System ftor 3D Visualization and
Data Mining of Large Vascular Trees

Kun-Chang Yu, Erik L. Ritman, and William E. Higgins

The Pennsylvania State University, University P&#&,16802
ERMayo Foundation, Rochester, MN 55905

SPIE Optics East 2005, Boston, MA
3D TV, Video, and Display IV
23-26 October 2005

o A, MAYO CLINIC
— Penwsuare——— Y




Intfroduction

X-ray micreCT and multidetector helical CT scanners

= High-resolution 3D digital images of various anatomical
tree structures

Coronary or hepatic vasculatuge [ 20um)
Airway tree A [10.6mm or 60Am)

Sheer size and complexity of trees
s Essentially impossible to define them interactively

Automatic Approaches
= High percentage of apparently correct branches
= None guarantee geometrically accurate tree stregtur




Automdatic Approacnes

= Image segmentation, thinning and

centerline

analysis in voxel level (Selkt al. 2002, Waret al.

2002, Quelet al. 2001, and Yinet a

10[000)

= Centerline analysis with junction analysis (Antiga

et al. 2004)

= Principle pathway (Karau et al. 2001, Johnson.et

2000)

= High percentage of apparently correct branches




Ouiput off Automartic Approacnes:
Impertect Trees
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Our Godl

Develop methods for defining accurate
3D tree structures and quantitative descriptions

Use a combination of automated image
processing and Compuibased visual interactiolg




Four-Stage Approach

Stage 1 m Stage 2 | =

Segmentation
and
Surface Generation

Input 3D
Medical Image Centerline

Analysis

- Tree Analyzer

Stage 3

Identify and
Correct
Tree Errors

B Stage 4

Structure

Quantitative and

Measurements Associated
Measurements




omponents of Tree Analyzer

mage
c) Skeleton (central axes) |
SHtfee ke . 1. Site information (selected by picker)
: Hﬁff“ st ool sy position, gray-scale value, branch
g) Quantitative data information, etc.
h) Camera Coordinate Sets 2. Hierarchy information
3. Tracking Direction for Navigation

1. Surface (Triangle Strips) [| 120 Slice, Slab and 1. Hierarchy and Quantitative

2. Skelaton (Centra Axes) | Projectinn Views in 30 information
3. Real-time camera control Bounding Box with user- 2. Global and Local Tree Map

4. 3D Global and Local Views defined transverse, coranal 3. Generation and Length
with synchronized picker and sagittal ranges. Modes
5. Four mouse modes - 2. Skeleton Display in all 2D 4. Detailed Width Display
Fixed, Move, Detail and Views 5. Explorer-like Feature
] Nav(igation)
|

6. 3D Bounding Box
\

I|n| 1. Specify Input 3D Image 1. Loops
| 2_Specify Working Directory 2 Branch Breaks
3. Perform Noise Suppression, 3. Short Branches
Segmentation, Surface Generation, 4. Close Bifurcation / x-furcation, x> 1

4. Parameters adjustment. 6. Trifurcation / x-furcation, x> 2

y Skeletonization, and Quantization. 5. Small Trees
\I

i i T 1. Picker (sites on skeleton)
2 Connectonof Tna S 2 Shooter (2-View Sie Locator
(Adding a Segment) 3 grl[lfgemn Center
3. Removing Segments £ Cursor ;
4_(Hermite) Interpolation Two Sites L% Posmomng_; and Shooter in Bounding Box
5. Connection of Multiple Sites
6. Undo/Redo features

A
-Aulom 3

1. B-Spline Smoothing

2. Simple Short-End Branch Eraser

3. Other tree-modification functions:
a) False Branch Elimination T
b} Simple Centering S
c) Tree Refinement 5 >
(Akpathmaker - refining a picked Using Picker to Redefine Root
tree or starting a new tree) Sites of Trees

L\Image—PrDcesslng Toolbox

1. Segmentation, filtering, Measurements of branch length,
marphology, interpolation, volume cross section area, etc.
algebra, topology analysis, thinning,
central-axes algorithm, efc.

