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Background: Radiofrequency currents are commonly used in dedogy to treat cutaneous
and subcutaneous tissues by heafiige subcutaneous morphology of tissue consistsfinkea
collagenous and fibrous septa network envelopiogtets of adipocyte cell$he architecture of
this network, namely density and orientation oftagparies among patients and, furthermore, it
correlates with cellulite grading.

Objectives: In this work westudy the effect of two clinically relevant fibroaepta architectures
on the thermal and elastic response of subcutanéssise to the same RF treatment; in
particular, we evaluathe thermal damage and thermal stress induced itmtenrmediate- and a
high-density fibrous septa network architecttirat correspond to clinical morphologies of 2.5
and O cellulite grading, respectively.

Materials and Methods: We used the finite element method to assess tl&rieleghermal and
elastic response of a two-dimensional model of ,s¢ubcutaneous tissue and muscle subjected
to a relatively long, constant, low-power RF trearn The subcutaneous tissue is constituted by
an interconnected architecture of fibrous septafanlbbules obtained by processing micro-MRI
sagittal images of hypodermis. As comparison ddtéor the RF treatment of the two septa
architectures, we calculated the accumulated tHedtaraage that corresponds to 63% loss in cell
viability.

Results: Electric currents preferentially circulated thrbutde fibrous septa in the subcutaneous
tissue. However, the intensity of the electricdiglas higher within the fat because it is a poor
electric conductor. The power absorption in thediils septa relative to that in the fat varied with
septum orientation: it was higher in septa withtigat orientation and lower in septa with
horizontal orientation. Overall, maximum valuesetdctric field intensity, power absorption and

temperature were similar for bofliorous septa architectures. However, the high-dersepta
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architecture (cellulite grade 0) had a more unifand broader spatial distribution of power
absorption, resulting in a larger cross-sectiomakaof thermal damage=1.5 times more).
Volumetric strains (expansion and contraction) wereall and similar for both network
architectures. During the first seconds of RF expmsthe fibrous septa were subjected to
thermal expansion regardless of orientation. Inloing term, the fibrous septa contracted due to
the thermal expansion of fat. Skin and muscle vgeitgected to significantly higher Von Mises
stresses (measure of yield) or distortion energy the subcutaneous tissue.

Conclusions: The distribution of electric currents within sukemeous tissues depends on tissue
morphology. The electric field is more intense @ptsim oriented along the skin to muscle (top
to bottom) direction, creating lines or planes o&ferential heating. It follows that the more
septum available for preferential heating, the darthe extent of volumetric RF-heating and
thermal damage to the subcutaneous tissue. Théoadlalone, imposed by long-exposure to
heating up to 50 °C, results in small volumetripansion and contraction in the subcutaneous
tissue. The subcutaneous tissue is significantg lerone to non-reversible deformation by a

thermal load than the skin and muscle.

Keywords: cellulite, fat, fibrous septa, hyperthermia, hypodernmgdeling, radiofrequency

heating, skin, tissue mechanics
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INTRODUCTION

Radiofrequency (RF) medical devices are commongdus heat up tissues to specific target
temperatures that vary for different proceduresgireg from a few degrees for low hyperthermia
applications to more than 100 °C for tissue abhatgpplications. RF devices circulate electric
currents oscillating at radio frequencies (MHzptigh tissue. Electric currents enter the tissue at
the source tip or active electrode and exit atrétern, which is either a secoadtive electrode
(bipolar RF) or a distant dispersive pad (monop®d&). In many clinical applications, the
underlying physics of the thermal response of 8dsuRF heating are relatively straightforward
because the electrode is in contact with the tdrggie and the target tissue is homogerons
type of tissue)that is, the electric and thermal environmenthivithe tissuarecontinuous. In
non-invasive cutaneous and subcutaneous clinigalicapions electric currents travel through
different tissues that are far from homogenoush siscthe subcutaneous tissue, resulting in more
complex physical interactions between electricenis and tissueépplications in dermatology
include skin tightening, reduction of wrinkles, ammdatments for acne and cellulite [1, 2]. For
example, RF-heating is commonly used to cause hhakage of dermal collagen and induce
stimulation of fibroblast cells that produce newlagen [3]. More recently, it has been used to
denaturate adipocyte cells and to reduce the thakof the subcutaneous tissue layer [4].

