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Abstract: Obesity, one of the major problems in modern society, adversely affects people’s health and
increases the risk of suffering degeneration in supportive tissues such as cartilage, which loses its
ability to support and distribute loads. However, no specific research regarding obesity-associated
alterations in the mechano-electrochemical cartilage environment has been developed. Such studies
could help us to understand the first signs of cartilage degeneration when body weight increases
and to establish preventive treatments to avoid cartilage deterioration. In this work, a previous
mechano-electrochemical computational model has been further developed and employed to analyze
and quantify the effects of obesity on the articular cartilage of the femoral hip. A comparison between
the obtained results of the healthy and osteoarthritic cartilage has been made. It shows that behavioral
patterns of cartilage, such as ion fluxes and cation distribution, have considerable similarities with
those obtained for the early stages of osteoarthritis. Thus, an increment in the outgoing ion fluxes is
produced, resulting in lower cation concentrations in all the cartilage layers. These results suggest
that people with obesity, i.e. a body mass index greater than 30 kg/m2, should undergo preventive
treatments for osteoarthritis to avoid homeostatic alterations and, subsequent, tissue deterioration.

Keywords: obesity; mechano-electrochemical model; articular cartilage; cartilage degeneration;
cartilage loading

1. Introduction

In the last decade, obesity has become one of the most serious socioeconomic concerns in
developed countries [1,2]. This medical problem is produced by a combination of several factors such
as excessive food energy intake, lack of physical activity and/or genetic susceptibility [3–5]. As a result,
an increase in the probability of suffering diseases such as osteoarthritis and bone degeneration has
been reported [6–8]. In particular, overload on joints generates imbalance in tissue homeostasis [9,10].
This is mainly due to the increment of the force applied on articulations. In the case of normal weight,
the applied force is three times the body weight. This force can reach six to ten times the body weight
when performing activities such as climbing or running [11]. However, the transmitted force to joints in
the case of people with obesity is doubled, generating excessive wear and leading to osteoarthritis [12].

Since articular cartilage is an avascular tissue, the transport of nutrients from synovial fluid to
chondrocytes occurs by diffusion and convection when loading or when chemical conditions are
changing [13–15]. In this sense, cartilage counts on biomolecules also called proteoglycans. They are
responsible for the turgid nature of the tissue and provide the osmotic properties needed to resist
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compressive loads [16,17]. This occurs mainly as a consequence of the negative charges attached
to them, fixed charge density. These negative charges provide a repulsive force that enhances the
compressive stiffness of the cartilage [18].

Compression cycle due to body weight generates incoming and outgoing fluxes that helps in
nutrients and wastes products exchange [11]. In the case of people with obesity, significant alterations
are produced in water and ion fluxes as well as in tissue deformation. These fluxes are considered as
essential biomarkers that indicate the degree of cartilage degeneration [19,20]. Therefore, the study of
ion fluxes and tissue deformation may reveal alterations in the cartilage tissue.

Despite the great incidence of obesity, there are no exhaustive studies analyzing the correlation
between alterations in the biological processes of cartilage and an increase in body weight. Only
Travascio et al. [11] have addressed this issue. In their recent work, they describe several changes
in protein synthesis and the subsequent reduction in extracellular matrix (ECM) production in hip
articular cartilage. They studied these phenomena by means of a self-developed 1D model. However,
important questions remain. How does obesity affect water and ion fluxes? Are these alterations a
catalyst for osteoarthritis? Is the ion concentration in the tissue similar to that observed in people of
normal weight? All these questions need to be addressed.

