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Abstract

Diabetes mellitus (type 2) is the most frequent cause of non-traumatic lower-limb amputations. The major cause of impairment
to the feet of diabetics is persistent hyperglycemia, potentially leading to peripheral neuropathy as well as to pathological changes
in plantar soft tissue, which stiffen its structure and diminish its ability to effectively distribute foot—ground contact loads. In this
study, a computational model of the foot structure in the standing position was utilized to evaluate stress distributions in plantar
soft tissue under the medial metatarsal heads of simulated diabetic versus normal feet. The model comprises five anatomic planar
cross-sections in the directions of the foot rays, which were solved for internal stresses under static ankle joint reaction (300 N)
and triceps surae muscle forces (150 N) using the finite element method. Tissues were assumed to be homogenous, isotropic anc
elastic materials, with nonlinear stress-strain relations for the ligaments, fascia and plantar tissue. The model revealed significant
tension stress concentrations (90-150 KPa) in the plantar pad of the simulated diabetic forefoot: they were four times the normal
maximum stress under the first metatarsal head and almost eight times the normal maximum stress under the second metatarsa
head. It was shown that with increased severity of stiffening of the plantar pad, as related to glucose-exposure, peak forefoot contact
stresses may rise by 38 and 50% under the first and second metatarsal heads, respectively. The increase in averaged (von Mises
internal stresses within the plantar soft tissue is even more pronounced, and may rise by 82 and 307% for the tissue under the first
and second metatarsal heads, respectively. These results, which conform to experimental data gathered over the last two decade:
suggest that the process of injury in diabetic feet is very likely to initiate not on the skin surface, but in deeper tissue layers, and
the tissues underlying the distal bony prominences of the medial metatarsals are the most vulnerable ones.
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1. Introduction lycemia induces metabolic derangements that directly
affect the Schwann cells (myelin) and nodes of Ranvier
About 60-70% of the diabetic patients suffer nerve (axons). Hyperglycemia may also affect the structure and
damage as a result of the disease. The severe form ofunction of endoneurial microvessels, thereby altering
diabetic nerve damage can lead to lower-limb ampu- the blood-nerve barrier and causing local hypoxia or
tations and in fact, diabetes mellitus (type 2) is the most ischemig[1]. This potentially leads to peripheral sensory
frequent cause of non-traumatic lower-limb amputations. neuropathy, which evolves in about 25% of adult dia-
Current statistics show that the risk of a limb amputation betic patientd2—4]. Peripheral sensory neuropathy dis-
is 15-40 times greater for a diabetic patient and that in ables the protection (pain) mechanism that is normally
the United States, 82,000 people lose their foot or leg activated when the plantar soft tissue is damaged.
due to diabetes each year (American Diabetes Associ- Increased stiffening of collagen-rich soft tissues has
ation, ‘Facts & Figures’, www.diabetes.org). The basic also been noted in diabet§s,6]. A number of studies
cause of diabetic foot injury is hyperglycemia. Hyperg- identified alterations in collagen structure and function
as related to the glucose-exposure. The abnormalities
included increased fibril diameter, closer packing of
* Tel.: +972-3-640-8093: fax+972-3-640-5845. fibrils and irregular fibril shapes (indicating local fusion
E-mail address: gefen@eng.tau.ac.il (A. Gefen). of adjacent fibrils). Important findings are that cross-
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linking of adjacent collagen fibrils and nonenzymatic
glycosylation of keratin occur with the glycation [7,8],
causing substantial stiffening of the affected tissues,
including hyperkeratosis and formation of thickened cal-
lus in the plantar skin [9,10]. This mechanism has an
overal effect of mechanically stiffening the plantar dia-
betic tissue, whereupon soft tissue that pads the metatar-
sal heads becomes less elastic and less able to distribute
pressure through deformation [11-13]. Hence, the over-
al ‘cushioning’ property of the plantar soft tissue,
especially at high-pressure sites such as those under the
medial metatarsals, is damaged.

