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Disclaimer

About the Catalog of Regulatory Science Tools

The enclosed tool is part of the Catalog of Regulatory Science Tools, which provides a peer-
reviewed resource for stakeholders to use where standards and qualified Medical Device
Development Tools (MDDTSs) do not yet exist. These tools do not replace FDA-recognized
standards or MDDTs. This catalog collates a variety of regulatory science tools that the FDA's
Center for Devices and Radiological Health's (CDRH) Office of Science and Engineering Labs
(OSEL) developed. These tools use the most innovative science to support medical device
development and patient access to safe and effective medical devices. If you are considering
using a tool from this catalog in your marketing submissions, note that these tools have not
been qualified as Medical Device Development Tools and the FDA has not evaluated the
suitability of these tools within any specific context of use. You may request feedback or
meetings for medical device submissions as part of the Q-Submission Program.

For more information about the Catalog of Regulatory Science Tools,
email RST_CDRH@fda.hhs.gov.
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Numerically Simulating Monopolar Radiofrequency-based Vaginal
Thermotherapy

1. Software Requirements
This guide was developed using COMSOL Multiphysics version 5.5. If another version is used some

features or processes may differ. The user of this guide is responsible for determining how to implement
the steps in this guide in a different version of COMSOL Multiphysics or other simulation software. If the
user intends to use other software refer to the following manuscript for a conceptual discussion of the
process along with the accompanying equations.

Carr IA, Garcia M, Cordray D, Lee A, Shrivastava D, Hariharan P. Depth of thermal dispersion of
monopolar radiofrequency heating in the vaginal wall. Biomed Phys Eng Express. 2021 Oct
5;7(6). doi: 10.1088/2057-1976/ac28ac. PMID: 34547744,

If using COMSOL Multiphysics, the user is required to have the AC/DC and Heat Transfer Modules to
follow the steps of this guide exactly. There are ways to implement the same equations via user-defined
equations but that is outside the scope of this guide.

2. Model Initiation
> Open COMSOL Multiphysics
> Initiate the Model Wizard

P10 & »
m Home  Definitions  Geometry  Materials ~ Physics  Mesh

New

Model
Wizard

£

Blank Model
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» Under Select Space Dimensions, Select a 3D model space

P 1 DEFER »

Home  Definitions  Geometry — Maten
Select Space Dimensio

m 9
;‘_ID 1

=0 Axisymmetric 4 Axisyn]

» Under Select Physics, Select the following modules:
AC/DC —> Electrical Fields and Currents —> Electrical Currents

Heat Transfer —> Bioheat Transfer

> Click Study
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@0 ® >
Home  Definitions  Geometry  Materials  Physics  Mesh  Study  Results

Select Physics Electr

Search The Electric
distributions
4 % AC/DC that is, when
F :t_ Electric Fields and Currents
- Electrostatics (es) Depending.o
i Electrostatics, Boundary Elements (eshe) Eme-c_iomam
- ; omains, cag
}_ Electric Currents (ec)
:‘\5_ Electric Currents in Shells (ecis) The physics i
2 Electric Currents in Layered Shells (ecis) scalar electrid
@ Magnetic Fields, No Currents
+\f Electromagnetic Fields
%! Electromagnetic Heating
(@) Electromagnetics and Mechanics
202 Particle Tracing
}"; Electrical Circuit (cir)
[ ) Acoustics
s

v v v v w7

¢ Chemical Species Transport
Fluid Flow

4 Heat Transfer

[0 Heat Transfer in Solids (ht)
Heat Transfer in Fluids (ht)
& Heat Transfer in Solids and Fluids (ht)
I\ = Conjugate Heat Transfer
[ Radiation
[» %!l Electromagnetic Heating
% Lumped Thermal System (Its)
[ E] Thin Structures
[ @ Heat and Moisture Transport
B Heat Transfer in Porous Media (ht)
B Local Thermal Monequilibrium

Add
Added physics interfaces:

®_ Electric Currents (ec)

) Bioheat Transfer (ht)

Remove

e Space Dimension e Study
Help @ Cancel E’/Done

> Under Select Study, Select a Time Dependent Study
» Hit Done
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e = >
Home  Definitions  Geometry  Materials ~ Physics  Mesh  Study  Results  Developer
Select Study Time Depen
4 o General Studies The Time Dependent study is
E Stationary Examples: In electromagnetic
& Time Dependent electromagnetic fields, includ
4 -t Preset Studies for Selected Physics Interfaces time domain. In heat transfer,
|+~ Bioheat Transfer over time, In solid mechanics,
[+~ Electric Currents Fieformatlon - thIDI"! Al
b o More Studi is used to compute the time-
ore studies fluid flow, it is used to compy
[+ ~dt Preset Studies for Some Physics Interfaces chemical species transport, it
~db Empty Study over time, In chemical reactiof
and the chemical compositio
Added study:
& Time Dependent
Added physics interfaces:
3 Electric Currents (ec)
) Bioheat Transfer (ht)
e Physics
Help e Cancel E’/ Done
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> Once the model space is open, define a set of parameters using Global Definitions. Right click on
Global Definitions and open a new parameter group.

Note: The values shown in the table below are those used in Carr et al (2021). The users of this
guide may change these values depending on the use case of their simulation.

