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Order of Presentations:

John Dunsmuir {Exxon) "CMT: Applications and Techniques”

Per Spanne (ESRF) - "Computer Microtomography Using X-rays
from Third Generation Synchrotron X-ray”

Chris Jacobsen (SUNY, Stony Brook} - "Approaches to Soft X-
ray Nanotomography”

Avraham Dilmanian and Zhong Zhong (BNL) - "Dn‘fractuon
Enhanced Tomography”

Betsy Dowd (BNL) - "X-ray Computed Microtomography
Applications at the NSLS"

Barbara lllman (USDA/FS Forest Products Laboratory, University
of Wisconsin) - "XCMT Applications in Forestry and Forest
Products

Brent Lindquist (SUNY, Stony Brook) - "3DMA: Investigating
Three Dimensional Pore Geometry from High Resolution Images

Sheng-Rong Song (Dept of Geology, National Taiwan University)
- "X-ray Computed Microtomography Studies on Volcanic Rock”

Ballard Andrews (NSLS, BNL) - "3-D Visualization of
Tomographic Volumes™




Part I

John Dunsmuir
Exxon

"CMT: Applications and Techniques"
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Berea Sandstone

4.5mm diameter, porosity =21%
Imaged at 22 keV




100 um ( 5.72um/pixel)

‘Berea Sandstone

4.5mm diameter, porosity = 21%
Imaged at 22 keV
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Part 11

Per Spanne
European Synchrotron Radiation Facility (ESRF)

"Computer Microtomography Using X-rays from
Third Generation Synchrotron X-ray"
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Relative absorbed dose, arb. units

100 E 'r T + 1 T l T t |l R E

- 14 keV :

i 4.55 g/cm® i
-1 S mm diameter |
10 = 0.1 mm thick substrate 3
- S um sensitive layer 3

i + one standard deviation ]
1077 E
- i
1074 * E
107> : T e |
0.0 0.5 1.0 1.5 2.0

Distance, um

Per Spanne 97-03-23
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lens 2: focal length : 112mm —8

mirror
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dynamic range : 12 bis
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Per Spanne 96-11-19

Reconstruction today:

SNNARK filtered backprojection

Parallel processing using PVM
Now 16 computers
Average of 36 s per 1024’ slice
10° voxels in 10 h

SNARK Fourier techniques 3 times faster

Future improvements :

Implementation and parallellisation of
the linogram method will increase speed
by a factor of 8 as compared to filtered
backprojection with equal image quality

Alternative algorithm can perhaps give
another factor of 2
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C. Raven, A. Snigirev, L Saigireva, A. Suvorov, P. Spanne

,/'///
| rotation stage
source monochromator with fiber CCD camera
| ’
sl 1) L ()
L~
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Absorbed dose, Gray

107 \‘ T / 0.1 mm
4
"
Tmm

ok ool

Coooal ool crvond el el e 1

10- I ! I !
0 10 20 30 40

Photon energy, keV
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Part 111

Chris Jacobsen
SUNY Stony Brook

"Approaches to Soft X-ray Nanotomography"
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Part IV

Avraham Dilmanian
Zhong Zhong
Brookhaven National Laboratory (BNL)

"Diffraction Enhanced Tomography"




» Diffraction Enhanced CT

Zhong Zhong, Ph.D., NSLS

and
Avraham Dilmanian, Ph.D., Medical

Dept.

BNL




Imaging using Monochromatic

g@ | Mammography X-ray Refraction

- Synchrotron Radiation - Collaborators
SCSRRI I I I B S m e

® D. Chapman
® W. Thomlinson
® F. Arfelli

® N. Gmur

® R. Menk

® R.E. Johnson
® D. Washburn
® E. Pisano

® B. Burns

® D. Sayers

® D. Peplow

@® ]. Ivanov

® T. Irving

II'T/CSRRI
NSLS /BNL
NSLS / INFN di Trieste
NSLS /BNL
INFN di Trieste
UNC Chapel Hill
UNC Chapel Hill
UNC Chapel Hill
UNC Chapel Hill
NCSU Raleigh
NCSU Raleigh
IIT / CSRRI

II'T / CSRRI




w s Normal Radiography
¢*CSRRI I I . .

