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Abstract

Subcutaneous white adipose tissue (sWAT) can be described micromechanically as a foam struc-
ture. It is shown that according to this model, mechanical stiffness of this tissue is primarily de-
pendent on the average cell size and is almost independent of the dispersion of cell sizes in a local
adipocytes’ population. Whereas the influence of natural fat renewal process with a rate of 10%
per year must be of minor importance for mechanical properties of sWAT, induced adipocytes’
death can substantially reduce local sWAT stiffness. The sSWAT which contains two or more dif-
ferent subpopulations of adipocytes of varying sizes with a spatially clustered structure can dem-
onstrate significant inhomogeneity of their mechanical properties when compared with those of
sWAT consisting of a single population of adipocytes. It is proposed that this effect may be an im-
portant pathophysiological feature of cellulite. Transformation of the cell shape from quasi-
spherical to wrinkled or elliptical forms makes adipocytes more susceptible to thermo-mechani-
cal stress reducing the strain needed to achieve the local plastic deformation. These mechanical
features of sSWAT are essential for understanding the mechanisms of different non-invasive and
minimal invasive body contouring procedures.
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1. Introduction
Subcutaneous white adipose tissue (SWAT) is an important target for different aesthetic treatment methods, es-
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pecially for those connected with body contouring. These methods include applications of different light sources,
ultrasound, mechanical compression and tension, low and high temperatures, radio-frequency currents, etc. The
main purpose of these methods is the long-term reduction of SWAT volume or modification of its mechanical
properties through the improvement of local stiffness of the tissue (the so-called “tightening” effect). Although
these methods include applications of different types of energy and different physical forces, they often claim
comparable end results, which clearly demonstrate the existence of one or more non-specific components in
SWAT reaction. As discussed in the first article [1], the modulation of SWAT volume cannot be characterized by
a single physiological reaction with dispersed reaction times, thus supposing that various dynamic processes
with different characteristic reaction times must be involved.

Subcutaneous WAT consists mainly of mature adipocytes, which are almost hexagonal cells filled with
triglycerides. Adipocytes from one local fat depot demonstrate a broad cell volume distribution [2] with coeffi-
cient of variation normally exceeding 40%. This distribution can physiologically vary temporally and spatially
thus shifting its average value into the direction of smaller or bigger adipocytes, which can be mainly connected
with processes of lipolysis and lipogenesis in SWAT, respectively. Moreover, this tissue is self-renewable with
an average turnover rate of approximately 10% per year [3] [4]. Since adipocytes have practically no cytoskele-
tal structures which can support and stabilize their form, these cells mainly react to circumferential changes (e.g.
to osmotic pressure) through their size modulation. This produced a widespread opinion that bigger adipocytes
are far more unstable than the smaller ones (see e.g. [5]) and will preferentially react to application of mechani-
cal stress with rupturing of their membranes. This effect is normally theoretically reasoned by accumulation of
the tension in membranes of adipocytes according to Laplace’s law, which is higher in big adipocytes with thin
membranes. Since 2% stretching of the surface of a lipid membrane would be enough for its rupture [6], such
selectivity looks to be possible even under quasi-physiological conditions. This led to speculation concerning the
various treatment procedures in obesity and body contouring which claimed selective damage and removal of
big adipocytes with consequent metabolic and mechanical improvement of SWAT.

This oversimplified picture does not take into account other components of SWAT, which are also essentially
evolved into its micromechanical structure. In this context, the extracellular matrix with its intercellular (septae)
and pericellular collagen structures around mature adipocytes having different spatial distributions and me-
chanical properties is especially important [7] [8]. Since triglycerides behave as a linear viscous fluid with elas-
tic shear modulus which is much less than that of adipose tissue [7], contribution of lipids into mechanical stiff-
ness of SWAT can be neglected, even though they occupy the main volume of this tissue.

In this paper, we will consider SWAT as foam with combined closed-cell and open-cell structures similar to
the description done in [7]. We will however modify this model including the distribution of cell sizes, inclu-
sions and spatial inhomogeneity of adipocytes. All these features are not only present in a SWAT which is intact,
but they can be also modulated thermo-mechanically by local applications of different types of energy to SWAT.
The main purpose of this article is to reveal a possible influence of this micromechanical structure onto the re-
sults of some non-invasive and minimal invasive body contouring procedures.