The heads of the medial metatarsals were shown to
transfer extensive foot-ground contact forces during both
standing and gait (see Ref. [14] for areview). It follows
that pathologic stiffening of the plantar soft tissue that
pads the media metatarsals may cause stress concen-
trations, which could lead to micro-tears in the tissue
during load bearing (microscopic tears in tissue, formed
when thereis sufficient stress placed on the tissue to lead
to local ruptures), especialy when improper footwear is
used [11]. These minor wounds, unnoticed by the neuro-
pathic patient, may develop into ulcers and, in severe
cases, may be infected and require lower-extremity
amputations [3,4]. Clinical studies have indicated that in
order to fully determine the level of risk for diabetes-
related foot ulceration, both static (standing) and
dynamic (gait) measurements of the plantar pressures are
required [15,16].

The mechanical interaction between the foot and sup-
portive surfaces can be studied both experimentally and
numerically. While experimental analyses of foot-
ground or foot-shoe contact are limited solely to
measurements of interfacial pressures, a reliable numeri-
cal model can provide both the interfacial pressures and
some insight into internal stresses tolerated by the plan-
tar tissue [17]. Severa recent models have used the finite
element (FE) method to predict the loading of the foot's
components during standing and gait as they relate to
foot disorders and therapeutic footwear. Chu et al. [18]
presented an asymmetric three-dimensional FE model
for analysis of the effects of ankle-foot orthoses. Patil
et a. [19] used a two-dimensional model that had been
constructed according to a lateral X-ray image in order
to study stress distributions in normal and neuropathic
feet. Lemmon et al. [20] used FE simulations of an iso-
lated second metatarsal and underlying soft tissue to
study effects of insole geometry on the relief of pressure.
Nevertheless, changes in stress distributions within the
plantar soft tissue under the medial metatarsals in the
diabetic foot have not been investigated. In the present
study, a computational model of the foot structure in the
standing posture [21] was utilized to evaluate the distri-
bution of stresses in the plantar soft tissue under the
media metatarsal heads of simulated diabetic versus

normal feet, based on recently published experimental
findings [13].

2. Methods

Obtaining the stresses in soft tissues above the high-
contact-pressure sites during standing, especially under
the medial metatarsal heads where injury is common, is
a fundamental step towards dynamic stress analyses of
the diabetic foot. While foot-ground contact pressures
and internal foot stresses are considerably higher during
gait compared with standing [14], the loading system
acting on the walking diabetic foot is much more com-
plex, and should be investigated separately. Hence, this
first study was designed to provide insight on the mech-
anical behavior of the diabetic plantar pad during the
most basic functional posture—standing. The progress
of diabetes is represented herein by stiffening the plantar
pad of the foot model due to glycation but not by mod-
ifying the foot's structure or the standing pattern (as may
occur in advanced stages of the diabetic injury). This
decision was taken in order to focus the investigation on
the pre-injury conditions, and isolate the role of tissue
stiffening. The foot model used here to calculate the
stress distribution in the plantar neuropathic tissue is
described in detail elsewhere [21]. For better understand-
ing of its application to diabetic feet, its essential compo-
nents are described below.

The model comprises five planar longitudinal cross-
sections through the foot, which together yield a con-
venient representation of its complex half-dome shaped
structure (Fig. 1). The geometric data of the foot’s skel-
etal cross-sections of an adult female were detected
using magnetic resonance imaging (MRI) and trans-
ferred to a commercial FE analysis software package
(ANSYS) for construction of planar models for the five
rays of the foot. Cartilage layers and ligaments were
introduced in the joints based on anatomic data [21].
Bony elements and cartilage were assigned as having the
properties of linear, elastic and isotropic materials, while
ligaments, fascia and the soft tissue fat pad were con-
sidered as being non-linear materials. Y oung's modulus
and Poisson ratio for bone were taken as being 7300
MPa and 0.3, respectively [22], and as 10 MPa and 0.4,
respectively, for cartilage [19]. The typical experimental
nonlinear stress-strain relations for the ligaments and the
plantar fascia were taken according to Race and Amis
[23]. For the soft tissue pad, the stress-strain behaviour
provided by Nakamura et a. [22] was utilized. These
stress-strain data for the ligament/fascia and plantar pad
were fitted to polynomial expressions of the fifth-order,
of the form

