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PMOD Geometric Models and Simulation Tool (PGEM)

1 PMOD Geometric Models and Simulation Tool
(PGEM)

The PGEM tool supports various types of analyses and simulations based on anatomical data.
Particularly, the following tasks are supported:

DTI Tractography: Diffusion tensors resulting from the analysis of DWI MR data can be
imported and three-dimensional tracts generated. They may be visualized in 3D scenes, used
for statistics on the diffusion maps, and exported in vtk format for use in external programs.

4D Flow Visualization: MR sequences are able to measure the instantaneous flow vector in
vessels over time. In a similar analysis as in tractography, this information can be used for
generating streamlines which visualize flow direction and velocity.

Generation of Dynamic PET images: Based on an anatomical atlas and a time-activity curve
for each atlas structure, a synthetic dynamic PET image can be generated with a certain noise
level. Such data can be used for the evaluation of parametric mapping and segmentation
approaches.

Construction of Vessel Structures and Computational Fluid Dynamics (CFD) simulation:
In a first step vessel structures can be segmented from anatomical images and converted into
a geometric model. In a second step, flow through the vessel is simulated in an external CFD
software. The resulting flows can subsequently be retrieved and analyzed.

1.1 User Interface

Starting the PGEM Tool
The PGEM tool is started with the Anatomy button from the PMOD Toolbox:

[Ny soatomy

The user interface of PGEM consists of five pages which can be selected by tabs:

1.
2.

Load Images page: This page is only available when using PMOD databases.

VOIs & Tracking page: Main page for DTl and 4D Flow analysis, as well as the VOI definition
for the anatomical models.

Models page: Page for geometric model definition and calling CFD modeling.
Phantoms page: Page for using a geometric model for the generation of synthetic images.

3D page: Page for results are visualized with 3D rendering.

PMOD Geometric Models and Simulation (PGEM) (C) 1996-2019
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The main workflows share the pages. Color coding is therefore applied for highlighting the
elements belonging to a certain workflow: red for DTI, blue for 4D Flow, green for anatomical

model definition and CFD simulation.

Taskbar

The taskbar to the right of the application window provides shortcut buttons for frequent tasks.
Please note the tooltips when hovering over the buttons.

=3

Load images. The arrow below the loading
button allows changing the data format.
BT | e
[0 AUTODETECT
0 DICOM
¥ Database
0 RAW
[0 Query
[0 Generated
[0 Buffer
Load STL
Append STL

Load Tracts (VTK)
Append Tracts (VTK)

b

Clear all data.

Save results. A dialog window appears for
selecting the relevant parts and defining the
output format.
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Do you want to save Image results?
1. [DTI*Example] DTl Tensor
2. [DTI*Example] FA
3. [DTI*Example] MD
4. [DTi*Example] MASK BINARIZED at 20.0 [%]
X W
Qutput Format. [l Database a4|p -
DATABASE: = Pmod - 3
Patientname =
- Start DTI workflow by loading tensor images.
Start 4D Flow workflow by loading MR images
4oF with 4D flow information.
Start model construction workflow by loading
1L anatomical images.
Create a new anatomic model.
=
Open the VOIs panel on the VOIS & Tracking
o page.
Load VOIs from a file and add them to the
* current model
Open the manager of the remote OpenFOAM
E58 cases.
OpenFOAM SERVER Verification SUCCESSFUL:
Port = 5998 : Address = anatomy.pmod.com, [Secure =false, Compressed = false]
P LIST OF SERVER CASES [6]
No | status [= Created [ Name
6 v 2015.10.09 - 14:03:25.164 vm_f1_download_test
5 v 2015.10.09 - 14:00:25 066 vm_f1
4 v 2015.10.08 - 17.24:56.992 heart_ViM3
3 v 2015.10.08 - 16:57:44 411 heart_VM2
2 ¥ 2015.10.08 - 16:49:44.745 heart_Vi
1 v 2015.09.29 - 18:20:32.435 Bruker_pipe
& Refresh @ Logs lie, Residuals €3 Delete
[ ] Delete ‘ | ‘X g\nsa‘
Open the manager of the local OpenFOAM
B cases.
¥ Cregled ) Thome
AR TEREF A Vi _Dawniaed_ e
4 Refresh @ Laga £ Readuals €} Daete & Hoee
Allows viewing linked CFD case.
Rendering the selected model structures in 3D.
2
Aggregation of VOI statistics results for 4D
) Flow.
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PMOD Geometric Models and Simulation Tool (PGEM) 8

Hide the control area for more image space.
€ Activate again to show controls again.

Hidden Controls

In some places options are hidden to save screen space. This is indicated by a blue up-arrow as in
the example below.

@4+ ® mpo [He |« =——)

When the button is activated, the area expands, showing all the options. It can be collapsed again
with the green down-arrow.

Rename [Veins

€3 Delete
Operation |NONE | w + || =
‘ Property [HU w |0
@ 4 350 He |« =)

1.2 Configuration Settings

The PGEM tool can be configured according to user preference using the icon next to the
Anatomy menu button.

HE Set %
Fans | Displzr [ PGEM |

Slruclural model e

Paith | DJFmadd. resources/geemetric mods s/ BoGe @
CFD Wodeling
Processor 7 @
[P 10 Loe
Frocesssor path
18581 & sorver
Pon 5598 | |
EL
|| Bemure |[ﬂ3|ana!:m..p od CorT
M 8% NumGEr of Gonerent calculalon comes 1 (Have fo be smaller han nu i of svalanie cores)
Casepaih 0ol DUF medd. 1/dataanatontitases’ b
* Eackup path D.Fr u-.l."'Jut.‘.;l_n.;:um f‘.uui't-\;'u" B
EESIMA Echo and Manags Dpenr DAM cases
30 Backpround eolor
CTl. Biagk ~~ » ADFlow, Black ¥ » Modal, Black - B CFD. Black « L] Image. Black - LI 3
SIAM 0N CAGET VOIS & TRAGRING = ]
1 Ok !| Canret

The Structural models path defines, where the created models will be stored.

In the CFD Modeling section the OpenFOAM CFD server can be configured. Per default, PMOD
comes configured with an OpenFoam server hosted on a PMOD machine
(anatomy.pmod.com:5998). However, this open foam server should only be used for tests, and not
for productive data processing. We recommend users to set up their own server, which is easy to
do and free of charge. A description of the OpenFOAM installation on Ubuntu and the PMOD
configuration is available in the following section| 9.

The Case path (local) allows defining the directory where the CFD cases will be downloaded from
the OpenFOAM server. Similarly, a Backup path can be configured.

The 3D background color settings serve for predefining the background in the scenes created by
the different workflows.

PMOD Geometric Models and Simulation (PGEM) (C) 1996-2019 med
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1.3

The Start on page should be configured such that the most frequently used page is opened when
starting PGEM up.

OpenFoam CFD Server

OpenFoam Installation on Ubuntu
OpenFoam 5.0 installation for Ubuntu is described at: https://openfoam.org/download/5-0-ubuntu/

Installation steps for Ubuntu 16.04 and OpenFoam 5.0:

1.

Add OpenFoam repository

sudo add-apt-repository http://dl.openfoam.org/ubuntu

sudo sh -c "wget -O - http://dl.openfoam.org/gpg.key | apt-key add -"
Update package list

sudo apt-get update

Install OpenFoam and Paraview

sudo apt-get -y install openfoam5

Edit shell configuration, open .bashrc in editor

gedit ~/.bashrc

and add at the end of file:

source /opt/openfoam5/etc/bashrc

Pmod Configuration for OpenFoam

Once PMOD is properly installed, the OpenFoam CFD server can be easily configured performing
the following steps:

1.

Open the main configuration interface using the Config button available on the PMOD
Toolbox.

Select the DATABASE tab and Add new source as illustrated below:

- Fh patabase Adeministration Bt Database Reports @R aggregate Components [2 Create Horm

? ak i Cantel

Activate the Create Database button and configure the Path to OpenFoam:

PMOD Geometric Models and Simulation (PGEM) (C) 1996-2019 med
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B openFoam v 4 T Ecit dath tolrcaroma @ Add new data seren ¥ 3 Ramows datn Souecs

Vit Create Database

b Sl Undate & Optimze

e £ CHO DB

ing Patont A, My redult in repaated pacient records
- J Database Administration Hat Database Reports ER) agaregate Componants £ Create Horm

Note that path should point to OpenFoam main folder e.g. /opt/openfoamb/

4. Switch the radio button from Use Direct Connection to Use Transaction Server:

-4 T Eit data soucca nama @ Add new data sourco X Fomove data seurce

| oo Ecio TS

- e Database Adminlstration M Database Reparts BRJ Aggreqate Components ED Croate Horm

ok Cancal

5. Configure the properties of the transaction server. The Secure box is for enabling secure
communication. This mode should be used if the communication is not confined within the
institution. Otherwise it will slow down the communication speed unnecessarily.

6. An important property is the IP Port for the communication. It must be a unique number not
used by any other transaction server or other process. The default port is 5202 if no other
transaction server was configured during the PMOD installation.

7. Another important property is the IP address. It must contain the address of the host in which
the servers are running, so typically the system on which the configuration is performed. For
this system the IP address can be obtained by activating the Set Local Host button. Note that
entering "localhost" in the HOST area will NOT work!

8. Check the box Stand alone and activate the Save Starting Script button. A dialog window
appears which shows the contents of the created script. The example below shows the result
for Ubuntu system:

Do you want to save Transaction Server Starting Script to [-Stant) falder 7

~ you % o

9. Select Yes to save the starting script with the specified Name in the specified subdirectory of
the PMOD installation directory:

PMOD Geometric Models and Simulation (PGEM) (C) 1996-2019 med
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X Close

Note: Do NOT switch the radio button back to Use JDBC Connection. The transaction server
should run at all times so command window should remain open.

10. Save the PMOD configuration with the OK button and exit PMOD.

11. Start the Pmod Transaction Server by double-clicking the script file. Please note that
Transaction Server doesn’t need a WIBU Key to run, it can be unplugged.

Pmod configuration for OpenFoam (client side)

Start the PGEM local configuration to configure the OpenFoam PMOD client. The steps for an
appropriate configuration are as follows:

1. In the CFD Modeling section enable the Server radio button. Define the server by the host

name or IP address and set the Port number used in the openFoam transaction server
configuration as indicated below:

IME, Set *

[ Paths | Display | PGEM

Structural models

Path D:/Pmodd4. 1iresources/geometric_models/ LI VR
CFD Madeling
Processor: 7 @
[ B 1 O Local
Processsor path
58] ® Server
Fort 5998
[ secure anatomy.pmod.com
I ax number of concurrent calculation cores 1 (Have to be smaller than number of available cores)
Case path (local) D:J/Pmod4.1/data/anatomy/cases/ | T
* Backup path D/Pmod4.1/data/anatomy/cases/bckp/ L)

menHH Echo and Manage OpenFOAM cases

3D background color

DTl: Black = 13 4DFlow: Black = F Model: Black = F CFD: Black = 13 Image: Black = 13

@

Start on page: VOIS & TRACKING = B

! | Ok ” Cancel |

2. Set the number of cores on the server to be used when solving CFD cases with the
OpenFoam:

PMOD Geometric Models and Simulation (PGEM) (C) 1996-2019 med
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T Set
[ Paths | Display | PGEM
Structural models
Path |D:/Pmod4.1/resources/geometric_models/ LI TR
CFD Modeling
Processor: ? ®
[ B ] O Local
Processsor path
[E358)] ® Server
Port 5998 ] 1 I Set Local Host
[ secure anatomy.pmod.com
Max number of concurrent calculation cores(Have to be smaller than number of available cores)
Case path (local) |D:/Pmod4.1/datalanatomy/cases! | T
¥ Backup path DiPmodd4. 1/data/anatomyicases/bckpl LT
e Echo and Manage OpenFOAM cases
3D background color
DTI: Black w 4 4DFlow: Black = F Model: Black F CFD: Black + 4 Image: Black |
Start on page: VOIS &TRACKING = 3
4 | Ok || Cancel
3. Define the local path (client side) to the cases folder:
T, Set
[ Paths | Display | PGEM |
Structural models
Path |D:/Pmod4.1/resources/geometric_models/ LI R

CFD Modeling

@

Processor: ?

[ ] O Local
Processsor path
[E358)] ® Server
Port 5998 ]

[] secure anatomy.pmaod.com

Max number of concurrent calculation cores |3

(Have to be smaller than number of available cores)

Case path (local) |D:/Pmod4.1/data/anatomy/cases! B G
¥ Backup path Di/Pmodd4. 1/data/anatomyicasesibckpl P
wEn Echo and Manage OpenFOAM cases
3D background color
DTI: Black + 4 4DFlow: Black = 4 Model: Black + 4 CFD: Black = 4 Image: Black + |
Start on page: VOIS &TRACKING = 3
! | Ok ” Cancel |

Note that cases downloaded from the server will be stored on the location specified on the

Case path (local).

4. Finally, activate the Echo and Manage OpenFOAM cases button to verify the configuration:

PMOD Geometric Models and Simulation (PGEM) (C) 1996-2019
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s Set

[ Paths | Display | PGEM

Structural models

Path |D:/Pmod4.1/resources/geometric_models/

CFD Modeling

@

Processor: ?

[ b ] O Local
Processsor path

|E6B] ® Semver

Port 5998
[] secure

anatomy.pmod.com

Case path (local) D:/Pmod4.1/data/anatomyicases!

= Backup path DJ/Pmod4. 1/data/anatomyicasesibckp!

& Echo and Manage OpenFOAM cases

3D background color

DTI: Black + 4 4DFlow: Black = P Model: Black = P CFD: Black ~ 4

Start on page: VOIS & TRACKING = 3

Image: Black

Max number of concurrent calculation cores 3 (Have to be smaller than number of available cores)

-

@

@

‘ ox ||

Cancel

1.4 Additional Documentation

The PGEM tool is based on a range of functionalities from the PMOD environment which are not

explained in this documentation. Please refer to the

= PMOD Base Functionality Guide for information related to data loading, image viewing,

volume-of-interest (VOI) definition and the
=  PMOD 3D Rendering Tool Users Guide for rendering-related information.

PMOD Geometric Models and Simulation (PGEM) (C) 1996-2019
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2

DTI Tractography

This chapter describes the workflow for loading diffusion tensor data and performing tractography.

2.1 Workflow Organization
The DTI workflow starts on the VOIs & Tracking page, which has 4 sub-pages. As illustrated
below, the sub-pages can be switched with the selection in the upper right or the adjacent arrows.
IMAGE - 3 | E:'
¥ IMAGE
& |1 1 [ J=———— 1 TRACKING
B reau - (ST, =
For DTI, only IMAGE, VOIs and TRACKING are relevant. Therefore, FLOW XYZ is disabled as
soon as the DTI tensor images have been loaded.
On each page, the user has to perform an operation or configuration, and then activate the red
action button in the lower right for proceeding. Correspondingly, an operation is performed and the
result shown an the next page. After leaving the TRACKING page, the resulting fiber tracks are
visualized on the 3D page.
In order to test a different tracking configuration, the user has to return to a prior stage by selecting
the VOIs & Tracking page again, choosing the appropriate sub-page, and then proceeding from
there as with the initial workflow by the red action buttons.
2.2 Loading the Diffusion Tensor Images
Most conveniently, the diffusion tensor images are loaded using the - button in the taskbar to
the right. As an alternative, the Tensor radio button can be set on the IMAGE page and the
images loaded with the button indicated below.
- @ Tensor ) LUT
G © weighted
4D Flow | ' Magnitude () Velocity
Model ' Images (Source A)
Load g& Database -
As a result of this loading, the workflow type is defined as "DTI tractography" and the internal
program switches are configured accordingly. Particularly, the action button in the lower right is set
to red color and indicates that the next step continues on the VOIs sub-page.
PMOD Geometric Models and Simulation (PGEM) (C) 1996-2019
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Please activate BEEMBIS| to proceed.

2.3 Defining VOIs for Seeding and Imposing Restrictions

When arriving at the VOIs sub-page a fusion image is shown to the left which is composed of the
Tensor image and the FA (Fractional Anisotropy) map. Note the two panels A and B in the upper
right which correspond to these images, and the slider for mixing the respective contributions in the
fusion image.
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In the lower right, the A and B images can be redefined. The mean diffusivity (MD), the DTI tensor
as well as a masked version of the FA image are available for selection.

@ A Tensor - B
®c FA —_— = b
¥l FA
MD
& ANGIO MASK at 20.0 [%]
DTl Tensor

VOI Definition
In PGEM, tractography is based on VOIs which can play different roles:

= SEED VOIs: Tractography is started from the pixels in seed VOlIs, following the local vector
directions.

= END VOils: Only tracks ending in this VOI will be used. To avoid excessive pruning of tracks,
an END VOI should have sufficient volume.

= WAY VOIs: Only tracks passing through the WAY VOI will be used.
= EXCLUDE VOls: Tracks passing through an EXCLUDE VOI will be removed.

= NEUTRAL VOls: Such VOIs have no impact on tractography. Setting VOIs to NEUTRAL
allows assessing the effect of END, WAY and EXCLUDE VOls without the need of removing
them.

= TARGET: Is representing a VOI the track should end with.