The subcutaneous morphology of tissue consists fifiea collagenous and fibrous septa
network enveloping clusters of adipocyte cells. Taie enclosed within adipocytes, and septa
present different electric environments to the enirrflowing through, as well as different
thermal environments to the heat generated byuhemnt flow [5]. Furthermorethe density and
orientation of the fibrous septa network variegigantly from person to person, and it is well

known that these variations in network architectogelate to different cellulite grades. Herein,
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the term density makes reference to the space mrtily the fibrous septa network; the more
space-filling the network is, the higher the degns@ellulite grades are assessed by visual
inspection according to skin appearance and sdabed Grade 0, smooth skin, to Grade 4
“cottage cheese” appearance. The grade correlatestive percentile of adipose tissue versus
connective tissue in a given volume of hypodermis imavaginations inside the dermis [6].
Despite the electrical, thermal and structural cexify of the subcutaneous tissue, it is
commonly regarded as a uniform layer of fat [7] ahd circulation of currents as a one-
dimensional linear electric flow [2]; that is, hiegf is considered proportional to the resistivity o
tissue. Furthermore, it is also commonly assumed the distribution of electric currents
depends solely on the geometry of the electrodeH8Bever, in a recent study, it was shown
that by altering the direction of the RF-inducetkrmal electric field the heat deposition within
the fat could be selective and precisely localiZ8fi This study highlighted the multi-
dimensional non-linear nature of the electric cotrr@nd tissue interactions. A later study found
that the septa favors the flux of electric currant heat dissipation, which varies with the
relative orientation of septa to the direction o electric field [5]. This later study showedttha
the structural configuration of septa affects thecteic field distribution and, hence, heat
deposition within the subcutaneous tissue. In aadithis work suggested that the distribution
of thermal stresses within the subcutaneous tissmen-uniform, with the septa and fat most
likely subjected to different stress intensitiesic® the structural configuration of septa affects
the electric field, it is likely that the same REkpesure for different configurations of septa
would result in different thermal responses. A icih output common to RF treatments is
change in volume and shape of cutaneous and sulecuts tissues. Changes in tissue volume

and shape induced by heating are due to seveedkdeprocess, such as, cell injury and death,
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collagen denaturation, tissue expansion and cdmaracThe contribution of each process to
deformation of tissue is not known. The influendesobcutaneous tissue morphology on RF

heating, however important to RF treatments, isknotvn either.

OBJECTIVES

[[The objective of the present work is to study #ffect of two clinically relevant fibrous septa
architectures on the thermal and elastic respoffissulocutaneous tissue to RF heating. In
particular, we evaluate the thermal damage andnidlestress induced to an intermediate- and a
high-density fibrous septa network architecturethy same RF treatment. These architectures

correspond to cellulite grading of 2.5 and 0, refigely.]]

MATERIALS AND METHODS

We used the finite element method to simulate teetgc, thermal and elastic response of a two-
dimensional model of skin, subcutaneous tissue mndcle subjected to a relatively long,
constant, low-power RF exposure. The interconneetathitecture of fibrous septa and fat
lobules was obtained by processing micro-MRI sabithages of hypodermis. As comparison
criteria for the RF treatment output, we calculatezlextent of accumulated thermal damage that

corresponds to 63% loss in cell viability.

Model Geometry
The model geometry and dimensions are shown inr&igju[[The central geometry beneath the
RF applicator was mirrored laterally (both sides)extend the domain thereby eliminating

numerical boundary artifacts in the solution. Theometry in Figure 1 corresponds to high-
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density fibrous septa and was obtained as descnibfx]. The RF applicator is actively cooled
and does not exert pressure on the skin, it waseleddas an adhesive-type electrode with a
boundary condition. A more in detail description wiodel geometry is included in the

Appendix.]]

Governing Equations
The electric response of tissue to RF currentsmadeled with the Laplace’s equation. The
thermal and elastic responses to RF heating wecdelad with the bioheat equation, including

an additional thermo-elastic term, and the equaifanotion for an isotropic linear elastic solid.

