.8+2.0 222+18 0.41
Height (m) 1.71 £0.05 1.61£0.05 <0.01"
Body mass (kg) 60.3+£7.5 54.1+6.4 <0.01
BMI (kg/m?) 20.6+2.3 21.0+2.6 0.51
Foot length (mm) 249.4+8.8 233.2+6.9 <0.01"
Ball width (mm) 98.1+3.6 93.2+43 <0.01"
Heel width (mm) 62.8+3.8 59.8 +3.7 <0.01"
Navicular height (mm) 43.0+5.6 359+6.3 <0.01"
Arch ratio (%) 171424 15.4+2.5 <0.01"

Values are mean * SDs. The foot length, ball width, heel width and navicular height
were measured using three-dimensional foot scanner (JMS-2100CU, Dream GP,
Osaka, Japan) with the same protocol used in a previous study (Fukano and Iso,
2016). The arch ratio was calculated as the percent of the navicular height over the
foot length. *Significant difference between males and females tested by indepen-
dent t-tests (p < 0.01). BMI - Body mass index.

sues. Among existing elastography techniques, supersonic shear
imaging (SSI) has several advantages over others with respect to
higher reproducibility, range of measurement values and spatial
and time resolution (Lima et al., 2017). There is only one attempt
that used SSI to evaluate stiffness of PF in vivo (Zhang et al.,
2014), however, the site- and sex-differences in PF stiffness has
not been investigated. In this study, we used SSI to test our hypoth-
esis that both the morphological and mechanical properties of PF
are site- and sex-specific.

2. Methods
2.1. Testing procedures

Forty participants (20 males and 20 females; age
22.5+19years, height 1.66 +£0.07m, and body mass 57.2+
7.5 kg; means + standard deviations) with no history of foot or
ankle injuries, or continuous exercise habits in the 12 months prior
to the measurement, were recruited. Participants were not allowed
to perform any strenuous exercises for at least 24 h before the
measurement. Physical characteristics and foot dimensions of the
participants are shown in Table 1. This study was approved by

Fig. 1. Experimental setup for SSI measurement. The ankle and toe digits were secured to a custom-made fixture at the neutral positions. The scanning of PF was performed at
five different sites along the longitudinal line between the medial calcaneal tubercle and the second toe. The long axis of the transducer was placed along this longitudinal
line. All data collections were carried out in the controlled condition at the room temperature 25+ 1°C to minimize the temperature-related changes in mechanical
properties of the soft tissues (Akagi and Takahashi, 2013; Kawakami et al., 2008; Strickler et al., 1990).
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the Institutional Human Research Ethics Committee and was car-
ried out in accordance with the Declaration of Helsinki. Written
informed consent was obtained from all participants beforehand.

Participants were requested to rest in a supine position on an
examination bed with the knee fully extended and the feet off
the edge of the bed, and their right/left foot and toe digits were
secured to a custom-made fixture in random order (Fig. 1). The
ankle joint and toe digits were kept at the neutral positions, which
was confirmed with a handheld goniometer. Care was taken to
avoid any mechanical pressure acting on the surface of the sole
of the foot. The SSI measurement was performed using an Aix-
plorer ultrasound scanner (version 6.4, Supersonic Imagine, Aix-
en-Provence, France) with a linear array transducer (SL 15-4,
Supersonic Imagine, Aix-en-Provence, France) to measure PF thick-
ness and SWV of the bilateral feet. The scanner was set at the mus-
culoskeletal (MSK) preset and penetration mode with medium
persistence and high spatial smoothing (9/9). All measurements
were conducted by the same examiner, with the transducer man-
ually operated. The scanning head of the transducer was coated
with transmission gel and an acoustic standoff pad (Gelpad for
StatUS™, Enraf-Nonius, Rotterdam, Netherland) was used to avoid
applying excessive compression on the skin surface. The scanning
of PF was performed in a longitudinal direction at five different
sites along the longitudinal line between the medial calcaneal
tubercle and the second toe (Figs. 1 and 2). This longitudinal line
and the locations of the transducer were marked on the skin sur-
face using a waterproof marker. At each site, ultrasound B-mode
images and shear wave data were collected for 5-7 s with a system
operating at 12 Hz (i.e., the default sampling rate of SSI measure-
ment of the current version of the ultrasound scanner).

After the data collection, PF was visually identified in the ultra-
sound images, and the region of interest (ROI) was determined to
cover the fascial boundaries of PF (Fig. 2). Three images separated
by 12 frames were picked up and analyzed for PF thickness and
SWV, then the three values were averaged to obtain the
representative values. It should be mentioned that strictly, SWV
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Site 2

Proximal
—

measurement of PF included the surface acoustic wave signals
from the thin layer of the soft tissues (Saavedra et al., 2017), but
in the present study we defined our measurements as SWV.