VOlIs can be created with the usual PMOD VOI tools. When creating a new VOI, a dialog window
pops up which requires defining the appropriate Tracking property. Later on, this property can be
changed using the VOI properties functionality as illustrated below.
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| % New VOl |>< x| B | F& VOl properties e
il

Contours

[o] Static/ Dynamicvol [ P&
Filled/ Tape vol [ @ [1
Full/ Sector VOl [ &)

Organ volume Mari [coem]
Organ mass [NaN [a]
Tracking: SEED P

YOIl name |1 4 List

Set plus/minus contours: + = ¥ SEED
Lockfunlock VOI: F I END
0 WAY
Bspline: Ju 4% | 0 EXCLUDE
[0 MEUTRAL
# New Contour | oK = - || I TARGET :l

In the following sections two VOIs will be used: a SEED VOI in the left corpus callosum created
using the paint tool, and an elliptic VOI which will be used as a WAY VOI. The illustration below
shows the VOlIs on top of the FA image.

Load Images | © VOIs & Tracking rModeIs |'-_.>'-'i‘.;;|‘.:-.‘.i'-'s': "3p |
= ~ @ v oh v &
» 5 VOIs
—1 | [ N P|T [ Name |‘..}.|
Z S Lemcc [ ol D |
— || - Z W Elipse .
ofo

After the VOIs have been defined, please proceed with the Tracking button in the lower right.

@A Tensor - 3
@B FA - »
| ] Vorticity & Helicity ® QC

Note the check box Vorticity&Helicity. If it is checked, PGEM calculates parametric maps called
Vorticity Amplitude and Absolute Helicity, respectively. Vorticity is a measure of rotation,
whereas helicity relates to the knottedness in fluids.

Tensor Inspection

The loaded tensor data can be inspected with the QC button. It shows a window with the projection
of the principal diffusion direction vectors together with a color-coded direction image. Red
indicates diffusion along the x-axis (left-right), green diffusion along the y-axis (posterior-anterior),
and blue diffusion along the z-axis (inferior-superior).
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2.4

ME Tensor directions [ Frame 1]

=RGB secondary capture=

Convert to Monochrome
[ ]

=/ - IS -

# o= 0 ™ 5H O

Vector directions

Scale [1.0 == »
Distance 2 4 Q: b

color + H

[T W #® 4320 b W W & 1.0 & [ | X Close

Calculating the Fiber Tracks

When arriving at the TRACKING page, the image area shows the FA image (A), which highlights
areas of high diffusion anisotropy. However, a second image (B) is available for fusion. To see
both images, the fusion slider has to be shifted to the right.

In the example below, the FA image is combined with the MD image, which highlights the CSF
space. Also shown in the overlay are the VOls.
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Tracking Configuration

The area in the lower right serves for defining the tracking algorithm and its parameters. DTI fiber
Tracking algorithms can be divided into DETERMINISTIC and probabilistic methods. PMOD
supports the following probabilistic fiber tracking methods: PICO for DTI with pregenerated LUT
tables (from the PXMOD module) and Bayesian tracking (on simplified tensors, ball and stick
model) directly on DWI images.

The DETERMINISTIC method initiates fiber trajectories from user-defined voxels. For example, in
the fiber assignment by continuous tracking algorithm (FACT) the fiber trajectories, also known as
“streamlines”, follow the primary eigenvector from voxel to voxel in 3 dimensions. When the fiber
trajectory reaches the edge of the voxel, the direction of the trajectory is changed to match the
primary eigenvector of the next voxel. Constraints on the maximum turning angle of the streamline
between voxels and on the minimum FA within a voxel for propagation of the streamline can be
applied to contain the fiber tracks to regions of the brain where the diffusion tensor model
realistically represents the white matter pathways[4].

The deterministic streamline fiber tracking is influenced by the noise, subject movement, and
distortion from imaging artifacts which produce uncertainty in the orientation of the diffusion
ellipsoid[4].

The probabilistic fiber tracking methods compensate the drawback incorporating the expected
uncertainty into the tracking algorithm and can be used to produce a connectivity metric for each
voxel. Probabilistic fiber tracking techniques tend to disperse trajectories more than deterministic
methods and have the potential to delineate a greater portion of a white matter tract. However, the
accuracy of these probabilistic methods is still limited by the information contained in the diffusion
tensor and the method of constructing the probability density function[4].

For each tracking algorithm three methods are supported and can be selected in the Method list:

1. FACT: Similar to the FACT algorithm proposed by Mori et al [1], this method follows the local
fiber orientation in each voxel. No interpolation is used.

2. EULER: Tracking proceeds using a fixed step size along the local fiber orientation [2]. With
nearest-neighbor interpolation, this method may be very similar to FACT, except that the step
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size is fixed, whereas FACT steps extend to the boundary of the next voxel (distance variable
depending on the entry and exit points to the voxel).

3. 4t order Runge-Kutta method [2]. The step size is fixed, however the eventual direction of
the step is determined by taking and averaging a series of partial steps. Interpolation
determines how the fiber direction is determined at a given point in space.

The Interpolation setting is not relevant for FACT. For EULER and 4" Runge-Kutta the choices
are:

1. NN: Nearest-neighbor interpolation using the local voxel data directly.

2. NC: Probabilistic nearest-neighbor interpolation, similar to the method proposed by Behrens et
al [3]. The data is not interpolated, but at each point one of the 8 voxels neighbors is randomly
chosen. The probability of choosing a particular voxel is based on how close the point is to the
center of that voxel.

3. TRILINEAR: Linear interpolation of the vector components using the 8 neighbors.

Further parameters and options determine how tracking proceeds and when it ends:

Anisotropy Track ends if the fractional anisotropy (which is in the range
[0,1]) drops below this threshold.

Step size Distance between points on the track. Not used for FACT as it
does not apply interpolation.

Min length If checked, tracks shorter than the minimal length specified are
discarded.
Max curvature If checked, tracks are terminated in case the curvature

exceeds the specified angle within the length specified. If
length = 0.0, the curvature is checked at each step.

Exclusion VOI Defines the behavior, when a track enters an EXCLUDE VOI:
DISCARD the whole track, or CLIP it at the entry point.

Colour by The track lines can be functionally colored as follows:

SEED: Using the color of the SEED VOlI.

END VOI: Using the color of the END VOI.

DIRECTION: Each segment of the track has a color combined
from its direction cosines values: Red, Green, and Blue from
direction cosines x, y and z respectively.

ANISOTROPY MAP: Using the FA value along the track for
coloring.

After configuring tracking, please proceed with the Fiber Tracking (3D) button. The tracks are
calculated and visualized on the 3D page.

Track Masking

An additional means for restricting the generated tracks is by checking the Mask fibers box and
defining a mask. The elements in

[v] Mask fibers (20 mel & O @ v

have the following functionality:

& Generate a mask from the FA image by applying the specified
threshold and include it in the image list for viewing.

@B FA - B

=Ry

¥ FA
Mask fibers (20 [
- [0 MASK BINARIZED at 20.0 [%]

Mathnd  FACT

PMOD Geometric Models and Simulation (PGEM) (C) 1996-2019 Dmod



DTI Tractography 21

O Open the current mask in the VOI editor and convert it into a VOI.
The VOI can be edited, and the mask finally updated from the VOI.

= v Select an external mask file.
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2.5 Visualizing the Fiber Tracks in 3D

The 3D page initially shows the tracks together with the VOls.

| Load Images B MOls & Tracking Modsle | Phastoms o
apart Wherw

= Boene
[ hale
& Eurmaes Lignt
oL Warienrs
4 Planez
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L
T WDiE
O Lence
D Blipse TWAYPDNTI
[ Track
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aR VR | X Remove W Remore 81 (3

| Scene | Feld3D | Wi | cul

Note the elements in the Scene tree in the upper right. An objects can be selected in the tree its
appearance changed in the lower part. Please refer to the PMOD 3D Tool Users Guide for details
about the rendering.

As an example, FA image planes can be added by clicking at Planes in the tree, activating the
Orthogonal button for the Add planes, opening the planes locator and finally selecting the FA
image.
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Examples with Different VOI Settings

The two VOlIs described above will be used for illustrating the effect of various settings on the
resulting tracks. The left corpus callosum VOI used for seeding, and the tracking algorithm is
configured by the setting below.

Method: FACT = 7

Interpolation:

Step size [mm]
Anisotropy 0.1 [1M1]
Min length [mm]
v| Curvature G0 [deq] 0.0 [mm]
Exclusion VYOI entry.  DISCARD * 4
Colour by: DIRECTION * 4 P

The following results are obtained when changing the role of the ellipse VOI.
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Ellipse:
NEUTRAL VOI
AR

The scene shows all tracks found with the current algorithm from the seeding
VOI.

Ellipse: WAY VOI
By enforcing tracks to pass through the ellipse, the number of resulting tracks
is decreased.

Ellipse: END VOI
Enforcing tracks to end within the ellipse VOI results in an empty scene, as
none of the tracks fulfills this restriction.
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Ellipse:
EXCLUDE VOI
with CLIP setting

Using the ellipse VOI for clipping results in all tracks being shown but clipped
at the level of the ellipse.

Ellipse:

EXCLUDE VOI
with  DISCARD
setting

When discarding all tracks passing the ellipse only few tracks remain in the
scene.

2.6 DTIReport

The m button on the 3D page composes a report as illustrated below:
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& Report *

Values

! YO Trps AW FA M) | AV WORTICITY [is] | AWE HELICTTY jomis* 2] AVE CURVATURE [deq] ‘ WA TRA D LEMGTH [mm) ]
BEED 0674 2357 01 . 978

SEED 055 556 0131 29219

WWAY enz am

WEUTRAL 0.543 250

NEUTRAL 0,562 1.742 0.09E

& Print report | B save resuits | Bz Copy 1o Ciipsoard | X Close

The report is organized on a single page: Values.

The report lists on the upper part the statistics of all defined VOls in table format. For each VOI the
Type is shown. The following statistics measures are displayed:

= AVG FA[1/1]: is the fractional anisotropy and is representing a summary measure of
microstructural integrity. The FA is highly sensitive to microstructural changes, but it is less
specific to the type of change [2].

It is calculated for each VOI type. The table displays the maximum of all the VOI averages.

= AVG. CURVATURE][deg]: The DTI tracks allows visualizing the lines along which there is
oxygen diffusion. Curvature is a measure of curvilinearity of neural connections.

It is calculated only for the NEUTRAL VOI type in respect to each SEED VOI available on the
VOls list.

The value shown in the table for each neutral VOI is representing the value of the normalized
curvature of the set of tracks. The normalized curvature is calculated as the sum of the angles
values between consecutive track's parts, divided by the number of angles.

= AVG. TRACK LENGTH[mm]: is representing the average length of the tracks which pass
through a SEED VOI. This parameter is calculated for each SEED VOI available in the VOlIs
list.

Note: Helicity and vorticity parameters are estimated in the DTI workflow when the check box
Vorticity&Helicity is enabled in the VOI definition step. The AVG. HELICITY and AVG.
VORTICITY shown in the table are representing the average values estimated in each VOI
available in the VOIs list.

The lower part of the report window shows a capture of the current 3D scene.

As usually, the report can be printed or captured in various formats via Print report. Save results
serves for saving the numeric values, which can also be exported via Copy to Clipboard.
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2.7

2.8

PMOD Geometric Models and Simulation (PGEM)

Evaluating Diffusion Images along Tracks

It may be of interest to evaluate diffusion parametric maps such as FA and MD images along the
tracks. The solution offered by PGEM is to convert the fibers into VOlIs, which can externally be
used for statistics.

Please activate the Streamline VOIs button on the 3D page to convert the tracks into VOI outlines
and open them in a VOI editor window.
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Here they can be modified using the standard PMOD VOl tools, and saved for later usage.

Saving the Tracks

The generated tracks can be saved in vtk format for use in the standalone 3D tool, or for use with
a third-party program. Please make sure that the 3D page is selected, as the saving functionality
is page-specific. Then select the saving button in the taskbar to save the tracks.

u

\

=]
ol

Correspondingly, already existing vtk tracks can be loaded or appended as illustrated below.
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Zal

[0 AUTODETECT
[0 DICOM

¥ Database

0 RAW

[0 Query

[0 Generated

[T Buffer

Load STL
Append STL

Load Tracts (VTK)
Append Tracts (WVTK)

2.9 Protocol File
|

The configuration of the DTI analysis can be saved with the Save Protocol button in the status

line. The adjacent Load Protocol button allows retrieving the configuration and repeating the
analysis.
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3.1

3.2

4D Flow

The PGEM allows loading and analyzing data generated by 4D Flow MRI acquisitions. The
workflow is very similar to the one described for DTI Tractographyl 14, and the applied tracking
methods are exactly the same.

In 4D Flow analysis, the flow velocity vector takes the role of the principal tensor eigenvector in the
DTI analysis. The result of the analysis are "streamlines", comparable to the fiber tracks of DTI
tractography. Streamlines connect the velocity vectors at a given acquisition time, and give a
general impression of the flow pattern at that time. As 4D Flow measurements acquire the velocity
vectors at multiple times, e.g. at different phases of a heartbeat, streamlines can be calculated at
every acquisition time. As a result, the change of the flow pattern over time can conveniently be
visualized as a movie.

An alternative analysis is the flow tracking along time, connecting the velocity vectors of
successive acquisition and thereby mimicking the trajectory a particle might trace during the
acquisition. The result of such an analysis are called "pathlines". As of now, PGEM doesn't support
the generation of pathlines, only streamlines.

Workflow Organization

The 4D Flow workflow starts on the VOIs & Tracking page, which has 4 sub-pages. As illustrated
below, the sub-pages can be switched with the selection in the upper right or the adjacent arrows.

IMAGE | - ] |

¥ IMAGE

0 FLOW XYZ
0 WOIs

0 TRACKING

On each page, the user has to perform an operation or configuration, and then activate the blue
action button in the lower right for proceeding. Correspondingly, an operation is performed and the
result shown an the next page. After leaving the TRACKING page, the resulting streamlines are
visualized on the 3D page.

In order to test a different tracking configuration, the user has to return to a prior stage by selecting
the VOIs & Tracking page again, choosing the appropriate sub-page, and then proceeding from
there as with the initial workflow by the blue action buttons.

Loading the 4D Flow Images

The 4D Flow analysis requires two data sets, "Magnitude" and a "Flow velocity", which are
generated by MR reconstruction. The magnitude image shows anatomical detail and has arbitrary
scaling, whereas the flow velocity image is a 3D vector field of the flow vector in real-world units.

Most conveniently, the 4D Flow images are loaded using the o button in the taskbar to the right.
Note that the flow magnitude and the flow vectors can be selected and loaded at once. PGEM
figures out the roles of the two data sets based on their dimension. In the example below flow has
been recorded at 19 different times during the heartbeat. The flow magnitude data set MAG
therefore has a value of 19 in the nv column. The flow velocity in each point is a three-dimensional
vector and therefore the FLOW data set requires three times as many volumes, namely 57.
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Selected for loading [2] Components Administration

SubjectName | Study date | Time | study de.. | Series description | Modified | Lastuse | Mod | nz v | na | nx P
PGEM2 2013.11.28 16:5 ... HEART MAG 2018-10-25 11... 2019-10-29 16.... MR 20 19 1 120 Zﬂ'
PGEM2 2013.11.28 16:52:27... HEART FLOW 2018-10-25 11... 2018-10-25 11:.. MR 20 57 1 120
4 i | »

@ Open @€ with Operations () el Export a ® Remove all [#] Remove afterloading [ = € &

As an alternative, the 4D Flow radio button can be set to Magnitude and the data loaded with the
indicated button. Again, both the magnitude and velocity can be loaded at once, if the velocity
vector information is in a single file.

oTl Tensor

40 Flow = Magnitude Velocity

Maodel Images (Source A)

Fusion Images (Source B)
= Database -

b Flow XYZ

In case each flow vector component is stored in a separate file, loading works differently. First load
the magnitude image with the radio button Magnitude, then the three direction components radio
button Velocity [3] as illustrated below. Note that the three series have to be selected and brought
into the correct order (x, y, z) before loading them.

In one file [1]
DTl Tensor ¥ In 3 (xy,z) files [3]
4D Flow Magnitude ® Velocity [3]

As a result of this loading, the workflow type is defined as "4D Flow" and the internal program
switches are configured accordingly. Particularly, the action button in the lower right is set to blue
color and indicates that the next step continues on the FLOW XYZ sub-page.

Loadimagss | O WOIs&Tracking | Modsis | T "0

o
E? GCray - e

0 £ 400045

B (_: Tenso
A = Wognituda [ Yelogty
MEdsl - image

Fusion . 2 images (Sowrce B

& Datsbase -

HHU4T2 e BN B0 . 4 ® B Flaw XYz

Please activate (B FOWHYZ to proceed.
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3.3 Entering the Maximal Flow Value

The loaded images are shown on the FLOW XYZ page in a fusion arrangement. Note the fusion
slider for mixing the contributions of the MAG and the FLOW images. The X, Y and Z radio buttons
define, which velocity component of FLOW is displayed.

[“Loagimages | © OIR& frachmg | Medss | T "3

AAAT PN BRG] . o® LA

The VENC parameter values are required for converting the FLOW image values into real-word
flow velocities. If they are not encoded in the loaded DICOM file, they have to be edited manually.

Please proceed with the VOIs button to the next page.