Either define those of your choosing or, to recreate the published simulations exactly, use the

following:
Name Expression Description
hConv 4[W/(mA2*K)] Convective Heat Transfer
Coeff
omega 0[1/s] Perfusion
Q_ext 0.774596669[A/(cm”2)] Probe Current Density
t e 1[s] Exposure Time
t_sim 480(s] Total Simulation Time
Tlb 43-0.5 43C Detection Lower
Bound
Tub 43 + 0.5 43C Detection Upper
Bound
CRE B> o0 @ EREE PTS fempDs
Home  Definitions  Geometry — Materials  Physics  Mesh  Study  Results  Developer
2=\Variables - == [[& mport . —— s
Pi E < | [Em = "R
A ii <<> ] S E \mm -'i n 38 8 ] —
Application Component Add Parameters Build Add Bicheat  Add Build  Mesh Compute Transient A
Builder T~ Component - - Pj Parameter Case All Material =~ Transfer » Physics Mesh T~ Study ~ 5§
Application Model Definitions Geometry Materials Physics Mesh Study
Maodel Builder ~ 4| Settings “d
-t | FEEE~ Parameters
4 4 PTS_tempDepMatProps_CleanedUp.mph (root)
4 (@) Global Definitions Label: independentParameters E
Fi Parameters - t
Fi independentParameters arameters
Fi geometryVariables woT
Pi bloodProperties Mame Expression Value Description
2= 43CDepthConditions hConv AW (m - 2%K)] AW/ (m™K) Convective Heat Transfer Coeff
3, 43CDepthStateVariables (state2) omega O[1/5] s ___ Perfusion :
(¢ Default Model Inputs O _ext 0.774596669[A/ (cm™2)] 7746 Afm Probe current density
%) Materials te 1[s] 1s Exposure Time
4 [ Component 1 fcomp1) t_sim 480 [s] 480 5 Total Simulation Time
4 = Definitions Tl 43-0.5 42,5 43 Detection Lower Bound
2= TempBoundVariables Tub 43+ 05 43.5 43C Detection Upper Bound
I JeStep (JeStep)
_I” hStep (hStep)
max Maximum 1 (maxop 1)

LN I < PPN SRS PSR, [ SPPO. |}
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2.2. Define Geometry Parameters
> Similarly, define a set of geometry parameters by right clicking Global Definitions and selecting

Parameters

Note: Defining the geometry parameters this way is optional but can be a helpful organizational
technique for later modification of the model geometry.

domainWidth 50[mm)]
domainDepth 50[mm)]
cylProbeRadius 5.641[mm]
muscleThickness 47.3[mm]
vaginalWallThickness 2.7[mm]
CE [ Bl 0w & - PTS_tempDep

Home  Definitions  Geometry  Materials  Physics  Mesh  Study  Results  Developer

A ii <<> Pi 2= Variables - ii & Import i u -'_i o] = ~o

() Functions ~

Application Component Add Parameters Build Add Bicheat  Add Build  Mesh Compute Transient A
Builder 1~ Component - - Pi Parameter Case All Material =~ Transfer » Physics Mesh 1~ Study = 5t
Application Meodel Definitions Geometry Materials Physics Mesh Study
Model Builder v 4| Settings gy
-t | FEtEI S~ Parameters
4 4 PTS_tempDepMatProps_CleanedUp.mph (root) .
4 ({) Global Definitions Label: geometryVariables El

Fil Parameters ¥ Parameters

P independentParameters

Fi geometryVariables

Fi bloodProperties

3= 43CDepthConditions domainWidth 50[rmm] 0.05m

3, 43CDepthStateVariables (state2) dornainDepth 30[mm] 0.05m

(‘ Default Madel Inputs cylProbeRadius 5.641[mm] 0.005641 m

) Materials muscleThickness 47.3[mm] 0.0473 m
4 [ Component 1 (comp 1) vaginalWallThickness | 2.7[mm] 0.0027 m

4 = Definitions mucosallayerThick... | 0.6[mm] GE-4 m

4= TempBoundVariables

_I” JeStep (JeStep)

_I” hStep (hStep)

max Maximum 1 (maxop 1)
[ [')_.'-] Boundary System 1 (sys1)
b [ view 1
\\ Geometry 1

[T Mucosa (bik1)

[T Muscle (bk2)

) cylProbe (gpil)

Form Union (fin)

=5 Materials

L3 - =
MName Expression Value Description

[N

[N
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2.3. Define D43 Detection Variables

Next, we define a set of parameters and state variables to allow for the detection of the depth of the
43C isotherm — the chosen indicator of the depth of thermal dispersion. The results of this can be seen
in D43 vs Time under the Results section below.

> Right click Global Definitions and select Variables and input the following:

Name Expression Unit
Depth_aux compl.maxopl(compl.at3(25[mm],25[mm],z,T*aux_var),z) | m
Temp_aux compl.maxopl(compl.at3(25[mm],25[mm],z,T*aux_var)) K
Temp if(Temp_aux==0,NaN,Temp_aux) K
Depth if(Temp_aux==0,NaN,Depth_aux) m