2. Subcutaneous WAT as A Foam Structure
2.1. Micromechanical Description

Micromechanically SWAT can be described as a closed-cell foam, i.e. the material containing the spatially lo-
calized pockets (adipocytes) filled with triglycerides and surrounded by rigid structures composed of adipocyte’s
membrane reinforced by pericellular collagen network [7]. Size of a unit cell in such foam corresponds to the
typical size of adipocytes which varies between 50 and 150 um. Adipocytes in SWAT can have spatially het-
erogeneous cell size distribution demonstrating a clustered structure. For example, it is known that the “beige”
cells which can be produced in sSWAT during transdifferentiation of white adipocytes into the cells with brown
phenotype are normally produced in spatially correlated clusters. Whereas the reason for such cell clustering is
not clear, its existence points to a spatial correlation in the adipocytes’ production and expansion. This structural
heterogeneity can sufficiently influence the local mechanical properties of SWAT. Recently such heterogeneity
on a microscopic scale reflecting also the mechanical properties of SWAT was observed in [9].

Pericellular network reinforcing the basement membrane of adipocytes consists predominantly of collagen
types IV (basal lamina) and VI (microfibrills), which are both non-fibrillar in nature. The presence of collagen
VI is especially important for limitation of adipocytes’ hypertrophy which can be clearly seen in collagen VI
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knockout models, whereas the degree of this limitation is strongly dependent on collagen VI content [10] [11].
Actually, strong pericellular fibrosis is considered to be a hallmark of metabolically changed hypertrophic adi-
pocytes [12]. This reinforced collagen structure can increase by up to three to seven times with increased BMI,
which points to the significant modulation of mechanical properties of SWAT in obesity. Whereas this structure
is mainly responsible for mechanical characteristics of SWAT and is supposed to be of constant thickness in [7],
it can indeed have very variable characteristics. This hallmark of SWAT was recently demonstrated in human
SWAT [9].

Lack of collagen V1 leads to a significant reduction in the stiffness of pericellular matrix with consequent de-
crease of the Young’s modulus of SWAT. Although no measurements of this correlation were directly com-
pleted in SWAT, this relationship is known from other tissues. For example, whereas the pericellular matrix in
articular cartilage of normal mice has the Young’s modulus of approximately 300 kPa, in the same structure in
collagen VI knockout mice, this modulus is reduced to the value less than 100 kPa [13]. Therefore, normal and
hypertrophic adipocytes must not only have different topological characteristics, but also different stiffness of
their pericellular structures, making the mechanical characteristics of a mixed population of size distributed
adipocytes strongly heterogeneous.

Another collagen network in SWAT is located intercellular, has the fibrillar nature and consists mainly of col-
lagen types | and 11, producing the thick collagen bundles [12]. Such coarse-mesh structure with typical unit
cellular size of several millimetres has no closed boundaries forming the open-cell foam structure [7]. Mechani-
cal properties of this structure are significantly worse, as corresponding properties provided by the network of
reinforced basement membranes. This reflects the general difference in mechanical properties between closed-
and open-cell structures.

2.2. Mechanical Properties of Foams

Foams are the special types of cellular solids which are widely used in different technical applications and have
special mechanical, thermic and electrical properties. These properties are strongly dependent on the properties
of the material constructing the cell walls (analogue properties of reinforced basement membrane in SWAT),
topology of the foam (form and type of a unit cell, its size, contact between the cells) and the relative density of
the foam, p/p, , where 5 is the effective density of the foamand p, is the material density of the walls.

Mechanical properties of foams of different topology were summarized in [14]. For the foams of low relative
density containing isotropic cells, the closed-cell structure demonstrates the upper limit of stiffness which is
simply

/e, 2350, ®

Here E is the effective Young’s modulus of the foam, E, is the Young’s modulus of the wall material
corresponding in the case of SWAT the modulus of reinforced basement membrane of adipocytes.

Yield strength, o, is yet another important characteristic of the foam, which describes the stress at which
the material begins to deform plastically, demonstrating a non-reversible shape modulation in response to ap-
plied forces. For the closed-cell foam of small relative density, the ratio &/o, can be described by a relation-
ship which is very similar to Equation (1).