3.4 Defining VOIs for Seeding and Imposing Restrictions

When arriving at the VOIs sub-page a fusion image is shown to the left which is composed of the
Mag and the FLOW MASK (Angio) images. Note the two panels A and B in the upper right which
correspond to those images, and the slider for mixing the respective contributions in the fusion
image.
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In the lower right, the A and B images can be redefined.

@ A

@B

Load Fusion (B). @ Database -
Mag - P
ANGIO STATIC —_—n v

X VELOCITY (cris)
Y VELOCITY (cris)

D e Z VELOCITY (cmis)
VELOCITY AMPLITUDE (cris)
Ol loaded ¥ ANGIO STATIC

Energy loss |v| Vorticity & Helici

ANGIO MULTIFRAME |
ANGIO MASK at 20.0 [%]
MAG

INP: FLOW

The choices are

the flow VELOCITY components in the different directions X, Y, Z,
the VELOCITY AMPLITUDE (length of velocity vector).

an image ANGIO STATIC resembling an angiographic image (calculated by summing
SQRT(VELOCITY* MAGNITUDE) over time),

an image ANGIO MULTIFRAME

a masked version of ANGIO STATIC at the 20% threshold level,
the MAG

the INP:FLOW

VOI Definition
The calculation of streamlines is based on VOlIs which can play different roles:

SEED VOls: Streamlines tracking is started from the pixels in seed VOlIs, following the local
velocity vector directions.
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= END VOlIs: Only streamlines ending in this VOI will be used. To avoid excessive pruning of
streamlines, an END VOI should have sufficient volume.

=  WAY VOIs: Only streamlines passing through the WAY VOI will be used.
= EXCLUDE VOls: streamlines passing through an EXCLUDE VOI will be removed.

= NEUTRAL VOIs: Such VOIs have no impact on streamlines tracking. Setting VOls to
NEUTRAL allows assessing the effect of END, WAY and EXCLUDE VOlIs without the need of
removing them.

= TARGET: Is representing a VOI the track should end with.

VOls can be created with the usual PMOD VOI tools. When creating a new VOI, a dialog window
pops up which requires defining the appropriate Tracking property. Later on, this property can be
changed using the VOI properties functionality as illustrated below.

| % New VOl |>< x| B | F& VOl properties e

e T

Contours YOIl name |1 4 List

[o] Static/ Dynamic Vol [ P&
Filled/ Tape Vol [(J @ [1
Full I Sector VOl [€) &)

Organ volume Mal [coem]
Organ mass Mahl [al
Tracking: SEED P

Set plus/minus contours: + = ¥ SEED
Lockfunlock VOI: F I END
[0 WAY
Bspline: Ju 4% | 0 EXCLUDE
[0 MEUTRAL
% New Contour | o = : ” I TARGET :l

Note the check boxes Energy loss and Vorticity&Helicity. If they are checked, PGEM calculates
energy loss map and Vorticity Amplitude and Absolute Helicity parametric maps, respectively.
Vorticity is a measure of rotation, whereas helicity relates to the knottedness in fluids, and they can
be used for assessing the degree of flow non-laminarity.

Vector Inspection

The loaded velocity vectors can be inspected with the QC button. It shows a window with the
projection of the flow direction vectors together with a color-coded direction image. Red indicates
diffusion along the x-axis (left-right), green diffusion along the y-axis (posterior-anterior), and blue
diffusion along the z-axis (inferior-superior).

Note that the time frame has to be selected before starting Vector QC, as the velocity vector field is
four-dimensional.
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Please proceed with the _ button in the lower right.

3.5

Calculating the Streamlines/Pathlines

When arriving at the TRACKING page, the image area shows a fusion of the Angio image (A) and
the masked Angio image for highlighting areas with high flow. Also shown in the overlay are the

VOls.
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Tracking Configuration

The area in the lower right serves for defining the tracking algorithm and its parameters. Two types
of tracking options are available for selection:

1. STREAMLINE: is a curve that is instantaneously tangent to the velocity vector of the flow. It
shows the direction in which a massless fluid element will travel at any time point.

2. PATHLINE: is a trajectory that an individual fluid particle follows. It can be thought of as
recording the path of a fluid element over a certain period. The direction the path takes will be
determine by the streamlines of the fluid at each moment in time.

Two algorithms are supported for any of the tracking option and can be selected in the Method list:

1. EULER: Tracking proceeds using a fixed step size along the local fiber orientation [2]. With
nearest-neighbor interpolation, this method may be very similar to FACT, except that the step
size is fixed, whereas FACT steps extend to the boundary of the next voxel (distance variable
depending on the entry and exit points to the voxel).

2. 4% order Runge-Kutta method [2]. The step size is fixed, however the eventual direction of
the step is determined by taking and averaging a series of partial steps. Interpolation
determines how the fiber direction is determined at a given point in space.

The Interpolation setting is not relevant for FACT. For EULER and RK4 the choices are
1. NN: Nearest-neighbor interpolation using the local voxel data directly.

2. NC: Probabilistic nearest-neighbor interpolation, similar to the method proposed by Behrens et
al [3]. The data is not interpolated, but at each point one of the 8 voxels neighbors is randomly
chosen. The probability of choosing a particular voxel is based on how close the point is to the
center of that voxel.

3. TRILINEAR: Linear interpolation of the vector components using the 8 neighbors.

Further parameters and options determine how tracking proceeds and when it ends:
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Step size Distance between points on the streamlines. Not used for FACT as
it does not apply interpolation.

Min velocity Track ends if the velocity amplitude drops below this threshold.

Min length If checked, streamlines/pathlines shorter than the minimal length
specified are discarded.

Max curvature If checked, streamlines/pathlines are terminated in case the
curvature exceeds the specified angle within the length specified. If
length = 0.0, the curvature is checked at each step.

Colour by The streamlines can be functionally colored as follows:

SEED: Using the color of the SEED VOI.

END VOI: Using the color of the END VOI.

DIRECTION: Each segment of the track has a color combined from
its direction cosines values: Red, Green, and Blue from direction
cosines X, y and z respectively.

VELOCITY: Using the velocity amplitude value along the track for
coloring.

Last VOI: using the color of the last VOls in the list.

Frames Tracking is relatively time-consuming. With the box enabled it can

optionally be restricted to a certain section of the acquisition.
[¥] Frames 5 2 (Em ]

Masking

An additional means for restricting the generated streamlines/pathlines is by checking the Mask
box and defining a mask. The elements in

[v] Mask 20 [%] |§| = v

have the following functionality:

& Generate a mask from the ANGIO STATIC image by applying the
specified threshold and include it in the image list B for viewing.

o Open the current mask in the VOI editor and convert it into a VOI.
The VOI can be edited, and the mask finally updated from the VOI.

= v Select an external mask file.

Note: Please first perform tracking without masking, and only afterward gradually increase
masking, if necessary.

After configuring all tracking parameters, please proceed with the blue action button. Based on the
selected Tracking option, the streamlines or the pathlines are calculated and visualized on the 3D

page.
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3.6 Visualizing the Streamlines/Pathlines in 3D

The 3D page initially shows the streamlines together with the VOls.

Lozdinianos | VOl & Tracking | Models | Phanicms | 3D

[ Imput Wiew !

¥ Sc=ne

T Nels

v Surf

7-‘—- = B
O Planes
@ 18 _JdD Flow 008 [TM-UMIDOFFYTZRZZ] HEART
8 128 4D Flow 00B [TW-UMIOFFYTZIRZEZ] HEART)
$- " VOIs
o

p b Breamines f
‘i‘(, 1

= —

L K Remove W Remove Al @

Scene | Piot Infn Cant

| Visllle

{4 Streamime VOIS &= Report

Note the elements in the Scene tree in the upper right. An objects can be selected in the tree its
appearance changed in the lower part. Please refer to the PMOD 3D Tool Users Guide for details
about the rendering.

Initially the streamlines/pathlines of the first frame are shown, when typically there is low flow. To
visualize the pattern at later times select the Streamlines/Pathlines entry in the object tree,
activate its Plot properties panel, and drag the Frame slider or start a cine.

Image planes can be added by clicking at Planes in the tree, activating Add planes, opening the
planes locator and finally selecting the MAG image. The plane location can easily be changed by
clicking into the Select planes window, and the color on the Input panel.
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4D Flow Report

The [=Repot pytton on the 3D page composes a report as illustrated below:

T Report

Helictly [ Energyloss | Tiacks stalisfics

12112
171414

! &= Prini repari & save resalis [ Copr o Cliaboand || o Close

The report is organized on six pages: Values, Velocity, Vorticity, Helicity, Energy loss, Tracks
statistics

The Values page lists on the upper part the statistics of all defined VOls. Shown is the maximum
of all the VOI averages calculated along the time axis. The lower part shows a capture of the

current 3D scene.
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The Velocity page shows the plots of the averages VELOCITY amplitude for each time point in
each VOls:

. Report =

Valuas yormony | Helicty | Enemgeloss | Tracks stalilies
omiE 5

| (& Aorla Ascending (VELGEITY -avg 11 fra

¥ Aoz cep g (VELOGITY - avg in T

WELOLCITY - 2uQ. InTrame}

| & Print repor H save resals B2 capy 1o Cliaboand “ K Clase

The Vorticity page shows the plot of the average VORTICITY for each time point in each VOls:

& Report X

Values | Velocity | Vorlicity | Helicty | Energy Loss | Tracks stafistics

1isec
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=]
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a B oL ~ s [ Spheret (VORTICITY -avg. in frame)

=]

DL = [¥] Sphere2 (VORTICITY -avg. in frame)
\\/ = o
a

1164

seconds

S e a4 ] v

‘ & Print report " & save results H Copy to Clipboard H X Close ‘

The Helicity page shows the plot of the average HELICITY for each time point in each VOls.
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X Close

The Energy loss page shows the total sum of the ENERGY LOSS for each time point in each

VOls.

& Report
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& save results

‘ & Print report "

Copy to Clipboard

X Close

The Tracks statistics page shows the average TRACK LENGTH in all SEED VOlIs along time
axis. The mean curvature (CRV[dgr]) is calculated and displayed for each Neutral VOI at each

time point:
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As usually, the report can be printed or captured in various formats via Print report. Save results
serves for saving the numeric values, which can also be exported via Copy to Clipboard.

3.8 Creating VOIs along the Streamlines/Pathlines

It may be of interest to evaluate some of the images along the streamlines. The solution offered by
PGEM is to convert the streamlines into VOIs, which can externally be used for statistics.

Please activate the Streamlines VOIs (or Pathlines VOI depending on the context) button on the
3D page to convert the streamlines into VOI outlines and open them in a VOI editor window.
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Here they can be modified using the standard PMOD VOl tools, and saved for later usage.
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3.9 Saving the Streamlines/Pathlines

The generated streamlines can be saved in vtk format for use in the standalone 3D tool, or for use
with a third-party program. Please make sure that the 3D page is selected, as the saving
functionality is page-specific. Then select the saving button in the taskbar to save the streamlines.

=
-
iX{

Correspondingly, already existing vtk track definitions can be loaded or appended as illustrated
below.

cafl

[0 AUTODETECT
0 DICOM

¥ Database

0 RAW

[0 Query

[0 Generated

[T Buffer

Load STL

Append STL

Load Tracts (VTK)
Append Tracts (WTK)

3.10 Protocol File

______________________________________________________________________________________________________________]
The configuration of the 4D Flow analysis can be saved with the Save Protocol button in the

status line. The adjacent Load Protocol button allows retrieving the configuration and repeating
the analysis.
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4.1

4.1.1

4.1.2

Generation of Dynamic PET Phantom Images

There is a particular workflow within PGEM for the generation of dynamic PET images
representing defined kinetics in well-defined anatomical structures.

Input to this workflow is a set of VOIs which define the target anatomy. Additionally, the time
course of the activity concentration (TAC) in each VOI must be provided. Such data can for
instance easily be obtained by applying the PNEURO tool to an experimental dynamic PET study,
optionally with an MRI.

Within PGEM, the VOls are first transformed into an anatomical model. For each pixel within an
anatomical structure the corresponding TAC is then used, optionally with some noise added, to
generate a synthetic dynamic series with well-defined noise level. Finally, the images can be saved
and, for instance, used to study the performance of a parametric mapping method in PXMOD.

External Preparations
]

Before starting the phantom generation process in PGEM two files should be prepared
1. a set of VOIs which define the anatomy,
2. a set of time-activity curves named exactly the same as the VOls.

Phantom VOlIs

The example below illustrates the results from analyzing a DASB PET/MR data set using the Brain
Parcellation methodology in the PNEURO tool.

The VOlIs can be saved with the button indicated by the upper arrow. The corresponding TACs are
calculated with the Statistics button in the lower right.

Phantom Dynamic TACs

The resulting TACs are shown on the Statistics page of PNEURO and can be saved with the
button indicated below.
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4.2

4.2.1
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Dynamic PET Image Creation

Anatomical Model Definition

The first step is to create a new model on the Models page. This can be done most easily by
activating the + button in the taskbar and selecting the VOlIs file followed by choosing Create new
model in the dialog window as illustrated below.

Confirmation X

Do you want to add VOls to model?

Select model: =

or. &# Create new model

A dialog window opens for defining the name and the timing of the series.

iM& CREATE Model

Enter name PIE_PHANTOM_BRAIN
@ Empty ' Duplicate existing

Mumber of frames |33 4 Getfromfile @& ¥ Meurol|11C-PiB PET | 70 min dynamic brain <=101/10; b X

| Ok ” Cancel

Timing from Existing Dynamic Image
The timing may be extracted from an actual image by selecting it with the open button and then
activating Get from file. The image is read and displayed in a window.
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MMk GET from x
(e8|

Bpse |1 |4 =L —=»
Flem 1 |« ===

€

% &» cray - LARC B
m |-30.2681 € 5339366
L . 100 [8]

- = - [o]]-

O = 1.0 a e I v 4F set H X Cancel I

After confirmation with Set the timing is opened for editing and confirmation with Ok.

Edit Time *
Frame selection: from 1 to (33

Samples: duration [127.27 increment 127 27 seconds -

Set to Frame selection Set to all Frames
Offset to zero Convert as mid times
+ Add Offset 0.0 X
H save Time & Retrieve Time

Selected Frames: 33 of 33 Wiewtime in: seconds 7
[FRAME] [START] [END] Z

1 0.0 15.0

2 15.0 30.0

z 30.0 45.0 1

4 45.0 60.0 T

5 60.0 90.0

G 90.0 120.0

¥ 120.0 150.0 ]

3 150.0 180.0

] 180.0 210.0

10 210.0 240.0

11 240.0 270.0

12 270.0 300.0

13 300.0 360.0

14 360.0 420.0

15 420.0 480.0 -
Check time consistency Trim durations Remove gaps & overlaps

| Ok ” Cancel

Timing Specified per Dialog Window

The alternative way for timing definition is entering the Number of frames and opening the timing
window illustrated below with the button:

Mumber of frames (33 ‘
When closing the model creation window with Ok, another window appears, requesting model

settings. In this context it is easier to avoid loading the image, so it can be removed from Edit VOIs
Image file A with the x button.
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ik [PIB PHANTOM BRAIN] Model Settings

l/Editmode | Reference image |

EditVOIs Image file A: & @&
+ (fused) B: B v
[] Reorient Images to Anatomical Position

VOlfile: Mo VOLUME OF INTEREST selected

* Meurol | 11C-PiB PET | 70 min dynamic brain =101/103/0/#/PAA_Course=

b

R e A <o

After closing with Set and Load the model is ready for the VOIs to be added. To do so, please

confirm the dialog window

Confirmation X

Do you want to add VOIs to model?

Selectmo.. PIB PHANTOMB.. ~

or.  && Create new model

| v Yes ” X No

with Yes.

Note: The timing specified should exactly correspond to the timing of the TACs.

4.2.2 VOI Addition

A dialog window comes up for defining VOI properties. This is useful for hierarchical anatomical
models. For the generation of the dynamic PET phantom the Surface estimation should be

switched off, while all other settings can remain as is.

ME, Add selected VOIs to the model

Selected VOIs destination:
Anatomic Group | <EMPTY = Mew BRAIN
Structure | <EMPTY = Mew Hammers-hegions

® FL_mid_fr_G_I
Mumber of frames in chosen VOI: 1

& Place VOl in the model's timeline:

e e I

[] Surface estimation:

@ Smooth VOIs 2 Use segmentation iso-surface level

Min. pixel size of VOIsto add: 1.2
Smoothing (FWHM)
Segmentation Threshold

[mirm]

[mm]

[0.05-1.0] [] Optimal
[0.01-0.99]

To X [1 [ofa3

| oK |

Close

After closing this dialog window with Ok, the VOIs are added and a confirmation message

appears.
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4.2.3

4.2.4

Message >

VOI added successfully.

(1]

X Close

Anatomical Model

At this time the model is prepared and shown on the Models page. The left area provides an
impression of the VOIs, the right area the incorporated structures in a tree arrangement. Note the

indicated arrow button for unfolding/collapsing the tree, and the buttons for checking/unchecking all
the structures.

laadWmages | © VOIs& Teacking Phantoms 30 |

oD PEFE T | x: B Load g ean ®

T SRAIN

¢ o] B HarreisRegions
e+l Gl
GEY | G
¥+ W Flprocen_c
e+ Wl Fl_me

| ArEOaala T

[ + | areqdala |

[+ 8 Ant_TL med.r

B+ 1 ant_TL_med_|

[+ AnTL sl
fucd T

¢ x @ |H =

o
1
b
B
|
)

It is important that all structures relevant for the phantom images are checked.