Home  Definitions  Geometry  Materials  Physics  Mesh  Study  Results  Developer
. 2= Variables - T = Impert \ ol T A — TN
A r. <<> PI fi) Functions = I.. .ri e L0 3 — A - 00
Application Component Add Parameters Build Add Electric Add Build  Mesh Compute Transient
Builder 1~ Component = - All Material Currents 4 = Physics Mesh 1~ Study -
Application Model Definitions Geometry Materials Physics Mesh Study
Model Builder T T
- ® EtEl S v
o
‘ “QIg?_(;::;:?;:fx‘a;:;o;ps_CIeanedUp.mph froct) Label: 43CDepthConditions =
P mucosaProperties(|ITISMucosa) v Variables
Fi geometryVariables
i |ndependent?arameters " MName Expression Unit Description
Pi blocdProperties Depth_aux | compl.maxopl({compl.at3(25[mm],25[mm],z, T aux_var),z) m
2= 43CDepthConditions Ter: £ p1' p1 p1' e St
3, 43CDepthStateVariables (state2) prau Ml [compl:maxopi (comp] 3t3(2mm].Z3lmml ziliatSva) K
25 Default Model Inputs Temp !f(Temp_aux::O,NaN,Temp_aux) K
=) Materials Depth if(Ternp_aux==0,MNaN,Depth_aux) m
I [l Compenent {comp1)
[ o Transient Study
el @ Results
[ # Datasets
b nl~ Views
£31 Derived Values
I B Tables
b [l 2D_43Clsotherm
& TempContour
¥ D43 vs Time
3 Export
b [# Reports
)
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> Next a set of conditions as part of the automated detection of the 43C isotherm by right clicking
Global Definitions and selecting Variables

Name Initial value Update Expression
minDepth 0 if(TrueFalse,Depth,MinDepth)
Temp_aux 0 if(Temp<=Tub[degC] && Temp>=TIb[deg(],1,0)
Temp 0 if(TrueFalse,t,DepthTime)
E ! Hroc@ibho®BE&R- PTS_tempDep
Home  Definitions  Geometry  Materials  Physics  Mesh  Study  Results  Developer
. 2=Varnables - P [ Import s . A — PN
A r. <<> PI fi) Functions = .== .ri n L 3 == A - e
Application Component Add Parameters Build Add Bioheat  Add Build  Mesh Compute Transient A
Builder 1= Component - - All Material Transfer ~ Physics Mesh 1= Study - St
Application Model Definitions Geometry Materials Physics Mesh Study
Model Builder v v
- =S
4 & PT5_tempDepMatProps_CleanedUp.mph (root)
4 () Global Definitions Label:  43CDepthStateVariables =]
Pi Parameters Name: state2
Pi independentParameters
P geometryVariables ~ State Components
Fi bloodProperties
2= 43CDepthConditions " State Initial value | Update expression Description
2 43CDepthStateVariables (statel) MinDepth 0 if(TrueFalse,Depth,MinDepth) |
4 Default Model Inputs TrueFalse 0 if(Terp<=Tub[degC] && Ternp>=Tlb[degC], 1, 0]
=) Materials DepthTime 0 if(TrueFalset, DepthTime)
4 | Component 1 (compl)
4 = Definitions
2= TempBoundVariables
" JeStep (JeStep)
_[” hStep (hStep)
max Maximum 1 {maxop 1) ==
b [E] Boundary System 1 {sys1) [] Allow complex values
b [ View 1
4 A Geometry 1 Update: Before step =
[T Mucosa (blk7)
1 Muscle (bik2)
) cylProbe {gpll)
Form Unien (fin)
4 225 Materials

» Moving down to Component 1 define a similar auxiliary expression by right clicking Definitions
and selecting Variables and defining the following:

Name

Expression

aux_var

T<=Tub[degC] && T>=Tlb[degC(]
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(& |

e Ol » v B

A

Application Component
Builder 1~

Application

Model Builder

= =t

a <

Add
Component - -

Pi

Model

+“— z

4 & PT5_tempDepMatProps_CleanedUp.mph (root)
4 () Global Definitions

Pi

Fi independentParameters

Parameters

Fi geometryVariables
Fi bloodProperties
2= 43CDepthConditions
2 43CDepthStateVariables (statel)
(6 Default Model Inputs
= Materials
4 |§ Component1 (compl)
4 = Definitions
2= TempBoundVariables
" JeStep (JeStep)
" hStep (hStep)
max Maximum 1 (maxop 1)
b [Z-] Boundary System 1 (sys7)
View 1
Fl \\ Geometry 1
[T) Mucosa (bik1)
) Muscle (bik2)
) cylProbe (gyil)
Form Union (fin)

B D ®
Home  Definitions  Geometry  Materials ~ Physics  Mesh  Study  Results  Developer

(=

2= Variables ~

f> Functions =
Parameters

Definitions

-

& -

T = Import
-

Build
All

Geometry

B

Bioheat  Add
Transfer = Physics

Physics

=

Add
Material

Eui

Materials

Setting

L

Label: TempBoundVariables

Geometric Entity Selection

Geometric entity level: Domain

Selection: All domains

¥ Variables

" s
Mame Unit

aux_var

Expression
T<=Tub[degC] && T>=Tib[deg(]

Mesh

PT5_tempD)