6= > cl (1)
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Fig. 1. The finite element model of the foot during standing: the five
selected planar cross-sections (marked as S,—Ss) presented from plantar
view (left) and the cross-sectional geometry of the two media (S,,
S,) rays (right). Arrows indicate body loads and forces in the Achilles
tendon while standing. The constraints limiting vertical displacements
of the plantar surface are marked by triangles. The geometry of the
plantar pad under the second metatarsal is magnified to mark the course
x for calculation of average stress. LPL = long plantar ligament.

where o is the tissue stress resulted by a stretch ratio A,
and the constants ¢; are as given in Ref. [21].

The literature contains only a small volume of reports
concerning mechanical properties of the human foot's
tissues, with the least amount of information pertaining
to the foot's ligaments. It was stated that the elastic
modulus of most ankle ligaments is under or around 200
MPa[24]. For the anterior tibiofibular ligament, uniaxial
tension tests resulted loads of ~20 N for 5% strain and
~50 N for 10% strain [25]. The stress-strain relation that
was presently assumed for ligaments provides a tangent
elastic modulus of 79 MPa at 5% strain and 98 MPa at
10% strain, i.e. intermediate values in terms of the ankle
ligament’s elastic moduli. Using the same relation, a
ligament of the foot with a typical cross-sectional area
of 3.2 mm? (e.g. bundles of the plantar ligaments [21])
is predicted to bear tension of 13 N at 5% strain and 32
N at 10% strain, values which reasonably conform the
loads transmitted through the anterior tibiofibular liga-
ment for the same strains. It is hence concluded that the
ligament stress-strain data by Race and Amis [23] can
be used to represent the mechanical behaviour of the foot
ligaments for the purpose of numerical modeling.

The Poisson ratios were taken as 0.4 for the ligaments
and fascia and as 0.49 for the soft tissue pad. The model
was solved while assuring that (i) ligaments carried only
tension stresses and that (ii) no tensile stresses were
placed upon the cartilaginous layer beneath bone-carti-
lage contact regions.

The total load carried by the foot model was determ-
ined to be 300 N, which were distributed as 25-19-19-
19-18% for the first through the fifth rays, respectively
[26]. In addition to the body-weight surface load, a con-
centrated force of 30 N was applied at the posterior
aspect of the calcaneus in each cross-section to represent
contraction of the triceps surae muscles during standing
[26]. Supports constraining the model’s vertical dis-
placements were positioned under the calcaneal base,
under each of the five metatarsal heads and under the
lateral metatarsal and cuboid bodies.

The FE method was selected for stress analysis of the
diabetic foot because of its ability to deal with complex
structures of irregular geometry, complex loading and
nonlinear material stress-strain relations. The automatic
meshing feature of the ANSYS FE pre-processor was
employed to create fine meshes of 1100-2000 planar 8-
node elements per cross-section of the foot. Optimal
meshes were determined by gradually increasing the
density of elements and subsequently calculating the
internal stress distribution, until maximal differences
between succeeding von Mises stress predictions did not
exceed 5%. This process was completed for al five
cross-sections of the foot rays. The elements selected for
the analysis are compatible with large strains, and allow
horizontal and vertical trandations of each of their eight
nodes, to account for bending-related stresses and defor-
mations.

The FE analysis resulted in the distributions of princi-
pa tension, principal compression, and the von Mises
stresses, as well as the deformations of the foot rays in
the standing posture (Fig. 2). Model predictions of per-
centage of foot-ground reactions carried by the forefoot,
midfoot and hindfoot segments of a normal foot were
compared with measurements acquired from 20 feet of
healthy subjects. No significant differences were indi-
cated by a t-test, using the standard 5% level of signifi-
cance [21].