To analyze and elucidate tissue behavior under these conditions, a previously described 3D
computational model of cartilage behavior [19–21] is here extended and employed to study the effects
of overweight on the articular joints (Figure 1). The present model considers the influence of ions on
electrochemical events as well as proteoglycan repulsion in a loaded 3D environment. The main goals
of this study are: (i) to analyze the role of proteoglycan repulsion in the cartilage loading problem;
(ii) to study the effect of metabolic alterations (fluxes of water and ions) due to obesity on the
homeostasis of femoral hip cartilage; and (iii) to quantify and compare cation and water flux in
cartilage of both healthy people and those suffering from obesity when a maximal load is applied on
the joint.
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Figure 1. Schematic representation of the simulation process: (a) the mechanical load during human
gait for people with obesity and with normal weight based on the work of Travascio et al. [11];
(b) incorporation of a hip cartilage sample into the computational model; and (c) list of the main
model outputs.

2. Material and Methods

The main mathematical formulation of the present model is based on the triphasic theory for
charged and hydrated soft tissues. This theory has been applied to simulate the behavior of articular
cartilage [22,23]). As in our previous works and other related studies in the literature [19,20,24,25],
the tissue is considered as a mixture in which four phases are distinguished: A negatively charged
poroelastic solid phase including proteoglycans (s), an interstitial fluid phase which includes water (w),
cations (+) and anions (´). The tissue behavior depends on the mechano-electrochemical interaction of
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these phases for cartilage maintenance (for more details see [10,20,26]. The four basic unknowns in
this physico-mathematical model correspond to the displacement of the solid matrix, us, the chemical
potential of the water, εw, and the electrochemical potential of the cations and anions, ε` and ε´

respectively. The main model equations are summarized below.

2.1. Flow Equations

Outgoing and/or incoming water and ion fluxes are considered in the mathematical formulation
through the mass balance equation for the total mixture and the charge balance for each ion. The main
fluxes present in the model are water flux (Jw), cation flux (J`) and anion flux (J´). The flux equations
are detailed below.

Mass balance of the mixture:
∇¨vs `∇¨ Jw “ 0 (1)

Charge balance of ions:

B
`

Φwc`
˘

Bt
`∇¨ J`

loomoon

diffusion

`∇¨
`

Φwc`vs˘

looooomooooon

convection

“ 0, (2)

B
`

Φwc´
˘

Bt
`∇¨ J´

loomoon

diffusion

`∇¨
`

Φwc´vs˘

looooomooooon

convection

“ 0, (3)

where vs “ Bus

Bt is the velocity of each point of the solid matrix; c` and c´ are cation and anion
concentrations, respectively; and Φw is the porosity of the tissue [26]. Hereafter, the fluxes can be
mathematically expressed as a function of the electrochemical potentials:

Jw “ ´
R TΦw

α

ˆ
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˙

(4)
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α
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`
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c´
˘2

αε´

ff

∇ε´ ´
R TΦwc`c´

αε`
∇ε`, (6)

where α is the drag coefficient between the solid and the water phases; R is the universal gas constant;
T is the absolute temperature; and D` and D´ are the cation and anion diffusivities, respectively [27].
The electrochemical potentials are defined as follows:

εw “
P

R T
´Φ

`

c` ` c´
˘

`
Bw

R T
θ, (7)

ε` “ γ`c`exp
ˆ

Fcψ

R T

˙

, (8)

ε´ “ γ´c´exp
ˆ

´
Fcψ

R T

˙

(9)

where Φ represents the osmotic coefficient, Bw is the fluid-solid coupling coefficient, P is the fluid
pressure, θ “ div us is the expansion of the solid matrix related to the infinitesimal strain tensor of the
solid matrix, Fc is the Faraday constant and ψ the electrical potential. γ` and γ´ refer to the cation
and anion activity coefficients, respectively.
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2.2. Momentum Balance Equation of the Mixture

In contrast to our previous studies [19,20], the external force applied to the cartilage sample, fext,
is incorporated into the momentum balance equation to analyze the effect of maximal load on the joint
as follows:

∇¨ σ
loomoon

σf`σc`σs

“ fext , (10)

where σf corresponds to the stress exerted by the fluid, σc is the stress due to chemical factors such as
proteoglycan repulsion and σs is the stress of the solid matrix.