2. Commend-line script

3. Quantitative tree description




Diagram of Tree Analysis Module
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Automated Analysis
[ Step 1 ] ——[ Input microCT Image |
[\micro-CT Images\hf1dg\hG1dgd wo_decon-s.img|

L J
T re e / \ n O | yS I S [S'r___s;p 2 ] ——[ Specity Working EJir_e;_t_ury‘]

Rimicro-CT Images'hé1dgitestwo

|3 | ), sigma=|1000

[ Step 4 | —— [ Segmentation |
Hybrid Global-Local Half-Maximum
Seed g4 | [q4g [Thrsh

Min |~ IMax” | Min | Max. Max| ew Img |

.100 i % Local Threshold (Weight), Sigma = .2

Minimum no of seeds .5 | Minimum region size 100
Cavity deletion (Fill Holes)

_ from Pixy,z) - Size (wx,wy,wz)
[ 1 Masking (Zero Boundary) |0 0 (jo [- |1 [|-11 [
[ Step &§ ] —— [ Surface Generation |
Surface for Measurement (Required for Center Line Tracking)
Surface for Display
[ Step 6 ] —— [ Skeletonization ] [ Step 7 ] ——— [ Quantization ]
Skeletonization Profile Generation - using:
Centerline Algorithm . senerlized Cylinder
Argument |0820125-1| gmented Image
() Thinning z
[ | Generate Analyze Tree(s)

Generate and Open NV Script ‘Lﬂchl l Close




Interactive Tools
for 3D Tree Editing and Analysis

Integrated with 3D Imag®rocessing Toolsnv”
3D Interactive Rendering System (with Stereo fesgpuetc.)
Locator Tools

m Skeleton Picker

s 3D Site Locator Shooter

= IntersectiorCenter Locator

m 3D Cursor

= 3D Bounding Box and its 3D Site Locator
Tree Diagnostician
Tree Editing Tools




3D Tree Editing Tool Set

Pruning Tools (Tree deletion, pruning below a biarstc.)
Axis smoothing (BSpline, Hermite Interpolation)
End-branch Eraser
Axis Editing

= Add new sites using locator tools

= Connect two sites (to add a segment or Interpaldti@rmite])

= Remove a segment (to break connected sites)
Tree Refinement using Kiralg Tools (Centering, Smoothing, Erasing false brasgh

yv«Tree Analyzer -

L-2@- 8@ R@E ! 2
€ 3D Render #1

Eile Edit View Tools Window Help . - . - _
o T P P 27 @@ D rEFEsewe . 3




Tree Diagnostician

= Detect Possible Tree Defects
= Allow the user to examine the defects and edit

x
Braak +« Show Selected

[¥] Break (%) 1 Voxel | 0-020128 mm Type Information
- iy Short branch Tr#0, Br#441 (Length- 1)
] Break 2 trees® |1 Voxel 9-02012% mm Loop BranchiDs (in Tr£0): 15, 26, 32, 36, 2
[W]End2End Pt [ ] End2interior [ Int2interior Loop BranchiDs (in Tr#0): 185, 188, 190, .
Loop BranchlDs (in Tr20): 161, 163, 238, 240, . 264
: hiia BranchiDs (in Tr#0): 290, 291
[¥]End Branch* | Voxel  0.020124 mm BranchiDs (in Tr#0): 285, 287, 289, 290, 292, 296, 298
s BranchiDs (in Tr#0): 320, 321, 322, 323
[¥] Tree Size 1 voxel U-02012Y oo BranchiDs (in Tr0): 328, 332, 336, 338, 340, 342
v|Close Bifur |1 Voxel 0.02012¢ mm BranchiDs (in Tr#0)- 319, 320, :
Close Bifur X S BranchiDs (in Tr#0): 363, 377,

[

b : o : BranchiDs (in Tr#0): 383, 384, 38! B

Y|Loop [xfurcation [“ISte [ Segment BranchiDs (in T£0): 362, 363, 377, 379, 380, 382, 383, 384, 386, 39"
. '..| 39

oy s - x a4 | |
@Al () Selection Mode (w!' ™) Refresh =
Total: 34 tems




D [ree Map

Based on visual data mining

Interactive and distorting technique

Visual data exploration to present data in a hatmaal fashim
Provide zoom in/out and detmh-demand

Branch#26, Gen#12

Length: 14.9494 voxel (12 point(s))
Avg. CSA = 112.21 (Width=10.59)
Belong to a loop!