Electric Propagation

Electric propagation is assumed time independecesi is very fast compared to heat diffusion
and the thermo-elastic response. We use a quaisi-Btamulation to model the response of
tissue to electric fields. In the quasi-static apgmation the characteristic length of the objdct o
study is much less than the wavelength of the mlewgnetic field: herein, the thickness of skin
and fat is ~0.003 meters and the wavelength ofrtbtident electromagnetic wave at 1 MHz is
300 meters. A quasi-static approach means thasghgal distribution of the electromagnetic
fields over the extent of the device is the saminaisof static fields [10]. Since biological tigsu
can be considered almost totally resistive, moghefelectrical power is deposited in a small
zone close to the electrode.

In biological tissue the rate of energy dissipapesdl unit volume at a given point is
directly proportional to the electric conductivity the tissuec (S/m) and to the square of the

induced internal electric fiel# (V/m), that is,
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Qi = «i|Eil’/2, 1)
whereQ is the power absorption (WAnand E| is the norm of the vector electric fielf. is
calculated fronk; = —-[1V,, whereV is the voltage (V) obtained by solving the Lapla@guation
Ol(kOV,) =0, (2)
where the subscript denotes skin, fibrous septan@ctive tissue), fat or muscle, i.e={s, c, f,

mj.

Heat Diffusion
The bioheat transfer equation in tissue [11] intigdhe additional thermo-elastic term can be

written as

oT
AG 5+ AGY T, =00kOT) +Q, +p6w(T, -T)+Q, 3)

wherep is the density of the tissue in (kghnc is the specific heat of the tissue in (J/kg/is
the time in (s)T(x,y,) is the temperature in (Kl = {u,v} is the displacement vector in (s
the thermal conductivity in (W/m/K)XQu is the metabolic heat generation in (Wimp, is the
blood density in (kg/ff), ¢y is the blood specific heat in (J/kg/K) [13}is the blood perfusion
rate in (kg/ni/s), Ty is the arterial temperature in (K), afis the power absorptio®Qy was

neglected because its contribution is significasthall relative to other terms [12].

Elastic Deformation

The motion equation for an isotropic linear elagalid is used to describe movement and

deformation of tissue,

2
oY 0@, =F, @

platz
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where ¢ is the stress tensor in (Pa) aRd denotes the external volume forces in (B/m

Constitutive relations for an isotropic linear ¢glasnaterial are the following: (i) the stress tens
c =[S(I + Du)], whereS is the Duhamel term which relates the stress tetasthe strain tensor
and temperature[Ju the displacement gradient amdthe identity matrix; (i) the Duhamel

relation S-S, =C:(J-a(T-T,)-0},) whereC is the &' order elasticity tensor, “” denotes the

double-dot tensor product (or double contractianjs the strain tensors, and ey are initial
stresses and straing, is the thermal expansion coefficient in (1/°C), ang iE the initial
temperature;and (iii) the strain tensor written in terms of tlsplacement gradient,

O=[0u" +0u)/2. The formulation of Eq. 4 is Lagrangian, that s frame of reference for the

computed stress and deformation is the materighimonfiguration. When solid objects deform
due to external or internal forces and constramash material particle keeps its coordinafes
while spatial coordinates change with time and applied forces such that flolgw a path

x =X +u(X,t) in space. Since the material coordinates are aopshe current spatial position

is uniquely determined by the displacement veatoMaterial properties are also derived in a

material frame of reference in the coordinate syste

Tissue Properties

The electric, thermal and mechanical propertiessioh, fat, fibrous septa and muscle are
assumed constant and temperature independent {#7]1@able 1). Electrical properties are
frequency dependent and those used herein corr@gpoh MHz [18]. However, the electric
conductivity remains fairly constant for frequerscitom 16 to 1¢ Hz and the permittivity
decreases by one order of magnitude in the sanmdney range [18]. Thus the electric

response of tissue within this frequency rangeuslitatively similar. Perfusion is also assumed
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constant and negligible in the sepda= 0. Within 38 to 45 °C, variations in specific h§Eo],
thermal conductivity [20] and blood perfusion aret significant [7]. Electrical and thermal
properties of fibrous septa bundles are assumée milar to those of the dermis since it is a
collagenous tissue [5]. For tissue as an isotriipéar elastic material, strains and displacements
are small and the elastic properties are indepéndéndirection, hence, tissue can be

characterized by the Young's modulus and Poissatis

Boundary and Initial Conditions
Table 2 shows the electrical, thermal and elastienbary conditions applied to the governing
Equations (2)-(4). The RF applicator atop the skirface was modeled as a boundary condition

of constant voltage distribution:
2
V,(-L<x<L)= [a(l%j +blJ/PZ, (%)

whereP (150 W) is the applied RF powet (100Q) the total tissue impedance, am{-2.2510