In cartilage tissue, the total stress, σ, can be mathematically formulated as a combination of the
osmotic pressure and the elastic stress of the matrix:

σ “ ´PI
loomoon

σf
loomoon

osmotic pressure

´λsθI` 2µsε
looooooomooooooon

σs
loomoon

elastic stress

´TcI
loomoon

σc
loomoon

chemical expansion

, (11)

where I is the identity tensor. Tc is the chemical expansion due to the proteoglycan repulsion
phenomenon [20]. λs and us are the Lame constants and ε is the solid matrix deformation. Note that
to accurately simulate obesity-associated alterations in cartilage behavior, the volumetric expansion
due to proteoglycan-attached negative charges were introduced into the model formulation. Thus, Tc

can be expressed as a combination of: the proteoglycan repulsion coefficients, a0 and k; the ion activity
coefficients during the process and at the reference estate, γ¯ and γ¯

˚
, respectively; and the neutral

salt concentration, c.

TC “ a0cFexp
ˆ

´k
γ¯

γ¯
˚

˙

b

c
`

c` cF
˘

(12)

For more details, see [20,21].
This phenomenon is demonstrated to be essential for the swelling process when ion concentration

variations are generated within the tissue [20,21].

2.3. Simulation of the Articular Cartilage Behavior for People with Obesity

To study the effect of the variation of mechano-electrochemical parameters on cartilage behavior,
the experimental design described by Lai et al. [21] is computationally reproduced. Thus, a cartilage
specimen of 1.5 mm diameter and 0.5 mm depth is placed inside a circular impermeable confining
ring and a loading permeable pattern is located at the top of the sample. Tissue samples are hydrated
in NaCl solution of 0.15 M similar to the physiological state. Under these conditions, maximal
compression loads relating to healthy people and people with obesity are applied on top of the sample.
The applied pressure is that corresponding to the maximal pressure observed after 0.44 seconds of the
human gait cycle. For the sake of simplicity, it is considered that, in later cycles, the tissue will exhibit
similar behavior to that taken as a reference. The experimental data are extracted from [11]. Note
that, for this study, they developed specific measurements in a total of 20 male subjects (10 normal
and 10 obese) aged between eighteen and thirty-five volunteered for this study. Prior to experiments,
anthropometric and body measurements were collected and recorded.
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Clinical guidelines are established to evaluate the grade of obesity in adults by considering the
Body Mass Index (BMI). This measure correlates the weight with the height of an adult to assess
obesity. Thus, values of BMI between 18.5 and 24.9 kg/m2 represent a suitable weight for adults,
whereas a BMI higher than 30 kg/m2 indicates obesity. In the model calculations, the applied force
and subsequent pressure are extracted from [11] who consider two groups of study: people of normal
weight, BMI = 22.262 ¯ 1.172 kg/m2, and people with obesity, BMI = 33.978 ¯ 3.629 kg/m2. The other
cartilage properties introduced into the computational model are listed in Table 1.

Table 1. Model parameters used in the computational model.

Description Symbol Range or Studied Value Reference

Young’s modulus E 0.6 MPa [19]
Poisson coefficient ν 0.28 [19]

Drag coefficient between the solid
and the water phase α 7 ˆ 1014 N¨ s¨ m´4 [22]

Diffusivity of the cations D+ 5 ˆ 10´1 m¨ s´1 [22]
Diffusivity of the anions D´ 8 ˆ 10´1 m¨ s´1 [22]

Initial FCD - 0.2 mEq¨ mL´1 [22]
Activity coefficient of cations γ` 0.86 [21]
Activity coefficient of anions γ´ 0.85 [21]

Gas constant R 8.314 J¨ mol´1¨ K´1 [22]
Absolute temperature T 298 K [22]

Osmotic coefficient Φ 0.8 [21]
Initial amount of water in the

tissue Φw
0 0.75 [22]

Accurate quantifications of cation fluxes and distributions within the samples have been
performed. Besides, monitoring of tissue changes during the loading processes was also carried
out. Note that this model can be employed to study the cartilage behavior in function of the degree of
obesity, how long an individual has been obese, co-morbidities, and sex of subjects. Besides, it can be
a good tool to study specific cases such as normal and obese rats or rabbits. For all of these studies,
experimental data are required to be carried out.

