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SUMMARY

Diabetic foot is an invalidating complication ofathietes that
can lead to foot ulcers. Three-dimensional (3D)itdin
element (FE) analysis allows characterizing thedsoa
developed in the different anatomical structureshef foot
in dynamic conditions. The aim of this study waslévelop
a subject specific 3D FE model of both a diabetic
neuropathic and a healthy subject’'s foot whose extbj
specificity can be found in term of foot geometiry;vivo
kinematics and kinetics measured data. The bionmécdla
analysis of the foot was carried out as in [Sawath2012]
on 10 healthy and 10 diabetic neuropathic subjedtis a
synchronized instrumentation setup. The FE modeisew
developed segmenting bones, cartilage and skin fytih
and drawing a horizontal plate as ground suppodtekials
properties were adopted from previous literaturde F
simulations were run with the kinematics and kiceetilata
of four different phases of the stance phase of @eel
strike, loading response, midstance and push GH)idity
of the models was assessed through the comparetaredn
the experimental plantar pressures (PP) and thalatieud
ones. Results showed that when the gait data ofuhpects
in the two groups were adopted for the simulaticthe

the aetiology of diabetic foot and allows identifgi the
mechanisms priming ulceration. The aim of this gtueés

to develop a subject specific 3D FE model of both a
neuropathic and a healthy subject’'s foot whose extbj
specificity can be found in term of foot geometoptained
from MRI), kinematics and kinetics experimentally
measured data.

METHODS

Experimental procedure

The biomechanical analysis of the foot was cardetlas in
[2] on 10 healthy (HS - age 58.7+10 years, BMI 22.6
kg/m2) and 10 diabetic neuropathic subjects (DN&ge
63.2+6.4 years, BMI 24.3+£2.9 kg/m2). A 6 cameradiom
capture system (60-120 Hz, BTS S.r.l, Padova), r2efo
plates (FP4060-10, Bertec, USA), 2 plantar presgBie)
systems (Imagortesi, Piacenza). The signals cofnimg all
systems were synchronized (Figure 1). For eaclemathe
hindfoot (HF), midfoot (MF), forefoot (FF) subsegme
and tibia 3D kinematics, kinetics (ground reactfonces)
and PP were calculated. The protocol was approyethd
local ethic committee.

FE models

healthy FE model underestimated the PP in each foofThe foot MRI (Philips Achieva and Siemens Avanto,

subarea, while the neuropathic FE model resultethéan

errors between experimental and simulated datawbtie

20% in the peak PP values. This knowledge is ckunia
understanding the aetiology of diabetic foot.

INTRODUCTION

Diabetic foot is an
invalidating complication of
diabetes mellitus that can lea

to foot ulceration and@
amputations. Three-gE=mi
dimensional (3D) patient

specific finite element (FE)
models of the foot allow to
characterize and quantify thd
loads developed in theg
different anatomical
structures of the foot and to _. ) .
understand how these affect Figure 1. Exp(_arlmenta]

foot tissue in  dynamic procedure: gait analysis.

conditions [1]. This knowledge is crucial in undarsling

Spacing between slides: 0.6-0.7mm, Slice thicknés?:
1.5mm) of both a HS (HS1) and a DNS (DNS1) were
acquired, and 3D subject specific FE models weeated
(Figure 2): a healthy FE model (HFE) and a neutttipaine
(DNFE).
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Figure 2: Workflow to obtain the 3D FE foot and ankle
models.

Image
segmentation

Foot MRI/CT
scan images

MRI were segmented with Simpleware ScanlP-ScanFE
(v.5.0) into 30 bones (grouped into hindfoot, mitfo
forefoot), cartilage (in the space between the bpaad the
foot skin (as contour of the soft tissues) in orbeget a 3D
representation of the whole foot (WF) and ankle.



Figure 3: 3D mesh of the whole foot and ankle with
bones grouped into segments.

The model was meshed in Simpleware-scanFE with
tetrahedral elements according to the literatuféHRure 3)
and imported into ABAQUS (Simulia,v.6.12).

An horizontal rectangular element was drawn in ABA®)
under the foot to simulate the ground support.dsmeshed
with 8 mm side quadratic elements with the aimlataming
contact pressures values comparable with the enpatal
ones (according to plantar pressure system sensor
dimension). Materials properties were adopted from
previous literature [4-5]. The plantar soft-tissueas
represented as a continuum and its nonlinear rateri
behavior was modelled as an isotropic, incompréssib
hyperelastic second-order polynomial formulationthwi
parameters provided by [5]. For the DNFE the insegla
stiffness values of the parameters were adoptestdar to
take into account the diabetic tissues stiffening.
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Figure 4: Simulated PP in DNFE during midstance.

Both the floor and the bones were modelled as
homogeneous isotropic linear elastic materials T# foot-
floor interface was modelled using contact surfamréh a
coefficient of friction of 0.6 [4]. The bones wetied to the
soft tissues. Four different loading conditions afobt
positions with respect to the ground were applied
considering different phases of the stance phagaib{heel
strike, loading response, midstance and push offerwv
critical loads occurred [4]. FE simulations wera mith the
kinematics and kinetics data of the HS as inputifi&c and

of the DNS to DNFE. Validity of the models was asss
through the comparison between the experimentahifP
the simulated ones (peak and mean values in theoB f
subareas and in the whole foot). Von Mises intestrasses
were also obtained from the simulations.

RESULTSAND DISCUSSION
Results showed that there was a good agreemerttein t
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Figure5: Experimental PP of the DNS1 and simulated PP
with DNFE and kinematic-kinetic data of the DNS1.

overall pattern between predicted and measured PP
distribution (figure 5) when the kinematic-kinetitata of
HS1 and DNS1 were used. However, when the gait afata
the subjects in the two groups were adopted for the
simulations, the HFE underestimated the PP in daoh
subarea, while it overestimated the contact surfaces
everywhere (Figure 6). For what regards the neuhipa
subjects’ group, the results found better agreemEnt
instance in the peak pressure values the mearsesfdhe
simulations with respect to the experimental daterew
below the 20% with the exception of the hindfodt(Fe 7).
The von Mises values were in good agreement wiloties
reported in literature. These results confirmedt thetter
prediction are obtained with subject specific medel

Peak pressure - Healthy subjects - Errors Contact surface - Healthy subjects - Emors

ol 250,

40|

20

°

% of the experimental value
8
% ofthe experimental value

!

WF

0

HF MF FF WF HF MF FF

Figure 6; HFE with HS data: differences between the
simulated and the experimental peak PP (left) antact
surfaces (right) in percentage of the experimestdiim.

Furthermore results
demonstrated that by
combining gait analysis
and FE modeling, realistic
PP and internal stresse
during gait can be
obtained either in the cast
of the healthy foot or the
diabetic neuropathic one.
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CONCLUSIONS

Reliable PP during gait
were obtained by mean:
of a healthy and a
neuropathic  subject’s
3D FE model. This
knowledge is crucial in
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Figure 7. DNFE with DNS
data: differences between the
simulated and the experimental

understanding  the peak PP in percentage of the

aetiology of diabetic gyperimental peak PP.

foot.
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