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Abstract

Purpose The anatomy of the spring ligament complex, as well as its pathology, is not well known in daily clini-
cal practice. The purpose of this study was to evaluate the shear-wave elastography properties of the spring liga-
ment and the posterior tibial tendon in healthy adults, and to assess the reliability and reproducibility of these
measurements.

Methods Shear-wave elastography was used to evaluate both ankles in 20 healthy patients (10 females/10 males)
resting on a hinge support with their ankles in neutral, valgus 20° and varus 30° positions. The stiffness of the spring
ligament and posterior tibial tendon was assessed by measuring the speed of shear wave propagation through each
structure.

Results Posterior tibial tendon and spring ligament reach a maximum estimated stiffness in valgus 20° position
(7.43 m/s vs 5.73 m/s, respectively). Flat feet were associated with greater spring ligament stiffness in the 20° valgus
position (p=0.01), but not for the posterior tibial tendon (p=0.71). The physiologic weightbearing hindfoot attitude
had no impact on the stiffness of the posterior tibial tendon or the spring ligament, regardless of the analysis posi-
tion. Intra- and inter-observer agreements were all excellent for spring ligament stiffness, regardless of ankle position,
and were good or excellent for posterior tibial tendon.

Conclusions This study describes a protocol to assess the stiffness of tibialis posterior and the spring ligament

by shear-wave elastography, which is reliable, reproducible, and defines a corridor of normality. Further studies
should be conducted to define the role of elastography for diagnosis/ evaluation of pathology, follow-up, or surgical
strategies.
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Introduction

The spring ligament inserts between the sustentaculum
tali and the navicular, and is composed of 3 bundles:
the superomedial calcaneonavicular ligament, the lon-
gitudinal inferoplantar calcaneonavicular ligament, and
the oblique medioplantar calcaneonavicular ligament
(or third ligament) [4, 7, 19, 20]. This structure plays a
static support role keeping the internal arch of the foot
open, working in synergy with the posterior tibial ten-
don (PTT) which plays a dynamic support role [14].
Although isolated spring ligament injuries exist, they
are most often associated with those of the PTT [3]
leading to the development of a flat foot.

The reference examination for studying the spring
ligament is MRI [27]. An alternative to MRI is the use
of ultrasound, which allows precise visualization of
the superomedial bundle with a better spatial resolu-
tion than MRI, especially in its relationship with the
PTT [11, 12]. Nevertheless, it does not allow analysis
of the longitudinal infero-plantar and oblique medio-
plantar bundles, and may be limited by its operator-
dependent nature [11, 12], although this point is
debated [28].

Shear-waves elastography (SWE) is a non-invasive
ultrasound technique that studies quantitatively the
mechanical properties of tissues by shear wave speed
propagation [9]. It is used to measure the shear-wave
speed (SWS) within the soft tissues, its speed being all
the greater as the rigidity of the structures is high. It
is regularly used in orthopaedics to study muscles [17,
21], tendon structures [11], or even ankle ligaments
[23, 24].

To date, there are no tools for quantitatively assess-
ing the biomechanical properties of these independ-
ent structures in vivo. No elastographic data currently
exists to describe these ligamentous and tendinous
structures. Thus, normal SWE values for these struc-
tures, is representative of the different morphotypes of
the hindfoot and arch of the foot, do not exist. Never-
theless, the SWE signal may be unstable depending on
the anatomical structures analyzed and its interpreta-
tion may be influenced by the operator’s experience [5].
A reproducible static and dynamic measurement proto-
col needs to be proposed, validated initially on asymp-
tomatic healthy subjects.

The purpose of this study was to evaluate the
spring ligament and PTT SWE properties in a cohort
of healthy adult volunteers, and to assess the reli-
ability and reproducibility of these measurements. The
hypothesis was that SWE is a reliable means of examin-
ing the spring ligament, and that it was associated with
a decrease in its stiffness in case of flatfoot morphology.
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Materials and methods

This is a prospective study that was conducted at a sin-
gle centre, and analysed 20 consecutive healthy sub-
jects. The study was approved by Ethical Committee
(C.P.P Ile de France IV: records 14,409).