Adipocytes in SWAT have almost hexagonal forms. To simplify the analysis, we will however consider them
as ideal contacting cubes of the length | = 2R, where R is an effective adipocyte’s size (analogue cell radius).
The difference in this geometry to the hexagonal topology can be described by a constant factor. Furthermore
we will consider the cubic foams forming the closed-cell structure with variable cell sizes. Since the visco-elas-
tic properties of triglycerides inside of adipocytes have a minor contribution into the mechanical properties of
SWAT, when compared to the contribution of collagen network [7], we will further neglect the lipid content
considering SWAT to be the quasi-hollow cubic foam.

Relative density of non-strained foam constructed from cubic cells with characteristic dimensions of 2R sur-
rounded by pericellular matrix of thickness h is

p_gfh
5 l) @
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From (1) and (2), the Young’s modulus and the yield strength of the non-deformed closed-cell structure of
low relative density can be presented in the form

EJE, ;%, &/o. ;% ©)

3. Parameters Influencing the Quasi-Static Mechanical Properties of sSWAT

Relations (3) describe the mechanical properties of idealized perfect SWAT, which consists of a homogeneous

population of adipocytes, while having no imperfections. In a real-life situation there must be significant devia-

tions from this model connected with

- dead cells with ruptured membranes;

- inclusions of high rigidity;

- variations in cell topology through wrinkling or deformation of cell membranes;

- significant variation in cell sizes;

- the spatially inhomogeneous distribution of cells of different sizes with different thicknesses of reinforced
basement membrane, etc.

3.1. Imperfections

Production of regions of reduced density (“holes™) in the tissue causes concentration of strains near their sur-
faces and can lead to reduction of SWAT stiffness. One important reason for the production of such holes is the
appearance of dead adipocytes with ruptured membranes and removed pericellular structures. These cells do not
contribute into the total stiffness of the tissue thus reducing its effective value. To assess this reduction we apply
the rule of mixtures for composite materials. According to this, the overall mechanical modulus of the composed
system can be presented in the form

E:y§+(l—/¢)ﬁ;, 4)

where E: and END are the effective Young’s moduli of SWAT constructed from alive and dead adipocytes,
respectively, and u is the volume fraction of alive adipocytes in a local SWAT structure. Taking E, to be the
effective modulus of the perfect structure given by (3) and E, equals 0, which means that the whole pericel-
lular structure around adipocytes was removed and does not contribute into the stiffness of the system, we can
conclude that appearance of dead adipocytes will effectively reduce the stiffness of the tissue by the factor, . .

To assess the value of this reduction, we deduce that the remodelling rate of adipocytes in a normal SWAT to
be about 10% per year [3]. Assuming the dead adipocytes will be removed in approximately 1 - 2 weeks, the
amount of these cells in SWAT under physiological conditions can be assessed to be less than 0.5%. This esti-
mation is in agreement with observations that in murine SWAT the ratio of dead adipocytes does not exceed 3%
even in diet-induced obesity [15] [16].

However, in the same murine model [16], initially low adipocyte death rate of 0.1% in epididymal fat depot at
week 1 reached 16% at week 12 and even 80% at week 16, and then it reduced back to the level of 16% at week
20. These death rates correlated significantly with adipocytes’ sizes. In this case, the reduction of tissue stiffness
through adipocytes’ death cannot be neglected anymore. It is remarkable that the pericellular collagen deposition
in these experiments strongly correlated with the rate of cell death, being at the highest at week 16 and demon-
strating significant reduction by week 20. According to the model described above, such behaviour is needed to
compensate the loss of the mechanical stiffness in the fat tissue caused by adipocytes’ death through increase of
pericellular thickness of surviving cells. Indeed, according to (3) and (4), the presence of 50% of dead adipo-
cytes in the tissue can be fully mechanically compensated by doubling the thickness of pericellular layer around
survived adipocytes.

Therefore, local mechanical stiffness of SWAT can effectively be reduced by short-term induced adipocytes’
death, followed by the removal of their pericellular network. Different non-invasive and minimal invasive
treatment methods in body contouring claim the main mechanism of their application is just the induced death
and removal of adipocytes from SWAT. From the above it can be assumed that following the procedure such an
effect (if realized) would at least, in the short-term, decrease the effective stiffness of the tissue, which would
generally be the opposite to the expected treatment result.
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The opposite effect can be produced by rigid inclusions. Such inclusions can appear, for example, by the ap-
plication of osmotic stress. Increased osmotic pressure will lead to the influx of the water into the adipocytes,
which consequently increases their volume. Since adipocytes in SWAT are limited in their expansion through
surrounding cells, they will be forced to increase their turgor to interrupt the further influx of water. Turgor in-
crease by the same deformation of adipocytes will cause effective increase of their Young’s modulus, thus in-
creasing the effective stiffness of SWAT. This seemingly paradoxical behaviour of SWAT was recently observed
in [9].