® Normal Radiography: I =Ix+I+I-+];
® . andI;: Coherent and incoherent scattering
® [: Small angle diffraction (~ 1 mrad)
® [.: Transmitted beam undergone refraction

Detector

Phantom

® Synchrotron in-line scan: I =I,+I (better)

slit f Detector

t

Phantom




nsis What an analyzer does?

uv X
“J"CSBBI — - ] - 1 1T 1111l
l‘r‘ tiation Reseuveh und 1
m ..n af Technolugy

I~ IR(B8+86)= Ir(Ro+ d—e-)AG

Image Plate
Slit ‘/’ Ion Chamber
Second '
Monochromator
e N £y
RS ' | U Analyzer
: S i i Sample
White Beam- Tz ----- Ton Chamber p

Two sides of rocking curve:

- Ir=Ir[R(6L) ﬁ(eL)Aez] Solve them to get Iy and A6:
on a pixel to pixel basis
It = IR[R(6x) 4—(9H)Aez] |
Low Angle High Angle

Side Side
1 -00 T L] 1 L) I T L) \ /

L2 DL SR LA
0.80F -
0.60

0.40 AVI~0.1

Relative Intensity l/lo

0.20

0.00[, A IR ) | R
-10 5 0 5 10 \

Analyzer Angle (uradians)




Two things not available in

ngls normal radiography

uy X

Center for Synch Radiation Reseurch und i
Winoin tmtitute of Technalagy

® Refraction angle (edge detection)

A9=1@AZ
ndz

® Apparént absorption free from small angle
diffraction:

® Differentiate materials of similar density and
chemical composition but dlfferent structure,
e.g. fat and tissue




Low Angle  High Angle
Side\ /Side
1.00 (——r—r—r—pr—r—rr——rirr

LANN S NN Sun o 2

o g .
= g.80L » J
2 ! .
g 0.60}- L
8 9 ceneorett
£ i
o o40}
g 0.40f
b .
S i
& o020

0.00L, AN ‘

-10 -5 0 ~. 5§ 10
Analyzer Angle (uradians)

Figure 1.




nsis Where did the absorption
g contrast come from??

.}CSBBI— 4 4 4 1 1 | 1}11]

m[ubpmhmm“ Inwtrumentation
Uiiaends fnmtitute of

® Excess contrast is due to lack of scatter, including small
angle scattering (down to the microradian level)

® The figure below is a “rocking curve” of an image line
through the tumor simulations

® Note

® the lack of intensity in the simulation at the curve peak
® the excess intensity in the wings of the curve

® Extinction Contrast

Relative X-ray Intensity




nsis Sources of Contrast with
w b DEI
¢*CSRRI I I N I N . )

Whimaia Sstitate of Technolugy

® Normal Absorption - same as from conventional
radiography
- ® Refraction Contrast - sensitive to refractive index
gradients at the imaging energy

® Edge enhancement without computer processing the
image...much less noise introduced

® Will be enhanced near absorption edges of elements
within the material

® Extinction Contrast - sensitive to the order within
the material
® Examﬁle -
® practically all of the contrast seen in the ACR tumor
simulations is due to extinction

® wax in the vicinity of the calcifications has the
structurally altered - slight ordering present
® Raises possiblility of structural imaging similar to
conventional topography except in what would be
considered a disordered system

® Images can be taken “off peak” to obtain optimal
contrast depending of system.