Three linear 8-node hexahedral elements with 2 ˆ 2 ˆ 2 Gaussian integration points are used.
The selected average mesh has a total number of 1680 elements. Small-deformation finite element
formulation, similar to previous articular cartilage models [11,22,28], has been implemented in a user
defined element subroutine (UEL subroutine following Abaqus standard names) of the commercial
software package Abaqus 6.11 (Dassault Systemes, Paris, France, 2016). The implementation scheme
of the 3D mechano-electrochemical model used for the loading problem is shown in Figure 2.
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Figure 2. Schematic diagram describing the process of the numerical simulation and the steps of
its implementation.

2.3.1. Initial Conditions

Initially, the cartilage sample is equilibrated within a single salt (NaCl) solution with a
concentration c˚. The initial conditions for the computational model are,

t “ 0 : u “ 0; εw “ εw˚

; ε` “ ε`
˚

; ε´ “ ε´
˚

. (13)

The initial equilibrium state of the tissue corresponds to the unloaded undeformed tissue. This
has been selected as a reference configuration for strain (time zero seconds, undeformed configuration).

2.3.2. Boundary Conditions

The boundary conditions of the sample in confined configuration (Figure 3) are the following.
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Free upper surface:

σz “ Pz, ext; εw “ εw˚

; ε` “ ε`
˚

; ε´ “ ε´
˚

. (14)

Lateral surface:
ux “ uy “ 0; Jw

x,y “ J`x,y “ J´x,y “ 0. (15)

Lower surface:
u “ 0; Jw

z “ J`z “ J´z “ 0. (16)

Note that, at t “ 0 seconds, the sample is unloaded and the concentration of the external solution,
c˚, is equal to 0.15 M. When external pressure (Pz,ext) is applied, the transient response of the solid
displacement is solved using the extended 3D model. A comparison between simulations of cartilage
of people with obesity and cartilage affected by osteoarthritic has been made. For simplicity, and due
to the lack of experimental data, the cartilage is considered as an isotropic material.
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Figure 3. Schematic representation of the experiment simulated by the computational model and the
boundary conditions.

3. Results and Discussion

First, the repulsion of negative charges attached to proteoglycans has been studied. This
phenomenon, which was neglected in previous models, has been demonstrated to be essential in
cartilage free-swelling [20].

Second, water and ion fluxes together with morphological changes in the tissue have been
simulated for a critical situation of the human gait (when higher values of forces are experienced
by the tissue) in healthy and obesity conditions. The corresponding simulation results of each
component (water, cation and ions) are presented after 0.44 s of simulated time, corresponding
to the above-mentioned critical phase where maximal cartilage deformation, outgoing water and ion
fluxes are observed.

Finally, z-displacement, water and ion flux patterns obtained for people with obesity are compared
not only to those relating to people of normal weight but also to degenerated tissue [20].

3.1. Proteoglycan Repulsion

To verify the role of the repulsion phenomenon of the negative charges attached to proteoglycans,
the experimental test developed by Chen et al. [29] is here reproduced. They applied 8% of deformation
to study the distribution of the Fixed Charge Density (FCD) within the sample. Note that the same
confined conditions detailed in the previous section are here considered and the 8% of deformation is
applied in the computational model.

Under these conditions, it is observed that when taking into account the proteoglycan repulsion
phenomenon, the model gives values closer to those obtained experimentally for the FCD distribution



Appl. Sci. 2016, 6, 186 8 of 13

(Figure 4). In contrast, when this phenomenon is neglected, the results are higher than those
obtained experimentally.
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Figure 4. Fixed Charge Density (FCD) distribution along the thickness of a cartilage sample with 8%
sample deformation due to compressive loads.

