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Abstract: Plantar Fascia (PF) is a fibrous tissue that plays a key role in supporting the foot arch; it
can be affected by several pathologies that can alter foot biomechanics. The present study aims at
investigating the mechanical behavior of PF and evaluating possible correlations between mechanical
properties and specific pathologies, namely diabetes and plantar fibromatosis (Ledderhose syndrome).
PF samples were obtained from 14 human subjects, including patients with Ledderhose syndrome,
patients affected by diabetes and healthy subjects. Mechanical properties of PF tissues were evaluated
on three samples from each subject, by cyclic uniaxial tensile tests up to 10% of maximum strain
and stress relaxation tests for 300 s, in hydrated conditions at room temperature. In tensile tests, PF
exhibits non-linear stress—strain behavior, with a higher elastic modulus (up to 25-30 MPa) in patients
affected by Ledderhose syndrome and diabetes with respect to healthy subjects (elastic modulus
10 = 14 MPa). Stress-relaxation tests show that PF of patients affected by Ledderhose syndrome and
diabetes develop more intense viscous phenomena. The results presented in this work represent the
first experimental data on the tensile mechanical propertied of PF in subjects with foot diseases and
can provide an insight on foot biomechanics in pathological conditions.
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1. Introduction

The Plantar Fascia (PF) is a connective tissue composed of type I collagen fibers ar-
ranged in a longitudinal direction, elastic fibers and an extracellular matrix highly rich in
hyaluronan [1]. This thin fibrous band connects the plantar heel to the metatarsophalangeal
joints [2]. PF is thought to be attached to the Achilles tendon via the superficial aligned
trabeculae of the calcaneus, even if the continuity of collagen fibers between the Achilles
tendon and the PF through the calcaneus is still debated [3]. PF has a fundamental biome-
chanical role in supporting the medial longitudinal arch of the foot [4-6] and is capable of
storing strain energy and converting it into propulsive force, behaving as a quasi-elastic
tissue [7], but it is in general characterized by relevant viscoelastic behavior [8]. Moreover,
it has been recently demonstrated that fascia play an important role in proprioception,
compartment syndromes and fibromyalgia [2,5]. The most common pathological condi-
tion that the PF can undergo is plantar fasciitis [9], which typically affects workers and
athletes whose activities have a high impact on the foot, causing inferior heel pain [10,11].
Another pathology affecting the PF is plantar fibromatosis, also called Ledderhose disease,
which is a benign nodular formation usually in the medial part of the PF causing pain
during gait [12,13]. Such disease is commonly treated by a partial or total aponeurotomy,
although other options have recently been described [14,15]. In addition to diseases directly
involving the PF, there are various systemic pathologies, primarily diabetes, that affect foot
biomechanics in different ways. Diabetic patients are subject to foot problems for multi-
factorial reasons [16]: Peripheral neuropathy, peripheral vascular disease, delayed bone
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healing and altered immune function resulting in a diabetic foot with chronic ulcers and
neuropathic arthropathy that overall subverts the normal biomechanics of the foot [17,18].
Recent studies have focused on the importance of understanding the biomechanics of the
diabetic foot to define the appropriate treatment and prevent complications for each of its
different pathological aspects [19,20]. This investigation must involve also the PF, as one of
the elements of the foot region assuming distinctive structural behavior. For example, a
selective PF release has been suggested to redistribute the pressure on the sole for healing
forefoot chronic ulcers in diabetic patients [21].

Few works in the literature have been carried out on the experimental testing of the me-
chanical properties of PF [3,8,22]; moreover, the possible effects of structural impairments
on the mechanical behavior of fascia are not well understood.

Experimental mechanical studies on PF of patients affected by Ledderhose disease
are almost absent, even though clinical evidence show that the healthy fascial tissue is
progressively replaced by abnormal thick collagen fibers, leading to sclerosis of the entire
PF [23], associated with an overall foot stiffening effect. This is generally complemented by
an inflammatory reaction of the tissues around the nodules, causing pain and swelling that
can lead to impairments in foot biomechanics [24].

Some studies have evaluated the PF properties in the diabetic foot. It is known that
diabetes causes an increased thickness of Achilles tendon and PF, more evident in the
presence of neuropathy, and it is supposed that this could contribute to an increase in the
tensile force maintained throughout the whole gait cycle. The thickness of the PF and the
Achilles tendon was measured by means of ultrasound tests highlighting a thickening
of both these structures in patients affected by diabetes, in particular in those who were
affected also by neuropathy [21]. The thickening of the PF was associated by the authors
with a more rigid foot, leading to alterations of the gait cycle and of the plantar pressure
distribution. Fabrikant et al. [25] performed ultrasound tests on patients affected by plantar
fasciitis, highlighting a thickening of the PF due to this disease, while a decrease in thickness
was observed after clinical treatments, suggesting that the PF thickening could be related
to inflammation episodes.