3.2. Cell Size Distribution

SWAT does not consist of uniform cells and generally demonstrates the broad cell volume distributions in dif-
ferent depots [2]. From (3), it should be intuitively clear that for the same thickness of reinforced basement
membrane around adipocytes the regions with a high local concentration of small cells will demonstrate higher
stiffness than the regions containing the bigger cells. At the same time, from the general theory of cellular solids
it is known that such dispersion of cell sizes does not significantly influence the mechanical properties of
closed-cell foams. Indeed, foams consisting of symmetrical cells with a broad size distribution normally demon-
strate the properties which are similar to the materials consisting of idealized periodic uniform cells.

The effective Young’s modulus of SWAT taking into account the adipocytes’ size distribution can be de-
scribed by relation (A.4) (see Appendix). It is seen that reduction of the average cell size by the same thickness
of reinforced basement structure around the adipocytes, h, will increase the Young’s modulus and thus the stiff-
ness of SWAT. This effect must be observed by reduction of adipocytes’ sizes through induced lipolysis without
accompanying cell death, which can be realized, for example, by the application of hyaluronidase to a hypertro-
phic fat tissue (see [17] [18]). This result is quite the opposite to the prediction made in a previous section,
where it was shown that the pure cell death without cell size reduction must cause the decrease of the fat tissue
stiffness. This phenomenon clearly indicates that different treatment strategies in body contouring can produce
opposite treatment results regarding the stiffness of SWAT.

Another effect predicted by (A.4) is the increased effective stiffness of SWAT which consists of adipocytes
with a broad distribution of cell sizes. Indeed, for two SWAT depots having the same average size of adipocytes,
the SWAT having the broader cell size distribution will be stiffer. The dispersion of the cell size distribution is
present in (A.4) in the form of C?. To assess the experimental values of C? we will use the data from Table 2
in [2] presented for different values of body mass index. This data was presented as the lipid mass of adipocytes,
M , which is connected with adipocyte’s size, R, through relationship M = p, BR®, where p, is the density
of triglycerides, g is the coefficient of cell’s topology. To present these experimental data as CéR) for the
cell size, R, we apply the method of error propagation, from which

cy =3c)® 5)

Calculated values of C!®? are presented in Table 1.

As it follows from (A.4), for such low values of CéR)z the stiffness of SWAT depends only on the average
size of adipocytes R and is almost independent of the dispersion of the cell size distribution. This must be a
general result showing the robustness of mechanical stability of SWAT to variations of adipocytes’ content at
least under quasi-physiological conditions.

3.3. Heterogeneous Cell Population

Till now we have considered SWAT as the closed-cell foam which consists of homogeneous adipocytes’ popula-
tion with distributed cell sizes. As shown above, such distribution typically has a minor effect on the mechanical

Table 1. Calculated values of CfR)z for adipocytes from different fat depots (Original data from [2]).

Body Mass Index Abdominal SWAT Gluteal SWAT Femoral SWAT
<25 0.08 0.03 0.05
25-30 0.05 0.03 0.05
>30 0.03 0.03 0.02

(=)
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properties of the fat tissue. This situation can be changed if SWAT consists of several different subpopulations
of adipocytes having very different sizes and different pericellular structures. This can be, for example, the case
in gluteo-femoral and abdominal regions, as the so-called “beige” adipocytes appear. These cells can be pro-
duced through transdifferentiation of white adipocytes [19] as well as through production of adipocytes de novo
[20], and their appearance can significantly modulate the volume as well as the metabolic activity of SWAT.
Production of “beige” cells in humans is connected with activation of the so called UCP1 gene, normally
through exposure to cold or through B-adrenergic stimulation. This activation can take place in a timeframe of
hours. Without repeated treatments, this effect is reversible and the “beige” cells characteristically disappear
during a timeframe of approximately 4 - 5 weeks [19], thus supposedly being eliminated through a normal
SWAT turnover [21].

Through mechanism of transdifferentiation, a heterogeneous and dynamic SWAT structure containing the
mixture of clusters of small (“beige”) and of big (white) cells in the same SWAT can appear. Taking into ac-
count the relatively short time for production and removal of these new small adipocytes, one can conclude that
SWAT can be locally subjected to dynamic modulation of its mechanical properties through spatial modification
of the cell size distribution.