Please continue with the Phantoms button.

Phantom Creation

The Phantoms page lists the structures in the upper right. The timing is already defined, but could
be changed in the lower left.
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The next steps consists of loading the prepared TACs with the Load TACs button, such that they
are shown in the Regional TACs curve panel.

Two options may be configured as illustrated below

[] Decay: Half Time 0.0 [sec] 11C(20.39m) - 3
[v] Add noise:  Gaussian E b

¥ Gaussian
[0 Poisson
[ € |’ |’ |’ |’ 3 Uniform

before generating the synthetic image: the introduction of radioactive decay, and the the addition of
noise.

The choices for configuring the noise properties are the same as the ones available in the PKIN
tool for weighted fitting and Monte Carlo simulations. Once Add noise is checked, the random
number distribution can be selected in the list. Consequently, a dialog window is opened for
specifying the noise standard deviation. Please refer to the help entry for details as indicated
below.

As the Calculated weighting takes the decay into account, the proper isotope has to be selected
form the list. otherwise it has no impact. Note that the Scale factor scales the standard deviation,
not the variance.
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I& [Gaussian] noise weighting config... l&
A ———
?

Scale 0.2 [0 Constantweighting
Uptake orp ightin

Calculated weighting = | 4

¥ Calculated weightin
® Mot considered =t EEC R

() Measured value (Poisson weighting)

) Measured value squared (Relative weighting)
Duration

i) Not considered

® Frame duration

Decay

i) Not considered
® Frame midtime

! Close |

If the generated data should represent non-decay corrected data, the Decay box needs to be
checked, and the appropriate isotope selected.

Create Synthetic Study starts data generation and shows the result in the lower right, where they
can be saved using Save SYNTHETIC.
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5.1

5.1.1

5.1.2

Geometric Model Construction and CFD Simulation

PGEM module is aimed to provide user with a comprehensive tool for fast and intuitive processing
of 3D/4D image datasets from a wide range of scan modalities (MRI, CT, PET, microCT ...). The
technical core of PGEM is converting 3D images in models.

This chapter describes the workflow for a geometric model construction, CFD simulation and
visualization of the CFD results.

Geometric Model Construction

The geometric model is representing the functional core of the PGEM tool. It needs for input only
images and consists of volumes of interest (VOIs) and auto-generated STereolLithography
structures (STLs). Once the model is created and saved, it gives the user the possibility to focus
only on applications. Still, the user can redefine the model structures at any time point. This "stop
in the middle" of processing data, represented by the model, is a big advantage: the user does not
have to repeat the path image data-data segmentation because everything is available within the
model.

The model can be used to create:
= Phantom Simulation as explained in the dedicated chapter| 421,

= Education-driven application: educational 3D visualization of structures complemented by
graphics, pictures and text - knowledge base associated with geometry. It is similar to an atlas
of human physiology and is important for education and research as well.

= Surface meshes suitable for CFD modeling. The surface meshes are compatible with CFD
solvers like OpenFoam and Fluent. The user can create CFD cases directly through PMOD for
OpenFoam. The results can be readily visualized in the interactive PMOD 3D environment in
order to obtain new understanding about the blood-flow behavior. The visualization is based on
volume rendering and aims to convert nonvisual data into readable and recognizable images.

PGEM is a promising solution which supplements the limited spatial and temporal resolution of
imaging data with physically based fluid dynamic.

Workflow Organization

The geometric model construction starts on the Model page with the creation of a new empty
model and the definition of the time and the input image.

The input image is loaded and displayed on the VOIs&Tracking/lmage sub-page. If necessary,
the image can be cropped before starting the VOI definition.

The work continues on the VOIs&Tracking/VOls sub-page with the VOIs definition.

Finally, the VOlIs (geometry) are added to the model in the model builder interface. This will result
in the model tree structure. STL structures are auto-generated and saved for each VOI added to
the model. Optionally, additional characteristics can be defined for each element present in the
model tree structure.

Start of the Model Definition

The first step in the building process consists in creating a new empty model on the Models page.
This can be easily achieved by activating the Create new model icon & as illustrated below:
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5.1.3

PMOD Geometric Models and Simulation (PGEM) (C) 1996-2019
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A dialog window opens and allows defining the name and the timing of the series. The name of the
model is defined in the Enter name filed: e.g.BrainAneurysm. Use the Empty radio button to
create an empty model.

The Duplicate existing radio button allows making an exact copy of one of existing models in the
list as illustrated below:

T CREATE Model X

Ent. A 01

) Empty ® Duplicate existing

Model: 4D FLOW CFD > J L4

4D FLOW CFD
BRAINANEURYSM
[ HEAD

[l HEART

The duplicated model will be stored with the new name provided in the Enter name field. The
modifications done in the duplicated model will not affect the source model.

Continue with the time definition for the model.
Time Definition

The models can be static or dynamic. The time definition for the Empty model is done in the
bottom section of the window as illustrated below:
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Enter name [Brainfngurys:
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4 a ]
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OH cancel

Note: The timing definition cannot be modified when Duplicate existing radio button is used to
create a new model. In such case the timing defined in the source model will be set for the new
model.

Timing Specified per Dialog Window
The specification of timing is done entering the Number of frames and opening the timing window
illustrated above with the button.

The Save Time/Retrieve Time buttons allow saving/retrieving the timing of the dynamic frames
to/from a file. It is possible to select a subset of frames in the Frame selection specifying the
frames number in the from and the to text fields. The specified frame duration in samples is Set
to Frame selection or Set to all Frames. The Trim durations button ensures that the end times
are not after the following start times. The Remove gaps & overlaps button ensures that there are
no empty time intervals between frames and that the start or end times do not extend beyond the
previous or following times respectively.

A number of 1 frame is set to the BrainAneurysm model. It indicates a static model.

Timing from Existing Dynamic Image

The timing may be extracted from an actual dynamic image by selecting it with the open button and
then activating Get from file. The image is read and displayed in a window.
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After confirmation with Set the timing is opened for editing and confirmation with Ok.

Edit Time *
Frame selection: from 1 to (33

Samples: duration [127.27 increment 127 27 seconds -

Set to Frame selection Set to all Frames
Offset to zero Convert as mid times
+ Add Offset 0.0 X
H save Time & Retrieve Time

Selected Frames: 33 of 33 Wiewtime in: seconds 7
[FRAME] [START] [END] Z

1 0.0 15.0

2 15.0 30.0

z 30.0 45.0 1

4 45.0 60.0 T

5 60.0 90.0

G 90.0 120.0

¥ 120.0 150.0 ]

3 150.0 180.0

] 180.0 210.0

10 210.0 240.0

11 240.0 270.0

12 270.0 300.0

13 300.0 360.0

14 360.0 420.0

15 420.0 480.0 -
Check time consistency Trim durations Remove gaps & overlaps

| Ok ” Cancel |

Note: The timing definition cannot be edited later on.

Close the Create Model window with OK to continue with the image definition.
5.1.4 Image Definition

The following steps are described using the Aneurysm 1 series of the PGEM3 subject available in
the Pmod database.

Image Definition in Model Settings Window
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When closing the CREATE Model window with Ok, another window appears, requesting image(s)

definition:

T [BRAINANEURYSM] Model Settings x
Eanmone § Rertienes Imoge ¢
Edit VOIs image file At ™ PSEM3| | Anetnam 1 (2479087 1] HEAD MRA TOF - MATEHED 3 HEADH ANGH) <10/548/07 Pmnd =

+usad) B T o

[ | Rewient images Lo Analemical Pesiion

Vol mie: |

e

The Edit mode tab allows defining two images: image A and image B.

sl “;q_,-‘j:‘x Cancel

Image A is the image that will be loaded when the Load & edit button is activated. It will be
considered the basic image for editing VOIs. Image B, if defined, has to be matched to the image
A beforehand, as the two will be shown using the fusion mode on the Images page.

With the Reorient to Anatomical Position box enabled, the images are brought into the
radiological HFS orientation after loading.

Use the ** button to add a VOI file to the model at this stage. Please note that the VOIs have to
be previously outline and saved as .voi file on image A or B.

The Reference Image tab provides additional settings:

T [BRAINAMEURYSM] Medel Settings =

[ Eamona | Reference imags §

liniage file wame ¢

EBRAINANELRYSM_image_1 B ™ FGEM3 | [Ancurysm 9 [23790671) HEAD MRA TOF |- WATCHED to HEAD ARGIO <101154 oy ®i®

In miods| fo/der

Reoriznlimages to Anatomical Position

‘,‘ * cansel

It allows defining a reference image which can be A or B or any other image in the same space.
The Image file name field allows assigning a name to the image. The default name is assigned
based on the model name followed by the suffix _image_1 as shown in the example above. The
preview button % allows visualizing the images set for the model. Enable the Reorient to
Anatomical Position box to bring the image into the radiological HFS orientation. Activate the
Copy to model as Reference Image (Nifti) green button to copy the image in the model folder as
a Niftii image. A confirmation dialog will appear asking the confirmation of the saving procedure.
Close the dialog with YES to save the reference image in the model folder.

In the example above the same image was defined as image A and as Reference Image.

Activate the Load & edit button to proceed to the VOI definition step:

T

; ! i
‘: 2 x BRAINANEURYSM > g Load & edit s

The program switches to the VOIs & Tracking page, Image sub-page while loading and displaying
the image defined as A:

[Z Reference
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The images data with large field-of-view can be reduced in order to save RAM and optimize
processing. This can be achieved enabling the Crop box. A yellow crop volume appears on the
image. Place the yellow crop volume by clicking in the center of the area of interest such that is
fully enclosed. The edge Size in [mm] can be adjusted for each direction by selecting the size in
the corresponding list. The Cropﬂ button initiates cropping, whereby the original data are
replaced. If cropping is not initiated manually, a request will be shown when proceeding to the
VOls step.

Note:

To use the Reference image for the VOlIs definition select the corresponding entry under the Load
& edit selection list, as illustrated below:

Image Definition by Model Image Loader

When no image is defined in the Model Settings interface, after pressing Load & edit button, the
user will be asked to provide such configuration. In case there is no intention to provide such
configuration, the user has to manually select the VOIs & Tracking page Image sub-page, enable
the Model radio button and load an image configuring the available Load button. This image will
be used for the VOIs definition in the next step.

Continue the VOI definition activating the VOIs action button.
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5.1.5

PMOD Geometric Models and Simulation (PGEM)

VOI Definition

When arriving at the VOIs sub-page a fusion image is shown to the left which is composed of the
image A and image B. In the current example only image A was defined in the Model settings| 561
window.

The VOIs are created with the usual PMOD VOI tools. Please refer to the PMOD Base
Functionality Guide for information related to volume-of-interest (VOI) definition. In the example
illustrated below the Automatic Isocontouring Detection tool was used for outlining the first VOI:
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Please note that as soon as a VOI is available in the VOIs list the Add Group to Model green
button becomes active.

Note:

There is no limitation to the number of VOIs to be defined. It is recommended to define the VOI on
the plane which is most perpendicular to the vessel axis.

For CFD simulation it is recommended to create individual contour ROI: e.g. each branch of a
bifurcation should be a separate VOI. However, different VOIs can overlap. In case of joining
structures (e.g. bifurcation) the VOIs should overlap on a couple of slices.
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5.1.6

VOI Addition

Start adding VOls to the model selecting the Group tab as illustrated below:

Loanimnges | © VOB B Trecking | Modeis | 30
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Activating the Add Group to Model green button the currently selected VOI is added to the model.
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Please note that more than one VOI at a time can be added to the model. A confirmation window
appears and allows choosing to which model the geometric structures should be added:

Confirmation

Do you want to add VOls to model?

Selectmodel: BRAINANEURYSM ~+

or. 2# Create new model

X

v Yes :| X No

Activate the Yes button to confirm the default settings which point to the currently selected model
on the Model page. The model builder interface comes up and allows defining the VOI destination

and the properties in the anatomical model:
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M Add VOlIs to the model X
VOIs destination:
Anatomic Group | <EMPTY: [l New -Gfoup
Structure | <ENPTY= = | [ New
Properties:

Current VOl: ® Geometry (_ Cutting plane

| @ vessels

v a4
. B surface side | + Outer ’7— Inner
WOl frames: 1
Model frame: | of 1
] App i

[v] Surface estimation:

) Smooth YOIs () Use segmentation iso-surface level

| Min. pixel size of VOIS to add: 0.39 [mm]
Smaothing (FWHW) (0391 | tmm]
Segmentation Threshold [0.35 | [0.05-1.0] [] Optimal |
[] Decimation | ) 10.01 - 0.99] |
[] Reduction:
| oK | Close

The VOls can be added to the model as geometry or as cutting planes:
Current VOI: ® Geometry () Cutting plane
Both options are described in detail in the next sections.

5.1.6.1 Add VOI to the Model as Geometry

In the Properties section of the model builder interface, select the Geometry radio button for the
Current VOI .

pmod
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= Add VOIs to the model

VOlIs destination:

[v] Surface estimation:

Anatomic Group | <EMPTY: [ Mew
Structure | <EMPTY:= [¥] Hew
Properties:

Brain Vessels

Aneurysm

Current VOl @ Geometry ) Cutting piane

@ vessels et |
. B surface side [+ Out'erJ = Inner
WOl frames: 1
Model frame: O of 1

0 Smooth VOIs () Use segmentation iso-surface level

| Min. pixel size of VOIs to-add: 0.39 [mm]
Smaothing (FWHW) [1.2] fmm
Segmentation Threshold [0.35 [0.05-1.0] [] Optimal
¥ Decimation [0.5 [0.01- 0.99]
[] Reduction:

[ Appiy o all Vs

| OK

” Close |

The appearance of the model builder interface is adjusted according to the Current VOI setting.
The window is organized in three main sections:

1. VOIs destination: allows defining the Anatomic Group and the Structure.

2. Properties: allows defining the VOlIs properties for the model.

3. Surface estimation: allows defining settings to build the STL structure of the model.

VOIs Destination

The VOIs destination section requires definitions for the Anatomic Group and Structure. When
VOls are added to the model for the first time, these settings are <Empty> and New names need
to be provided in the dedicated field. To this end, the Brain Vessels and the Aneurysm were set as
Anatomic Group and Structure respectively.

The settings available in this section are summarized in the table below:

Anatomic Group

Corresponds to the highest hierarchy level in the model tree
structure: the Group

Allows defining the model Anatomic Group to which the VOlIs
will belong. To define a new Anatomic group the New
checkbox has to be enabled and the name specified in the
dedicated text field. Confirm and add the entry to the list with
the Enter button on the keyboard.

The drop down arrow becomes active when more than one
anatomic structure was defined. It allows selecting among the
currently available Anatomic Group.

Structure

Corresponds to the second hierarchy level entry in the model
tree: the Structure.

PMOD Geometric Models and Simulation (PGEM)
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Allows defining the model Structure to which the VOI will
belong. To define a new Structure the New checkbox has to be
enabled and the name specified in the dedicated text field.
Confirm and add the entry to the list with the Enter button on the
keyboard.

The drop down arrow becomes active when more than one
structure was defined. It allows selecting among the currently
available Structure.

Note: Multiple Structures can belong to the same Anatomic
Group. To this end turn off the New checkbox for the Anatomic
group, select one of the Anatomic Group available on the list
and proceed with the definition of a new Structure as described
above.

Properties

While adding VOls to the model as Geometry, the various Properties are defined in the dedicated
section. In the example above the VOI color is set to red while the rest of the properties are the

default ones.

The properties settings are summarized below:

Allows changing or editing the color of the VOI(s) to be added to
the model structure.

Surface side | + Cluter” = Inner

Allows setting the VOI(s) as an Outer or Inner surface. For
example the epicardium and endocardium in the heart muscle.

[¥] Apply to all VOIs

When enabled applies the same properties to all the VOlIs
available on the Current VOI selection list. Please note that
more than one VOI at the time can be added to the model.

VOI frames

Provides information related with the VOI type:

e a value of 1 indicates the user is adding static VOlIs to the
model.

e avalue >1 indicates the user is adding a dynamic VOI to the
model

Model frame

Allows setting the model frame where the VOlIs will be added. In
case of dynamic VOIs the number indicates the starting frame
of appearance in the model.

Please note that the frame number for the model has to be
defined previously. | 501

Surface Estimation

The Surface estimation section allows defining characteristics for the STL model structures.
While adding VOlIs to the model surfaces (STL files) are generated automatically with the Surface
estimation box enabled. These STL files will be stored in the model folder and will be used for 3D

model presentation. Generating them will allow rendering faster the whole model in 3D.

Note:

case process.

Please note that these STL files are not the STL files used as surface meshes while creating CFD

With Smooth VOIs radio button active the settings are as follows:

Min pixel size of VOI to add

Displays the pixel size [mm] in the data

PMOD Geometric Models and Simulation (PGEM)
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Smoothing (FWHM) It is a Gaussian filter and allows smoothing the data before
creating the STL structure. The default value corresponds to the
pixel size in the data. It is recommended to use a smoothing
value 3 times the minimum pixel size.