While the PF thickness is considered as a parameter which shows a correlation with
pathological conditions, other studies remark its strong variability depending on the PF
region, including medjial, lateral and central components, and on other factors, such as sex
or body mass index (BMI) [26,27].

The present study has the purpose of investigating if the Ledderhose disease and
diabetes could be associated with differences in the PF mechanical response, with focus on
the nonlinear stress—strain behavior and viscoelastic properties. Coupling mechanical tests
to other clinical observations could provide information on tissue damages and additional
diagnostic parameters regarding foot pathologies.

2. Materials and Methods
2.1. Subjects

The PF of 14 subjects (Table 1) were excised. All subjects participating in this study
received a thorough explanation of the risks and benefits of inclusion and gave their oral
and written informed consent to publish the data. The study was performed in accordance
with the ethical standards of the 1964 Declaration of Helsinki as revised in 2013 [28] and
approved by the Ethics Committee of the University of Padova and the National Institutes
of Health (protocol code 3513/A0/15; date of approval: 28 January, 2016).
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Table 1. Characteristics of the subjects involved in the study.

Pathologic Healthy

Ledderhose Disease Diabetes

subject ID code
sex
mass (kg)
height (cm)
BMI (kg/m?)
age (y)

L1

80
175
26.1

50

L2 L3 L4 L5 D1 D2 D3 D4 H1 H2 H3 H4 H5
F F M F M F M M F M M M F
88 55 60 72 70 55 78 92 50 82 136 75 68
156 160 175 170 165 160 180 170 155 178 183 165 185
362 215 196 249 257 215 241 318 208 259 406 275 199
50 42 32 60 76 65 72 65 82 78 67 67 81

In five subjects, labelled with codes L1 to L5, the PF was removed due to the Ledder-
hose disease. Four subjects with clinical history of diabetic foot, labelled with codes D1 to
D4, underwent above-knee amputation due to vascular complications. One patient (H1)
underwent above-knee amputation due to complete dislocation of the knee arthroplasty
and refusal to be treated with other options. This patient was affected by hypertension, but
can be considered a healthy control, since this syndrome does not affect the mechanical
properties of PF. Other PF was dissected from four cadaveric subjects (H2 to H5) without
any foot pathologies.

2.2. Dissection and Treatment of Samples

None of the feet of the involved subjects had signs of infection or had previously been
treated surgically. Excised feet were dissected through a longitudinal cutaneous incision
along the midline from the heel to the third toe. First, the skin was cut and raised medially
and laterally, then the subcutaneous tissue was carefully removed to expose the PF. The
fascia was isolated proximally to its calcaneal origin and distally up to the insertion in the
metatarsophalangeal joints, removing muscle insertions and connections with contiguous
structures. PF was treated with caution to prevent any tissue damage during dissection.
In case of Ledderhose disease, nodular formation and immediately adjacent PF tissue
were removed.

After dissection, the PF were kept at —20 °C and unfrozen approximately one hour
before mechanical testing by immersing them in physiological solution (PBS, phosphate
buffered solution) at room temperature.

PF was cut along the proximal-distal direction to obtain three rectangular samples
for each subject, with a total sample length of 25 mm and nominal width of 5 mm. This
number of samples was selected to obtain well balanced data for all the subjects, based on
the area of the smallest available PF among different subjects.

A portion of PF dissected from a patient and the typical cut of samples for mechanical
testing are shown in Figure la. The effective width and thickness of each sample were
measured on images taken from top and side views of the sample positioned on a flat
surface. The images were analyzed with the software Image]J (NIH) [29].