Thus, the appearance of small adipocytes in SWAT will increase its stiffness (see Appendix A.2). The value
of this increment depends on the volume fraction of small adipocytes as well as on the ratio of average adipo-
cytes’ sizes in these two populations. For example, if newly produced small adipocytes occupy only 10% of the
fat tissue volume and the average size of big adipocytes is twice that of the average size of the population of
small adipocytes, the stiffness of SWAT will be increased by 10%. If however the induced small adipocytes oc-
cupy the same volume, but are three times smaller than the original big cells, the stiffness of such sSWAT will
increase by 20%.

Similar analysis can be done for the yield strength of SWAT, described by the second expression in (3). The
following predictions can immediately be made about the influence of SWAT structure modulation onto the
yield strength modulus:

- It will decrease by damaging and elimination of adipocytes;

- It will increase by reduction of cell sizes without accompanying cell death;

- It will increase by induction of small adipocytes, which substitute a part of the volume originally occupied by
big cells.

From the above, it is clear that potential plastic transformation of SWAT after body contouring, which can at
least be partly responsible for non-reversible results, must be strongly dependent on the applied treatment pro-
cedure.

3.4. Cell Shape

Until now we have considered the adipocytes to be the cells of a regular cubic form. Whereas less symmetric as
in the “equiaxed” spherical case, this morphology is still symmetric enough to avoid any stress concentration in
some preferential direction. Now we will analyze how the modification of the cell form can influence mechani-
cal properties of SWAT.

Different morphological forms of adipocytes are present in a densely packed SWAT: spherical, cubical, hex-
agonal, elliptical, etc. Whilst, as discussed above, the main mechanical properties of SWAT are connected with
relative density of pericellular structures, the topological peculiarities can significantly influence such characte-
ristics as the yield strength, which is connected to the onset of a plastic behavior. The cell shape anisotropy
would be of primary importance here.

In cellular solids, cell shape anisotropy is recognized to be much more important for yielding susceptibility as
cell size [22]. Whereas the open-cell foams demonstrate more or less homogeneous volume deformation, the
closed-cell structures deform heterogeneously even by relatively low stresses. Under compression this deforma-
tion typically propagates in a form of so called deformation bands with main strain almost normally oriented to a
band plane. Under tensile deformation, the appearing strain fields generally have more uniform mapping and
they normally do not produce any localized deformation bands. Instead of this the local strain peaks can arise at
weak locations. For the closed-cell foams described in [22], the strain increment inside the band can exceed the
strain outside it by a factor 10, which is the sign of a cell collapse and material densification. Interestingly, the
larger cells are not usually as susceptible to plastic deformation as the smaller cells showing elastic response

(=)



I. L. Kruglikov

even by high stresses. At the same time, it was shown that the cells inside the deformation band (which were
much more susceptible to the permanent deformation as surrounding cells) have whether the non-planar walls
with high curvature or special T-shaped intersections between the walls of neighboring cells. The same qualita-
tive results must be also valid for SWAT behavior.

In the same material, the elliptic-shaped cells must be generally more susceptible to plastic deformation as
more isotropic “equiaxed” cells. The reason for this is the stress concentration in the places of the maximal cur-
vature of the cell surface. The yielding strength for isotropic cells can be double that of the corresponding ellip-
tical cells which have the same volume. This item was theoretically analyzed in [22]. Therefore, the curvy cells
are mechanically “weaker” comparing to isotropic cells and can selectively respond to their deformation with
local yielding. Analogously, SWAT morphology with increased number of such “elliptical” adipocytes will have
a decreased yielding strength.

Such elliptical morphology of adipocytes can be induced under application of uniaxial tension (in the direc-
tion of applied forces) or uniaxial compression (in a perpendicular direction). Elongation of adipocytes of up to
45% in the direction of applied strain was shown in human sWAT [9]. Elliptic structures can also arise as a re-
sult of adipocytes’ death and local loss of pericellular structure. As discussed above, such cell loss leads to de-
crease of both Young’s modulus and yields stress in affected tissue.

