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Abstract—A customizable Finite Elements Model of human
knee is proposed for improving inter-individual reproducibil-
ity in NSAIDs transdermal delivery measurement. The model
simulates: (i) the measurement system, based on Bio-Impedance
Spectroscopy, and (ii) the system under test, namely the knee by
five parallel, homogeneous, and concentric layers: bone, muscle,
adipose tissue, wet skin, and dry skin. In this paper, first the
equations and the architecture of the model are described.
Then, the results of the numerical characterization and the
preliminary experimental validation are reported. A sensitivity
analysis was realized for reducing computational burden during
Model customization. Only five parameters out of the 64 used
in the Cole-Cole equation were sufficient for fitting experimental
data of different subjects.

Index Terms—Finite Element Method (FEM), Electrical
impedance spectroscopy (EIS), Bioimpedance, Drug delivery, Bi-
ological system modeling, Anatomical structure, Analytic model.

I. INTRODUCTION

The human knee is the largest and most stressed joint in
the body, and one of the most commonly injured. A healthy
knee is crucial for our optimal daily functions, and influence
the quality of life (QOL). Knee pain is a particularly common
condition; about 40 million people reporting knee pain, and the
incidence increases notably with age. Moreover, the increase
of pain severity due to age, could lead to physical disability
and decreased QOL [1]. Some of the most common causes
of knee pain are: joint or bone injuries, sprains, ligaments
strain, tendinitis or degenerative joint disease like osteoarthri-
tis, rheumatoid arthritis and other inflammatory disorders. The
therapy recommended for several of these pathologies, often
include topical nonsteroidal anti-inflammatory drug (NSAID)
use. The NSAIDs, regarded low-cost and nearly safe, were
ranked most efficient nonsurgical osteoarthritis knee treatment

Surgical Sciences
University of Naples Federico Il
Naples, Italy
federica.crauso@unina.it

5™ Nicola Moccaldi
Department of Electrical Engineering  Department of Applied Science and
and Information Technology (DIETI)
University of Naples Federico I1
Naples, Italy
nicola.moccaldi @unina.it

Technology (DISAT)
Polytechnic of Turin
Turin, Italy
sabrina.grassini @polito.it

6" Isabella Sannino

Technology (DISAT)
Polytechnic of Turin
Turin, Italy
isabella.sannino @polito.it

for enhancing functionality and providing pain relief, as shown
in the Journal of the American Academy of Orthopaedic
Surgeons (JAAOS) [2]. The NSAIDs are effective analgesics,
commonly administered by transdermal drug delivery for
the treatment of acute pain and local muscle inflammation.
Topical NSAIDs are applied to intact skin in painful area
in the form of a gel, cream, spray or patch. These latters
(NSAIDs), penetrate the skin, pervade tissues or joints, and
reduce the inflammation process with a lower drug levels in
the blood compared to the same drug oral administration [3]
[4]. A widely used approach to improve transdermal drug
delivery is iontophoresis, a type of electrotherapy, a non-
invasive, safety and high efficiency method of systemic and
local drug delivery exploiting an electric field [5] [6]. At
present, there is no acceptable standard method for exactly
assessing delivered drug in tissues [7], owing to the intra-
individual (different body areas, skin conditions, psychological
conditions, and so on), as well as inter-individual factors
(sex, age, ethnicity) [8]. Therefore, the absorption kinetics,
efficacy, and drug biovailability are poorly understood [9]
[10]. Moreover, the evaluation of therapy efficacy and recovery
are provided by physical examination of doctors or using
expensive, time consuming and harmful diagnostic imaging
techniques. Electrical impedance spectroscopy (EIS) has been
widely used in biomedical application [11] [12], and especially
applied in the field of transdermal drug delivery [13] [14].
EIS, employing a small electrical current, investigates the
electrical proprieties of the treated tissue site by measuring
its electrical impedance considering the different electrical
properties shown by different components of biological tissues
[15]. Changes in electrical properties of biological tissues
generated by a transdermal drug diffusion are monitored by
EIS [16]; beside that, it may provide information on the