Figure 1. Portion of dissected Plantar Fascia (PF) from midfoot region and disposition of samples cut along the fiber

direction (a); lateral view of gripped PF sample under mechanical testing (b).
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2.3. Mechanical Testing

Each end of the sample was glued between two patches of balsa wood to prevent
any slippage [30,31], clamped by the grips and then hydrated by dropping the PBS on the
sample surface for the entire duration of the test (Figure 1b). A gauge length of 15 mm
was selected to ensure a mean aspect ratio (length/width) of about 3, in accordance with
other test protocols [8,32]. The samples were stiff enough to be placed flat between grips
with almost null force acting (<0.01 N). Mechanical tests were carried out by means of
Bose ElectroForce® Planar Biaxial Test Bench instrument (TA Instruments, New Castle, DE,
USA) under displacement control with precision of & 0.001 mm and adopting a load cell
of 22 N with a precision of £0.02 N. All the tests were carried out at room temperature
(25 =1 °C). Uniaxial tensile tests consisted of five loading—unloading cycles at a constant
strain rate of 10% s~ ! by varying motor displacement up to a maximum nominal strain of
4%, 6%, 8% and 10%, separated by a rest period of 60 s. Stress-relaxation tests were carried
out by elongating the sample at a fast strain rate of 100% s~! and maintaining a constant
strain for 300 s at each different level of applied strain (4%, 6%, 8% and 10%). The samples
were then brought back to initial length and kept in this condition for 300 s. Nominal strain
¢ was evaluated by measuring the displacement of the grips and dividing it by the initial
gauge length of the sample. The nominal stress P was calculated as the ratio between the
force, measured by the load cell, and the initial transversal area of the sample.

The loading protocol of mechanical tests in terms of nominal strain vs. time and
typical response of a PF sample in terms of nominal stress P vs. time are shown in
Figure 2. For each stress-relaxation test, normalized stress Pnorm was calculated as the ratio
of stress at the current time t and the maximum stress measured at the initial time of the
relaxation process. Mean values of nominal stress P vs. ¢ in tensile tests and mean values of
normalized stress Pnorm Vs. t in stress-relaxation tests were calculated for each subject, with
associated standard error of the mean (SE). The secant elastic modulus Es was calculated
from the mean of tensile data of each subject, as the slope of the straight line drawn from
the origin of the stress—strain diagram and intersecting the mean curve at 8% strain.

0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500
t(s) @)
0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500

t(s) (b)

Figure 2. Loading protocol of mechanical tests in terms of nominal strain ¢ vs. time (a) and typical response of a PF sample

in terms of nominal stress P vs. time (b).
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2.4. Statistical Analysis

Due to the limited number of samples at disposal the Analysis of Variance (ANOVA)
was based on the Kruskal-Wallis test, assuming a p-value of 0.05 as a maximum value to
have a statistically significant difference. The possible dependency between some variables
was investigated through the Pearson correlation. The statistical analysis was performed
with MATLAB (Matworks®).

3. Results

The typical stress—strain response of a PF sample during five loading—unloading cycles
is shown in Figure 3, at 10% strain. The comparison of consecutive cycles highlights a
decrease of the stress values with the increase in the number of cycles, until stabilization.
From the 1st to the 2nd cycle, a decrease of 12% of the maximum stress is found. The
percentage reduction progressively diminishes below 3% from the 4th to the 5th cycle; after
that, the mechanical response is considered stable.

1.40 — 1stcycle

---- 2nd cycle

120 3rd cycle

4th cycle

1.00 5th cycle
€ 0.80

=
& 0.60
0.40
0.20
0.00
0.00 0.02 0.04 0.06 0.08 0.10 0.12

€

Figure 3. Mechanical response of a PF sample, in terms of nominal stress P vs. nominal strain ¢,
during five loading—unloading cycles at 10% strain.

The experimental results of the 5th cycle of tensile tests at 10% strain are considered
to calculate the mean values of nominal stress P for each subject (Figure 4), comparing
Ledderhose disease, diabetes and healthy subjects. PF shows nonlinear stress—strain
behavior with increasing stiffness at higher strain levels in both healthy and pathological
conditions. Preliminary tensile tests carried out at higher strain levels showed tissue failure
at about 11% strain. The elastic modulus can be evaluated at different strain levels for
each subject and compared to assess possible differences in PF stiffness among samples
from subjects with Ledderhose disease, diabetes and healthy subjects. In this work the
secant modulus of different PF samples for each subject at 8% strain is calculated from
experimental results of tensile tests and reported in Table 2.
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Figure 4. Results of tensile tests for PF of subjects with Ledderhose disease (a), diabetes (b) and healthy subjects (c). The
results are reported in terms of nominal stress P (mean values + SE) vs. nominal strain ¢.

Table 2. Secant modulus Eg of different PF samples for each subject at 8% strain from experimental
results of tensile tests.