= P

Mesh
o

ild Compute Transient

Study -

Mesh Study

OF [} &

P

Description

» Define maximum operator to detect the maximum temperature within the domain by right
clicking Definitions in Component 1 then selecting Nonlocal Coupling then Maximum

e & r o BETRD RS- PTS_tempDep
Home  Definitions  Geometry  Materials  Physics  Mesh  Study  Results  Developer
A ﬁ <<> PI E=‘u’ariab.lesv == [[& Import =] n e A = ~ ~
fi) Functions = * 2
Application =~ Component Add Parameters Build Add Bicheat  Add Build  Mesh Compute Transient A
Builder 1« Component ~ = All Material Transfer - Physics Mesh 1= Study ~ 5t
Application Model Definitions Geometry Materials Physics Mesh Study
Model Bu ~ 4| Settings -
o= i Maximum
4 4 PTS_tempDepMatProps_CleanedUp.mph (roct)
4 @ Global Definitions et Maximum 1 S|
Fi Parameters Operator name:  maxop]
Fi independentParameters
P| geometryVariables Source Selection
Fi bloodProperties Geometric entity level: Domain x
2= 43CDepthConditions
3y 43CDepthStateVariables (stated) Selection: Manual i
(6 Default Model Inputs
1= Materials 1 =
4 | Compenentl {comp1) 2 QEI __1
4 = Definitions (R
a= TempBoundVariables ‘B
_[” JeStep (JeStep)
_[” hStep (hStep)
max Maximum 1 (maxop 1)
I [ Boundary System 1 (sys1) ¥ Advanced
I LA View 1 . :
4 .}\ Geometry 1 Point type: Mode points -
) Mucosa (bik1)
[T1 Muscle (blk2)
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Define Time-Dependent Variable Conditions Within Component 1

» Define step which reduces input power to 0 at the end of the exposure time by right clicking
Definitions then selecting Functions then Step and inputting the variables as below

e R »©oCEOED®E!

Home  Definitions  Geometry  Materials  Physics  Mesh  Study  Results  Developer
A ﬁ _:(C Pi 2= Variables - l-==-= I8 Import H B rids ii
i Functions = 1 L
Application Component Add Parameters Build Add Bicheat  Add Build
Builder 1~ Component - - All Material ~ Transfer - Physics Mesh
Application Model Definiticns Geometry Materials Physics
Model Builder M
= 1= -
4 & PTS_tempDepMatProps_CleanedUp.mph (root) Plot [ Create Plot
4 ({)) Global Definitions
P Parameters Label: JeStep
Fi independentParameters Function name: | JeStep
P geometryVariables
F; bloodProperties ~ Parameters
d= 43CDepthConditions
3, 43CDepthStateVariables (statel) Location: t_e
4 Default Model Inputs From: T ext
i Materials T 0
4 [ Component {comp1) o
4 = Definitions ~ Smoothing
2= TempBoundVariables
[ JeStep (JeStep) Size of transition zone: 0.025
I hStep (hSt
E.pl’ <7) Mumber of continuous derivatives: 2
max Maximum 1 (maxop 1)
b [ Boundary System 1 (sys1)
b (L View 1
4 A Geometry 1
[ Mucosa (bik1)
[T Muscle (blk2)

B

Mesh

PT5_tempDeq]

A

Mesh
1+

O
Compute Transient A
Study ~ 54
Study

» Similarly, define a step condition to transition the convective heat transfer coefficient from 0 to
the defined value. This simulates the removal of the probe from the tissue surface.

e[y Broo@EiBETENR- PTS. tempDel
Home  Definitions  Geometry  Materials  Physics  Mesh  Study  Results  Developer
2= Variables - = [ Import . — -
B T ] B & T ‘ = "~
A .i <<> ! fix) Functions = = "1 ¥ — A
Application Component Add Parameters Build Add Bioheat  Add Build  Mesh Compute Transient |
Builder 1~ Component = - All Material ~ Transfer » Physics Mesh 1+ Study = 9
Application Model Definitions Geometry Materials Physics Mesh Study
Model Bu - #| Settings -
-1 == Ste
4 & PTS_tempDepMatProps_CleanedUp.mph (root) Plot E&l Create Plot
4 () Global Definitions
Pi Parameters Label: hStep 5
Fi independentParameters Function name:  hStep
Pi geometryVariables
Fi bloodProperties * Parameters
2= 43CDepthCenditions
2, 43CDepthStateVariables (state2) Location: f_e
44 Default Model Inputs From: 0
= Materials
: hC
4 [§ Component 1 (comp1) L= onv
4 = Definitions . + Smoothing
2= TempBoundVariables
" JeStep (JeStep) Size of transition zone: 0.025
_[” hStep (hSt
E.p fhistcr) Mumber of continuous derivatives: 2 x
max Maximum 1 {maxop 1)
b [ Boundary System 1 (sys1)
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3. Building Geometry

There are three parts of geometry to build to represent the model vaginal wall cross section —the
mucosal layer, the muscular layer, and the probe itself. The geometry presented in this guide is meant
to represent a generic device. If a specific device is being modeled the user may need to modify the
geometry.

Note: In the coordinate system used herein the surface of the vaginal wall is z=0.