4. Possible Applications in Non-Invasive Body Contouring

Non-invasive and minimal invasive body contouring procedures include applications of various physical factors,
which are believed to be able to produce a significant volume modulation of SWAT. Although most of these
procedures claim the adipocytes’ death to be the main mechanism of this modification, the treatment results are
relatively short-term and cannot be temporally compared with those of aesthetic-plastic surgery which are ob-
viously connected with removal of fat cells. As discussed in [1], different physiological processes with various
characteristic reaction times can be involved in SWAT modulation. One of important mechanisms of a quick
modulation of SWAT is the production of hyaluronan with consequent retention of water in the tissue, which can
be non-specifically stimulated by application of different physical forces.

Another possibility for quick SWAT modulation is the short-termed change of mechanical properties of this
tissue, e.g. through its strain hardening-the strengthening of a material by plastic deformation. This effect is
characterized by the quick increase of material stiffness in a small interval of deformations. An example of such
soaring storage modulus describing the stiffness of SWAT under vibratory conditions was given in [23]: SWAT
hardening was observed after 250 - 1200 s application of local tissue deformation and it was characterized by
almost an order of magnitude increase of the tissue stiffness. This effect is normally reversible and typically
disappears after several hours. Micromechanically it must be connected with plastic modification of pericellular
collagen structure, which is a similar effect to the solid foams [24].

From above, it is clear that mechanical properties of SWAT are strongly dependent on its structure, which can
be from the micromechanical point of view described as the closed-cell foam. Since the stiffness of this structure
inversely depends on the average adipocytes’ size, the SWAT containing small or big adipocytes must have dif-
ferent mechanical properties. Both elastic and yielding strength moduli must be higher in SWAT containing
smaller adipocytes. Consequently, such SWAT must be stiffer and more resistant to the onset of plastic trans-
formation.

From the other side, larger adipocytes can have thicker pericellular structures which would improve the me-
chanical properties of such hypertrophic tissue. Different treatment methods can modulate these mechanical
properties in different ways, sometimes leading to opposite results. For examples, induced death and removal of
adipocytes must at least, during the first period after treatment, reduce the stiffness of the fat tissue. This loss
can later be compensated through re-arrangement of survived adipocytes and production of new small adipo-
cytes filling the same areas. This phenomenon can be responsible for dynamic modulation of SWAT stiffness
which can take several weeks or even months after some non-invasive procedures. Contrary, treatment methods
which can cause cell size reduction without cell death (e.g. through induced lipolysis) must demonstrate the in-
crease in SWAT stiffness shortly after intervention.

Different morphologies of adipocytes can also significantly influence the mechanical properties of SWAT.
This is especially true in the case of the cells producing wrinkling of their reinforced basement structure or
changing their shapes, which produces the surfaces of high curvature. The latter is possible during different

(=)
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body contouring procedures connected with the application of tension (pulsed or especially constant “vacuum’)
or compression. Under the application of such mechanical forces, the adipocytes change their forms to elliptic,
thus producing the regions of high strain concentration which can then additionally be modulated thermo-me-
chanically. This can consequently lead to local reduction of yielding strength in SWAT, making this tissue plas-
tic and the volume recovery after such procedure not fully reversible.

A special case is presented by inhomogeneous SWAT structure with spatial distribution of clusters of small
and big adipocytes. As is seen from (A.8), induction of small adipocytes must increase the stiffness of the fat
tissue locally. If the clusters of small adipocytes are distributed in SWAT, the result of their appearance will be
the production of inhomogeneous tension field which will be projected onto the skin. Primarily this effect is
connected with the appearance of pericellular fibrosis around hypertrophic adipocytes, which was supposed to
be an important pathophysiological factor in cellulite [25] and can be considered as its necessary condition. In-
homogeneous cell size distribution of adipocytes can make this effect visible on the skin surface, thus producing
the sufficient condition in a pathophysiology of at least mild forms of cellulite. The appearance of small adipo-
cytes in gluteo-femoral area, where cellulite typically appears, can at least partly be explained by the intensive
production of small “beige” adipocytes in this area. From this point of view, the treatment strategy in cellulite
must include 1) the reduction of pericellular fibrosis, 2) the reduction of cell size dispersion, e.g. through selec-
tive elimination of small or big cells from sWAT. This topic will be discussed in more detail elsewhere.