% andb (1.28) are correlation constants [4] for a monapalpplicator operating at 1 MHz. Zero
voltage was applied to the bottom muscle boundgimulating the electrical performance of a
dispersive electrode. Null electrical current wppleed to the remaining skin surface and lateral
boundaries. At the skin surface beneath the RFiagipt T, = 30 °C. For the remaining skin
surface, a free convection condition was used raulsite cooling by room air: heat transfer
coefficienth,.<=10 W/nfK and ambient temperatufig=25 °C. Zero thermal flux was applied to
the lateral boundaries. Constant core body tempex@t = 37 °C was set at the muscle bottom.
Regarding the elastic boundary conditions, a freement condition was used at the lateral
boundaries to simulate the absence of constraimtdaads. A fixed constraint condition on the

upper skin and lower muscle surfaces was appliesinioilate zero displacement in the vertical

Page 10



direction. [[Everywhere else continuity was used to satisfyenmal boundary conditions,
including boundaries between fibrous septa and fimitial conditions were zero voltage and

strain and 37 °C.

Thermal Damage

We used thermal damage as criteria of comparistmeaa treatments for different fibrous septa
architectures subjected to the same RF exposurermBEh damage is assumed a first order
kinetic process and calculated with the Arrhenigisagion [21, 22], which relates cell viability to

temperature and exposure time as
Q(r) =Inj == = [ At (6)
CMJ o

whereQ(z) is the logarithm of the ratio of initial conceation C(0) to actual concentratidd(z),

1 the total heating time in (dR the universal gas constaAtthe frequency factor in (1/s), akg
the activation energy for an irreversible reactionJ/mol). From experiments of skin heating
within 44--50 °C temperature range= 2.2x13**s* andAE = 7.8x1G J/mol [23]. Contours of
Q = 1 thatrepresent 63% reduction in viability ¢ine threshold for completely irreversible

thermal damage were used to compare RF treatmgmitsu

RESULTS

The electric, thermal and elastic response of tifferént fibrous septa architectures to the
same RF exposure (150 W) is presented next. [[Tdverging equations were solved as
described in the Appendix. The electric responsmstantaneous and time-independent. The

thermal and elastic responses correspond to 80ff0egposure to 150 W of RF power. The
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length of the exposure was chosen to reach stegalgssin temperature and elastic

deformation.]]

Electric Propagation

Voltage distributions and depth profiles are shownFigure 3. Voltage distributions and
intensities appear similar between intermediate lagld-densitysepta architectures. However, a
less symmetric voltage distribution sensitive te plosition of the electrode, relative to the septa,
developed in the intermediate-density septa arctoite, Figure 3a. The high-density fibrous
septa has a more symmetric voltage distributiorepetident of electrode position, Figure 3b.
Voltage profiles also appear similar betwdah and septa architectures as illustrated by the
depth profile atx = 0, Figure 3c.Electric field distributions and depth profiles akown in
Figure 4. Distributions and intensities of the &ledield visibly vary between architectures and
between fat and septa. For the high-density amtite the overall maximum value of the
electric field is 4.321 V/mm, for the intermediatensity architecture is 3.365 V/mm. Along the
depth profile atx = 0 the strength of the electrical field in the i&tclearly greater than in the
septa: the line profiles in Figures 4c and d shdmupt increments where the electric field
corresponds to fat, or conversely large drops tansity at the fibrous sept®istributions of
electric power absorption and electric displacenvatttin the tissue are shown in Figure 5. In
skin, the electric field is much more intense by ¢ages of the RF applicator, resulting in higher
power absorption in the skin beneath the edgegivel#o the rest of the skin. Overall, the
highest power absorption is in the fibrous septd thvor the flow of electric currents (zoom

area, Figure 5).