Subjects

Subjects were all resident medical officers, or medi-
cal students, of the department, and were enrolled in
the study between November 2020 and January 2021.
A questionnaire was performed to ensure the absence
of any past medical history among: fracture, sprain, or
ankle surgery. Before participation, all the volunteers
were informed of the purpose of the study and con-
sent were obtained. For each subject, both ankles were
included: forty ankles in total were analysed. In addi-
tion, the following demographic data were recorded:
age, sex, height, side of the dominant foot, type of foot
arch (neutral/ flat/ high), and type of hind foot align-
ment (neutral/ varus/ valgus). These last two parame-
ters were obtained using a podoscope: which uses the
Chippaux-Smirak index (CSI) to classify the type of
plantar arch and the standing tibiocalcaneal angle to
classify the type of hind foot alignment [2, 6].

Population

Twenty consecutive subjects (10 females, 10 males),
with mean aged 25.2 (range from 22 to 31 years old),
were enrolled. The average weight was 61.9+14.6 kg,
and height 1.72+£0.09 m. Each subject was examined
bilaterally, producing a total of 40 ankles for assess-
ment. Twenty-foot arches were normal, 12 flat feet
and 8 high arches. The hindfoot axis was neutral in 11
cases, valgus in 21 cases and varus in 8 cases. All sub-
jects were asymptomatic at the time of examination.
Those with valgus flatfoot were all flexible, presenting
a type 1 CSI, with a moderate hindfoot valgus ranging
from 7° to 12°.

Shear-wave speed (SWS) acquisition protocol

An Aixplorer ultrasound scanner (Supersonic Imag-
ine, Aix-en-Provence, France), with a 20.2 mm 8 MHz
linear probe was used. The probe was applied to the
medial ankle surface anterior and inferior to the medial
malleolus in front of the head of the talus. The probe
was first positioned in the axis of PTT, then moved
downward until the PTT was sliding on the superome-
dial bundle on the same image. The superomedial bun-
dle was the only part of the spring ligament analyzed in
this study because it is the main biomechanical active
bundle [1], and because it is the only part that can be
reliably and reproducibly identified by ultrasound [11].
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For all acquisitions, the probe was applied perpendicu-
larly to the skin and the pressure applied was as light as
possible during the acquisition, in order to limit elastic-
ity variation and tissue deformation [15].

Patients were positioned standing on an articulated
platelet (Proteor®, Paris, France). The examination was
performed with full weight bearing with ankle in neutral
position, valgus 20° and varus 30° (Fig. 1). Two orthope-
dic surgeons, previously trained in ultrasound, realised
blind data acquisition and repeated each hindfoot stand-
ing position three times, as per the protocol, for each
patient, side and position three times as per the protocol.

Measurements

Shear modulus (pu=p-SWS?) was calculated by the
machine, where p is the soft tissue mass density. Each
acquisition was in a 15 s video clip, from which the
most stable signal image was frozen. Then, the opera-
tor defined a round region of interest (ROI) with a fixed
two millimeters diameter for PTT and three millimeters
diameter for spring ligament positioned in the middle of
each ligament. The mean shear modulus (it) was then
calculated automatically. Areas near bony structures
were excluded from the measurement because of the risk
of artefacts. This measurement protocol was performed
for each acquisition, and repeated three times by each
examiner to obtain an average.