Biologically, this can be explained by the balance of forces that takes place in the sample. When the
repulsion phenomenon is not taken into account, the compressive force exerted by loads is balanced
with the water contained in the sample. Thus, a higher amount of FCD is observed in all cartilage
layers and, subsequently, a higher water content in the sample. However, when the repulsion of
proteoglycans is considered, both the water in the sample and the repulsive forces of the attached
proteoglycans resist the applied compression load.

3.2. Alterations of Cartilage Tissue in People with Obesity

3.2.1. Displacement and Water Flux

Under normal weight (BMI = 22.262 kg/m2), the model displays a maximum surface displacement
of ´1.38 ˆ 10´4 m (Figure 5a.1) after 0.44 s of simulated time, significantly lower than that observed
in cases of obesity (BMI = 33.978 kg/m2), uz = ´2.4 ˆ 10´4 m (Figure 5a.2). This reduction in tissue
deformation results in a lower outgoing water flux from the cartilage sample. Thus, simulated cartilage
of people with a normal BMI generates a maximum value of Jw = 1.31 ˆ 10´8 m3/s (Figure 5b.1,)
whereas in people with obesity, the water flux is increased to 1.58 ˆ 10´8 m3/s (Figure 5b.2).

Biologically, this increase in the outgoing water flux produces pathological dehydration,
commonly associated with the joints of obese people and with the majority of cartilage pathologies
such as osteoarthritis. These results are consistent with the study of Travascio et al. [11] who found a
reduction in cartilage water content in people with obesity. Similarly, they suggested this aspect as an
essential promoting agent of cartilage osteoarthritis.
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with obesity. Note that BMI = 22.262 kg/m2 corresponds to normal weight and BMI = 33.978 kg/m2

to obesity. Positive fluxes refer to the emergence of the component from the cartilage sample to the
external solution.

3.2.2. Cation Fluxes

To fully understand the alteration in the mechano-electrochemical events occurring in overloaded
cartilage, ion fluxes have also been studied. A similar trend to that of water outflow is observed for
cation fluxes. Cartilage samples with a weight corresponding to BMI = 22.262 kg/m2 show a maximum
cation flux of 8.19 ˆ 10´4 mol/s in the upper surface. This flux is reduced to 6.06 ˆ 10´4 mol/s in
the bottom surface (Figure 5c.1). In obese cartilage simulations, these values are increased reaching a
maximum value of 8.9 ˆ 10´4 mol/s (Figure 5c.2).

Cartilage degeneration due to osteoarthritis has been widely studied [6–8]. A maximum outgoing
cation flux of J` = 2 ˆ 10´4 mol/s was obtained for the early stage of osteoarthritis [20]. Interestingly,
the cartilage of the population with obesity exhibits similar values to those obtained for early stages
of osteoarthritis.

These findings suggest that people with obesity have an increased risk of suffering cartilage
degenerative diseases such as osteoarthritis. The use of preventive treatments to avoid cartilage
degradation is thus recommended.
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3.2.3. Anion Fluxes

The results obtained for anion fluxes show high similarities with cation fluxes. Anions show
the maximum value at the upper surface, J´ = 7.35 ˆ 10´4 mol/s, while the minimum is located
at the bottom surface, J´ = 2.57 ˆ 10´4 mol/s after 0.44 s of simulated time for normal weight
(BMI = 22.262 kg/m2) (Figure 5d.1). Under obesity conditions, the maximum outgoing anion flux
increases significantly to J´ = 8.55 ˆ 10´4 mol/s (Figure 5d.2). Both cation and anion fluxes directly
depend on the applied pressure, thus their increase is directly related to excess in body weight.

3.2.4. Cation Distribution

The gradient of cations was also monitored after 0.44 s of obese loading and compared with
results obtained for normal weight and those previously obtained for osteoarthritic conditions [20].