Page 12



Heat Diffusion and Thermal Damage

Temperature distributions after long exposuresfcRBating are shown in Figure 6. The heating
was mainly confined to the subcutaneous tissueusecaf surface cooling, higher subcutaneous
power absorption and slow subcutaneous heat difiusThe maximum temperature for the
intermediate-density fibrous septa network is #elilower than that for the high-density
network; Tmax= 48.12 and 49.28 °C, respectively. Temperaturteildigions are also similar. The
evolution in time of temperature depth profilesxat 0 are shown in Figuré. Depth profiles
followed similar dynamics: within the skin, the file is linear, remained confined to lower
temperatures and varied very little because ofiegplvithin the subcutaneous tissue, the profile
is parabolic and the peak height and location Bs®e and goes deeper as time progresses;
within the muscle, the profile follows a non-linedecay to core temperature. Arbitrarily
dividing the thickness of the subcutaneous fatralg = 17 mm) in two (8.5 mm), larger
differences in temperature occurred in time witthia bottom region (10 <y < 18.5), where the
high-density fibrous septa architecture reachethdrigemperatures. For both architectures, the
thermal damage was mostly confined to the subcatanéssue while sparring the skiigure

6. For the high-density fibrous septa architecttine, cross-sectional extent of thermal damage

was= 1.5 times larger and reached a small area in tiszl®, Figure 6(b).

Thermo-elastic Deformation

Volumetric strain quantifies deformation of tisstrem its original volume. Distributions of
volumetric strain at specific times (25 and 800@rg) shown in Figure 8. Initially € 25 s) most

of the subcutaneous tissue (fat lobules and fibgapa) was subjected to expansion (positive

volumetric strain), which was larger in the fibraaepta than in the fat. In steady state 8000
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s), expansion of the fat lobules continues becafissn increased volumetric strain. However,
the fibrous septa contracts as indicated by a negablumetric strain. The skin is always
subjected to contraction (negative and constartmaetric strain) because of contact with the
cooling surface. The evolution of volumetric strdiepth profiles ak = 0 are shown in Figure 9
for both fibrous septa architectures. Every profifows a relative smooth curve with abrupt
incrementstE 25 s) or dropsté 1225 and 8000 s) in strain at the fibrous septasé&lprofiles
show an increased expansion of fat lobules withttdemtil a peak is reached. The peak
coincides with the region of high temperatures.atidition the profiles show the interplay
between expansion of the fat lobules and shrinkddiee fibrous septa: the fibrous septa initially
expand faster and more than the tat 25 s), eventually the fat catches up squeehagéptat(

= 1225 s).

All materials have an associated yield strengthicivis a measure of their elastic limit, and
will not return to their original shape if the stsaels removed. In an elastic body that is subject t
loads in 3 dimensions, a complex system of streissdsveloped: at any point within the body
there are stresses acting in different directiars] the direction and magnitude of stresses
change from point to point. The Von Mises criterisna formula for calculating whether the
stress combination at a given point will causeufail Distributions of the Von Mises stress in
response to the RF thermal load are shown in FigOteVon Mises stress distributions are
relatively similar for both fibrous septa archit@&s at the skin and subcutaneous tissue layers.
At the muscle, the Von Mises stress distributiontfe high-density architecture shows a wider
and deeper reach than that for the intermediateiyearchitecture. Von Mises stress in the skin
was more uniform because of thermal contact wighdbld surface. In the muscle it was higher

close to the subcutaneous tissue region where ighest temperatures occurred. Overall, the

Page 14



skin and muscle were subjected to a higher Von $steess or distortion energy than the
subcutaneous tissue. The subcutaneous tissue & etastic and, thus, able to withstand larger
thermal loads without yield. The depth profile bétvon Mises stress shows abrupt drops and

rises at the skin-subcutaneous tissue and subautaniesue-muscle interfaces, Figure 10c.

DISCUSSION

Electric power absorption is directly proportiotalthe electric conductivity of the tissue and the
square of the intensity of the internal electreddi Eq. (1). The electric conductivity of fibrous
septa is one order of magnitude larger than thewttivity of fat in subcutaneous tissues, Table
1, presenting a more favorable medium for circalatof electric currents. Since the tissue
physical properties are constant, the power ahbsorgtt specific tissue locations is truly set by
the internal electric field, which in turn is setthe morphology of tissue. Figure 4 illustrates th
complexity in the distributions of the internal etiéc field that emerges from differences in
electrical properties and variations in morphologyn additional variable not explicitly
illustrated is the incidence of the electric fi¢f], for example, the electric field at the cenbér
the electrode is perpendicular to the tissue iaterfwhile towards the edge the incidence is at an
angle. Overall, the intensity of the electric fieddarger in fat than in septum because the veltag
drops more when current circulates through falower conductivity implies higher resistivity --