ES (MPa)
Sample L1 L2 L3 I4 L5 D1 D2 D3 D4 H1l H2 H3 H4 H5

#1 11.04 3096 31.40 11.54 2743743 21.8314.62 2637 11.82 14.02 878 9.87 6.75
#2 17.04 1791 19.75 19.18 26.3216.60 9.05 855 23.73 10.52 13.85 14.43 18.70 9.99
#3 6.79 2593 14.11 13.70 879 11.60 7.75 25.17 1193 10.70 9.72 842 10.28 13.17

Stress relaxation behavior is shown in Figure 5 for tests carried out at 8% strain,
comparing PFs of patients with Ledderhose disease or diabetes and healthy subjects. The
values of Pporm at the end of the stress-relaxation test (t = 300 s) show a stress reduction
ranging from 30% to 60% of the initial stress value in subjects with Ledderhose disease,
from 41% to 60% in subjects with diabetes and from 33% to 46% in healthy subjects.

The values of the secant modulus Eg at 8% are compared to highlight possible dif-
ferences among the three groups of involved subjects (Figure 6a). The ANOVA of the
secant modulus with the Kruskal-Wallis test shows that there is a statistically significant
difference among the three tested groups (p-value = 0.049). Subsequent multiple com-
parisons highlight that the elastic modulus of PF is significantly higher in subjects with
Ledderhose disease with respect to the healthy group (p-value = 0.041). To investigate
possible differences in the time-dependent mechanical behavior, normalized stress Prorm
at the end of the stress-relaxation test are compared in Figure 6b. The ANOVA with the
Kruskal-Wallis test shows a statistically significant difference among different groups
(p-value = 0.028). Subsequent multiple comparisons highlight that the relaxed normalized
stress of PF is significantly lower in subjects with diabetes with respect to the healthy group
(p-value = 0.021).
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Figure 5. Results of stress relaxation tests at 8% strain, in terms of normalized stress Pnorm (mean
values + SE) vs. time, for PF of subjects with Ledderhose disease (a), diabetes (b) and healthy
subjects (c).

To consider possible aging-related differences in the mechanical properties, the age
of the subjects is compared among the three groups (Figure 6¢), highlighting a significant
difference among them (p-value = 0.011).

Subsequent multiple comparisons reveal that subjects with Ledderhose disease in-
volved in this study are significantly younger than the healthy ones (p-value = 0.009). The
correlation between Eg and the Body Mass Index (BMI) shows a very low value of R?
(Figure 6d) and is not statistically significant (p-value = 0.159). An almost null value of
R? is found in the correlation between the secant elastic modulus and the thickness of
the PF (Figure 6e). Moreover, a possible correlation between Eg and age is evaluated, to
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understand if the age differences among groups of involved subjects could affect the results
of this study. As shown in Figure 6f, a very low value of R? is found also in this case.
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Figure 6. Comparison among PF samples from subjects with Ledderhose disease (L), diabetes (D) and healthy subjects

(H): comparison of secant moduli Eg (a); comparison of normalized stress value Pnorm after 300 s of stress relaxation (b);

comparison of age (c); correlation between secant modulus Es and BMI (d); correlation between secant modulus Eg and PF
thickness t (e); correlation between secant modulus Eg and age (f). Differences among the data are indicated as statistically
significant with p-value < 0.05 (*) or p-value < 0.01 (**).

4. Discussion

In this study, the mechanical response of PF is investigated by experimental tests on
the nonlinear stress—strain and time-dependent behavior, to understand if the Ledderhose
disease and diabetes can affect PF biomechanics.

Concerning the nonlinear stress—strain response, the PF is stiffer in patients affected
by Ledderhose disease and diabetes, with respect to healthy subjects. Indeed, secant elastic
moduli Eg reach considerable values in some PF samples (up to about 30 MPa in L2 and
about 26 MPa in D4, see Table 2), while they are limited in the range between 10 and 14
MPa in healthy subjects. The same comparison can be gathered from Figure 6a, where the
values of mean Eg are reported for each subject. This difference is statistically significant,
as highlighted by ANOVA, with a source in the difference in the comparison of subjects
affected by Ledderhose disease with healthy ones.

Previous studies hypothesized a possible correlation of PF stiffness with BMI [26] and
PF thickness [21], which is here analyzed in Figure 6c,d. In these charts, the mean values
for all the subjects are plotted together, irrespectively of the pathology, since data from the
three groups are randomly positioned and not well grouped in distinct regions of the plot.
Based on the experimental data of the present work, it appears that patients with greater
BMI have tissue with slightly higher stiffness than patients with lower BMI, even if a good
correlation is not found. Regarding the correlation of PF stiffness with thickness, this is
absent in the present study.