2.2. Statistical analysis

All data are presented as means + standard deviations (SDs)
unless otherwise indicated. The reliability of the PF thickness and
SWV was determined across the three consecutive measurements
at each site. The intraclass correlation coefficient (ICC), standard
error of the mean (SEM), and coefficient of variation (CV) were cal-
culated (Hopkins, 2000). A two-way analysis of variance (ANOVA)
(sites x sex) with repeated measures were performed to compare
PF thickness and SWV among five measurement sites and between
males and females. If a significant main effect and/or interaction
was found, one-way ANOVA with a Bonferroni correction for sites
and independent t-tests for sex were performed.

Univariate linear regression was used to find the best fit of SWV
to thickness both in males and females for overall and individual
measurement sites. For all statistical analyses, the level of signifi-
cance was set at p < 0.05. Statistical analyses were performed using
an SPSS software (SPSS Statistics 24, IBM, USA).

3. Results

The repeatability of PF thickness and SWV was excellent for
every measurement site, with ICC values >0.93 (Table 2). The PF
thickness was highest at Site 1 and significantly smaller distally
in both sex (Fig. 3a). There were significant differences among all
measurement sites both in males and females (p <0.001 and
p <0.001, Fig. 3a). Males had significantly thicker PF than females
at Site 1-3 (Site 1: p<0.001, Site 2: p=0.002, Site 3: and
p =0.045, Fig. 3a).

The SWV values at Site 1 were significantly higher in Site 3-5
than that of males (Site 3: p <0.001, Site 4: p <0.001, and Site 5:
p <0.001) and females (Site 3: p < 0.001, Site 4: p < 0.001, and Site

216.3 m/s
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Fig. 2. Representative example of ultrasound images of PF. An acoustic standoff pad was used for all measurements. B-mode and shear wave elastography-mode images were
obtained at each measurement site. Site 1 - PF at the calcaneal (CAL) attachment, Site 2 - at the midpoint of Site 1 and 3, Site 3 - at the level of the navicular tubercle, Site 4 -
at the midpoint of Site 3 and 5, and Site 5 — proximity to the second metatarsal head. PF was visually identified, and thickness and SWV were measured. PF thickness was
defined as the distance between superficial and deep fascial boundaries of PF. The SWV was obtained the mean values within ROI (drawn in red for clarity) which manually
defined using a measurement tools (Q-Box™ Trace) with avoiding the saturation (values that reached the maximal measurable SWV) and the rejection (without measurable

SWV values) in shear wave elastography-mode images.
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Table 2
Repeatability of PF thickness and shear wave velocity for each measurement site.
Site 1 Site 2 Site 3 Site 4 Site 5
Thickness ICC (3.1) 0.97 0.96 0.97 0.96 0.93
SEM (mm) 0.05 0.04 0.03 0.02 0.02
CV (%) 249 2.59 2.30 2.99 3.46
Shear wave velocity ICC(3.1) 0.94 0.96 0.96 0.98 0.97
SEM (m/s) 0.27 0.24 0.18 0.20 0.20
CV (%) 3.88 3.58 4.02 3.44 3.76

ICC - Intraclass correlation coefficient; SEM - Standard error of the mean; CV - Coefficient of variation.
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Fig. 3. The site- and sex-differences in PF thicknesses (a) and shear wave velocities
(b) for each measurement site. *Significant difference between males and females
(*p < 0.05, **p < 0.001). {Significant difference between sites ('p < 0.05, *p < 0.001).

5: p <0.001, Fig. 3b). A similar result was obtained for Site 2 both in
males (Site 2 vs. Site 3: p=0.026, Site 4: p<0.001, and Site 5:
p<0.001) and females (Site 2 vs. Site 3: p=0.019, Site 4:
p <0.001, and Site 5: p <0.001, Fig. 3b). At all measurement sites,
females showed significantly higher SWV values than males
(p <0.001, Fig. 3b).

There were moderate correlations between SWV and thickness
of PF in overall measurement sites both in males and females
(males: r=0.49, p < 0.001, females: r = 0.41, p < 0.001). The correla-
tions between SWV and thickness values at individual measure-
ment sites were not significant (p > 0.05, Fig. 4).

4. Discussion

The PF thickness and SWV were greater in the proximal com-
pared with the middle and distal sites. Furthermore, females

showed higher SWV values even though their PF thicknesses were
thinner than males. These findings partly support previous studies
on the site- and sex-differences of PF thickness (Crofts et al., 2014;
Huerta and Garcia, 2007), and further reveal the inhomogeneity
and sex-specificity of PF stiffness.