skin’s reservoir function, crucial to determinate the duration
of topical drug action [17], thus enabling the creation of a
personalized therapy. In this work, the uncertainty linked to
the knee inter and intra-individual variability are dealt with a
Finite Element Method (FEM) model. FEM is a very useful
Method for the analysis of knee joint, thus, a preliminary knee
joint model integrated with subjects specific musculoskeletal
parameters was obtained from in-vivo measurements, in order
to quantify EIS changes and investigate knee health [18].
After each impedance spectroscopy measurement, the knee
model learns the current values of the dielectric parameters
of the tissue. In this way it also manages intra-individual
factors that can influence the impedance variation such as body
temperature or emotional states.

In this paper, the anatomical structure of the knee joint and its
dielectric proprieties are presented in II. Meanwhile, proposed
knee FEM model is shown in III. Then, the experimental set
up is delineated in IV-A and the parameters optimization and
customization in IV. Finally, the experimental validation and
results are discussed in V

II. BACKGROUND

A. Knee anatomy

The human knee joint is the largest weight bearing, one of
the most complex and most stressed joint in the human body
which is located between two longest lever arms. The knee
joint is a hinge type joint, which primarily allows for flexion
and extension, it connects three bones: femur, tibia and patella.
The femur, the thigh bone, is the strongest and longest bone
of human body. The proximal part of the femur articulates in
hip joint , while the distal part of the femur meets the tibia
and patella in knee joint. The tibia, the long anterior leg bone
below the knee, connects the knee with the ankle bones [19].
The patella is a flat, triangular bone which covers and protect
the anterior surface of the knee joint and, moreover it connects
the joint directly to the largest muscle in the human body on
the anterior of the thigh: the quadriceps. The quadriceps is a
large muscle group In the front of the thigh which extends the
knee joint. All articular surfaces are covered with cartilage,
a special protective tissue that reduces internal friction in the
joint and acts as a shock absorber. Further protection from
trauma and wear, is provided by two menisci, the medial and
the lateral meniscus. Menisci are thickened semilunar cartilage
pad which are crucial for facilitating movements and shock
absorption, increasing stability of the joint. The knee joint
is surrounded by a joint capsule with four sturdy ligaments:
two collateral ligaments placed along the sides of the knee
and limit the sideways motion of the knee, while two cruciate
ligaments, crossing within the joint, connects the tibia to the
femur [20] [21]. The knee anatomy is shown in Fig.1, although
numerous other anatomical structures, unmentioned, such as
synovial fluid, bursa, minor ligaments, tendons, increase the
stability and functionality of the joint [22].
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Fig. 1. Knee joint anatomy [22]

B. Dielectric properties of body tissues

From an electromagnetic point of view, biological tissues
can be modeled as dielectric materials characterized by either
polarization mechanisms and dielectric losses. The polariza-
tion mechanisms are generated by an electric charges displace-
ment which needs some time to take place when excited by an
external electric field. The dielectric losses are generated by
either conduction currents inside the tissue and lossy effects
generated by the material polarization.

When exciting the tissues with an external sinusoidal electric
field, the dielectric behaviour can be modeled with an elec-
tric conductivity, accounting the losses due to free charges
conduction, and a complex dielectric function whose real part
accounts the polarization of the bound charges and the imagi-
nary part accounts the energy losses due to bound charges and
dipole relaxations.

The main characteristics of the frequency spectrum of the
dielectric properties of biological tissues were deeply studied
over years as reported in [23]; it consists of three main
relaxation phenomena, each of them related to a particular
polarization mechanism, located in the same number of re-
laxation regions, namely «, 8 and ~ regions, located at high,
medium and low frequency.