Since the subjects included in the healthy group are significantly elderly with respect
to subjects affected by Ledderhose disease and aging is generally considered responsible
for variation in tissue mechanical properties [33], a possible correlation of PF stiffness with
age is investigated. However, no correlation is found in the present work and this allows
one to deduce that significant stiffness differences are mostly related to the pathology and
not to the age of the subjects.
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Concerning the time-dependent behavior, the PF of healthy subjects shows a lower
stress reduction than the PF taken from patients with Ledderhose syndrome or affected
by diabetes. A statistically significant difference is found between diabetic and healthy
subjects. In the literature there are very limited data on the viscoelastic properties of plantar
aponeurosis for the comparison of the findings of this work with healthy patients. In a
previous work [34], stress-relaxation phenomena were evaluated on plantar aponeurosis
tissue from donors with age ranging from 67 to 78 years and not reporting specific foot
pathologies. At 240 s of relaxation time, an average decrease of 40% (confidence interval:
38% + 42%) was estimated. This value is in line with that obtained in the present work,
where a mean stress reduction of 44% and 33% of the initial stress value was measured at
240 s, respectively, in H1 and H2, representing the samples with higher and lower stress
reduction in the healthy subjects” group.

The findings of this study have to be seen in the light of some limitations. First, the
number of involved subjects is limited. This limit is also probably the reason for the lack of
statistically significance difference between diabetic and healthy groups, in spite of the fact
that there is a tendency of diabetic PF to be stiffer than healthy PF (Figure 6a). Actually, the
collection of PF from subjects who underwent excision of their intact plantar fascia from
the foot during elective orthopedic surgery is not usual and it should be acknowledged
that the present study represents the first attempt to get an insight into the differences in
mechanical properties of PF depending on foot pathologies. The age differences among the
groups of involved subjects were found because the healthy feet were dissected mainly
from cadaveric subjects. The involvement of subjects of significantly different age among
different groups is another limitation of this study, even though no correlation was found
between PF stiffness and age in the present investigation. This aspect does not seem to be a
bias in the experimental design.

In the present work, the maximum strength of the PF tissue was not considered,
focusing on the viscoelastic properties in a physiologic range of tensile strain, which is
below 10%, according to in vivo experimental analyses [35]. An intrinsic limit of in vitro
tests is represented by the impossibility of evaluating the effect of the basal tension on the
mechanical response of plantar aponeurosis. As pointed out by tensile testing, the plantar
tissue shows distinct nonlinear behavior, with an initial toe region followed by a stiffening.
Consequently, a different value of the basal tension could result in a different response of
the plantar tissue subjected to the same increment of tensile stress. This lack of information
could be overcome by evaluating the basal tension of the plantar aponeurosis through
in vivo elastosonography.

Due to the technique followed during dissection, it was not possible to evaluate the
size of the whole PF of each patient. Therefore, there is a lack of information about the
effective structural stiffness of PF, since the mechanical tests made it possible to point out
only local mechanical properties of the tissue. It can be recognized that PF acts mainly
as a structure subjected to tensile forces in supporting the longitudinal foot arch [36].
Consequently, a transverse section and length of the plantar aponeurosis can have large
effects on its structural behavior. This aspect can also affect the stress distribution within the
foot under loading. To increase the knowledge about the above aspect it could be of interest
to couple the proposed experimental testing with Magnetic Resonance (MR) acquisition to
obtain information about the morphometric characteristics of the plantar aponeurosis.

5. Conclusions

In the present work the results of experimental tests on the nonlinear stress—strain
and time-dependent behavior of PF show a tendency of plantar tissue in patients affected
by Ledderhose syndrome and diabetes to be stiffer than the one in healthy subjects and
to develop more intense stress-relaxation phenomena. The reduced number of samples
considered in the present investigation comes from the evident difficulty in obtaining the
PF from subjects that undergo foot excision due to Ledderhose disease or diabetes. This is
confirmed also by the lack of similar data in the literature, up to now.
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The present work may be the first step to highlighting the importance of a deeper
knowledge on the PF mechanical behavior both in healthy and pathological conditions.
Moreover, the outlined experimental test method could be adopted in a multicentric study;,
thus allowing a large increase in the number of involved subjects.

The results of this study also represent an interesting basis for defining constitutive
models able to describe the mechanical response of PF tissue and identifying the related
constitutive parameters. Moreover, the development of in silico models of the foot with
different PF mechanical behavior depending on the pathology will enable an analysis of
possible alterations in foot biomechanics due to abnormal stiffening of PF tissue.
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