> Build the mucosal layer. Some of the dimensions are defined in Global Definitions herein. This is
optional. The parameters should be input as they are below.
> Right click Geometry, select Block

50 Bro B HDENE-: P fempDe
Home  Definitions  Geometry  Materials  Physics  Mesh  Study  Results  Developer
2= Variables ~ == [[& Import . — -
. [ 55 D
A r. <<> a fi<) Functions =2 b B U === = e
) - =
Application Compenent Add Parameters Build Add Bioheat  Add Build  Mesh Compute Transient 4
Builder 1- Component - - All Material =~ Transfer ~ Physics Mesh 1~ Study - 5
Application Model Definitions Geometry Materials Physics Mesh Study
Model Builder - ¥ Settings -
- | FEtEL =~ Block
4 & PTS_tempDepMatProps_CleanedUp.mph (root) ] Build Selected ~ [ Build All Objects B
4 () Global Definitions
Fi Parameters Label: Mucosa E
P independentParameters
P| geometryVariables v Object Type
Py bloodPropertle%. Type Solid -
2= 43CDepthConditions
dy 43CDepthStateVariables (statel) ~ Size and Shape
(Qb Default Model Inputs
= Materials Width:  domainWidth mm
“ t. Enrgp';:ne:ﬂ (comp ) Depth:  domainDepth mm
= mrons
2= TempBoundVariables Height: 06 mm
" JeStep (JeStep) i
I hStep (hStep) - LEEET
max Maxirnum 1 (maxop 1) Base: Corner .
I [E] Boundary System 1 (sys1) '
b [ View 1 x o mm
4 YA Geometry 1 v 0 EhF
z -0.6 mm
) cylProbe [oul) .
A
Form Unian (fin) T
4 5 Materials Axis type: z-axis -
4 222 Mucosa (ITISMucosa) (mat1)
I 5g8 Basic (def) ~ Rotation Angle
4 o2k Muscle (mat3)
[» 538 Basic (def] Rotation: 0 deg
4 }_ Electric Currents 4 {ec)
|* T8 Current Conservation 1 ~ Coordinate System
I> T Electric Insulation 1
b 3 Initiol Values 1 Workplans: | xy-plane =
> (mw MNormal Current Density 1
Layers
[+ (g Ground1 i
I (mw Electric Insulation 2 * Selections of Resulting Entities
5F Equation Vi
at quation View . . .
4 | Biohest Transfer (bht) [] Resulting objects selection
I & Biological Tissue 1 Show in physics:  Domain selection
I fam Initial Values 1
n-' . Color: MNone
[ s Thermal Insulation Surface
I s Convective Surface Cumulative selection
[ (mw Thermal Insulation Tissue .
b Convective Probe Contribute to: None - New:
-
2F Eaniatinn Wiews
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> Build the muscle layer with the dimensions below by right clicking Geometry and selecting Block
and defining the dimension and position as follows.

a [ Broc@rRDRNEAE- TS tempDen
Home  Definitions  Geometry  Materials  Physics  Mesh  Study  Results  Developer
2= Variables - & Import . s
P: u b3 . — D
I o — o]
A .i @ fi Functions = — "3 L 3 — A
Application Component Add Parameters Build Add Bicheat  Add Build  Mesh Compute Transient A
Builder 1= Component - - All Material =~ Transfer ~ Physics Mesh 1= Study - 5t
Application Model Definitions Geometry Materials Physics Mesh Study
Model Builder ¥ 4 Settings v
-+t | FEHE =~ Bloc
4 4 PTS_tempDepMatProps_CleanedUp.mph (root) ] Build Selected = [E8 Build All Objects 5
4 ([} Global Definitions
Py Parameters Label: Muscle ,%
Fi independentParameters .
Pi geometryVariables ¥ Object Type
f'i blnndPrnper‘tle;. . Trpe: Solid .
2= 43CDepthConditions
dg 43CDepthStateVariables (statel) ~ Size and Shape
44 Default Model Inputs
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> Build the probe geometry by right clicking Geometry then select Cylinder and inputting the size

and position as below.

CHEE (SRS E S - PTS_tempDey
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4, Assigning Material Properties

4.1. Assign Mucosal Material Properties

> Create a new material group by right clicking Material then selecting Blank Material then
naming the group.

» Input the required material properties as below. Note: these material properties were those
used in Carr et al 2021 but can change on a case-by-case basis

Property Variable Value Unit Property Group
Thermal Conductivity k_... 0.34 W/mK Basic
Electrical Conductivity sigma_... 0.584 S/m Basic
Density rho 1102 Kg/m?3 Basic
Heat Capacity Cp 3150 J/kgK Basic
Relative Permittivity epsilon... 826 1 Basic

® > o PTS._tempDepMatProps_CleanedUp.mph - CONE

dre5137772

ma [3Import —_ 5 >

L iy = "o "R o

Build Add Compute Tansient Add | 20 43Clsotherm Add Plot | Windows _Reset

All Material Study »  Study - Group ~ ~  Desktop~

Geomet Materiak Study Results Layout
Model Builder -+ Settings ~ % Graphi -
« I Material FEL-EER Gy B S-@-BY 268 @ EHNeBEB T O
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Geometric entitylevel: | Domain -

Selection:

Manual >
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I hstep (hstep)
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dary Systen 1 (5y51)

Override

Material Properties

~ Material Contents

cylProbe (1)
Form Union (fin)

z

s,

Progress| Log

B+~

Property group

Appearance

249GB| 285 GB

4.2. Assign Muscle Material Properties

> Assign the muscle material to the muscular layer using the same process and assign the material
properties below.