Reliability and statistics

The Wilcoxon-Mann Whitney for unpaired data were
used to analyze the association between the different
variables. The Krsukall-Wallis H-test for independent
groups was used to compare the samples’ median val-
ues, and a Dunn’s multiple comparison test was then
performed. The alpha risk was set to 0.05. The intra-class
correlation coefficient (ICC) was used to evaluate the
intra-rater and inter-rater agreements in SWS stiffness
measurements. The Bland—Altman method was used to
visualize means in measurements between raters versus
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corresponding differences in measurements between
raters and to compute the 95% limits of agreements
between raters. An ICC value below 0.4 was considered
as a poor agreement, between 0.4 and 0.75 as good agree-
ment, and above 0.75 as excellent agreement [16]. A SWS
normally corridor was calculated as the range [57-95™
percentile] for each ligament. The determination of the
sample size indicates that 38 samples are required to have
a 90% chance of correctly rejecting the null hypothesis of
r=0 at the 0.05 significance level assuming a linear corre-
lation of 0.5 (moderate correlation) between spring liga-
ment and posterior tibial tendon. Statistical analysis was
performed using the R Language and Environment for
Statistical Computing version 3.6.3 (R Core Team, ver-
sion 2020, Vienna, Austria).

Results

Inter and intra observers’ reproducibility

Intra- and inter-observer agreements were all excellent
for spring ligament stiffness, regardless of ankle position.
Intra- and inter-observer agreements were good or excel-
lent for PTT stiffness evaluation depending positions.
All inter- and intra-class correlations are summarized in
Table 1.

Biomechanical characteristics of the spring ligament
complex during ankle mobilizations

The median stiffness of PTT and spring ligament varies
according to ankle position: PTT and spring ligament
reach their maximum stiffness in valgus 20° position
(7.43 m/s (range from 5.71 to 9.03); 5.73 m/s (range from
3.98 to 8.57), respectively). There were no differences
in SWS measured in neutral and varus 30° position for
PTT (p=0.37) and for the spring ligament (p=0.50). The
variation of stiffness evaluated by SWS according to the
ankle position is shown in Fig. 2. Finally, SWS values of
PTT and spring ligament according to the ankle position
are reported in Fig. 3.

7 7

Fig. 1 Ankle examination protocol. The patient was in full support on the hinge plate in 30° varus position (a), neutral position (b), and 20° valgus

position (c)
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Table 1 Inter and intra-agreement correlation using isolated measurement comparison or the average of three measurements
comparison

Isolated measurement comparison Averages of 3 measurements comparison

ICC first observer ICC second observer ICC first observer ICC second observer ICC inter observer

Spring Ligament

Normal 0.77 [0.68-0.85] 0.82 [0.75-0.89] 0.85[0.76-0.91] 0.87[0.82-0.93] 0.88 [0.78-0.93]

Valgus 20° 0.82[0.74-0.89] 0.79[0.71-0.86] 0.89[0.82-0.94] 0.84[0.75-0.91] 0.87[0.77-0.93]

Varus 30° 0.87[0.82-0.92] 0.88 [0.82-0.92] 0.92[0.87-0.95] 0.94 [0.90-0.96] 0.94 [0.88-0.97]
Posterior tibial tendon

Normal 0.66 [0.55-0.77] 0.69 [0.58-0.79] 0.76 [0.64-0.86] 0.85[0.76-0.91] 0.78 [0.62-0.88]

Valgus 20° 0.64 [0.53-0.75] 0.59 [0.47-0.71] 0.77 [0.65-0.86] 0.67 [0.52-0.80] 0.63 [0.41-0.79]

Varus 30° 0.62[0.51-0.74] 0.59[047-0.72] 0.74[0.61-0.84] 0.70[0.55-0.81] 0.86 [0.76-0.93]

> 180 kPa
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Fig. 2 SWE examination for the Spring ligament and posterior tibialis tendon (PTT). Shear wave speed (SWS) was measured for each structure,
with the stiffness scale provided on the right
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Fig. 3 Normally corridor of stiffness assessed by SWE (m/s) with their 95% confidence interval for the Spring ligament (a), and PTT (b). *;p=0.50;
*p<0,0001; **p=037

Impact of demographic characteristics

No demographic data (age, sex, dominant side, height)
had an impact on spring ligament stiffness as assessed by
SWE. PTT SWS decreased with age (p=-0.34; p=0.03)
and with male gender (p=0.03). The impact of demo-
graphics on spring ligament complex stiffness is reported
in Table 2.