Note: Please note that for complex VOI shape less smoothing
should be applied

Segmentation Threshold All pixels with the value above the threshold are included in the
segment. The default value is 0.35. When the Optimal
checkbox is enabled the threshold will be calculated
automatically such that the volume of selected VOlIs is
preserved.

Reduction If enabled, allows creating simplified mesh based on data
simplification. The defaults value is 2 and is representing the
smallest value to be defined.

Initially, the program will use this number and multiply the pixel
size of the data with this value. Finally, the mesh will be
generated on the new data. It is a faster procedure and the
results will consist in mesh being less precise. Please note that
if only this checkbox is enabled the generated files will be bigger
and change in topography of the mesh will occur.

Decimation Allows simplifying the mesh by removing triangles from the
surface mesh without changing the mesh. Please note that in
such case the simplification procedure is done after the mesh is
created. The defined value should be between 0 and 1. The
number represents percentage of the triangles to be thrown out.
Usually ,,0.5” is a good compromise. The smaller the number of
triangles, the faster is the 3D visualization.

It is a slow procedure which generates smaller files.
Decimation only changes the number of STL nodes,
particularly the vertices of the surface mesh. However, no
change in the mesh geometry occurs, preserving thus the mesh
topology.

In alternative, the Use segmentation iso-surface level radio button can be used. It is
recommended to use this option when the VOI was outlined using the isocontouring VOI tool and
the image data loaded is the image data on which the VOI was created. With these two conditions
fulfilled, the threshold value used for VOI isocontouring has to be set as Original Segmentation
Threshold.

Note:

The iso-surface is recommended to be used for big geometries like skull.

In the current example the Smooth VOIs radio button is enabled. The Smoothing (FWHM)
parameter is set to 3 times the pixel size (1.2 mm), Decimation is set to 0.5 while reduction is
avoid.

Activate the OK button to start adding the VOI available in the Current VOI list to the model. The
VOI will correspond to the lowest hierarchy level in the model tree structure: the Element. STL
structures are auto-generated and saved for each VOI added to the model. This is encoded in the
model tree by the letter s between round brackets which precede the Element and the Structure
name. The result of the above processing is illustrated below:
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B3 X BRAINANEURYSM o @ Load&edit =

[¥] = Brain Vessels

Structure

Element

5.1.6.2 Add VOI to the Model as Cutting Plane

In the Properties section select the Cutting plane radio button for the Current VOI.

= Add VOIs to the model

VOlIs destination:
Anatomic Group | Brain Vessels - [0 ew :G"rou'p'

Structure | Aneurysm - |:|"':-."

Current VOl ) Geometry ® Cutting plane

| SingleContourVOl1 4 ]|»
WOl to link with:

| Vessels * |

Min. pixel size of VOIS to add: 0.39 [mm]

Smoothing (FWHM) [mm]
Segmentation Threshold [0.05-1.0] []Opiimal
[0.01-0.99]

[ Reduction: 2

X

| |
OK I|

Close

This setting can be used for single contour based VOls. Particularly, only single contour VOlIs
outlined in the VOI definition step can be added to the model as predefined cutting planes. These
will be used in the creation of the CFD case. Cutting plane VOIs can only exist when linked with
existing structure. Therefore it is recommended to create single contour VOI based on an existing
multicontour VOI available on the VOI list. This can be easily achieved creating an empty VOI in
the list and pasting a single contour from the VOI of interest. Please note that location of the

predefined cutting planes cannot be modified in the creation of the CFD case.

In the example below, two single contour VOlIs, SingleContourVOI1 and SingleContourVOI2
were created based on two contours belonging to the Vessels VOI:
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5.1.7
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It is mandatory to add the linking VOI to the model as Geometry! 571 beforehand. Please note that
in the example above all VOls are outlined in the same direction: X.

Note: The direction of the VOI to be added as a cutting plane is required be the same as the VOI to
be linked with.

In the model builder interface only the two upper most sections are active:

1. VOIs destination: allows setting to which Structure in the selected Anatomic Group the VOI
will be linked to as a cutting plane.

2. Properties: allows selecting the VOI to link with the selected cutting plane.

The OK button is activated to start adding the cutting plane to the model. The cutting plane will be
linked to the selected Element in the model tree structure.

The result of adding a VOI as a cutting plane is illustrated below:

B X BRAINANEURYSH > @ Load &edit =

[¥] = Brain Vessels

+ =MEmSanen T iStructure

T+ W (5 cp)Vessels
Element

The VOI added as a cutting plane does not appear as an additional Element in the model tree. It is
linked with the specified Element and encoded in the naming procedure by the cp entry. The plane
will be available in the workflow of the CFD creation.

Anatomical Model

The anatomical model consists of VOIs (Elements) and auto-generated STereoLithography
structures (STLs). The process of adding VOIs to the model results in the model tree structure.
Multiple models may coexist in the same time but only one model is visible at a time
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The Models page has the layout illustrated below:
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The model is available for selection in the model list, in the upper right. The model tree structure is
displayed in the right panel, under the model selection list.

The viewport area to the left shows the selected elements in the model tree, whereas the
characteristics and the properties of the visualized objects can be previewed and/or edited using
the panel to the right.

5.1.7.1 Tree Organization of the Anatomical Model

The result of adding VOIs to the model is structurally organized in the model tree on the Models
page.

The selection of a subset of elements in the model is supported by the dedicated panel as
illustrated below:

@ X DRANANEURYSM = | @@ loadgedt =~ | B X | BRAINANEURYSM v | (@ load&edt ¥
[v] b Brain Vessels [v] ¥ Brain Vessels
¢ vl ~ [ (s. cp) Aneurysm
Open model 2+l pFlu -
ull model tree
tree leaves prad
v x® W e l&| v x @ @ & =]

The model structure is organized as a hierarchical tree on three levels: top, middle and low level.
The hierarchy corresponds to the VOIs destination settings defined in the model builder interface
during the VOI addition| 561,

The branch on the top level is represented by the Group, e.g. the CFD_Structure, as indicated in
the left panel. It corresponds to the Anatomic Group defined in the model builder interface.
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The full tree can be opened easily by the button indicated in the right panel. The middle level entry
in the model tree is represented by the Structure node, e.g. the ExperimentalPipe. It corresponds
to the Structure defined in the model builder interface.

The single entry in the tree is called Element and corresponds to a VOI in the VOIs list. It
represents the low level entry in the model hierarchy, e.g. 1.

In general, the Structure node consists of at least one Element. The Group consists of at least one
structure node. A model may consist of one or several groups of structures. An example of such
model (HEART) is illustrated below:

= HEART = @ load&edit ¥

[¥] ¥ (i) Arteries

[w] P (i} Veins

[¥] ¥ (iyMuscles

o 8 (51 Left heart

v+ B (v = Iy LV epicardium
[ + . (v, s, i) LV endocardium
[l + Bl (v, 5) LA epicardium

[v] + . (v, 5) LA endocardium
V] + [ (s) Aortic valve
[l + [ (=) Leftauricle epi Stru Ctu res
[v] + [l (s) Left auricle endo
7 [v] = [ (s) Right heart

vl + [ (s) RV endocardium
] + B (s) RA epicardium
[v] + [l (s) RA endocardium
v + . (s) Right auricle

Elements

It consists of three groups: Arteries, Veins and Muscles. Each group contains multiple structure
nodes: e.g. the Left heart and Right heart in the Muscles group.

Round brackets are used to add encoded information for each entry in the model tree. Such
information precedes the name of the entry and is summarized in the table below:

s Stands for surface mesh and indicates that a VOI was added to the model as geometry.
STL structure is auto-generated and saved for each such VOI.

Note that each middle and low level entry in the model tree has such information
available.

When an element is selected in the model tree a preview of the simplified mesh
structure is shown in the viewport.

cp Stands for cutting plane and indicates that a VOI was added to the model as a cutting
plane. This information will appear in the tree for the structure and the element to which
the VOI was linked in the model builder interface

Note that a cutting plane is not visible in the model tree: it will be available to be used in
the CFD workflow.

c Stands for case and indicates that a CFD simulation result was linked to the selected
entry in the model through the local cases manager.

When such encoding is available for a selected entry in the model tree the 2 button
in the taskbar becomes active. It allows viewing the linked CFD case in the 3D interface
like a polymesh (volume mesh):
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manager.

i Stands for image and indicates that at least one image was defined as
characteristics| 761 for that entry.
\' Stands for volume mesh. The volume meshes are generated in the process of the CFD

case creation and they can be linked with the model element through the local cases

Tree Manipulations

Branches in the tree can be opened/closed with the little arrows left to the branch names.

(s, 1) Left heart

¢ [¥] = B (s) Right heart

+ . (8) RV epicardium
+ . (s) RV endocardium
+ [l (=) RA epicardium
+ [l () RA endocardium
+ [l (=) Right auricle

=

Tree Selections

¥ T

=05 15 [&

(s, i) Left heart
v+ (v, &, i) LV epicardium
v+ . (v, 5, 1) LV endocardium
¥ + I (v, 5) LA epicardium
v+ . (v, 5) LA endocardium
v+ (v, &) Left auricle
v+ | (5) Aoricvalve

¢ 7] = [l (=) Right heart
v| + [l (s) RV epicardium
¥+ . (s) RV endocardium
v| + [l (s) RA epicardium
v] + || (s) RA endocardium
v| + [l (s) Right auricle

The structures of interest are the ones with checked boxes to the left of their color code. Simply
click into a box for changing the selection. In the example below the RV epicardium and RV

endocardium have been de-selected.

PMOD Geometric Models and Simulation (PGEM)

(C) 1996-2019

pmod



Geometric Model Construction and CFD Simulation 66

&8 HEART hd & Load&edit =

[v] = (i) Arteries

vl v [ (s) Pulmonary artery
[ » W (s, i) Lef coronary

] » [ (s, i) Right coronary

vl » W (s)Aorticarch branches
o v » [l (v, 5, i) Aorta

[¥] b (i) Veins

[¥] = (i} Muscles

7 bl = [ (s, ) Left heart

T

e 12

[v] + . 5, 1) LV epicardium
[] + B (v, =, i) LV endocardium
[] + [ (v, s) LA epicardium

[i] + M (v, 5) LA endocardium
[¥]+ [ (s)Aorticvalve
[¥] + Bl (s) Left auricle epi
| + [l (5} Left auricle endo
¢ [l = W (=) Right heart

2]+ W (s) RV epicardium

p- ||+ (5)RV endocardium
[ + M () RA epicardium
[w] + [ (5) RA endocardium
[i7] + [ (s) Right auricle

=] HEART hd & Load&edit =

= (i) Arteries
[l » [ (=) Pulmanary artery
[w] » [ (s, i) Left coronary
vl » M (=, i) Right coronary
% (s} Aortic arch branches
[v] v [l (v, s, 0) Aorta
b (i) Veins
* (i) Muscles
= B (s, i) Left heart
] + [ (v, s, iy LV epicardium
[l + W (v, =, i) LV endocardium
[¥] + B (v, 5} LA epicardium
] + M (v, 5) LA endocardium
¥l + | (s)Aorticvalve
[l + B (s) Left auricle epi
[w] + [l (s)Left auricle endo
oo | =l () Right heart
"~ [ + M (s) RV epicardium
]+ B (s)RY endocardium
[w] + [ (s) RA epicardium
[¥] + [ (syRA endocardium
[v] + [ (s)Right auricle

T

By vy

--E|[E]

5.1.7.2 Components of the Model Folder in PMOD

The model is stored in the Structural model Path defined in the PGEM configuration settings. The
model directory contains two folders and two files as illustrated below. :
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Structural Model Path

v p D:APmod3.9\resources\heartatlas\BrainAneurysm
Fas
BrainAneurysm 2 Name
images .
images
structures SHietiiae
brain_vessels ] atlasdir_BrainAneurysm
characteristics ,__] model

cutting_planes
stl

1. The image folder contains the image copied to the model folder as the reference image in niftii

format.
v D:\Pmod3.9\resources\heartatlas\BrainAneurysm\images
BrainAneurysm & Name B
images | ] BRAINANEURYSM image_1.nii
structures

brain_vessels
characteristics
cutting_planes
stl
The structures folder contains all the information related to the entries in the model tree.

The atlasdir_* file stores the frame time definition, reference image file information, settings
used in the model builder interface.

4. The model file stores the information related to the PMOD version used to create the model
and the definition of the model images .

The Structures Folder

The information related to each top level entry in the model hierarchy is organized in subdirectories
with the same name. Their location is in the structures folder of the model directory as illustrated

below:
v D:\Pmod3.9\resources\heartatlas\BrainAneurysm\structures
Fas
BrainAneurysm ) Name
images
9 brain_vessels
structures

brain_vessels

The number of the subdirectories present in the structures folder equals the number of top level
entries in the model tree. In the example above a single subdirectory is present: the cfd_structure.
It indicates the model has a single top level entry.

The content of such subdirectory is shown below:
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o ‘ D:\Pmod3.9\resources\heartatlas\BrainAneurysm\structures\brain vessel 3.
Fas
BrainAneurysm n Name
images
9 characteristics
structures cutting_planes
brain vessels stl
L] Aneurysm.voi
| | Brain_Vessels
It contains:

1. The .voifile(s): the number of these files equals the number of middle level entries belonging
to the same top level entry in the model tree. The name of the middle level entry in the model
tree is used as the name of the .voi file: e.g. Aneurysm.voi.

2. The .XML file: the name of the top level entry in the model tree is used as the name of the .xm/
file: e.g. Brain_Vessels. It stores information of the edition dates and the name of the top
level entry in the model hierarchy as illustrated below:

<?xml version="1.0"?>
<!--Put all new tags under <entry> level.-->
<!--Order of the groups under the <entry> level, such as f.ex. <Name>,
<Description> does not matter.-->
<!--Do not remove or rename defualt groups, which are: Name, Geometrical,
Physical, Description and Images.-->
<!--Xml preserves the formatting of text between tags (it does not ignore
spaces and empty lines).-->
<!--Information between <descrpition> tags must be put in between in such
way that the text is not in the same line as opening and closing tags-->
- <entry>
- <Edition_dates>
<First_addition _date>2017.12.05</First_addition date>
</Edition_dates>
- <Name>
<model>Brain Vessels</model>
</Name>
</entry>

3. The stl folder: contains the STL file of each middle level entry belonging to the same top level
entry in the model tree. Particularly, for each .voi file the corresponding STL file is saved.

v P DAPmod3.9\resources\heartatlas\BrainAneurysm\structures\brain_vessels\st| [l
-~
BrainAneurysm ) Name
images
4 IE Aneurysm f1
structures

brain_vessels
characteristics

cutting_planes

stl
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Please note that a suffix, e.g. _f1 is appended to the name: it corresponds to the Model frame
definition in the Properties section in the model builder interface. This indicates that in the VOI
adding procedure the Model frame field was set to 1. The static models (1 frame model) will
always have Model frame set to 1. The STL files are used for 3D simplified preview of the
model.

4. The cutting_planes folder: if VOI was added to the model as a cutting plane, such information
is stored in a cutPlane file. The number of the files in the folder indicates the number of VOIs
added as cutting planes. In the example illustrated below two VOIs were added as cutting

planes:
S 3 :\mod,9\reo\heatlBraiAnesm\rur\bain_vselscut'lin g _"p!ans R (9]
BrainAneurysm o Name )
itages | Brain_Vessels_Aneurysm_Vessels_SingleContourVOI1.cutPlane
structures

| Brain_Vessels_Aneurysm_Vessels_SingleContourVOI2.cutPlane
brain_vessels

characteristics

cutting_planes

stl

The cutting plane is always linked with a low level entry in the model tree as described in the
model builder interface. The name of the top level entry (Brain_Vessels) in the model followed
by the middle (Aneurysm) and low level entry (Vessels) ones is used as the root name for the
cutPlane file. The name of the VOI added as cutting plane is appended as suffix to the root
name: e.g. _SingleContourVOI1.

5. The characteristics folder: stores the definitions provided as characteristics| 701 for each entry
belonging to the respective top level entry in the model tree.

v 4 D:APmod 3.9\ resources\heartatlas\BrainAneur ~ O
BrainAneurysm 7y Name Date
images . . PRy
9 | Brain_Vessels_Aneurysm 12/5/2017 12:35 PM
structures & CircleOFWillis 12/6/2017 10:50 AM
brain_vessels & AneurysmU 12/6/2017 10:53 AM

| | Brain Vessels_Aneurysm Vessels 12/6/2017 10:53 AM

cutting_planes

stl

Such definitions are stored separately for each entry level in .xml files. The number of .xml files
equals the number of middle and low level entries belonging to that specific top level branch.

The name of the top level entry in the model followed by the middle level entry one is used as
the corresponding name for the Struture .xml file: e.g. Brain_Vessels_Aneurysm.

The name of the top level entry in the model followed by the middle and low level entry ones is
used as the corresponding name for the Element xml file: e.g.
Brain_Vessels_Aneurysm_Vessels.

In the example below is illustrated the content of the Brain_Vessels_Aneurysm_Vessels:
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ter.-->
d Images.-->

<Edition_dates>
<First_addition_date>2017.12.05</First_addition_date>
< [Edition_dates>
- <Name>
<model>Vessels</model>
</Name>
- <Description>
- <description>
- <I[CDATA[
<html>&nbsp;&nbsp; <b>Circle@inbsp;of@&nbsp;Willis</b> <br><br>Thefinbsp;blood&nbsp;supply&nbsp;
1=
<[description>
</Description>
- <Images>
<image>CircleOFWillis.png</image>
<image>AneurysmU.png</image>
</Images>
<fentry>

Each .xml file stores information about the edition dates, the level entry name encoded as
described above, the text description and the images file names. The images, if defined, are
stored as .jpg files with the specified name: e.g. CircleOFWillis and AneurysmU in the example
above.