Note: In this we used a temperature dependent material property for the electrical conductivity.
This may increase the validity of your results but should be considered on a case-by-case basis.
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Property Variable Value Unit

Property Group
Heat Capacity k ... W/mK

Basic
Density sigma_... 0.584 S/m Basic

Density rho 1102 Kg/m3 Basic
Heat Capacity Cp 3150 J/kgK Basic
Relative Permittivity epsilon... 826 1

Basic

SINEOR > 9

Home. Dettons

TS _tempDepMatProps_CleanedUp.mph - CO| ol e —— Tx A
sh  Study Results  Developer ___________________________________________—_______|
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s [ mpot o = > "0
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NEHEE

.. AW/ (... | W/(mK)  Basic
.. [826 1 Basic
igma_sm_...|S/m B

i

Progress Log

Em-

Property group

Appearance

Start

24968285 GB

4.3. Define Temperature Dependent Material Properties

> Define the temperature dependent material. Under the Muscle material property right click
Basic then Functions then Piecewise and enter the material property functions as below.

U.S. Food & Drug Administration
10903 New Hampshire Avenue
Silver Spring, MD 20993
FDA.GQV

[RST24CV05.01] 17 of 33


http://www.fda.gov/
https://cdrh-rst.fda.gov/monopolar-rf-thermal-dispersion-model-vaginal-wall

FOA

ADMINISTRATION
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5.
5.1.

Assigning Boundary and Initial Conditions
Electrical Currents

» Assign a reference impedance of 50 Ohms within Electrical Currents and assign it to the entire
domain by selecting the volume in the Graphics window. The result should be as shown below

Home DefitorsGeomety Matoids. Physics Moh Sty e Developer

A @ P;
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4 5 Materials
4 i Mucosa (TisMucosa) (mat1)
4 53 Basic (def)
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b 5 Job Configurations
4 @ Results
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[ CutLine2D 1
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.
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Muscle Electrical_Cond (sigma_
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» Assure Current Conservation is assigned to the entire tissue volume (excluding the probe). This is
the default setting and should be ready without modification.

Home  Definitions ~ Geometry ~Materials Physics Mesh  Study Results  Developer
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A\ Muscle_Sigma_PW (sigme_smt 2 Bl
Muscle_Blectrical Cond (sigma_ 3 (not applicable)
27 Equation View
4 X Hlectric Currents (e
) 25 Current Conservation 1
1 S Electric Insulation 1
Initial Values 1 Override and Contribution
Norrnal Current Density 1
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» Assign the Initial Values to OV in the entire tissue domain (excluding the probe). The result
should be visualized as below.

e, - |
o Dt Geomay Wt Pryes Mah oty R Dovioper
. [ Import
L] ]
Bu < 20_43Clsotherm AddPlot  Windows
B Groupe -
Geomet Resuls Layo
- ® Settings ~ # Graphics ot
Initial Values qaaf-e@lLruzkn dr @ R ANE R
ag
Label: Iniial Vlues 1 =
o
~ Domain Selection
Selections A1l dornin:
=g ' w
. 2 &l
3 (not applicsble)
@
Override and Contribution
v Initial Values
Electric potentis
v v
z
o
progress  Log “x
N R
ient Study/Solution 1 (5ol 1) E 4
tudy/t e=05 (sol3)
1
& Cutline20 1
& Cutline302
IR
(SPrepot 477 2568128768

> Initiate and assign a Normal Current Density boundary condition to the probe-mucosal surface
interface. If the mouse is hovering over multiple planes use the scroll wheel to choose which of
the planes is selected.

» Use the JeStep(t[1/s]) step condition to assign the chosen current density (in Independent
Parameters) to the probe-mucosal surface interface for the duration of exposure time (t_e).
After t_e the current density set to 0. The visualization should appear as below.
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> Assign a Ground boundary condition to the sides and base of the two tissue layers. Assure that
the narrow side walls of the mucosal layer are selected.
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> Assign an Electrical Insulation boundary condition to the upper surface of the mucosal layer as

below.

SINFEEHR > SCELED

Home Defntons Geomety _ Mter

4 it Mucosa (TISMucosa) (matT)
4 53 Basic (def)
25 Equation View
4 532 Muscle (mat3)
4 53 Basic (def)

37 Equation View
4 X Blectric Currents (e0)
» 28 Curent Consenvtion 1
» % Electic Insulation 1
> B nitiel Velues 1
- G Normal Curent Density 1
> (aw Ground 1
b (mm Electic nsulation 2
54 Equation View
4/ Bioheat Transfer (bht)
» B Biological Tissue 1
b B Initial Values 1
» % Therml Insulation Surface
b (w Convective Surface.
b  Thermal Insulation Tissue
> (aw Convective Probe
54 Equation View
4, Multiphysics
4 Al Hectromagnetic Heating 1 (emh)
£¢ Equation View
4 A Mesh1
| Sie
Free Tetrahecral 1
4 % Transient Study
12 Step 1: Time Dependent
b [fry Solver Configurations
b ) Job Configurations
4 @ Results
4% Datasets
Transient Study/Solution 1 (s0l1)
Transient Study/t_e=05 (s0l3)
&) Cut Plane 1
[ Cutline201
&) Cutline302
b <L Views
£ Derived Values
b B b

/. Muscle_Sigma_PW (sigma_sm_t
Muscle Electrical_Cond (sigma_

ls  Physics Mesh Study Results  Developer

2= Variables - = Import

& p. 2
A - ! oo Functions - "

Application | Component __ Add Parameters Build dd
Builder 7 Component - i Al Material

Application Model Definitons Geometry Materials

Model Builder ~ %/ | Settings

- = o

Label:  Electric Insulation 2
~ Boundary Selection

Selection:  Manual

~ Override and Contribution

Overricden by:

Overrides:

Electric Insulation 1

Contributes with:

Equation

X

Electric

Physics

Add
Currents + Physics

Build  Mesh
Mesh
Mesh

PTS tempDepMatProps_CleancdUp.mph - CONGEENN
= % |
Compute Transient  Add 2D 43Clsotherm Add Plot  Windows _Reset
Study - Study - Group ~ Desktop -
Study Results Layout
- »
c R R SCATRLY (AR R4 R R
2
G}
z
Sl
Progress Log -x
EmE~ -

5.2.