5. Conclusions

Micromechanical description of SWAT as a foam structure gives the possibility to receive simple relations for
mechanical moduli describing its elastic behavior and plastic susceptibility. Mechanical stiffness of SWAT must
be primarily dependent on the average cell size and almost independent of the dispersion of cell sizes in a local
adipocytes’ population. Whereas the influence of the natural fat renewal process with a rate of 10% per year
must be of minor importance for mechanical properties of SWAT, mass-induced adipocytes’ death can substan-
tially reduce local SWAT stiffness. The SWAT containing two or more different subpopulations of adipocytes of
very different sizes with a spatially clustered structure can demonstrate significant inhomogeneity of their me-
chanical properties compared with those of SWAT that consist of a single population of adipocytes. This effect
may be an important pathophysiological feature of cellulite. Additionally, modulation of the cell shape can make
adipocytes more susceptible to thermo-mechanical stress, thus reducing the strain needed to achieve the plastic
deformation in this tissue.

Different non-invasive and minimal invasive body contouring procedures can variably modulate the mechan-
ical properties of SWAT. The methods which can really induce the damage of adipocytes and rupturing of their
membrane must demonstrate initial volume loss correlated with reduction of tissue stiffness. The latter can then
be improved temporally in the course of replacement of damaged adipocytes by newly generated small cells.
Contrary to this, the methods which can locally induce pure lipolysis without correspondent cell death must
demonstrate initial increase in SWAT stiffness. Application of mechanical tension or compression in combina-
tion with other physical factors can modulate the cell shape thus producing the highly curved surfaces which are
more susceptible to appearance of plastic deformation. Application of additional physical factors in such com-
bination must however take into account different orientation of strain fields in SWAT after the application of
compressive and tensile deformations.
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Appendix
A1. Effect of Adipocytes’ Size Distribution

To describe the influence of the cell size distribution on the mechanical properties of the tissue, let us assess the
Young’s modulus of compound structure containing the mixture of cells with some cell size distribution,
(o(R,h), which can generally be a function of both variables—cell size, R , and thickness of the cell’s peri-
cellular structure, h. The upper limitof E can be then assesses from the rule of mixtures as

E= Esﬂgw(R,h)deh (A1)

Let us consider the following model of SWAT as the closed-cell foam:
- the thickness of pericellular structure is independent of the cell size, i.e. h = const;

ﬂa Ra—l

[(a)
make the estimations.
In this case, one can easily receive the upper limit approximation which corresponds to the Voigt model for
composite materials:

- ¢(R) is described by a gamma-distribution, ¢(R)= e *®, which must be a good approximation to

AR e g h 1
° R[(a) *R1-C?

max E = Eh (A2)

Here R is the average adipocytes’ size and C, isthe coefficient of variation of these sizes. The lower limit

of E corresponding to the Reuss model for composite materials can be also easily calculated as
apa-1
minE=EShij&e*ﬁRdR= ESQ (A3)
o I'(a) R
Thus the effective Young’s modulus of SWAT belongs to the interval
h 1

<E<E —
‘E‘ESFM—CVZ

E, (A4)

|| =

A2. Heterogeneous Cell Population

To make a qualitative analysis, let us consider a simple case of this distribution with two types of cells: the first
type is the small cells distributed around the average size R, , the second type is the big cells distributed around
the size R, . If these distributions don’t overlap, it is enough to consider the first approximation of the cells, of
both populations, to be uniform in size, i.e. having the distributions 6{R—-R;} and J(R- RZ) , respectively.

Applying the rule of mixtures, the upper limit for effective Young’s modulus of such mixed tissue can be
presented in the form

max E < uE, +(1—,u)rEv2 (A.5)

here gl and EN2 are the effective Young’s moduli of the pericellular structure of the cells types 1 and 2, re-
spectively; x is avolume fraction of the cells type 1. Taking relationship (3) into account, we can rewrite (A.5)
in the form

max E < E, yi+(1—y)h=2 (A.6)
Rl RZ
Let us compare this value with the Young’s modulus of a fat tissue containing only one type of cells with the

size R, , which is EVO < Esh=2:
2

E-E_ (hR_
— —,u( El 1} (A7)
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Now we can consider the following special cases.
a) Small cells have no or very weak reinforced basement structure, i.e. h <h,.

In this case E < E, and the small adipocytes appear micromechanically case as “holes”. This is qualitatively
the same result as for dead cells described above in 3.1.
b) Small cells have the same pericellular structure as the big cells, i.e. h =h, =h. For this,

E-E _ (R,
= —/{E 1J>o (A.8)

Thus E > EN0 and the small adipocytes appear micromechanically in this case as “rigid” inclusions.
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