In the present study, the preceding model was
employed for analysis of the effects of diabetic stiffening
of the plantar pad on its stress state during standing. In
order to simulate the stress distribution within the plantar
soft tissue of diabetic patients, we used the recent experi-
mental results of Gefen et al. [13] who demonstrated
a substantial increase of plantar soft tissue stiffness in
diabetics. Evaluation of local plantar tissue's elastic
moduli was achieved through delicate indentation of a
rigid pin with a spherical tip into the plantar tissue,
which was simultaneously scanned by MRI. The inden-
tation force was acquired using a photoelastic technique
(which represents force readings by optical fringes),
while tissue deflection was measured on the MRI scans,
to yield characteristic load-displacement curves.
M easurements were taken for the plantar tissue volumes
contained between the first and second metatarsal heads
and between the second and third metatarsal heads.
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von Mises Stresses

Deformed Shape

Fig. 2. Computer simulations of the normal structural behaviour of the foot’s medial rays during standing: the distribution of von Mises equivalent
stresses in the first and second rays (left) and the deformed shape of their structure (right). The extent of deformation was magnified by a factor

of 15 for clarity.

Informed consent was obtained from two healthy sub-
jects (male, 24 yrs old, femae, 26 yrs old) and two
patients with diabetes mellitus type 2 (males, 72 and 84
yrs old) by the medical staff of Sheba Medical Center,
Tel-Hashomer, Israel, where measurements took place.
Diabetic patients were pre-assed as being naturopathic.
Measurements of plantar tissue elasticity were taken
locally for plantar surfaces that appeared to be undam-
aged, and hence, debridement of callus was not required.
The dopes of the curves obtained from the diabetic
patients in this study [13] were considerably greater, i.e.,
five to six times the values obtained from normal sub-
jects. Based on these findings, it was assumed that in a
condition representing an advanced stage of diabetes, the
stresses required to induce a given strain of the plantar
soft tissue are five times greater than those in the normal
plantar soft tissue.

In order to simulate progression of the disease, a
‘tissue stiffnessratio’, k = o4(€)/ 0,,(€), was defined. The
ratio k eguals the factor of stiffening of the diabetic plan-
tar tissue's stress-strain relation, o4(€), in respect to the
normal one, ¢,(e), so that its value may range from 1
(normal tissue) to 5 (progressive glycation and stiffening
of the plantar pad, due to collagen-cross linking and non-
enzymatic glycosylation of keratin). For the purpose of
characterizing the loads tolerated by the plantar tissue as
the disease progresses, averaged values of the von Mises
equivalent stresses distributed over the plantar pad's
thickness were examined. The von Mises equivalent
stress, o,m., Weighs the effects of principal tension
(o,) and principal compression (o,) stresses according
to the relation

oum = (0% + 05—0,0,)"2 2

As mentioned above, the FE analysis of the foot is

focused on the stress distribution in the plantar pad under
the first and second metatarsals. These tissues carry most
of the forefoot load during standing and gait [14], and
are considered the most vulnerable sites for diabetic
ulceration [27]. Since deformation of the plantar tissue
under the metatarsal heads varies among the different
cases, we defined the mean von Mises stress at the plan-
tar pad, o7, as

5= j :oV_M_dg 3

where the value of ¢~ averages the von Mises stresses
(o,.m) over alinear course of length x, which originates
a the lower plantar part of the metatarsal head, crosses
the plantar fascia and the plantar soft tissue throughout
their thickness, and terminates at the contact surface with
the supports (as indicated in Fig. 1).