Bioheat Transfer

> Assign the Bioheat Transfer module to the entire domain as below.
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> Assign the Biological Tissue condition to the tissue domain by right clicking Bioheat Transfer
then Specific Media then Biological Tissue

4 53 Basic (def)
3 Equation View
4 52 Muscle (mat3)
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> Assign a convective condition to the exposed upper surface of the mucosal layer by right clicking
Bioheat Transfer then Heat Flux then configuring as below. Exclude the probe tip, its boundary
condition requires a step change condition.
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» Assign a Thermal Insulation boundary condition to all tissue surfaces excluding the top surface
and probe interface by right clicking Bioheat Transfer then Thermal Insulation and assigning to
the proper surfaces.
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> Assign the convective heat transfer condition to the probe surface by right clicking Bioheat
Transfer then Heat Flux then assign the step condition defined in Section 2D as shown below.

This condition uses a step change to transition the convective heat transfer coefficient from 0 to
the same value assigned as the surrounding tissue. This simulates the removal of the probe from
the tissue exposing the tissue to the same convective condition as the surrounding tissue.

U.S. Food & Drug Administration [RST24CV05.01] 24 of 33
10903 New Hampshire Avenue

Silver Spring, MD 20993
FDA.GOV


http://www.fda.gov/
https://cdrh-rst.fda.gov/monopolar-rf-thermal-dispersion-model-vaginal-wall

plY U.S. FOOD & DRUG

ADMINISTRATION

Home  Definitions ~ Geometry ~ Materials Physics Mesh  Study Results Developer
2= Veriables - [ Import <
) P 2 A = ~® N
A @ | bt L B B A
Application | Component  Add Parameters Build Add  Biohest Add | Buld Mesh  Compute Tansient Add 2D 43Chotherm A
Builder 7= Component - - Al Material | Tansfer - Physics  Mesh 1+ Study - Study s
Application Model Defintions Geometry Materials Physics Mesh Study Results
Model B ¥ Settings v
=P £~ Heat Flux
4 = Defnitons
2= TempBoundVariables Label:  Convective Probe
- GeometryVarizbles
5 = Boundary Selecton
I hstep (hStep) Selection: | Manual =
wax Maximum 1 (maxop1)
b 5] Boundary System 1 (557) )
3
4 A\ Geometry 1
) yMucosa (bik3)
) cylsubmucosa (blk2)
b 52 Materials Override and Contribution
4 X Blectric Currents 4 (e)
Equation
b % Electric Insulation 1 ~ Material Type
25 IniialValues 1
b G Normal Current Density 1 Materialtype:
b G Ground 1 Nensolid e
b Electric nsulation 2
34 Equation View v Heat Flux
4 | Bicheat Tansfer (bht)
» 28 blogieal Tesue 1 eneral inward heat flux
b B2 il Values 1 ® Convective heat flux
b % Thermal Insulation Surface Go=h-(Tex-T)
b [ Convective Surface Heat transfer coefficient:
b Thermal Insulation Tissue
I s Convective Probe (szriEe M
31 Equation View Heat transfer coeficient
b & Mutiphysics B nStepGLs) Wi’
b A Mesh1
s Tt Sty Extemnal temperature
4 B Resuts T Userlefined B
13 Datasets
2031506
b L Views & «
£ Derived Values Bt ot progress  Log
b B Tables [
Py ch [
» [ 20_43Chsotherm D=7 lce R
b I TempContour
b ~8 Da3vsTime
Export
b [ Reports

dd Plot

Windows _Reset
Desidop -
Layout
vy
TO- G-
o
vr
116811368

6. Multiphysics Coupling

> Assure that the Multiphysics coupling, electromagnetic heating, is applied to the entire domain

as below.
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7.

Meshing

> Apply meshing to the entire domain. The density of the mesh dictates the special resolution of
the simulation. While testing the simulation setup, a coarse mesh can be useful. In the final
simulation from which results will be extracted, a finer mesh should be used. The user can see
the mesh statistics by right-clicking Mesh in the project tree and locating Statistics.
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Solving

» Assign the desired output times under Transient Study and Step 1: Time Dependent.

When initially setting up and testing the simulation an output animation is helpful for

debugging. A series of output times is required for setting up an output animation. In the case
below, 1000 outputs times evenly spaced over the entire simulation time were selected. To do
this input “range(0,(t_sim-0)/999,t_sim)”. If the user requires only a single output time or

animation over a portion of the simulation, this field can be modified as such.

» When the simulation setup is configured as desired click Compute. A progress bar will display in

the bottom right of the screen. If desired, display the progress window to monitor the
simulation while solving.
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9. Visualizing Results

In this section, a series of visualization options are provided. When the simulation is finished, the user
must set up the desired visualization techniques.

9.1. D43 vs Time

This visualization uses the conditional variables input during simulation setup to plot the approximate
depth of a 43C isotherm throughout the entire simulation.