Detector

“~
I, } m :
0., ; 0, Analyzer
A0,
s IR
I = B[RO R (01)A0] R
L= R. L d@ L Iz RH L
I = I RO +°2 (01)A8:) I I
6
I S Y
eH eL

Projection data obtained at two opposite
points on the rocking curve




Al = —uAl — YAl
where
UAl is the attenuation (does not include small - angle scattering)

1Al 1s the extinction

A92=1@Al
n oz

where 7 is the index of refraction and ? is the out - of - plane
4
gradient
L L
I = Tloexp[-[u(D)dl - [yex(I)dl]
0 0
I =Toexp(—2X (U +7v)A)

1n<—11;> - S (AL

and
L

6. = 60+ —— 27D
on(L) oz

In summary

IDetected =Af(], GZ)




AR dR
122 0m - 1 (0
L0 (6)

Ir =
dR dR
R(6L)—(6r)— R(65)— (6.
(L)dQ(H) (H)dB(L)
Az = —;;R(QH)+]H§I(€9L)
IL—(0r)— In—(6r)
do do |

®We now have two sets of projection data: I
and AO,. |
® We backproject each one separately.

In(,/1) gives us the extinction image. AO,
gives us the refraction image.




DEI CT: Plans at NSLS

® Microtomography: using the detector
system of Dr. Peter Siddons at X27A

® Tomography: using the MECT system
at X17B2




Diffraction-Enhanced CT: Tissue
Characterization

®The refraction image will probably reveal
interfaces, and act as an edge-enhancing
tool.

®The extinction image will probably show
contrast between different tissue types: e.g.
fat and muscle.




MECT

Staff:

Avraham Dilmanian, Ph.D.

Xiao Ye Wu, Ph.D.

Xiaoling Huang, graduate student
Baorui Ren, graduate student

BN fl ators:

Daniel Slatkin, Ph.D.
William Thomilinson, Ph.D.
Zhong Zhong, Ph.D.

linois Instituite of Technoiogy:
Dean Chapman, Ph.D.

State University of New York, Stony Brook:
Terry Button, Ph.D., Medical Physicist
Fabio Giron, M.D., Vascular Surgeon
Michael Petersen, M.D., Vascular Surgeon
Clemente Roque, M.D., Neuroradiologist
Karen Gadol, M.D., Radiologist

Industry:

Analogic Corporation, Peabody, MA _
Science Research Laboratory, Somerville, MA




Multiple Energy Computed Tomography (MECT)

A synchrotron-based monochromatic CT for human studies

Rationale:

1. To establish the performance of a monochromatic CT

2. To examine its usefulness in radiology

3. To examine the prospects for developing a compact, clinical
version of the system




Chair's Axis of
moﬁw:o:

X-Ray Fan Beam

Electron Storage . Dmﬁmoaq
Ring Monochromator

23 m 17 m

A
X.___-_-_
X.




The relationship between carotid plague composition,
- plaque morphology, and neurologic symptoms

J.M. Seeger, E. Barratt, G.A. Lawson, and N. Klingman, Department
of Surgery, University of Florida, Gainesville, FL 32610

J. Surg. Res. 1995, 58:330-336

Variations in plaque composition could make carotid artery
plaques prone to ulceration, subintimal hemorrhage, plaque
progression, or embolization and, thus, increase the risk of
ipsilateral ischemic neurologic events. Seventy-eight carotid
endarterectomy specimens from 74 patients (38 symptomatic and
36 asymptométic) were analyzed. Prior to analysis, 43 of the 78
plaques were divided into sections based on disease severity and
examined by light microscopy for surface ulceration and
subintimal hemorrhage. Extracted lipid, cholesterol, collagen, and
calcium content were determined in all 78 plaques and compared
to clinical presentation and/or - morphologic observations. Plaques
removed from symptomatic: patients contained more extracted lipid
and cholesterol than those from asymptomatic patients. In addition,
compared to the remainder of the plaque, the most stenotic portion
of the plaque contained more cholesterol; more calcium, and less
collagen. Finally, irrespective of clinical presentation, ....cccceeeeeeeeeenns




Diffraction-Enhanced Computed Tomography

The following Laboratory Directed Research and
Development (LDRD) grant was obtained in
September 1996 for two years. [t was entitled "X-ray
- Schlieren Computed Tomography”, L.D. Chapman,
F.A. Dilmanian (P.l.), B.A. Dowd, D P Siddons, and -
W.C. Thomlinson.