Flat-foot morphology was associated with a sig-
nificant increase in spring ligament stiffness in the 20°
valgus position (p=0.01), but had no impact on PTT.
Hindfoot type had no impact on variation in PTT and
spring ligament stiffness. The impact of foot morpho-
logical data on ligament complex stiffness is presented
in Table 3.
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Table 2 Impact of demographic data (sex, age, height, dominant side) on the stiffness of each structure in neutral position and then

in functional position

Gender Dominant side Correlation (p) with
Male Female p value Yes No p value Age p value Height p value
Spring ligament
Normal 4.58+1.01 446+0.62 0.56 4.54+0.88 4.58+0.81 0.94 -0.26 011 0.04 0.83
Valgus 20° 6.09+1.2 5.65+0.65 0.21 59+1.07 6.1£1.15 0.78 -0.24 0.14 0.24 0.14
Varus 30° 47+1.03 479+1.28 0.69 491+134 4614091 0.52 -0.31 0.05 -0.17 0.30
Posterior tibialis tendon (PTT)
Normal 6.3+0.79 6.38+0.72 0.66 647+0.81 6.51+0.73 061 -0.16 032 0.006 097
Valgus 20° 7.66+1.01 75+0.86 033 7.63+£0.93 7.61+0.96 0.76 -0.30 0.06 0.08 0.62
Varus 30° 6.01£0.61 643109 0.03 6.19+0.86 6.39+0.75 0.68 -0.34 0.03 -0.26 0.11

Table 3 Impact of foot and ankle morphology on the stiffness of each structure in neutral position and then in functional position

Foot arch Hind foot
High arch Neutral Flat foot p value Varus Neutral Valgus p value
Spring ligament
Normal 456+0.57 4.29+£0.95 493+0.63 0.19 442+0.65 449+0.75 461£093 0.96
Valgus 20° 55+0.69 5.68+1.09 6.64+1.09 0.01 564+1.01 649+1.1 574+£1.07 0.13
Varus 30° 4.34+0.82 476+1.32 5.05+0.89 0.22 4.75+£0.76 528+1.34 45+093 0.19
Posterior tibialis tendon (PTT)
Normal 6.61+0.61 6.3+0.86 6.42+0.69 041 6.62+1.02 647+0.78 6.28+0.66 0.58
Valgus 20° 747 +0.96 7.66+0.95 7.57+0.92 0.71 7.52+0.88 791+0.96 747+0.92 047
Varus 30° 6.53+0.92 6.23+0.8 5914065 0.14 6.51+1.06 6.24+0.92 6.08+0.61 0.57

Finally, there was a statistical correlation in the stiff-
ness of the spring ligament and the PTT in varus 30°
(p=0.43; p=0.006). There was no correlation in stiff-
ness between the two structures in other positions
(Table 4).

Discussion

The main results of this study are that the SWE is reli-
able and reproducible to analyze the stiffness of the
superomedial calcaneonavicular ligament spring liga-
ment and posterior tibial tendon. Moreover, it confirms
the mechanical action of the spring ligament in the ankle
valgus position.

Table 4 Inter structure correlation for each analyzed position

Rho p value
Correlation between Spring ligament and PTT
Normal -0.09 0.58
Valgus 20° 0.23 0.16
Varus 30° 043 0.006

This study only focused on the main ligament of the
spring ligament: the superomedial calcaneonavicular
ligament. It is the widest and thickest of the three liga-
ments [1, 20]. Locally, it stabilizes the medial arch of the
ankle with the PTT passing over its superficial medial
surface, and the anterior part of the superficial bundle of
the medial collateral ligament with which it shares fibers
[1, 10]. The superomedial ligament is the strongest of the
spring ligament bundles: with a breaking load of 665.5N
compared to 291.3N for the lower bundle [1]. Reeck et al.
have shown that it is important to analyze the spring liga-
ment complex in its dynamic component [22]. During
walking, the stresses under the talus are mainly distrib-
uted by the subtalar and talonavicular joints: only 9% are
absorbed by the spring ligament complex [22]. Although
this contribution is small, it is still critical because it is
the only internal structure that allows the medial stresses
of the talus head to be accommodated. Isolated section of
the PTT was not sufficient to induce a flat foot, whereas
section of the spring ligament alone immediately induced
an intermediate flat foot [14]. This point was confirmed
by Masaragian et al. who report a series of ten patients
with acquired flatfoot deformity due to isolated spring
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ligament injury without tibialis posterior tendon tear
[18]. Furthermore, no variation in PTT muscle stiffness
was found between flat-footed deformities and healthy
subjects [17]. These two structures therefore have their
own actions, which is confirmed by our study, which
found no correlation between the evolution of their rigid-
ities in the functional position.