At this phase, the model showed a significant reduction in cation concentration from the lower
to the upper surface within the cartilage sample for both obesity and normal weight conditions. In
the normal weight case, it ranged from 372 mol/m3 at z = 0 mm to 302 mol/m3 at 0 mm depth to
372 mol/m3 at z = 0.5 mm. However, in the obesity case, an important reduction in the cation
concentration is observed. The cation concentration at the lower surface (z “ 0 mm) had a value of
273 mol/m3 while a value of 190 mol/m3 was reached at the upper surface (z “ 0.5 mm).

Figure 6 shows how the concentration of cations within the cartilage under obese-loading
conditions undergoes alterations, being significantly reduced within the sample.
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Figure 6. Distribution of cation concentration for people with obesity and of normal weight during
human gait. The shaded area represents the range of cation distribution in cartilage of a person of
normal weight.

In addition, the obesity results were compared to those obtained for osteoarthritic cartilage in its
primary stages of degeneration. Similar alterations were observed in both obese and osteoarthritic
tissue. In both cases, there was an increase in the cation concentration in the medium layer and an
irregular cation distribution within the sample. These observations open the door to future research to
establish and quantify a specific relationship between obesity and an increase in the risk of suffering
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cartilage diseases such as osteoarthritis. This suggests the necessity of adopting preventive treatments
to avoid the progression of cartilage degeneration.

4. Conclusions

In this work, a previously presented three-dimensional mechano-electrochemical model [19,20]
has been extended and employed to analyze and quantify the effect of obesity on cartilage behavior.
This model can be considered the first 3D computational model for use in the study of the effects of
obesity on articular cartilage. This study shows, for the first time, the relation between obesity and
cartilage degeneration. It presents the first step when performing a more accurate and sophisticated
model to provide patterns that indicate clinician when obesity is starting to affect tissues of the joints.
This will let them prevent and treat, at a very early stage, tissue degradation.

The model incorporates important biological and physical aspects of articular cartilage such as
proteoglycan repulsion due to attached negative charges, diffusive-convective phenomena and the
combined mechano-electrochemical events that occur in healthy as well as pathological tissue. Despite
the promising use of the model, it does have some several limitations. First, anisotropic properties
should be included in the model in order to analyze the influence of heterogeneity in tissue behavior
under loading. Second, in the case of obesity, there is a lack of experimental parameters in the literature.
Thus, for future advances, accurate experiments to measure specific cartilage properties are required.

Several interesting insights into cartilage behavior in people with obesity have been evidenced.
The results demonstrate that water and ion fluxes within the considered samples present significant
alterations, showing a general increase in their values. The simulations also show how the cation
concentration is reduced within the sample. Interestingly, these results closely resemble those
previously obtained for the early stages of osteoarthritis.

In light of these simulations, it is suggested that people with obesity, i.e., with a BMI greater
than 30 kg/m2, should undergo preventive osteoarthritis treatments to avoid homeostatic cartilage
alteration and subsequent tissue deterioration. Besides, as expected, the deformation of the cartilage
sample from obese patients is higher than that obtained from people of normal weight. These findings
support the hypothesis of Travascio et al. [11] that there is a strong correlation between obesity and an
increase in the risk of suffering osteoarthritis.

The present model can be considered as a pioneer 3D computational model for simulating cartilage
behavior in people with obesity. It could be a valuable tool for analyzing the effects of several cartilage
pathologies taking into consideration mechano-electrochemical tissue behavior. Due to the complexity
of in vivo experimental measurements of cartilage behavior in specific loading conditions, such as
obesity, this model is presented as a predictive instrument to study the subsequent physiological and
pathological processes. This, together with the capacity of the model to display the results in clinically
interpretable three-dimensional images, make it an interesting novel tool for the diagnosis, monitoring
and efficacy evaluation of potential cartilage therapies.
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