Depicting Quaniitative Tree Information
Local 2D Tree Map
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Locator Tool 2: 3D Site Locator Locator Tool 3; Infemection Center

Layour of
Tree Analyzer
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pelzer
File Edit View Global Tools Window Help

LEHBERSE Rl G FO R T 8@ rlaes™x@oo
L2 Render( |

Global || Undo | Picker ave || Detail
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Visible  Opacity (=02 | Calor
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Fast Update Rate B K 5 Flon
Diffuse Color e
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Mouse Control

Small Camera Conirol Window Cursor Location Control

Mode Camera Edit Lo Mouse Control

Specular ———————————— Precision =4 1 O None (XY (Lock Z)

I~
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] Image T [= Picker : * | Show Selected
- ®(7) Grayscale | Site #56(228.00,209.00,189.00) = (40) Break () o Voxel 027728
Ll\o) Segmented : et port y Trifurcation/More  Trifucation: (310,141,10)-{Tr#0, Br#29.Vi#1)
O Suace. bl oy fres2vees? |7 §10.20729 ] vem Trfurcationiiare. Triucaton: (310,144,12)-(Tr#0 B34 Ve3)
: o, S g i 4 g End2End Pt End2interi Int2Inte Trifurcation/More Trifucation: (311,144.8)-(Tr#0 Bré41 Vx#2)
3D Renderer . Odaughter(s), 1 sister(s) v P Pl Flkenend Trifurcation/More Trifucation: (247.99,165)-(Tr#0,Bré#85 Vixt13)
b Notin a loop . Trifurcation/More  Trifucation: (205,83,298)-(Tr#0,Br#113 Vd#79)
| Tree#!2: 1887 sites Len 2599.07 vox(52:3 mm) MlEndBranch* 10 Voxel 020129 mm Trifurcation/More Trifucation (230,190,97)-(Tr#1 Brét13 Vxid)
:) Nv Script = Tracking Direction - Trifurcation/More  Trifucation: (228,252.95)-(Tr#1 Br#48 \e#6)
[(z) Notes File Up [¥] Tree Size 10 voxel 020128 oy Trifurcation/More Trifucation: (276,207 292)-(Tr#2, Brét 20 Vx#13)
[ y Quantitative data Down . Trifurcation/More 4-furcation: (277 207 293)-(Tr#2 Br#127 Vx#2)
[# Close Bifur* 10 Voxel 020129 | mm Trifurcation/More Trifucation® (277,206 295)-(Tr#2 Brit132 Vxi2)
- . - Trifurcation/More  Trifucation: (158,178 210)(Tr#2 Br# 166 Vidk11)
v |__00p x-furcation 2Mte
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[< ] [

@Al O Selection Mode (w/ %) =

Total: 699 items
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Results for a Complex Junciion

with 5 Adjacent Branches




Situation where two twisting
branches touch each other

Kiraly et al.
(2003 TMI)




Application for H6 ]




After Tree Ediling

= 5 mMins
= Join two trees
= 3 handle loops
s Clean mess (e.g., clay)
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2D Tree Map

Before tree editing

After tree editing




Quantitative Measurements for hé
Before tree editing

GenlD NumBr AwvgPBrLen XNumGC AwvgCSA DevC5A  AvgBrCSA DevBrCSA  AvgSurf DevSurf  AwvgVol DevVol AvgZRoot Dev2Root

492 2 34051 081 340.51 0 2352 0 122426 0 0
110.63 70 21383 324 2155 5.3 510886 2235.01 21017.92 492
54.64 106.63 3.59 94.82 51.36 151596 1038.57 458627 115.55
87.07 223 6029 2.81 68.37 4237 222732 1538932 333294 167.69
59.79 4549 229 40.17 2027 124427 1047.35 249183 260.1
41.01 3998 2 28.68 232 782.08 112235 4963 289.63
32.09 35.16 17.8¢8 18.76 586.7 851.91 1063 .83 32043
25.06 21.41 15.12 10.78 33325 32141 45747 356.28
1839 i 1635 1575 635 166 24 14338 23422 32688
15.01 11.15 9.66 6.6 134.18 11175 138.04 3349
10.36 1 18.64 14.83 384 12243 142.07 149.12 334.18