Various radiological or anatomical studies have exam-
ined the impact of certain demographic criteria on the
morphology of the spring ligament. No correlation was
found between the thickness of the superomedial liga-
ment and the PTT, nor with age [19] or BMI [27]. By
MRI, the superomedial ligament appears thinner in
women than in men [19]. The results of this study com-
plement these initial data by showing that none of these
factors play a role in the stiffness of the elastic ligament,
regardless of hindfoot position.

The reference imaging to assess the spring ligament
complex is MRI [19], because it allows a slightly better
view of the other bundles than the superomedial. Even if
it has a better definition than ultrasound, it is not perfect:
MRI identifies the longitudinal inferoplantar ligament in
91% of cases, and the oblique medioplantar in only 77%
of cases [19]. Moreover, its discriminating power in case
of spring ligament injury is disappointing, with a sensitiv-
ity of 54-77% and a specificity of 100% [26]. Ultrasound
has the advantage of being easy to access, and of allow-
ing a dynamic examination and a better spatial resolu-
tion [11-13]. Its diagnosis is made in the presence of a
heterogeneous signal, hyperthrophy or atrophy, or the
presence of a visible rupture [11]. Its sensitivity is 87.5%
but using MRI as a reference, which has already shown
some limitations [26]. Their limitation for the study of
the spring ligament is their operator-dependent nature,
and the absence of quantitative values for monitoring lig-
ament status. Our study reports that SWE is reliable and
reproducible, defining a corridor of normality in dynamic
maneuvers. In order to take this study further, a cohort
of patients with spring ligament injuries could be studied,
to help understand the use of SWE in clinical practice
for the diagnosis and even the prognosis of these injuries
with the help of a quantitative evaluation of its stiffness.

The surgical management remains debated and several
techniques of spring ligament reconstruction have been
described as alternatives to triple arthrodesis. There is
great variability in repair or reconstruction techniques
[3, 8, 25]. Whatever the technique used, reproduction of
the physiological stiffness of the native elastic ligament
may be the key. The SWE could be of use to evaluate
the stiffness and biomechanical properties of the differ-
ent reconstructions intraoperatively, then over time, to
approximate normal values. This in vivo and reproduc-
ible measurement tool could be a dynamic monitoring
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tool during postoperative surveillance, complementary to
MR, to control the evolution of the stiffness of the recon-
struction, in particular the risk of loosening over time.

This study has limitations. First of all, it is a preliminary
study on a limited number of healthy subjects, which
limits its short-term significance. Additionally, this study
analysed only the most superficial bundle of the spring
ligament: the superomedial calcaneonavicular ligament.
This was chosen as the superomedial bundle is the bio-
mechanically active part of the spring ligament. It has
been shown that the analysis of other bundles is more
difficult, and not very accessible in current practice [11].
Despite the validation of this protocol, there may still be
variability in the pressure applied by the operator to the
probe, which could be a limitation for non-professional
examiners [15]. Finally, the SWE signal of the PTT was
more unstable than that of the spring ligament, which
may discuss the use of this tool for this structure.

Conclusion

The spring ligament, the main stabilizer of the medial
arch of the foot, has an important dynamic function. This
study describes a protocol to assess its stiffness by SWE,
which is reliable, reproducible, and defines a corridor of
normality. Flat-foot morphology was associated with a
significant increase in spring ligament stiffness in val-
gus position, but had no impact on PTT. Further studies
could be conducted to define its role in diagnosis, follow-
up or surgical reconstruction strategies.
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