The SSI measurements of PF afforded high repeatability for both
thickness and SWV (Table 2). The results in the site- and sex-
differences in PF thickness were consistent with the previous stud-
ies using ultrasonography (Crofts et al., 2014; Huerta and Garcia,
2007). Besides, PF thickness at Site 1 was consistent with the stan-
dard value of the thickness at the calcaneal attachment (i.e.,
approximately 2-4 mm) among the young healthy population
using ultrasonography (Gibbon and Long, 1999). In the present
study, SWV was reported instead of the Young’s modulus or shear
elastic modulus. Zhang et al. (2014) reported the value of PF stiff-
ness as the Young’s modulus, which is converted from SWV based
on the assumption of tissue isotropy using the following equation:

E
Vs=\2pa+p M
where Vi is SWV, E is the Young’s modulus, p is the tissue density
(1000 kg/m?), and 1 is the Poisson’s ratio (Bercoff et al., 2004). How-
ever, this assumption does not hold for PF since it is known as the
anisotropic tissue (Moraes do Carmo et al., 2008; Stecco et al.,
2013). Consequently, we chose to report the value of PF stiffness
as SWV according to previous studies (Aubry et al., 2013; DeWall
et al., 2014). Based on the collagen fibers orientation of PF, a
transversally isotropic scheme was adopted for PF in a constitutive
modeling study (Pavan et al., 2014), but it has never been investi-
gated in vivo. Thus, further investigation including measurement
on the morphological and mechanical properties of PF in the trans-
verse direction would be necessary for the better understanding of
the nature of PF. However, the majority of mechanical stress and
strain during exercise could have been applied on PF in the longitu-
dinal direction. Therefore, the present study will provide the impor-
tant findings including the site- and sex-differences in PF.

Thicker and stiffer PF in the proximity of its length suggests
strong and stable anchorage of PF onto the calcaneus. Previous
studies reported sizable plantar pressure vertically on the rearfoot
during movements (Arnold et al., 2010; Hills et al., 2001). Another
study demonstrated that the tension and peak stress along PF dur-
ing the late stance phase of gait were concentrated on the proximal
portion of PF near the medial calcaneus tubercle (Chen et al., 2015).
The site-specificity of the morphological and mechanical proper-
ties of PF may reflect the adaptation to such site-specific stress
accumulation during daily exercises. Moreover, PF plays an impor-
tant role in myofascial and myotendinous force transmission from
hind- to the forefoot (Carlson et al., 2000; Cheung et al., 2006;
Erdemir et al., 2004; Hamel et al., 2001). The PF forms compart-
ments with several toe flexor muscles and vertical fascial septae
in the hind- and midfoot, but not in the forefoot (Ling and
Kumar, 2008). In addition, PF is connected with the paratenon of
the Achilles tendon on the calcaneus (Stecco et al., 2013). These
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anatomical observations suggest that the myofascial and
myotendinous force transmission may occur at the proximal and
middle sites of PF. The site-specificity of the morphological and
mechanical properties of PF may provide benefits for the fascial
force transmission mechanisms.

Thinner but stiffer PF in females is a novel but unexpected find-
ing. The females had smaller foot length, ball, and heel widths
(Table 1), thus PF might have been not only thinner, but also
shorter and narrower than in males (i.e., PF might have been smal-
ler in females). The larger deformability of a female’s longitudinal
foot arch may induce greater tensile stress on females’ smaller PF
during daily exercises. The intrinsic and extrinsic muscles of the
foot can also contribute to supporting the arch during dynamic
physical activities (Thordarson et al., 1995; Zelik et al., 2015), but
females have lower toe flexor muscles’ strength than males
(Uritani et al., 2014). Considering the fact that females have greater
incidence rates of the plantar fasciitis than males (Scher et al.,
2009; Werner et al., 2010), there is a possibility that females’ PF
can be exposed to greater mechanical stress than males. It is there-

fore suggested that the stiffer PF in females may be a result of com-
pensation for their anatomical and mechanical features.

A moderate correlation between SWV and thickness both in
males and females for the overall measurement sites may reflect
site-differences since there were no significant correlations
between the two parameters in individual measurement sites
(Fig. 4). As long as the author’s knowledge can reach, this is the first
study to examine the relationship between the morphological and
mechanical properties of PF measured by using SSI. The results are
consistent with previous studies that found only weak correlation
between the thickness and SWV of the Achilles tendon (Aubry
et al., 2013; DeWall et al., 2014), suggesting that PF thickness is
not a primary factor in its stiffness. The B-mode ultrasonography
has been clinically used for diagnosing PF abnormality (Draghi
et al., 2016), and our observations suggest that SSI can further help
evaluating PF status as well as tendons (Aubry et al., 2015;
Coombes et al., 2018). The present study widely opens the possibil-
ity of evaluating the morphological and mechanical properties of
PF in vivo, in biomechanical and clinical studies.
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In conclusion, we revealed the site- and sex-dependent differ-
ences in PF thickness and stiffness. The SWV was higher at the
proximal sites, and it was higher in females than males. These dif-
ferences may reflect the site- and sex-dependence of the mechan-
ical stress on PF during daily exercise.
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