> Make a 1D plot group by right clicking on Results then 1D Plot Group.

> Right click the new 1D Plot Group and select a Global Plot and assign the y-axis expression to
“MinDepth*1e3”. This corresponds to the depth of the 43C isotherm. The resultant plot should
appear as below. Note: the output of this plot depends heavily on the resolution of the mesh.
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9.2. Isothermal Line and Thermal Contour

» To visualize the thermal field within the geometry the user can use this visualization as a starting
point. Right click Results and select 2D Plot Group.

» Add a contour line indicating the depth of the outer bound of the vaginal wall (in this case
2.7mm) by right clicking 2D Plot Group then Contour and assigning the variables as below.
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> Next add a second contour using the same method as above and assign the Expression to T and
the Levels to 43 in unit degC. This one should be set to a high contrast color for visibility.
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> Finally set surface to show Temperature in degC by right clicking 2D Plot Group then Surface
then input the values as below. In this visualization we use the ThermalLight color table.
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e Animations

Animations can be helpful to understand the temporal progression of the 43C isotherm as well as the
temperature field throughout the domain. This section demonstrates making an animation of the
thermal contour visualization in the prior section.

> Right click Export and select Animation and configure as such
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10. Exporting Results

Any of the above visualizations can be exported by right clicking the plot group and selecting Add Image
to Export then under the Export level in the Model Builder then configuring and exporting to file.

10.1. Exporting a COMSOL Report

If the user wants explicit record of the simulation and setup, export a report in COMSOL.

> Right click Report, select the level of detail desired, click the Generate button with the settings
below or modified as desired.

Model

~ *| Graphics o0
aa@-@iL- BS-a@ad

te [E] Preview Selected [E] Preview Al # Write =

Time=29.309 s Contour: Temperature (degC) Contour: zcoordinate (mm) Surface: Temperature (degC)

Label: TemperatureReport S|

Template 8
~ Format -

&

Microsoft Word template: Default -
Start new page at section level:  Level 1 B

Enumerate sections to levek Level3

~ Images

Size: Medium

Tpe PNG

& Globaltheme

Color

9 L L L) e
&

~ Number Format

Format:  Default - v 36.7
] Right align numeric columns 10 0 10 20 30 40 50 mm

Progress Log -x
- -

2.21682.526B

10.2. Suggested Use of Results

This simulation technique provides a screening-level check of the depth of thermal dispersion of a
monopolar RF vaginal thermotherapy device. The results of the simulation may inform users as to what
input parameters may heat past the vaginal wall, unintentionally affecting nearby tissue structures. The
user may use this technique to iteratively adjust input parameters and check results against the model.
This analysis may be used to inform the range of parameters used in subsequent in vitro, animal, or
clinical studies of the device.
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11. Validation

The model has been validated comparting with results with literature studies by Franco et al (2009) and
Franco et al (2010). In the validation procedure, some parameters of the model were modified to match
the validation case. The dimensions of the model, the material properties assigned to the tissue layers,
and the input parameters were all modified to match the comparator. Some of the model details,
namely, boundary condition, initial conditions, computational mesh statistics, and implementation of
some input parameters, were not included in the comparator documentation. From this visual test, the
model output behaves similarly to the experimental results.

W. Franco, A. Kothare, S. J. Ronan, R. C. Grekin and T. H. McCalmont,
"Hyperthermic Injury to Adipocyte Cells by Selective Heating of Subcutaneous
Fat With a Novel Radiofrequency Device: Feasibility Studies," Lasers in Surgery
and Medicine, vol. 42, pp. 361-370, 2010.

W. Franco, A. Kothare and D. J. Goldberg, "Controlled Volumetric Heating of
Subcutaneous Adipose Tissue Using a Novel Radiofrequency Technology,"
Lasers in Surgery and Medicine, vol. 41, pp. 745-750, 2009.

Please note that, additional verification, validation, and uncertainty quantification (VVUQ) will be
needed depending on the model risk and how the model is used in combination other pre-clinical in
vitro or in vivo test methods. Additional details about VVUQ requirements and credibility assessment is
provided in the ASME V&YV 40-2018 standard.

COMSOL Inc. has performed numerous verification studies on various components of the software.
These verification studies have been documented: Verification and Validation Models Using COMSOL
Software.

Bioheat transfer validation study performed with COMSOL Multiphysics:

M. J. Rivera, J. A. Lopez Molina, M. Trujillo, V. Romero-Garcia and E. J. Berjano, "Analytical validation of
COMSOL Multiphysics for theoretical models of Radiofrequency ablation including the Hyperbolic
Bioheat transfer equation," 2010 Annual International Conference of the IEEE Engineering in Medicine
and Biology, 2010, pp. 3214-3217, doi: 10.1109/IEMBS.2010.5627405.

Step by step documentation of a similar RF exposure and bioheat transfer study performed in COMSOL
Multiphysics:

Amira S. Ashour, Yanhui Guo, Waleed S. Mohamed,

6 - COMSOL Multiphysics software for ablation system simulation,

Editor(s): Amira S. Ashour, Yanhui Guo, Waleed S. Mohamed,

Thermal Ablation Therapy, Academic Press, 2021, Pages 221-289, ISBN 9780128195444,
https://doi.org/10.1016/B978-0-12-819544-4.00007-1.
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