3 25 696 8.81 5.06 48.87 21.94 36.77 3541
16.6 1 12.11 13 10.7 6.13 152.2¢ 0282 166.2¢ 346.59
17.37 11.34 3 10.96 262 17591 4485 168.56 567.08
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“GenlD NumBr AvgBrLen NumGC AvECSA DevCSA  AveBrCSA  DevBrCSA | Avgsurf  Devsurf | Avevol | Devvel AvglRoot Dev2Root
1 16.58 0 - - - - - - - - -
59.34 16 11335 : 210.70 129.81 82191 58672 239950 1,17524 16.58 -
72.90 90 17465 : 126.24 8934 2383102 277723 1098661 11,877.05 75.92 26.77
45.86 109 7476 : 59.82 5092 105221 92059 273647  3,082.78 148.82 33.22
57.50 277 59.14 : 4235 4013 1,28790 147143 297479  4055.12 195.73 33.40
42.03 290 40.96 ) 30.3% 2587 81261 97556 1,56646  2148.02  273.32 51.65
2831 222 3827 . 21 .83 21.08 508 .82 26379 26615 222456 202 .16 78.73
2976 214 3184 } 17.04 1668 51181 85199 89792  1,777.77 33451 84.26
32.78 131 2047 ) 17.56 978 44192  307.63 588.47 51478 428.69 64.14
24.02 : 16.34 A 16.55 827 28167  134.47 338.33 24109 40420 36.50
14.37 22 12.32 ) 10.03 916 14429  112.79 162.46 168.62  386.95 6.52
10.36 13 18.64 } 14.83 384 12243 142.07 149.12 18920  398.42 15.84
8.00 25 6.96 ] 8.81 506 4887 21.94 36.77 1562 39834 15.67
16.60 1 12.11 } 10.70 613 15929 92.82 166.29 12534 39083
17.37 4 11.34 ) 10.96 262 17591 44 85 168.56 6152 411.32
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Analyze (Thinning) Tree Analyzer




Analyze (Thinning) Tree Analyzer




3D Interaciive Rendering System
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Jres Diagnostican (Einpls of dloop)

File Edit “iew Global Tools Window Help : S— S - l-jﬁ
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FIXIng the loop
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Comparison of Automated Methods

X-furcations

| mage Name Tree Analyzer Kiraly et al. (2003 TM1) Analyze TM
(Sub-Voxe Level) (Sub-Voxel Leve) (Voxel Level)

H61 0] 1 trifurcation N/A
R21€psf020826 6 fifth-furcations
19 forthfurcations 18 trifurcations

192 trifurcations
(Total 226 xfurcations)

HO06_512 85 0 3 trifurcations

Performance (Time in Second)

| mage Name Tree Analyzer Kiraly et al. (2003 TMI)
H61 46.81 115.94
R216psf020826 274.97 723.34
HOO06_512 85 49.86 94.97




DISCUSSIion

Contains tools for general 3D automated analy$is, 3
visualization, data mining, and quantitative aniglys

Suited to analyzing images containing large vasdrgas.
Also applied to images of the lungs and airwag.tre

Efficiently diagnose and repair various problemsaw
extracted trees.
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NV — General Image-Processing Toollbox

Ten Function Categories

Workspace: Process two or more images

Morphology: Binary and gragcale morphological operations
Filter: Imageenhancements filters

Image Manipulation

Image Segmentation

Skeleton Manipulation

Topology: for topological and connectedmponent analysis
Turnkey Operation

SystemBase Operation

3D Visualization

N
.
),
4.
5},
6.
7
8.
9.

o
o

Total: 104 functions




g. ith generation

Quantitative Analyses |’

b], gth branch

kth generalized cylinder (GC) of branch bj

Parent|D

o : 1) number of branches in generation g;

Daughters:

3D coordinates of tth site in branch b .
GenlD =1 GenlD ]
BrID -2 81D -
ParentID ParentID

onghes Dougpters . j) number of GCs constituting branch by_

Daughters:

number of sites constituting branch ()7.

GenlD Con
ey ParentiD

i ‘ #Daghter _, site ID for & .
; Daughters: £ T j
J? o2

k

Daughters:

Sl GenlD -

BriD BrD o . . )

iomighter o L . starting ID for branches in generation g.
Daughters: Daughters 7 = = 7

GenID NumBr AwgBrLen NumCC AvgCSA  DevCSA  AvgBrCSA  DevBrCSA  AvgSurt  DevSurt AvgVol DevVol Avg2Root DevIRoot

27 74378 A7 T43.78 - 14.765.13 - 113.199.67 - -
26 326.06 22 334.84 2284 3.890.63 1.681.15 19.762.97  8.015.83
18 208.34 45 186.10 30,27 129. 684.24 L087.36  3.384.86
103.24 PACEY . 39 4 55 271.7 393, 991.69
74.85 e 3 130. SRS 32825
75.2 366.63 295.14

183.73




Comparison 1o Manual Measurements

» Better linear regression slope
 Better R-squared value