- than when circulating through fibrous septum. d&finition, the electric field is equal to the
negative gradient of the electric potential. Regaydhe fibrous septa on its own, the intensity of
the electric field varies with the orientation almtation of septum relative to the incident
electric field and position of the electrode. Irgigyis higher in septum perpendicularly oriented

to the skin surface (vertical) and lower in septpanallel to the surface (horizontal). It is this
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difference in orientation what sets the main heatrees in the subcutaneous tissue since the
absolute largest absorption of electric power ogdarseptum oriented from top to bottom,
creating lines or planes (in 3D) of preferentiahtireg as illustrated in Figure 5. Note that the
power absorption in fat is higher than the powesoaption in septum oriented horizontally.

Variations in the density of fibrous septa resnltvariations on the number of septum
available for preferential heating. A high-densibprphology, like the one corresponding to
cellulite grade 0, has more lines or planes of tpglver absorption spaced relatively closer to
each other; thus, larger volumes of subcutane@sidi are subjected to RF heating and,
subsequently, larger volumes of non-reversible nia¢rdamage are created, Figure 6. The
converse is true for intermediate and low-densigyphologies, cellulite grades of 2.5 and 4, for
which fewer septum oriented for preferential hegi@md spaced further apart result in smaller
volumes of subcutaneous tissue damaged thermaile that regardless of fibrous septa density
the heating is confined to the subcutaneous tiasdeskin. In other words, the intensity of the
electric field is significantly small in muscle arnlde power absorption is negligible there. A
cooling surface bounds the temperature in the gkihFigure 5 shows that the power absorption
is dominant in the subcutaneous tissue septa a&nskih by the edge of the RF electrode; that is,
there is instantaneous generation of heat in the akd subcutaneous tissue regardless of the
cooling scheme or RF exposure.

In long-term RF heating exposures, the temperaitigdjacent septa and fat is uniform
because of the heat diffusion from septa intodafrom fat into septa (depending on location).
These uniform temperature fields result in unifahrmal loading, which is influenced by local
temperatures and tissue properties rather thanidygut septa density and orientation, as

illustrated by distributions of the volumetric stran Figure 8. The estimated initial expansions
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and subsequent contractions of the fibrous semasarall, which may be an understatement
since we are not accounting for collagen denatumain modeling elasticity. It is well
established that heat can cause shrinkage to civendissues by disrupting the molecular
bonding of collagen [24]. So considering the disitions of instantaneous power absorption, a
high-power and short RF exposure would cause caflatgnaturation in the skin (no cooling)
beneath the electrode edges and the fibrous skg@d for preferential heating. The rest of the
skin and the fat would probably be spared from dgmbecause of the much lower power
absorption in these regions.

In summary, the morphology of the subcutaneousudisgives rise to a complex
distribution of the internal electric field establed by RF currents. The density and orientation
of the fibrous septa network yields the complexitythe electric response. Thermally, the
subcutaneous tissue response is relatively sinmpgleause of thermal equilibrium. However, the
fibrous septa still matters. Figure 11 shows the-reversible thermal damage response to a RF
exposure assuming the subcutaneous tissue is tebedtby fat only; the RF power (200 W) was
adjusted to induce damage to the subcutaneousg tissas it is done in planning treatments. The
figure also shows the non-reversible thermal dameggponse of the subcutaneous tissue
including septathe presence of septa resulted in subcutaneous zdngamage 2 to 3 times
larger than with fat only. A larger treatment zdeenot necessarily unfavorable. Although in
these particular cases larger treatment zonegedsnldamage to the muscle.