3. Resaults

The structura stress distribution (principal and von
Mises stresses) in the plantar soft tissue under the medial
metatarsals was analyzed for simulations of diabetic ver-
sus normal conditions, and the results are shown in Figs.
3 and 4 for the plantar pad under the first and second
metatarsal heads, respectively. The tension stresses that
developed during the standing posture in the plantar pad
underlying the metatarsal heads are shown to be trans-
ferred mainly via two mechanisms (see Fig. 3a and 4a):
(i) stretching of the plantar fascia under the body weight,
which causes local tension proximally to the metatarso-
phalangeal joints, and (ii) bending of the metatarsal
bones, causing tension stresses at their dorsal aspect to
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Fig. 3. Diabetic versus normal stress distributions in the plantar pad under the first metatarsal head: (a) principa tension stress, (b) principal

compression stress, and (¢) von Mises equivalent stress.

flow downward, distally to the metatarsophalangeal
joint. The compression stresses generated in the metatar-
sal bones due to bending under the body load flow down-
ward, through the central and plantar parts of the meta-
tarsals, causing concentrated stresses to generate near the
plantar skin under the metatarsal heads.

Examination of the principal stress distribution in
simulated diabetic feet revealed significant tension stress
concentrations (90-150 KPa) in plantar skin and deeper
soft tissues under the metatarsal heads, near the metatar-
sophalangeal joints. These tension-induced stress con-
centrations in the tissue of a simulated diabetic foot,
which do not appear in the normal foot model, are four
times the normal maximum stress under the first metatar-
sa head and amost eight times the normal maximum
stress under the second metatarsal head. Compression
stresses also increased substantially in the smulated dia-
betic foot, reaching peaks of 76 and 99 KPa on the plan-
tar surfaces under the first and second metatarsal heads,
respectively. Fig. 5 shows the rise in peak contact press-
ures and in averaged internal tissue stresses with increas-
ing severity of diabetic stiffening of the plantar pad, in
terms of the ‘tissue stiffness ratio’, k. Both peak contact

pressures and averaged internal tissue stresses appear to
increase nearly linearly with rise in stiffness of the plan-
tar tissue while k=4. It was shown that with greater
severity, peak contact stresses may rise by up to 38 and
50% under the first and second metatarsal heads, respect-
ively, when the tissue stiffness ratio « of the plantar pad
was increased from a normal value of 1 to a pathologic
value of 5 (Fig. 53). The increase in averaged internal
stresses within the plantar pad is even more pronounced.
The internal tissue stresses may be elevated by as much
as 82 and 307% for the first and second metatarsal heads,
respectively (Fig. 5b). This rise is mainly related to the
focal tension in deeper soft tissue layers (e.g., see Fig.
44), which also causes internal shear, proximal to the
skin. Both contact stresses and internal tissue stresses
grow exponentialy with stiffening of the plantar tissue
(with a correlation coefficient of 0.94-0.96).

4, Discussion

The commonly detected foot ulcersin individualswith
diabetes occur in plantar skin and soft tissues under the
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Fig. 4. Diabetic versus normal stress distributions in the plantar pad under the second metatarsal head: (a) principa tension stress, (b) principal

compression stress, and (c) von Mises equivalent stress.

first and second metatarsal heads [27]. These are pre-
cisely the same locations where the present model pre-
dicts significant stress concentrations during standing
due to tissue stiffening induced by diabetic glycation.
The computational simulations demonstrated that the
deeper plantar pad is subjected to a complex loading sys-
tem, which applies compound stresses with tension,
compression and shear components to the soft tissue
underlying the metatarsal heads (Fig. 6). It was noted
that focal tension of deep soft tissues occurs near the
medial metatarsophalangeal joints during standing, and
stresses that are up to eight times the normally expected
tension value were predicted. It is, therefore, probable
that these tension and shear stress concentrations (Fig.
6), which could be expected to increase substantially and
become repetitive during gait, cause micro-tears in the
diabetic plantar pad. The tears, unnoticed by the neuro-
pathic patients who have lost their ‘pain alarm’ mech-
anism, may develop to foot ulceration. Any open lesions
will provide a portal of entry for bacteria and infection
would occur. This theory of onset and development of
injury in the diabetic foot is outlined in Fig. 7. The mag-
nifying effect of stiffening of the plantar tissue on its
internal stress levels during load bearing was well dem-

onstrated in this study. The question whether these inten-
sified stress values in diabetic feet are able to produce,
through the repetitive application of body loads, micro-
tears in the plantar pad that would cause ulceration
and/or open a pathway for infection still awaits further
studies.