Note: To share a model with another PMOD user simply copy the model folder (e.g
BrainAneurysm) to another PMOD installation in the Structural model Path defined in the PGEM
configuration settings.

5.1.7.3 Definition of the Characteristics for the Model's Elements

Use the characteristics section on the Models page to provide images and text description for the
entries in the model tree. The characteristics of the models and the 3D visualization are
representing the education-driven application of the models.

Select an entry in the model tree (1) and activate the View Characteristics® button (2) to start
the characteristics definition. A dialog window opens and allows allowing editing and adding
captured images:
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The window is organized in two main tabs, Images and Description. The characteristics can be
easily edited using the buttons available in the bottom section of the window.

3 T + Q CircleOFWillis & X Close

Please note the tooltips which provide short explanation of the buttons functionality.

Initially, only the description tab is active as no image is defined in the characteristics. Activate the
T icon (3) to start Edit description. Please note that text sections entered in this area should be
formatted using HTML tags (4): <b> and </b>. In the example above two sections are formatted
using the HTML tags:

<b>Circle of Willis</b>
<b>Circle of Willis Structure</b>

Close the dialog window with the OK button (5) to transfer the content of the edit dialog to the
Characteristics. Use Cancel button if no text should be transfer to the Description tab.

Activate the * button to start adding an image. Its activation opens a dialog window as illustrated
below:

Add images to characteristics B

Add now image 10 characieristics:
Hame Cirde OFWIllc |_Docu meniiionBralies s ols/Clrcls OFWIls.pny oG x & [

Priaaaridt sl finn o hmctsdaics g shics & 500090

| Close

It allows defining the Name for the image. Once the image is selected the activation of the Add
green button stores the image as a characteristic. Select the & button to preview the image added
as characteristics. Finally Close the window. The image is available on the Images tab and the
assigned name is displayed on the status line of the window as shown below:
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The arrow button # becomes active when multiple images are added as characteristic to the
selected element. It allows selecting the image to be displayed on the Images tab. Activate the

Delete imageg button to discard an image.

Use the Close button to exit the Characteristics window.

Note: The recommended graphic size for images is 600x600 pixels.

Definition of the Properties for the Model's Elements

The properties section on the Models page allows modifying the properties of the element
selected in the model tree:

Rename [Vessels ) € Delete |

Property: VU [=] ¢ [» o0

i e lmw b
¢ Al
A f . .

The Rename text field allows changing the name of the entry in the tree by simply typing a new
name. To set the new name it is mandatory to press the Enter key on the keyboard. A dialog
window opens: activate the OK button to confirm the change.

)

To eliminate an entry in the model tree, select the element or the node and activate the Delete o
button. A dialog window appears allowing to Completely remove from the model the selected
entry or to Delete the definition from the specified frame.

The Property available for selection is as follows:
1. VU is representing the user defined units.

2. YM stands for Young's module.

3. Al stands for acoustic impedance.

To assign a certain e.g. VU value to one or more entry in the model tree please proceed as follows:
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1. Select the element in the model tree. For multiple selection use Shift+click or CTRL+click.

2. Inthe text field aside the Property selection (e.g. VU) type the value (e.g. 100).

3. Confirm the action with the Enter button from the keyboard.

Note:

In case property value is entered for a top level entry it will affect all the nodes beneath it.

checkbox aside the node.

The property will be applied to all selected nodes: the selection is referring to the node, not to the

To define different properties to the elements in a node start the definition with the highest
hierarchical node and then continue with the lower level nodes beneath it.

If no value is entered for the current selection the property field displays "0".

Below the properties panel additional functionality buttons are available:

@& 350 Ez (Iﬁ

[¥] Box a .§ 21

offering the following functions:

q|$p

@@

Hide/show the properties panel to free some space in the
user interface. With the panel hidden, the icon changes to

@ When this button is activated, the panel is shown again.

Allows starting the movie when dynamic models are
defined. The text box aside allows defining the movie delay
500

The slider " allows selecting for preview a
specific frame in a dynamic model.

Allows stopping the movie

[]Box

If enabled shows 3D Cartesian coordinate system.

Allows selecting the number of the 3D vertices to be
displayed in the view port. The higher the number the less
vertices will be shown.

List selection for changing the background color.

Allows rotating 360 degrees the 3D simplified model
preview in the view port.

5.1.7.5 Interactive Exploration of the Model

Start on the Model page by selecting a model and then the elements in the model tree to be

visualized in 3D.

In the example illustrated below the Muscles/Left heart branch in the HEART model tree is

selected for exploration:
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Load Images @ VOIs & Tracking I Models I Phantoms 3D

= HEART HR " @& Load & edit w7

(i) Muscles
¢ vl = (s, i) Left heart
v+ (v, s, i) L"

! epicardium

LV endocardium

v+ (v, 5) LA epicardium
v+ [l v, 5) LA endocardium
v+l

Left auricle
+ (5} Aortic valve
o [ » [l s)Rightheart

v X @ H & 2
Rename Right heart €3 Delete
Surface sign + -
Propery. WU = b 3000
® = 350 1 - n
STL
Volume mesh
= - Volume mesh + STL complement

258 Create CFD case % Phantoms || 3D 5 |

Activate the 3D D button to start the interactive exploration of the model.

The program will render the selected elements of the model and show them in the 3D page as:
STL, Volume Mesh or Volume Mesh +STL complement.

The STL rendering result is illustrated below:
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Note that default properties of the elements in the 3D View tree were changed for exploration
purposes. Please refer to the PMOD 3D Rendering Tool Users Guide for rendering-related

information.

5.2

CFD Simulation and Implementation in PGEM

The CFD simulation is started activating the Create CFD case green button.

® Start from model
i Load existing surface mesh

) Load existing volume mesh

() Load case

Generate new CFD case, creating surface mesh
and velume from structures selected in the model

Cancel

A dialog window opens and allows selecting the starting point to create the CFD case: a geometric
model, an existing surface mesh (SM), an existing volume mesh (VM) or loading a previously

saved case.

Start CFD case from the Model
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5.2.1
5.2.1.1

This is the most detailed workflow and is based on the selected geometry in the model. The other
workflows are essentially simplified variants of it but require the availability of the starting point files
usually created in a detailed workflow.

The creation of the CFD case requires performing the following steps in order:
select the geometric element in the model

create surface meshes based on the selected model geometry

create volume meshes based on the surface meshes

Ao N =

set boundary conditions for the simulation problem
5. set parameters for the solver (e. g. OpenFoam)

It is advised saving all the steps definitions in a case file once the CFD case creation is completed.
This allows retrieving the case configuration at any later time point. The case definitions can be
modified to try variations of the processing parameters.

Start CFD case from existing Surface Mesh (SM)
If a SM is available with properly define solids the following steps are required:

1. load the SM file.

2. create volume meshes based on the surface meshes
3. set boundary conditions for the simulation problem

4. set parameters for the solver (e. g. OpenFoam)

Start CFD case from existing Volume Mesh (VM)

If a VM is available on the file system or in the local case manager, the following analysis steps are
required:

1. load the VM file.
2. set boundary conditions for the simulation problem
3. set parameters for the solver (e. g. OpenFoam)

Start CFD case from Existing Case

To start the CFD simulation from an existing case the * .cfdCase file has to be loaded and send to
the solver. Such file includes surface meshes definition, the volume mesh settings as well as the
definitions of the boundary condition and the parameters for the solver.

*

4D Flow CFD case

The creation of a CFD case based on 4D Flow data requires performing initially the 4D Flow
analysis| 28) up to the VOI definition step. Next, the user has to switch to the Model page and
select the anatomical model built using the same 4D Flow images data. The CFD case creation
may start using any of the above scenarios: from the model, from an existing SM, from an existing
VM or from an existing case.

In the 4D Flow CFD case study the velocity profile can be calculated and visualized for the defined
cutting planes.

The 4D FLOW CFD model will be used for the description of all CFD case creation.

Create CFD Case from the Geometric Model

Geometry Selection in the Model

Start the workflow selecting the elements in the model tree. In the example illustrated below all the
elements in the CFD simulation VOIs branch are selected in the 4D Flow CFD model tree:
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The creation of the CFD case is started with the Create CFD case green action button. A dialog
window opens allowing to select the starting point for the case: enable the Start from the model
radio button. The appropriate Create CFD case interface appears. It provides a step-by-step
guidance through the CFD setting process:
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T Create CFD case K

: Surface Mesh

Min. pixel size of selected structures: 1.0 [mmj |
Smoathing (FWHM) 0.3 | [mm] |
Segmentation Threshold 50.35 | [0.05-1.0] [] Optimal

Decimation | | m.01-0.09

Display Save

CFD
setting
steps

Define boundary conditions planes | ) 30 @ Preview

:Q_énée[:

The definition steps are mandatory and have to be completed for the CFD process.

Note:

The geometric model can be used to repeat simulation as VOlIs editing step is a fast process.
Starting from the base geometry a series of different geometries can be built: narrow, widen, with
extra branches. The new geometries (VOIs) can be easily added to the model, as explain
previously| 56), and use to run CFD experiments.

5.2.1.2 Surface Mesh Creation

The first step in the CFD case preparation is the creation of the surface meshes. Initially, only the
Surface Mesh tab is active as illustrated below:
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T Create CFD case K

Min. pixel size of selected structures: 1.0 [mmj
Smoothing (FWHM) (0.3 ] [mm]
Segmentation Threshold |0.35 [0.05-1.0] [] Optimal
Decimation 0.5 [0.01-0.99]

[v] Display [¥] Save

R

[¥] Define boundary conditions planes 13D @ Preview

[¥] Skeletonization  Generate new paths

Case name [cfdCase

Cancel |

T

The SM settings are described in the table below:

Min pixel
structure

size of selected|Displays the pixel size [mm] in the data.

Smoothing (FWHM) It is representing a Gaussian filter and allows smoothing the

data before creating the STL structure. The default value
corresponds to the pixel size in the data.

It is recommended to use a smoothing value 3 times the
minimum pixel size.

Segmentation Threshold All pixels with the value above the threshold are included in the

segment. The default value is 0.35. When the Optimal
checkbox is enabled the threshold will be calculated
automatically such that the volume of selected elements is
preserved.

Decimation

Allows simplifying mesh by removing tringles from the surface
mesh without changing the mesh. Please note that in this case
the simplification procedure is done after the mesh is created.
The value ranges between 0 and 1. The number represents the
percentage of triangles to be thrown out. Usually a value of 0.5
is a good compromise. The smaller the number of triangles,
the faster will be the 3D visualization.

It is a slow procedure which generates smaller files.
Decimation only changes the number of STL nodes,
particularly the vertices of the surface mesh. However, no
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change in the mesh geometry occurs, preserving thus the
mesh topology.

] Save When enabled allows saving the generated STL file in the
surface-meshes folder. This folder is located in the directory
set as Case path (local) in the PGEM configuration settings.

The SM STL files stores information related with the Bounding
Box and Point in mesh location. This information is used for the
calculation of the VM.

When enabled shows the SM generated based on the

¥| Display
' definition of the cutting planes

Define boundary condition|When enabled allows starting the definition of the cutting
plane planes. The cutting planes definition is mandatory for the CFD
simulation.

When disabled allows creating SM for visualization purposes.
Such SM are used to create VM of selected geometries for
visual presentations and cannot be used for CFD simulation

In the example above the Smoothing was set to 3 mm while the default settings were used for
decimation 0.5 and segmentation threshold 0.35. Toggle the Save and the Display checkboxes
in order to save and preview respectively the result of the definition of the cutting planes.

Enable the Define boundary condition plane checkbox to start the definition of the cutting
planes.

Two methods are available for the definition of the cuttings planes: Preview and 3D. Enable one
method radio button followed by the activation of the Generate surface mesh green button.

5.2.1.2.1 Cutting Planes Definition with Preview

The Preview interface for the definition of the cutting planes is illustrated below:

& Set cutting planes

oy ki g o N oL 1 i
vk;ktlt“.g !:|él:'7-¢{‘? Ci?J’I."':l!O:'I

Selection of the
visible elements

Htzned o |
CFD &irmutad ong VOIS - Aona- | e
a
De I afirm i T ¥ - -
Predefined cutting planes

Cles T . 3
Move existing cu C Ot o i . iz %
Can
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The window consists in an image area on the left and control and definition panels on the right.
Note the divider buttons == which can be used for enlarging/reducing the relative areas.

Elements List

The entries selected in the model tree are listed in the central panel on the right hand side of the
window. Initially all the elements are displayed in the viewport area. Select/deselect the Visible
check boxes for the structure of interest to change the appearance in the viewport. In the example
above all elements are set to Visible.

Definition of cutting planes based on predefined cutting planes

When VOIs were added to the model as cutting planes, they were linked with the specified element
in the model builder interface and consequently with the element entry in the model tree. The
predefined cutting planes listed in the Cutting planes panel, bottom right, are linked to the entries

in central elements panel. Select the entry in the list (e.g. inlet_bc) and activate the s icon
from the lateral task bar to cut the geometry with the selected cutting plane. The cutting plane is
shown on the image on the linked geometry. The cutting plane definition panel, top right, list the
copy of the predefined cutting plane as the first defined cutting plane.

E Cut name
1 inlet_plane

Double click in the Cut name field to assign a different name to the first cutting plane in the list:
e.g. inlet_plane.

Definition of new cutting planes

Activate the + icon in the taskbar to create a new cutting plane. A new entry appears in the top right
panel with the default name Cut_Surface_2:

\_N.D. | Cutname |
1 inlet_plane

IO C.i surface 2

Successively click twice on the structure displayed in the viewport: the first click defines the cutting
contour while the second click selects the part of the geometry to be used in the simulation. The
opposite part of the geometry is discarded. The process is illustrated below:
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Rename the new cutting plane to outlet_plane.

Saving the cutting planes

Saving of the cutting planes definition is started with the B button in the lateral taskbar. It allows

saving the entries in the list as *.cutPlane files. By simply retrieving those with the & putton de
definitions are recovered.

Alternatively, add the cut definitions to the model as cutting planes with the o button. The cutting
planes will be linked in the model with the element being cut and they will be appended to the
existing predefined Cutting planes list as illustrated below:

HU. | Cutname |
inlet_plane .

[@'— outlet_plane

Cu‘mngplanes e j,.sm-‘ﬂedto | A

outlet_plane ™ CFD simulations VOIs - Aorta - whole
inlet_bc CFD simulations VOIs - Aorta - inlet Q
inlet_plane CFD simulations VOls - Aorta - inlet

Modify a cutting plane

The process to modify a cutting plane is very similar to the definition of a new plane. First, the
plane is selected in the list. Successively are requested two clicks on the image: the first click
defines the new cutting contour while the second click selects the part of the geometry to be used
in the simulation. The opposite part of the geometry is discarded.

Alternatively, discard the selected cutting plane from the definition list with the % button. The *
button removes all the cutting plane definitions available in the list. Start the definition of a new
cutting plane as described above.
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Velocity profiles for the cutting plane definitions
When the creation of a CFD case is based on 4D Flow data the icon on the lateral taskbar
becomes active. It allows calculating and visualizing the velocity profiles of the 4D flow data on the
defined cutting planes. The result of such a calculation is shown below:
late velocity I%I ]
]
B oL v = [¥outlet_plane
E oL v o] [Minlet_plane
D.:31 G
seconds
- o]
(® PMOD format () Fluent format n Export velocity profiles
Save the velocity profiles with the Export velocity profiles button in one of the available formats:
PMOD format, Fluent format. To close the window activate the OK button.
Note: It is mandatory that the 4D Flow data used in the creation of the CFD case are the same
data used to build the currently selected anatomical model on the Model page.
Close the Preview interface with the OK button to generate the surface mesh. The calculation
process may take a couple of minutes. The results are shown in a 3D window as illustrated below:
pud Vi &
(5|
=
}wul.lvs .
@ e pisre
B outict plane
VR | % Remove X Remoedl @
E.rl:.u.-. ﬂ;lﬁ :!i‘ ::5
caer * E
amecolor: * [
It allows exploring interactively the generated surface mesh. Close the window and continue with
the VM creation.
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The cutting planes will be used to define the boundary conditions for the CFD simulation.

5.2.1.2.2 Cutting Planes Definition with 3D

It is recommended to use the oblique planes to create cutting planes for the CFD simulation. The
oblique planes allow creating cutting surfaces which are perpendicular to the vessel axis.

PMOD supports two ways of cutting planes definitions with 3D:

1. Without Skeletonization: the oblique plane needs to be interactively placed perpendicular to the
vessel axis. In this case the 3D radio button is active as illustrated below:

[v] Display [¥] Save

[v] Define boundary conditions planes Brediew
[] Skeletonization Generate nevgaths

2. With Skeletonization: the oblique plane is automatically place orthogonal to the vessel

skeleton when bound to the selected path. In this case the 3D radio button is active and the
Skeletonization box is enabled:

[¥] Display [¥] Save |
[¥] Define boundary conditions planes —~ ® 3D (O Preview

/E Skeletonization Generate new paths E

¥ Generate new paths

[Z Load paths from file

With Skeletonization enabled a selection list becomes active allowing to Use paths from
model if available, to Generate new paths or to Load path from file previously saved in the
P3D module.