Among the numerous models developed to describe the such
behaviour, one of the most commonly used for biological
tissues is based on the expressions provided by the Cole-Cole
model [24]. Cole-Cole equation is a widely used model to
describe the relaxation phenomena in dielectrics, obtained by
a modification of the Debye relaxation model as follows:

* Aen Odc
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where e., is the value of the dielectric function in the
high frequency range (namely in the limit when the angular
frequency tends to infinity), o4, is the static conductivity due
to ionic conduction inside the tissue, 7,, is the relaxation time
of the n-th relaxation phenomenon, Ag,, is magnitude of the
n-th dispersion, and 0 < a,, < 1 is an empiric coefficient
introduced in the Cole-Cole model which allows to describes



spectral shapes (the higher the value of « the higher the
flattening of the spectrum) [23] [25].

III. PROPOSAL

A preliminary model of human knee is proposed in order to
monitor NSAIDs bioavailability in transdermal delivery. The
exploitation of a numerical model makes it possible to opti-
mize the electrodes design, better evaluate the injuries extent
and therapeutics treatments progress. In this section the model
and the optimization algorithm, integrated with subjects spe-
cific muscoskeletar parameters present in the relevant literature
and in-vivo experimental data, are exposed. Useful details for
modeling knee joint are the dimensions of human knee bones.
Among several studies which deal with this matter, in [26]
the measures of human femur and tibia are provided. In Tab.
I the typical width of Femur Condyle (FCW), Medial Femur
(FW), Tibial Plateau (TPW) and Tibial Plateau Medial (MW)
are presented, along with the typical length of Medial Femoral
condyle (FL) and Tibial plateau medial (ML) both for male
and female are reported. According to further anthropometric
studies [27]-[29], the simplified knee geometric structure
consists of the femur-tibia-patella articulation enclosed into
a multilayered cylinder modeling different tissues, i.e. (from
innermost to outermost layer) Muscle, Subcutaneous Fat and
Skin. Because of its intrinsic biological layering, the skin layer
can be further divided into many sub-layers with different
biological characteristics and thickness. In what follows, the
skin is divided into two equivalent sub-layers: an internal
“wet skin” layer which models the innermost part of the skin
(hypodermis and dermis) and an external “dry skin” layer
which models the outermost part of the skin (epidermis) [26].
According to the aforementioned anthropometric studies, the
thickness of dry skin, wet skin and adipose tissue layers are
chosen respectively as follows: 1 mm, 2.7 mm, and 7 mm.
The following Fig.2 and Fig.3 show two sketches of the
geometrical structure of the knee articulation and tissues
layering.

Fig. 2. Knee joint 3D model

After a proper meshing of the whole geometry, the solution
of Maxwell equations in the direct current formulation in the
frequency domain is afforded via Finite Element Method, in
order to evaluate the electric potential phasor in each point of
the mesh and the simulated impedance spectroscopy measured
by a four-wire device. The boundary conditions to be coupled

Fig. 3. Knee joint 3D model: the particular of bones

with the equations are: Dirichlet boundary condition at the
current terminals of the simulated measurement device ap-
plying the external excitation voltage and Neumann boundary
condition on all other surfaces (dry skin and voltage terminals),
stating that the normal component of the current density field
is zero (electric insulation).

At last, human parameters presented in well claimed study
[23] are used to characterize the electrical properties of each
tissue, according to Cole-Cole equation, as shown in Tab.II.

TABLE 1

TYPICAL HUMAN FEMUR AND TIBIA DIMENSIONS
FEMUR [mm] | GENERAL MALE FEMALE
FCwW 78,7 6,7 | 842 +43 | 734 £+ 3,6
FL 522 +49 | 543 +£48 | 502 £ 4,1
FW 28,9 £33 | 30,6 =34 | 27,3 £ 2,6
TIBIA [mm] GENERAL MALE FEMALE
TPW 749 £ 6,5 | 80,6 £39 | 69,5+ 3,0
ML 45,1 45 | 479 +£42 | 422 +£29
MW 304 £3,0 | 32,8 4+2,1 | 28,1 £ 14

IV. MODEL OPTIMIZATION

For model validation and optimization, in-vivo experimental
data, collected during an experimental campaign, were used.