Additional causes of injury, such as poorly fitting
footwear or foot deformities (i.e., clawing of the toes)
may increase the focal pressures even further and accel-
erate the development of ulceration. Reduction in toe
function and resultant forward migration of some of the
cushioning pad of the metatarsal heads, events often
observed in diabetics [28,29], are also important factors
in the injury process, athough, in the absence of quanti-
tative experimental data of reduction in the pad’s thick-
ness, they could not be accounted for in the present
model. Large-scale statistical studies are still required
for quantifying reduction in plantar tissue thickness and
related geometrical changes in diabetic feet through the
course of the disease.

The investigation of plantar pressures in the standing
posture is simpler than dynamic analyses. Most of the
available literature documents the dynamic pressures
under the foot and their evolution throughout the stance
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Fig. 5. Model predictions of (a) peak contact stresses at the foot-
ground interface and (b) averaged internal (von Mises) tissue stresses
over the plantar pad thickness under the medial (first and second) meta-
tarsals. Contact and internal stresses are plotted for different stages of
tissue stiffening caused by diabetic-induced protein glycation. The
level of pathological stiffening of the plantar pad is expressed in terms
of the ‘tissue stiffness ratio’, k. MTH= metatarsal head.

phase of gait, for evaluating the foot's main function of
providing support during locomotion (see Ref. [30] for
areview). Only a few studies have gathered static foot
pressure data on alarge, statistical scale to compare nor-
mal with abnormal foot-ground peak pressures.
Duckworth et al. [31] found that peak pressuresin the
normal foot during standing increase with age, and that
they range from 61 to 108 KPa. Minns and Craxford
[32] measured an average peak forefoot pressure of 79
KPa for 67 standing healthy subjects. Cavanagh et al.
[33] analyzed 107 normal samples of pressure patterns
during barefoot standing and found that the averaged
normal peak pressures under the forefoot are 53 KPa
Taken together, these studies showed that average peak
forefoot pressures under the apparently normal feet of
healthy adults in the standing posture may range from
60 to 85 KPa. The present predictions of normal peak
pressures under the medial metatarsals (5566 KPa, Fig.
5a) are in good agreement with these experimental data.
The dominant characteristic of the pressure distri-
bution under a diabetic foot is the appearance of sites of
abnormally elevated pressures. These high-pressure
sites, which are usualy located under the forefoot,
develop both while standing and during gait. A large-

(a)

Plantar Fascia

¥  Flexor Tendon

(b) Flexor Tendon

Plantar Fascia

Plantar Tissue Element

Fig. 6. Schematic description of the compound loading acting on the
plantar tissue under the heads of the media metatarsals during load
bearing: (a) an element of soft tissue (v) underlying the head of the
metatarsus is compressed between the bone and the shoe/ground. Sim-
ultaneoudly it is being subjected to tension and shear loading, applied
by the stretched plantar fascia (and possibly by the flexor tendons that
pass over the condyles of the metatarsal heads, with some intervention
into adjacent soft tissue). (b) Consequently, element (v) is subjected
to a system of compound mechanical stresses, including compression
stress C, tension stress T and shear stress S.

group study by Duckworth et a. [15] analyzed foot-
ground pressures under forefeet of 82 diabetic patients
and reported an average peak forefoot pressure of 140
KPa. A more recent study by Kato et a. [34] similarly
found that the averaged peak forefoot pressure in seven
standing diabetics was 131 KPa. Thus, peak pressures
under the medial metatarsal heads of diabetics during
standing are about 1.5-2.3 times greater than normal.
The present model predicts that in advanced stages of
diabetes, contact pressures under the second metatarsal
head during standing increase by a factor of 1.5 in
respect to the normal condition (in agreement with the
lower-end of the above range), and thus, the present pre-
dictions of interna stress distributions should be con-
sidered ‘conservative'. These predictions show that an
increase in a factor of 1.5 in contact stress is
accompanied by an increase in a factor of 4.1 in average
internal stresses. Therefore, it is very likely that the pro-
cess of injury is not initiated on the skin surface but
rather in deeper subcutaneous layers and in the tissues
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Fig. 7. Thetheory of ulceration of the diabetic foot: glycation-related
stiffening of the plantar pad and consequent elevated stresses are the
basic factors responsible for injury, which may progress unnoticeably
due to peripheral neuropathy—a second effect of persistent hypergly-
cemia