Both approaches will be briefely described.

Please refer to the PMOD 3D Rendering Tool Users Guide for any further details about the
skeletonization, oblique planes and cutting-related information.
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5.2.1.2.2.1 Without Skeletonization

The 3D interface for the definition of the cutting planes is illustrated below:

ek o 0

SR VR X Bemove 3 Remave il 3

In the example above one oblique plane was used to create the cutting planes on the selected
surface render object: the walls. The results are two entries in the View tree, in the walls branch:
the Cutting_caps_1 and Cutting_caps_2.

Close the 3D interface with the OK button to generate the surface mesh. The calculation process
may take a couple of minutes. The results are shown in a 3D window as illustrated below:
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ek o 0

X Closw

The 3D interface allows exploring interactively the generated surface mesh. Close the window

and continue with the VM creation. The cutting planes will be used to define the boundary
conditions for the CFD simulation.
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5.2.1.2.2.2 With Skeletonization

The 3D interface for the definition of the cutting planes using generated paths is illustrated below:

= 3D View x

—rrar
¥ Fam 53
_;-_’C-hm 54

4 g0 «8

BB g e g

SR 1 WR | XHomowe M Hemove AR @)

scane | umaPmmn | mo | cm

¥ Visible | Selaced Only | Dastanicos

EdUndFlane: 1 - A

Pozmore © L 3

METlnes:  HONE | v 2
¥ HONE
Pl 2
Bl 55

Ok | Cancal

The paths are representing the skeletons components and are immediately available in the View
tree when the 3D interface appears.

In the example above one oblique plane 1, was used to create the cutting planes on the selected
surface render object: the walls. The blended transparency was enabled for the walls in order to
allow the visibility of the skeleton paths. The Path 54 is selected in the View tree and the Bound
Plane selection is set to the oblique plane 1. The oblique plane is placed orthogonally to the
vessel skeleton as soon as it is bound to a selected path. The Position slider allows moving the
plane along the active path while preserving the orthogonality.

To cut a part from the SR object used for the skeletonization select the SR object (walls) in the
View tree and subsequently the Cut tab belonging to this object (NOT the Cut tab of the Planes
object). With the Bound to path, Arrow site and In circle boxes enabled the Cut button is
activated. The Cut button starts a process which clears all information of the selected object on the
defined side and area and refreshes the rendering scene. The part of the SR object on the same
side as the arrow head is cut from the scene. There is now an indication in the object tree which
objects have been cut:
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= 3D View x

a0 «B

¢ | wulls ] :
¢ Bk cumng_caps_T =
SR )1 WH | X Hamove W Remova kil
scene | surace | info I_'f-rlimi
Vi Lt g FEN8 S Bl
1] Il 1 el
Refresh  Fasse W
o » (o
\
%
¥ Hound o palh —
—
Arow e vl I circke
G Cat (v Add @ Full  Fosteupdste

ok || Cancel

The same oblique plane is used to define another cutting plane for the walls. The plane is bound
to the Path 33. With the Bound to path, In circle and Add boxes enabled the Cut button is
activated. With the Arrow site box disabled the part of the object on the opposite side of the arrow
head will be cut. The final scene is illustrated below:

& 30 View

S @ W

The resulting cutting planes are renamed to Outlet and Inlet editing the Name field followed by the
activation of the Set button.
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Close the 3D interface with the OK button to generate the surface mesh. The results are shown in
a 3D window. It allows exploring interactively the generated surface mesh as illustrated below:

X

& 3D View
el View
"]
bt v
a
=
B
B s i 1] Duiled
i vz cutziinier
SR IWR X Remove 4 Removens @

Scene Sarfoce T coi

] WiElolE

He Tashur ~ iinl

0.0 A = »
vode [BF BB ER IF

Redudlion 25 | (] - Semplify

X CBE

Close the window and continue with the VM creation. The cutting planes will be used to define the
boundary conditions for the CFD simulation.

5.2.1.3 Volume Mesh Creation

The Volume mesh tab becomes active once the SM is generated. In the process of SM creation
the Bounding box and Point in mesh location parameters are calculated automatically and
displayed as illustrated below:
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T Create CFD case K

Surface Mesh

© VolumeMesh

Boundary Conditions

Solution Controls

£ Bounding box:

X X £
Min |85.3 61.4 c7.7 [mmj]
Max [185.7 2400 56.6 | [mm]
Cell size |6.02 |6.02 16.02 | [mm]
£ Pointin mesh location:

15887 |121.17 |45 [mm]

Surface refinement:

[¥] all boundaries = B level max :3' 'min 2

Yolume refinement:
[¥] inside level |2

[ Export to FLUENT format
[ Finish processing at this stage

CZgg View surface mesh

H sae | Casename [cfdCase

Qance['

It is mandatory that the Bounding box encloses the whole surface. The Point in mesh location
represents coordinates of any point inside the SM. It is recommended to preserve the automatically
calculated values for the Bounding box and Point in mesh location and optionally change the
Cell size parameter. This parameter determines the size of the initial cube cells. In the example
above the values calculated automatically are used for the simulation purposes.

Note:

The bounding box and location in mesh can be edited via image data - using the screwdrivers !
buttons.

The Surface refinement is representing the parameter that will steer division of cells of a volume
mesh in the surface's neighbourhood. Particularly, the maximum number of divisions (level) will be
applied to the curved parts of the surface while the minimum number of division anywhere else in
the neighbourhood. It can be defined for each surface (walls, inlet or outlet) separately or on all
surfaces selecting all boundaries. Please note that the parameters for a particular surface (e.g.
walls, inlet, outlet) will overwrite the all regions settings. In this particular case the surface
refinement was set for all boundaries to a max level of 3 and a min level of 2.

The Volume refinement is representing the number of cell divisions inside the whole volume of
the geometry (each cell of the volume mesh). A level of 2 is set in the example above.

Note:

The default settings always build rather simple volume mesh and are recommended to be to use
for the first estimation of a solution. The cells number of a volume mesh and its quality is always a
compromise between accuracy of the solution and the time of calculation. Using a bigger number
of cells does not change the quality of the solution.
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With the Finish processing at this stage box enabled the Generate volume mesh green button
becomes available. It allows calculating the volume mesh but exits the Create CFD case dialog.
The result is an OpenFoam case storing only the volume mesh. To create a volume mesh
compatible with Fluent solver activate the Export to Fluent format check box.

To continue with the CFD case creation select the boundary condition tab.

5.2.1.4 Boundary Condition Settings
In this step the boundary conditions are defined for the cutting planes and for the wall. There are
two physical variables which characterize the fluid flow: the pressure and the velocity.
The Boundary Conditions interface is illustrated below:
M Create CFD case X
Surface Mesh
Wolume Mesh
——
Solution Controls
P {pressure) [m2/s2]
Internal field: Boundary:
b walls | PN zero gradient Z
¥ walls ¥ zero gradient
U (velocity} [m/s] [0 inlet_plane [ fixed value
Internal field:  Boundary: I outiet_plane
%00 | walls =l zero gradient =
Y DD 1 | ¥ walls ¥ zero gradient
Zio.0 | IJ inlet_plane D fixed value
: [0 outlet_plane [ surface normal fixed value
L& Load & show velocity pro
7y View surface mesh
E.Save. " | Cas..e.name cfdéase
Cancel
The Internal field allows setting initial values for both physical variables. These values will be
assigned to every cell in the volume mesh. It allows starting the simulation from field with non-zero
values. In the example above the zero value is used both for the pressure and velocity in the CFD
simulation.
The P (pressure) is a scalar and is defined as a kinematic pressure (pressure/fluid density) and
measured in [m2/s2]. There are two types of pressure boundary conditions: fixed value and zero
gradient. With the fixed value selection the value of the variable will stay as defined throughout
the simulation. With the zero gradient selection it is assumed that there is no value gradient along
the flow direction. Particularly, it is assumed that the flow is fully developed at this boundary, and
the value will be calculated by the solver.
In the CFD simulation example above the zero gradient is set for the walls and the inlet_plane
surfaces and a fixed value of 0 for the outlet plane surface.
The U(velocity) is a vector and is measured in [m/s]. There are three types of velocity boundary
conditions: fixed value, surface normal fixed value and zero gradient.
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When the fixed value is set the value of the variable will stay as defined throughout the simulation.
A similar situation is obtained with the surface normal fixed value selection but in this case the
vector alignment is always normal to the surface for which the boundary condition is applied. The
inflow is defined by a negative value. The outflow is defined as a positive value. The zero gradient
significance is the same as for the pressure variable: assumes the flow is fully developed at this
boundary, and the value will be calculated by the solver.

In the example above, the following settings are done for the U variable:

= walls surface: fixed value0 0 0 (the so called no slip boundary condition)
= jnlet surface: surface normal fixed value with a value of -0.26

= outlet surface: zero gradient

Note:

It is recommended NOT to set fixed constraints on the flow at one surface for both variables, e.g.
pressure and velocity set as fixed values at the inlet.

Activate the Load and show velocity profile button to visualize previously saved 4D flow velocity
profiles.

ik Velocity profile I ﬁ

—
cmis | % |
1 [0.02,15.9]- 18 [0.74,18.6]

EH oL v =] Fnet

e B oL ~ o [7outet
I 26.5
11.6¢ i i i i | I
0.0z 016 0.3 0.45 0.6 0.74
seconds I
S - o

Close i

Such profiles are saved in the cutting plane definition step of a 4D Flow CFD case creation.

Note: In the current implementation the velocity profiles for the cutting planes are not used in the
simulation process.
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5.2.1.5 Solution Control

The last step consists in setting the parameters for the solver as illustrated in the capture below:

T Create CFD case K

Surface Mesh

Volume Mesh

Boundary Conditions

.

lterations: -.1DD | @‘mne final result only

2 write result every (iterations

[¥] Calculate wall shear stress
[] Convert result to FLUENT data format

Codg View surface mesh |

H save Case name AonaCass| o

Cancel

s

s

The number of Iterations is recommended to always be rounded to full tens. Toggle the write
final result only radio button to save only the final solution for the simulation. Consequently, the
wall share stress (WSS) will only be calculated for the last point when the dedicated box is
enabled.

The best way for reproducing a simulation is to save the entire case configuration with the Save
button in the lower left. All the information will be saved in a .cfdCase file.

The Case name field allows assigning a meaningful name to the CFD case. This facilitates the
management of the OpenFoam remote and local cases. In the example above the AortaCase was
assigned as the name for the CFD experiment.

With the Convert result to FLUENT data format box enabled the case will become compatible
with the FLUENT software.

Activate the Execute case button. A confirmation panel appears listing the Case summary:

T Case summary X

Tasks to perform (at the server):

- Generate volume mesh

-Solve case (iterations: 100, save the fast iteration results)
- Calculate W3S

[¥] Download case to the local cases folder

[] Delete case from the server after downloading

Ok || Cancel
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With the Download case to the local cases folder box enabled the CFD simulation results are

automatically downloaded when calculations are completed. The Delete case.. box enabled allows
deleting the case from the remote location.

Close the confirmation window with OK to send the CFD case to the OpenFoam interface and exit

the CFD settings interface. A message will confirm the success of sending the case to the server
or not.

5.2.2 Create CFD Case from a Surface Mesh

Start the CFD simulation activating the Create CFD case green button. A dialog window appears
as illustrated below:

T Create CFD case X

i) Start from model

.. S cfdCase_{20171211_14_05_55.051) [DIR: D:Pmod.. = 4 | [
® Load existing surface mesh

) Load existing volume mesh | [] Scale mesh: %01 B \

) Load case =
¥ %01

| Ok ” I ¥10 Cancel ‘
10 %100
Toggle the Load existing surface mesh radio button to start the creation of the CFD case from a

SM. Use the open **' button to load a SM file. To scale the SM enable the Scale mesh box and
select one of the scaling size available on the list.

Close the dialog window with the OK button to continue the creation of the CFD case. The CFD
interface appears displaying the Volume Mesh as the first step of the analysis.
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T Create CFD case K

Boundary Conditions

Solution Controls

! Bounding box:

X ¥ Z

mings3 |14 |7 [mm]

Max [185.7 |[240.0 ||56.6 [mm]

Cellsize .02 oz g0z |mm

Fointin mesh location:
15857 |[131.17 243 | (mm
Surface refinement:
¥ allboundaries ¥ | 4 | b level: max[3 | min |2

Wolume refinement:
[¥linside level [1 |

[] Export to FLUENT format
[ Finish processing atthis stage

G View surface mesh |

H save Case name cfdCase

Cancel

Lt

The View surface mesh button allows exploring interactively the loaded surface mesh in the 3D
interface.

The Bounding box and the Point in mesh location parameters are initially set to 0 and 1
respectively. It is mandatory for the user to know these parameters and interactively type them in
the dedicated text boxes.

The Surface refinement parameters are set to all boundaries to a max level of 3 and a min level
of 2. This indicates that a maximum number of 3 divisions will be applied to the curved parts of the
surface while a minimum number of 2 divisions anywhere else in the neighbourhood.

The Volume refinement is set to a level of 2. This indicates that each cell in the volume mesh will
be divided in two.

Continue with the definition of the Boundary Conditions as explained previously| o1

Finally, define the parameters for the solver. Set the number of iterations to a full tens number,
e.g. 100 and enable the write the final result only radio button to save only the final solution for
the simulation. Enable Calculate wall shear stress box for WSS calculation.

Note: Assign a meaningful name to the CFD case in the Case name field. This facilitates the
management of the OpenFoam remote and local cases.

Activate the Execute case button to send the CFD case to the OpenFoam interface
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5.2.3 Create CFD Case from a Volume Mesh

Start the CFD simulation activating the Create CFD case green button. A dialog window appears

as illustrated below:

it Create CFD case

(. Startfrom model /

Er=
i Load existing surface mesh & fromiloca

® | oad existing volume mesh
i} Load case

| cases manager

() from file system:

X

| o

Cancel

Toggle the Load existing volume mesh radio button to start the creation of the CFD case from a
VM. Enable the from local cases manager radio button. The local cases are listed in a dialog

window as illustrated below:

Select case to use its volume mesh

LIST OF LOCAL CASES [T

[ No. [ sta..[= created [ name

+ 2016.12.15 - 16:59:29.126 AoraCase3D
2016.12.14-15:08:42.990 AoraCase
2016.12.13-12:40:55.207  Aorta_IF
2016.12.12-15:41:41.025 TestCaselF
2016.12.05-14:2218.270  Aorla_|F_test
2016.11.14 - 16:48:49.460 cfdCase_IF_TestCoronary
2016.11.04 - 14:27:42626 cfdCaselFProbe

[¥] Case Preview (Volume rendering):

@(© [ ]

| 66

@ Gray

0.0
K
RO —— 100 (8]

(o]l -[=] - [olls] -

Saye

= i = []Al

Cancel

The left side shows the list of the available local cases. The list allows selecting one of the volume
meshes for simulation. With the Case Preview box enabled, the selected VM is shown in the
image port. The general image manipulation panel is available on the right hand side. It allows
changing the appearance of the image in the viewport. The volume rendering displayed in the

viewport can be saved as an image with the Save button.

Activate the OK button to exit the window and continue with the creation of the CFD case. The

interface is simplified as shown below:
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5.24

PMOD Geometric Models and Simulation (PGEM)

Boundary Conditions

Solution Controls

[Tk View volume mesh

E save

P (pressure}[mz2/s2]

Internal field: Boundary field:
o walls zero gradient
U {velocity) [mis]

Internal field: Boundary field:

x o walls zero gradient

Y0
Z

Ll | oad & show velocity profile

Case name cfdCase

Cancel

It consists of the Boundary Conditions and the Solution Controls panels. Define the Boundary
Conditions as explained previously/9f\. Finally, define the parameters for the solver. Set the
number of iterations to a full tens number, e.g. 80 and enable the Get final results only box to
save only the final solution for the simulation.

Note:

Assign a meaningful name to the CFD case in the Case name field. This facilitates the

management of the OpenFoam remote and local cases.

The View volume mesh button allows viewing the VM in the 3D interface and interactively explore

it.

Send the CFD case to the OpenFoam interface by activating the Execute case button.

Create CFD case from an Existing Case

Start the CFD simulation activating the Create CFD case green button. A dialog window appears

as illustrated below:
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i Start from model
() Load existing surface mesh
() Load existing volume mesh

i® | oad case

Load existing case preset

Cancel

Enable the Load case button to start the CFD simulation from a previously saved case. Close the
window with the OK and select a .cfdCase file. The CFD interface appears displaying the Volume

Mesh as the first step of the analysis.

It Create CFD case

Boundary Conditions

Solution Controls

G View surface mesh |

Save Case name (cfdCase

S

! Bounding box:

X

X ¥ Z
Minss3 |14 |77 [mmj
Max [185.7 |[240.0 ||56.6 [mm]
Cellsize .02 |j5.02 6.0z |immi
Fointin mesh location:
15857 13117 243 | mmi
Surface refinement:
¥ allboundaries ¥ | 4 | b level: max[3 | min |2
Wolume refinement:
[¥] inside level |1
[] Export to FLUENT format
[ Finish processing atthis stage
Cancel

A

The .cfdCase file contains all the settings necessary for the CFD simulation: Volume Mesh,
Boundary Conditions and Solution Controls. Modify the case definitions (e.g. Boundary
Conditions) in order to try variations of the processing parameters. Save the new case settings
with the Save button and finally send the new CFD case to the server with the Execute case

button.