[l

Clinical Relevance

Results suggest that patients with cellulite Gr@devould have a better response than

patients with cellulite Grade 2.5 if both were sdgd to the same RF treatment. As discussed,
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this is because of the difference in architectdrthe fibrous septa networks. Assuming that the
treatment response is proportional to the volumigsstie with irreversible thermal damage (Fig.
6), then the RF treatment should be modified torowe the response of patients with more
cellulite. Increasing the RF power would enlarge tesponse volume, it could damage muscle
as well if the blood perfusion in muscle was ndedb sink or remove excess heat. Alternatively
the RF energy could be delivered in higher-powdsegsi that would gradually increase the
temperature of the fat while the temperature ingkia and muscle either remained constant or
increased at a slower rate --- this approach has lbemonstrated clinically in [4]. Energy
delivered in pulses takes advantage of the incdebkxd perfusion in skin and muscle relative
to that in adipose tissue. Another approach couktlap treatment areas relative to the surface
covered by the electrode; for example, displachegelectrode laterally 2/3 of its length would
result in bordering response volumes, Fig. 6, andsequently, uniform treatments.

In terms of device type, our study models the perémce of a monopolar RF device, for
which an active electrode delivers RF current atttkatment area and a much larger dispersive
electrode (not explicitly shown in our simulatio@turns the current to the device. Bipolar RF
devices use two identical electrodes for delivaerg eeturn of RF current, thus, treatment takes
place beneath both electrodes. The depth of bigeRrtreatment varies with the separation
between electrodes. If they are next to each othest of the RF will go through the skin. If
they are adequately far apart then the treatmdiveded by each electrode should be the same
as the treatment delivered by a monopolar RF devibe duration of treatments that target
adipose tissue vary from device to device but tendde large, ranging from 45 min to 2 hours.
The duration of the low-power RF exposure consididrerein is about 2 hours. However at 45

min, temperature values are within 0.5 @¢fts final value, see [5]. So the temperaturefifa®
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do not change significantly between 45 min and &rsioHowever thermal damage is an
accumulation process, thus, the response volumehbmagmaller at 45 min. In fact, the main
clinical justification for large exposure duratioms treatment response. The accumulation
process of thermal damage is also a function op&ature, that is, at higher temperatures the
accumulation of damage is faster. Hence, pulsadeadglof RF energy may also reduce the total
exposure time.

1]

CONCLUSIONS

Safety and efficacy of treatment are central tota@gtment and medical device. To this end, it is
fundamental to understand and take into accouettsffand variations of morphology in RF-
heating treatments of cutaneous and subcutanessiges. In the present work we have shown
that the distribution of electric currents withirubgutaneous tissues depends on tissue
morphology, in particular, our results suggest tihat distribution depends specifically on the
density and orientation of the fibrous septa nekw®he electric field is more intense in septum
oriented along the skin to muscle (top to bottonmedion, creating lines or planes of
preferential heating. The more septum availablepfeferential heating, the larger the extent of
volumetric RF-heating and thermal damage to thewaneous tissue. Thermal stresses alone,
imposed by long-exposure heating up to approxima® °C, result in small volumetric
changes. Initially the septum expands with heab@gause it has a larger thermal and expansion
coefficient, however, in the long-term the fat alewpands occupying larger volumes and

thinning the septum.
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APPENDIX

The model geometry domain was subdivided in 9 regigee Figure Al. The mesh of the
regions beneath the electrode was finer than agjaegions. Beneath the electrode, the region
corresponding to the adipose tissue had the fmesh. The criterion used to subdivide the mesh
was to make the simulation manageable for our coenpuorkstation without losing spatial
information --- the mesh is much finer where mdsthe heat transfer occurlesh sizes were
varied systematically until the magnitude of thexmmaum temperature changed less than 0.5%
between simulationsConvergence test resulted in a grid size of 0.02imthe finest zone for
both model geometries. The model meshes consist&d,645 and 45,208 elements for the
intermediate and high spatial density fibrous segehitectures, respectively. In the model
geometry of the intermediate-spatial density filr@epta, the average thickness of septum is
0.418 + 0.169 mm (n=72) and the maximum/minimurokhesses are 1.052/0.105 mm. For the
high-density fibrous septa model, the average ttgsk is 0.307 + 0.121 mm (n= 99) and the
maximum/minimum thicknesses are 0.628/0.126 mmi€dl measurements of fibrous septa