underlying the distal bony prominences of the metatar-
sals where abnormal stresses are more pronounced (Figs.
3 and 4).

The model employed for this study is based on several
assumptions which should be taken into account while
interpreting the results. First, for the purpose of mode-
ling, the three-dimensional foot anatomy was rep-
resented as five planar sections. The inter-metatarsal
ligaments that firmly hold the five rays of the foot and
form an integral structure during standing allow the use
of this approach: although the planar-section represen-
tation is not able to fully predict the spatial (out-of-
plane) stress flow, it significantly simplifies the compu-
tational procedures compared with three-dimensiona
modeling [17,21]. Secondly, the plantar tissue is taken
as a homogenous bulk (with the exception of inclusion
of the plantar fascia), while it is really a more complex,
multi-layered structure containing adipose, muscular and
fibrous elements which interact in a variety of different
ways. The plantar pad of the present model ‘averages
the individual structural behaviours of each of these
tissue components under load bearing. However, the glo-
bal stress flow through the pad is not expected to be

significantly different in a more detailed model, since
the elastic properties of fat and muscle tissue materials
are around the same order of magnitude: for defor-
mations of up to 20%, the elastic modulus of the lower
limb muscles under passive uniaxial loading ranges from
100 to 250 KPa [35], and that of the fat tissue of the
heel is around 100-300 KPa [12].

A third assumption concerns the representation of the
development of diabetes: the simulations track pro-
gression of protein glycation within the plantar pad by
stiffening its nonlinear elastic stress-strain relation, using
the ‘tissue stiffness ratio’, . All simulations referred to
the pre-ulceration condition in which integrity and
material properties of the skeleton are unaffected [36]
and there is no visible tissue degeneration. This approach
was taken since about 35% of the diabetic patients who
at some time develop ulceration have abnormally high-
pressures at the ulcer sites before a visible evidence of
injury actually appears [15,37,38]. Possible concurrent
changes in foot positioning or skeletal/muscular loading
due to neuropathy and improper proprioception, or due
to voluntary/involuntary off-loading of part of the foot
due to development of ulceration were not considered,
since the individual foot function and postural response
of diabetic neuropathic patients may vary considerably
[39].

Applications of the model described herein may be
broadened to investigate conservative or new surgical
interventions for treating the diabetic foot and to evalu-
ate their influence on the expected post-surgical foot-
ground stress flow. Orthotics and supportive devices for
the relief of contact pressure may also be assessed in
order to assure that re-distribution of contact pressures
is a'so accompanied by significant reduction of internal
stresses under the metatarsal heads. Thus, in conjunction
with plantar pressure measurements, computational foot
modeling for analysis of internal (tissue) stresses shows
great promise as being a highly effective tool in treat-
ment planning. In the future, it is expected that three-
dimensional biomechanical models of the muscul oskele-
tal system and of the foot in particular will be produced
directly from MRI/CT scans of individual patients, as a
routine medical procedure. The attending medical staff
would further be able to perform measurements of the
plantar tissue’'s mechanical properties using ultrasound
elastography or a similar noninvasive technique, and
these data will be fed into the simulation to form a
patient-specific, anatomically accurate computer model
of the foot. The patient-specific model can then be used
to enhance clinical prognosis, be an aid in prescription
of specia footwear, or even alow simulations of conse-
guences of surgical proceduresif such are needed, before
they are implemented in the operating room.
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