Note:

Assign a meaningful name to the CFD case in the Case name field. This facilitates the
management of the OpenFoam remote and local cases.

it.

The View surface mesh button allows viewing the SM in the 3D interface and interactively explore
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5.2.5 Management of the OpenFoam Remote Cases

The Open Foam remote cases are easily accessible via the dedicated &5 putton available in the
lateral task bar. A dialog window opens as illustrated below:

i
=
fion SUCCESSFUL Parl = 5958 Address = analomy pmod.eom, (Secure = false Commres:
S
B LSTOF SERVER CASES 2 |
| M2 | gtatus |
w5 Fi 121
50 v |
45 F
L ) o
A7 ¢ |+ 9
= Revesh op (0 Lags e, Rezdualz Q) Deiste (i
8 Downiood ] Dtete ¥ Civss | €

The information related with the OpenFoam server is displayed in the upper section.

The cases available on the server are centrally listed in table format. The status of each case is
displayed on the Status column: it can be either running, failed (giving number of errors), or just
ticked V if successfully finished as in the capture above.

The functionality of the action buttons available at the bottom of the page are summarized in the

table below:
& Refresh Allows refreshing the case list
@ Stop Allows stopping a running case on the list.
D Logs Allows visualizing the logs file of the cases in the list. Its activation opens a
window like illustrated below:
FE OpenfOAM logs. Case [OFM_20151105_09_10_ 48 583] hﬁd'\
@ BLOCKMESH @ SNAPPY HEXMESH I
s '\. .A
I
W ':uen:Cll%LI _-'Il— Cpen Source CFD Toolbox
L B0 2
Wi And Vel www.CpenF 04N org | |
¢ W anivulation | ={f [
. o |
a\.;: cmelomediepanFoamPmad3 SidalabeTABASESDpe nFeamidata’_ CFD_CONTAINE
mafpmad/opanFoa mPma 03 8idal D TABXSESOpanFoamidatad_ CFD_COMTAIMER__AOFM_20151
|
o conpta Clipnaars | ¥ Ciose J|
The window is organized on pages which content can be Copy to
Clipboard and paste in a text file.
/& Errors Allows visualizing the error logs. Its activation opens a dialog window as
shown below:
PMOD Geometric Models and Simulation (PGEM) (C) 1996-2019
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(i OpenfoaM crrors. Coes (0FM 20121114 15 3249, rom =7

| @ BLODHMESH | @ SNAPPY HEX MESH ® SOLVER @ Wl | SHEAR STRESS

80 Foam: error pri
Fram sigleqy ler(int]

2 ini b E_Ga- e 50 5
3 Foam ineDwide in eDwide (- oam curve dEdges consts int, double) in ophapsr

pam-(=ireamd) in “inptiopenfaam23Lpl =fo

138 LG4 GoeDPO Rt
ton ento ami3 Il aiformad inu st GoeDPORRib B Ope

ibOpe nFCAM.20
R

in "ot openieam 230/ plaliormsiinis SaecDP Optbindl ookl 2sh ™

[«] 1l ]

B2 Copy to Clipbosrd [ % Close |

The window is organized on pages which content can be Copy to
Clipboard and paste in a text file.

le., Residuals Allows visualizing the residuals for the case selected in the list. A dialog
window opens and shows the plotted residuals as illustrated below:
e e — =
u]uT 2
l
|
vf,j
\‘ :-: : - ‘-E-umm
ol @ o v E R
=
- .,
L L e =8 eaes o -
’ aE ,B B oo M Cha ’
In this example the residual becomes flat after approximately 30 iterations
meaning that solution is converged.
€ Delete Allows deleting the selected case from the list
4 Download Allows downloading the selected case from the list. Optionally, the case can

be deleted from the OpenFOAM server enabling the Delete checkbox aside
the Download button.

When activated a confirmation dialog appears as illustrated below:

i "]
Confirmation &

o you wantfo downlozd s=lecled 1) cas sis) to the local fol der
[D:'P rad Bfrs sources | anat omyic sxes] ¥

[7]

" [ Opan local cace foldar afer down load

‘ v Yes X No |
|

It shows the location where the file will be saved. Please note that this

setting is configured locally within the PGEM interface as explain above! 8.

The AortaCase was selected for download.
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5.2.6 Management of the OpenFoam Local Cases

Activate the Manage OpenFOAM Local cases ™ button from the lateral task bar. The local cases
dialog window is illustrated below:

i OpenFOAM cases [LOCAL] s
OpenFOAMLOCAL Verificztion SUCCESSFUL D Frmod3. Sresourcesian slomuczsesi
T ¥| Cass Preview Mvolume rsnderningk
rie. |5 |
S 1a.CFD_17.12.19 Gan.| =
5 -
14 o 5]
13 < 4 A . )
12 +
11 v
0 Faled .
1 = % Cray - b oE - |
a I o
F Failed _DeremBerttn 4 0 " '
[] v CFDCasw ] A
[ o o (8 =) Loo: (%]
+ < i) R T
2 s E,L‘P!iﬁv!o[‘;r
e v - 1 i
1 of angsurrsm
f Imags dats results.
i & Generate
Resolubon: 256 - % 4 B
u
£ Refrssh fiep (0 Logs Ercrs l8 Remcusis 8 Dalste ¥ Move | (0w VMiomodst BIZH Cassio model
| WOMIEW | olumE mesn Polymesny - = 3 K Liose

The left side shows the list of the available local cases. The list allows selecting one of the local
cases for visualization and inspection in the 3D page. With the Case Preview box enabled, the
result of the selected case is shown in the image port. The general image manipulation panel is
available on the right hand side. It allows changing the appearance of the image in the viewport.
The CFD results previewed in the viewport can be converted into images with the specified
Resolution using the Generate button in the Image data result panel. The images series are
saved in the specified format using the Save button.

The functionality of the action buttons available under the local cases list are summarized in the
table below:

£ Refresh Allows refreshing the case list

@ Stop Allows stopping a running case on the list.

M Logs Allows visualizing the logs file of the cases in the
list. Its activation opens a window like illustrated
below:

. OpenFOAM lags Case [OFM_20151105_09_10_48 582] h;“

(@ CHECKMESH |~

| @ SURFACE Cl | ® BLOCKMESH @ SNAPPY HEX MESH

10ced |
A5 0 homel omodiopa nFoa miPma 03, G2l DATABMEE S Dpa nFearmidatal_ CFD_CONTAINE

13800, Ziman pl

CFO_CONTAINER__/COFIA_20151

MlaMad D
SllenwSy ste il erall

enFaamiEaal_IGFD_GOMTAINER__3FM_20157 105,

B copyta ClipBoar X Cloae

PMOD Geometric Models and Simulation (PGEM) (C) 1996-2019 pm@@



Geometric Model Construction and CFD Simulation

102

The window is organized on pages which
content can be Copy to Clipboard and paste in
a text file.

/% Errors

Allows visualizing the error logs. Its activation
opens a dialog window as shown below:

B DpenFOAN emors. Case [OFMLZ0141114_15 31.49,700] =

[ @ BLOCHUESH | @ SNAPPYHEN

OLVER | @ WALL SHEAR STRESS

2 Copy o Chpboard | % Elose |

The window is organized on pages which
content can be Copy to Clipboard and paste in
a text file.

£., Residuals

Allows visualizing the residuals for the case
selected in the list. A dialog window opens and
shows the plotted residuals as illustrated below:

P ———— =

BN A
co. METERRRE e opegn
] : :

P

po [l e wom

In this example the residual becomes flat after
approximately 30 iterations meaning that
solution is converged.

€ Delete

Allows deleting the selected case from the list

Move

Allows moving selected cases to the back-up
folder (path set in PGEM configuration as
explain abovel 81). The back-up folder is not
scanned, therefore the local cases dialog will
open up faster.

When activated a dialog appears as illustrated
below:

R Move . |

Dk Caneel
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It shows the location where the file will be
saved.

T VM to model

Allows adding VM from the selected case to one
of the model components as illustrated below:

Confirraticn

Da pauwant bo addvolame medf fham ihe selzrisd caz kit be shosan clermerkol 40 FLOW OFD” madal?
= |

=-

Bl

ETE TR R

~ Yan  Ha

The active radio button and the selection in the
list indicate the component in the model tree
where the VM will be added. This information is
encoded with v in the component name:

= 4D FLOW CFD - (& Load & edit =

¥ CFD sjpulations V0Is
¢ lvlw , €, Cp) Aorta
+ 1l (s, cp) whole

+ | (s, cp)inlet

H=A Caseto model

Allows linking the selected case with the
selected element in the model tree as illustrated
below:

Do peu wankks ink ihe cazw viththe chazen slorvnbef 40 FLOW CF D modsl

Ii ARV v f A =B

~ Yan  Ha

The active radio button and the selection in the
list indicate the component in the model tree
where the case will be linked. This information is
encoded with ¢ in the component name:

= 4D FLOW CFD s B Load & edit "

* CFD simulafigns VOIs

¢ vl = P ﬁumona
+ | (zcp) whole
+ | | (s, cp)inlet

5.2.6.1 Conversion of CFD Resuts to Images

The Generate button in the

specified Resolution.

PMOD Geometric Models and Simulation (PGEM)
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5.2.6.2

& OpenFOAM cases [LOCAL] s

OpenFOAN LOCAL Venfication SUCCESSFUL O/Pmodd. Siesourcesian slomyicases/

LIST QF L | Cazs Preview [Uolume rendenngk
[re. | [ raamna B &

T ; i U @ aneunem_Dome Comelry| = ]

15 o

14 o

13 ks

12 v | @ an=urysm lema piPresses)

14 ¥ 38 Ansurser_Desng U [Velachy magniiidey

llj'] = | @ ansurpsm Demio U (Uslecry 5YZ components)

¥ o

8 £ o

7 fa An . DerembzrTih .0 &0

[ o FOCase E .

5 v 5.7} 5 _,.' IGEE Y|
+ 4 AITEe-134esT A FoMewzz HNEeEEE N, | G b

2 ‘ By v!g B v

i g

limags dalz resullts
— & GEnerate
Resplubon: 256 % - [ F
& ;com = [ai
1 = -

£ Refesh op (D Logs Encrs gis, Residusls @ Delste  F Move | (T VM iomodsl BIZH Casedomode
| B Miew | Volume mesh (Polymesny ] K Cinse

Four image series are created: Geometry, p (Pressure), U (Velocity magnitude), U (Velocity
XYZ components).

Use the Save icon to save the currently shown series in any of the supported formats. If the All
box is checked, all image series are saved in separate files with the specified resolution.

Visualization of the CFD Results

The % View pytton allows displaying the results of the CFD case selected in the list in a 3D
window. There are two options for visualization of the CFD results: as Polymesh or as Volume
rendering:

B View Yolume mesh (Folymesh) E [

¥ Volume mesh (Polymesh)
[J Volume rendering

5.2.6.2.1 As Polymesh

Select the Volume mesh (Polymesh) option in the list and activate the View button to transfer the
CFD results to the 3D page. An intermediate dialog window allows selecting the original 4D Flow
data:

T 4D flow data loading X

Do you wish to load 4D flow data to display in 3D7?
) Magnitude ® Velocity [1] =

& Database v

i
| Cancel !

The selected image series may be used for texturing in the 3D interface only if the same data were
used to create the geometric model used for the simulation.

The result for a Brain Aneurysm data is illustrated below:
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Load images | © VOIS & Trackmg Models | Phantoms 10

A walls cul 1_Infg

& walls_cul_Z__ou

@ cels boundary

@ Z19_WMAG_NYZ_[7_0_Tow_velociy_ampiige_intern

| [3]

AER A WR X Remove w memoee a1 @

Scene | PayMesn | Inm |

™| Visible Frame. !

For further visualisation, an oblique cutting plane is applied to the aneurysm CFD results, to reveal
internal values for velocity and pressure:

Load images [ # VOis & Tiacking Models Phaitomes 30

[ ot e |

g
|
o2 Z_VELOCITY_[7_4D flow weiocty smplinde )|
¢ = Aneursm-Deme |
-} wa
3 wal

& wallz_cut 2 [ifl=tPaich

o @ cells troundary

B Cutiing object 1

T WR | X Rernove 2 Remode All =

Foly Wesh |

| |
1P o » : |
|
Mede: (B B = S ['{
1
Colar | |
11
- I
(]
1]

PMOD Geometric Models and Simulation (PGEM) (C) 1996-2019




Geometric Model Construction and CFD Simulation 106

[ Loadimages = © WOis&Tracking ~ Medsls - Phantoms | 30 |

[ hput [ View |

VELOGITY_[7_40_flow_velacr_ampiiiude.
§ T AnzuyEm-Oeme
& wallsPaten
23 walls_cul 1 InletPaich
2 walle wul 2 CulalPale
7 @ celis houndary
B cumng_nnjee_1

4 ] (3|

IER Y VR | X Remoue X Remove Al @

Sceme | PolyMesh | ime Cul
»| Wisitle Frame, 2 =

o * 4% | Maonitude v

BB st det T 8y @ T [Fintens

) T4 b seass =

Hode [BE BX = 22

olor.

Frame colar . 2]

The following settings were used for visualization:
1. All the objects in the View tree were set to Solid.
2. The wallsPatchVisible box was switched OFF.

An oblique plane was used to cut the cells_boundary. After cuttin, the plane Visible box was
set to OFF.

4. The p (pressure) and the U (velocity) Magnitude selected on Frame 2 were used to texture
the cells_bounday object.

The resulting velocity field and pressure can be compared visually to the known velocity from 4D
Flow. To this purpose the loaded Image data with XYZ_velocity selection was overlaid on the
cells_boundary object:
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The wall shear stress maps can also be assessed in the 3D environment. For this purpose the
wallsPatchVisible box is enabled and the wallShearStressMagnitudeFrame 2 selected as
texture. The scene is updated as illustrated in the capture below:

Load lmayes ‘ & Vs & Tracking | Medels = Phantems k|

" input | Wiew

@ P39_HYZ_WELOGITY_[7_40 flnw_velaciy_ampitude |
T me-Demo
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8 walls_wut 2 QulletPale
¢ & ceils noundary
[ Culiing_obled_1

Il M v
HaR | 1R K Remove W Remove A1l 13
Sceme | PolpMesh | 07 Cut

[ |

b Visgniuds v\- |
@ aon.det = 4 @ = ¥InSoens
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Note: Please refer to the PMOD 3D Rendering Tool Users Guide for any further information about
the cutting planes and texture of the scene.

5.2.6.2.2 As Volume Rendering

Visualization of the CFD Results as Volume Rendering
With the Volume rendering selection additional settings are available, as illustrated below:

-
i & View E\Inlumerendering v 4 Resolution: 64 e

| ]| o deebes i

The settings are summarized in the following table:

Allows setting the image resolution. The following selection is available: 64, 128,
Resolution {128 | w 256 and 512.

The selected number indicates how many cubes will be rendered in each
direction. Each cube stores the information about the variable field from one cell
of the volume mesh. The higher the resolution the better the precision, but the
memory requirements grow significantly.

The rendering results for two different resolutions (128 and 512) are illustrated
below for the velocity magnitude estimated for the Aorta model:

Note:

In the 3D scene the cubes will be drawn in the positions which represent the centers of the volume
mesh cells.

The following settings were used for visualization:

1. The resolution was set to 512.

The simulation results are transferred to the 3D page activating the View button. They are
available as images on the Input tab of the 3D page. In the View tree, the CFD_Geometry is
available as the volume render  object, the CFD_p_(Pressure) and
CFD_V_(Velocity_magnitude) as images for the texture.

The two physical variables, velocity and pressure, are visualized as textures on the same geometry
as illustrated below:

PMOD Geometric Models and Simulation (PGEM) (C) 1996-2019 @m@@



Geometric Model Construction and CFD Simulation

109

Loid Images @ WOls & Tracking Mioideis Phantoms I

Load images & VOls & Tracking Models Phantoims

In addition, plane elements can be defined for composing a meaningful scene. The planes serve

for defining the parts to be cut out of a VR object.

Please refer to the PMOD 3D Rendering Tool Users Guide for any further information about the

rendering.
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7 PMOD Copyright Notice

Copyright © 1996-2019 PMOD Technologies LLC.
All rights reserved.

The PMOD software contains proprietary information of PMOD Technologies LLC; it is provided
under a license agreement containing restrictions on use and disclosure and is also protected by
copyright law. Reverse engineering of the software is prohibited.

Due to continued product development the program may change and no longer exactly correspond
to this document. The information and intellectual property contained herein is confidential between
PMOD Technologies LLC and the client and remains the exclusive property of PMOD
Technologies LLC. If you find any problems in the document, please report them to us in writing.
PMOD Technologies LLC does not warrant that this document is error-free.

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any
form or by any means, electronic, mechanical, photocopying, recording or otherwise without the
prior written permission of PMOD Technologies LLC.

PMOD Technologies LLC
Sumatrastrasse 25

8006 Zirich
m o Switzerland
+41 (44) 350 46 00

support@pmod.com
http://www.pmod.com
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