TABLE 11
DIFFERENT TISSUES PARAMETERS VALUE OF COLE-COLE EQUATION
ACCORDING TO GABRIEL [23].

Dry Skin | Wet Skin | Fat Muscle Bone
oo 40 4.0 25 40 25
Aey 32.0 39.0 9.0 50.0 18.0
71 [ps] 7.23 7.96 7.96 7.23 13.26
a1 0.00 0.10 0.20 0.10 022
Aes 1100 280 35 7000 300
T2 [ns] 3248 79.58 1592 353.68 79.58
%) 0.00 0.00 0.10 0.10 0.25
Ae3 30x 107 [ 33x10% [ 1.2x10° | 2x 107
73 [ps] 1.59 159.15 31831 159.15
as 0.16 0.05 0.10 0.20
Aey 30x 108 [ 1.0x 107 | 25x 107 | 2.0 x 107
T4 [ms] 1.592 15915 2274 15915
o 0.20 0.01 0.00 0.00
Oge [S/m] | 0.0002 0.0004 0.0350 0.2000 0.0700




A. Experimental set up

Ten health young volunteers (average age 24 years, 30 cm
+ 10 cm knee circumference, and 20 kg/m?> + 10 kg/m?
body mass index (BMI)), of whom 7 women and 3 men, were
included in the study. The volunteer had not any skin diseases,
wounds, inflammation or past knee surgery; moreover, they
were asked to avoid the use of moisturizers or oils the
measurement day. The informed consent, containing all the
information about the experiment, was provided and signed
by the subjects. The protocol was explained by the engineer
who followed the experimental campaign, then volunteers
physiological parameters (sex, age, knee circumference, and
BMI) were recorded. The volunteers were asked to sit on
a chair completely isolated from the ground by means of a
rubber mat. Subsequently, the volunteers were connected to the
Drug Under Skin Meter (DUSM), by means of four electrodes.
The DUSM was already used by the authors in a previous
feasibility study for assessing the volume of drug delivered in
a test tissue by impedance measurements [30] [14]. It comes
with a 15.0 cm x 17.0 cm x 4.5 cm plastic and aluminium
casing; for powering it a USB cable was connected to the lap-
top, hence the device was never connected to the main supply.
EIS was measured by four Electrodes connected to four clips
placed on a custom TPU (Thermoplastic Polyurethane) support
Fig.4 (b) which ensure a stable measurement set up due to its
durability and slightly malleability. The pre-gelled electrodes
(FIAB PG500) coated with a bio-compatible gel, were used to
facilitate the attachment of the electrodes to the skin surface
[31]. Moreover, the laboratory temperature and humidity were
monitored during the experiments. Thereafter, the impedance
measurement were carried out over 1 Hz - 49 kHz frequency
spectrum. The average magnitude of impedance spectroscopy
measured on 10 volunteers, represented by dots, is shown in
Fig.5. Each experiment was repeated ten times, during 10
s, for each frequency. The 1-0 repeatability, expressed as
the relative percentage with respect to the initial impedance
value resulted lower than 2%. Therefore, the influence of the
dynamic factors (eg blood flow) on the impedance values was
considered negligible.