thickness obtained by MRI range from 0.277 to 2ri8 [25].
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The governing equations were solved simultaneousiyg the finite element method and a
multi-frontal massively parallel sparse (MUMPS)etir solver in COMSOL Multiphysics 4.3b
(COMSOL, Burlington, MA, USA). Simulations were run a 64-bit PC with a 12-processor
Intel Xeon platform running at 2.30 GHz with 8 GBRAM. Time-dependent solutions were
integrated to reach steady state, 8000 s with e-sitep of 0.1 s. The thermo-elastic term couples
the bioheat and motion equations, that is, thetielassponse influences the thermal response
and vice versa (two-way couple). The RF heatinga®one-way couples the electric equation
to the other equations, that is, the electric raspocan be determined without knowledge of
temperature or elastic deformation but the voltdggribution must be known to determine
temperature and elastic responses. By consideugtien terms, it seems like the electric
equation could be solved first and the thermal aladtic equations next. However, for the
electric and thermal equations the frame of refeean Eulerian and for the elastic deformation
equation the frame of reference is Lagrangian. dfioee all equations are coupled in time
because the location of RF heating sources cowdgshas tissues underwent deformation.

1l
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Table 1. Mechanical, thermal, electrical and physiologicebgerties of the skin, fat, fibrous

septa and muscle [4, 14-17]; relative permitivity (vacuum permitivityy = 8.854x10 F/m);

x, electric conductivityk, thermal conductivityp, density;c, specific heaty, blood perfusion

rate;E, Young’'s Modulus; and, thermal expansion coefficient.

Element | (Sl;m) (W/rl;- K) (kg;)m3) (J/k;]. K) (kg/(r?q3- s) (kIEa) (175’C)

Skin | 1832.8| 0.22 0.53 1200 | 3800 2 35 6x10°
Fat | 2722 | 0.025| 0.16 850 2300 0.6 2 | 2.76x10°
Muscle | 1836.4| 0.5 0.53 1270 | 3800 0.5 80 | 4.14x10°

Septa | 1832.8 | 0.22 0.53 1200 | 3800 0" 0.09 | 6x10%

" Assumption. The perfusion term in the septa is neglectedf{beous septa as solid).

Table 2. Electrical, thermal and elastic boundary conditidnsRF applicator half-lengtHg, Isc

and |, skin, subcutaneous tissue and muscle layer tegdes, respectively; W, domain half-

width; T,, ambient temperaturd, constant core body temperatufig, electrode temperature;

h,.s, air-skin heat transfer coefficier®; current density vector.

Location Electric Thermal Elastic
{no=0]-w<x<-}, {noaT=n,_(,-T)|-w<x<-1},
y=0 {v=v,|-L<x<L}, {T=1|-L<x<L}, {u=0]-w<x<w}
{nm =0/ L<x<w} {nOaT =h, (T, -T)| L<x<wW}
y =(Ist 1+ m) {v=0]-w<x<w} {T=T.]-w<x<w} {u=0/-w<x<w}
X = -W {nm=0|-0,+1,.+1,)<y<o} | {noaT=0|-0,+1, . +1,)<y<o} | {u=fred-q +I, +I,)<y<0}
x=W {nm=0-g,+1,,+1)<y<o} | {noaT=0[-0,+1, . +1,)<y<o} | {u=fred-q +I, +I,)<y<0}
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Figure 1. Model geometry of a high-density netwook fibrous septa witran RF applicator
(active electrode) atop skin, subcutaneous tissueonstituted by fibrous septa and fat --- and
muscle. Thicknesses of skil, subcutaneous tissuig,, and musclely, layers are respectively
1.5, 17, and 38 mm. W = 54.5 mm. L =18.5 mm. The d&pplicator is actively cooled to
maintain the temperature of the skin surface ##Q0W <x < W and -[stl;ctlm) <y < 0 define
the numerical domain. Vertical dotted lines indecite mirror planes used to extend the lateral

domain in order to eliminate numerical artifacts.
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Figure 2. High-resolution in vivo MRIs of subcutaneous adipatissue [6], dark filaments
correspond to fibrous septa within the subcutandéisese: (a) Cellulite Grade 2.5, intermediate-

density of fibrous septa, (b) Cellulite Grade Opsith skin, high-density of fibrous septa.
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Figure 5. Distributions of power absorption and electrispiacement field (arrows) for (a)

intermediate- and (b) high-density fibrous septhiectures.
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Figure 11. Thermal damage response to long RF-heating expsst = 8000 s for (a)
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neglects the fibrous septa. Dashed line contoym&sent damage to a tissue layer constituted by

fibrous septa and fat.
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Figure A1. Model geometry mesh of intermediate spatial dgrigirous septa architecture.

Page 37