Fig. 4. Experimental set up. The motherboard of DuSM (a) was connected
to a laptop PC by the USB-SW/UART-EMUZ (circled with solid line). The
daughterboard 4W-BIO3Z (circled with dashed line) was connected to four
electrodes on the knee (b) by clip adapters

B. Knee parameters optimization

In order to mitigate the simplifications introduced into the
model and the individual variability of the tissues, an opti-
mization procedure is carried out to adapt the values reported
in Tab.II to fit the average measured bioimpedance. It consists
of three main steps: the first one is the extraction of a subset of
parameter from the whole set appearing in Cole-Cole equation,
basing on the frequency range spanned by the DUSM to reduce
the order of the operational space explored by the sensitivity
analysis. Once the parameters subset is identified, the second
step is based on a one-at-a-time parameter sensitivity analysis
devoted to determine those most affecting the values and the
bioimpedance frequency spectrum.

Indication of five electrical parameters to be modified is
the output of the sensitivity analysis. Additionally, the static
conductivity of the dry skin is considered in the roster of
parameters to be optimized in the third step in order to take
into account any spectrum modification in the low frequency
range.

The aforementioned parameters are used as degree of freedom
into an optimization procedure based on the Nelder-Mead
simplex method devoted to calculate their optimal value in
order to let the shape of the simulated bioimpedance frequency
spectrum to fit the measured experimental data.

The goodness of the fit has been evaluated by means of the
following figure of merit:

| Zmeas(w) = Zsim (w)]|
HZmeaS(W)H

2)

Efit =

where the norm is intended as the eucledean norm of
vectors obtained by sampling the measured and the simulated
bioimpedance at the DUSM operating frequencies.
The optimization process guarantees the average impedance
spectroscopy curve fitting showed in Fig. 5.

95 Average Impedance
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Fig. 5. Model (line) and average experimental (dots) spectroscopy impedance
measurements after optimization



C. Sensitivity analysis for model customization

Starting from the output of the optimization process carried
out on the average bioimpedance spectroscopy, the same
optimization process on the same Cole-Cole parameters was
realized for identifying the principal deviations necessary to
customize the model for each subject investigated. Four pa-
rameter were chosen alongside the subcutaneous fat thickness,
dry skin, and muscle in order to distinguish different types
of people. Impedance spectroscopy measurements from three
volunteers were used for validating the model customization
process. The so called athletic subject exhibited the lowest
impedance values, while the fat subject the highest. A third
regular subject was considered whose impedance values were
not far from average. For the athletic subject the parameters
73, T4 of muscle tissue and, o4. of dry skin became 261.29 x
10° s, 1.993 x 1073 s, and 0.0006 S/m respectively. Meanwhile,
the parameters of muscle 73 = 1591.6 x 10 s, and dry skin
o4 = 0.0001 S/m were changed for far subject. Finally, Aes
of subcutaneous fat and 75 of muscle became 3.96 x 103
and 572.96 x 10° s for regular subject. Results of model
customization in term of spectroscopy impedance curve fitting
are reported in Fig. 6. In the case of athletic subject custom
model decreased €7;; by 94% with respect to average model.

110 T T i i
* Average Impedance
N * Athletic subject
100 Fat subject ]
* Regular subject

Impedance [Q2]
[e] O
o o

~
o

[o)]
o

50 : : :
0 10 20 30 40 50

frequency [kHZz]

Fig. 6. Customization models for three different subjects

V. CONCLUSION AND FURTHER WORKS

A customizable FEM model of Knee for improving repro-
ducibility in NSAIDs transdermal delivery measurement was
presented. The model geometry was based on five layers: bone,
muscle, fat, wet skin, dry skin. The Cole-Cole equation with
summation index equal to 4 provided 64 parameters for model-
ing electrical behavior. Starting from literature and experimen-
tal data an average model was proposed. A sensitivity analysis
was realized for identifying the principal parameters necessary
to customize the model. A customizable model based on only
five parameters was validated on three subjects. In the case
of athletic subject, the custom model decreased €z;; by 94%
with respect to the average model. The customization of a

knee FEM model with low computational burden was proven
feasible. Experimental activities in progress will validate the
use of the customizable FEM model for improving inter-
individual reproducibility in NSAIDs transdermal delivery
measurement.
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