Part V

Betsy Dowd
Brookhaven National Laboratory (BNL)

"X-ray Computed Microtomography Apphcatlons
at the NSLS"
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Figure 1. 3-dimensional image of beetle head reconstructed
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Barbara Illman
USDA/FS Forest Products Laboratory, University
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"XCMT Applications in Forestry and Forest
Products”




MICROTOMOGRAPHY APPLICATIONS IN
FORESTRY AND FOREST PRODUCTS

INTRODUCTION

Synchrotron x-ray techniques are being applied to problems in
forestry and forest products. The research in conducted at the
National Synchrotron Light Source (NSLS) at Brookhaven National
Laboratory with current work on x-ray computed and
microtomography at beamline X27. The problems that we are
studying have fundamental similarities: the dynamic interaction of
organisms and the chemical mechanisms responsible for the
interactions

FOREST ECOLOGY

Several beamlines at the NSLS are being used to answer
important questions about one of the most damaging insects
affecting North American forests. Spruce ecosystems of Alaska
are currently affected by outbreaks of the spruce bark beetle,
Dendroctonus rufipennis (Kirby) and its symbiont fungi. Forests
of white and Lutz spruce are subject to mortality from the bark
beetle, where infestations have expanded throughout south-
central Alaska since 1974 and have killed trees on over a million
acres of forest. These large-scale outbreaks can affect forest
community structure and successional pathways. The beetles’
ability to exploit the forest resource is augmented by their
pheromonally mediated cooperative behavior and their
associations with microbial symbionts. Spruce-bark beetle-fungal
systems offer an opportunity to evaluate the effects of ecological
interactions across multiple spatial and temporal scales, across
multiple trophic levels, and among diverse taxa. Understanding
these relationships could greatly improve our ability to evaluate
and devise appropriate forest management practices, and
anticipate the impacts of multiple abiotic, biotic, and
anthropocentric stresses.




We are using computed microtomography (CMT) to better
understand beetle structure and function, to assist in
identification of fungal species, and to locate fungi on/in beetles
in order to determine the insect systemis) used to vector the
symbiont into trees. CMT has been used to provide information
about beetle structure. In the following figure, a microphotograph
of a beetle head is given with three microtomography
reconstructions of slices from the head and one microtomography
reconstruction of head volume as seen from the bottom. The
CMT images provide needed information about the juxtaposition
of circulatory and respiratory systems, about cytoskeleton relation
to eye and mouth parts, and about density-determined differences
between internal structures and an unknown high density region
found in the beetle. :

BIODETERIORATION OF WOOD

Initial CMT images of fungal decay of wood is given in the
following figure. Intact wood structures are resolved at about 3
microns in microtomographic reconstructions of wood volumes
without fungal degradation (Figure 3a). In the reconstructions in
Figure 3b, destruction of wood structures can be seen in wood
during degradation by the wood decay fungus, Postia placentae.
Availability of microtomography will aid in answering several
questions about the mechanisms of fungal degradation of
lignocellulose.

FUTURE RESEARCH

Many problems in forestry and forest products can be addressed
using synchrotron technologies. @ CMT will be used with
synchrotron x-ray fluorescence spectroscopy (SXRT) and x-ray
absorption spectroscopy (XAS). CMT will be used to image the
micro-environment of tree - insect - fungal interaction, pine root -
fungal - soil relationships, and time-dependent wood - fungal
relationships. :




Figure 2. Microphotography and four microtomographic
reconstructions of the spruce bark beetle. Dendroctonus
rufipennis.




Figure 3. Microtomography of wood structures taken from the
interior of a solid piece of wood.




Figure 4. Microtomographic reconstruction of pine wood. (a)
Reconstructed volume of solid wood without degradation by
fungi. (b) Reconstructed volume of wood degraded by the brown-
rot fungus, Postia placenta.
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Brent Lindquist
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"3DMA: Investigating Three Dimensional Pore
Geometry from High Resolution Images”




3SDMA:

Investigating Pore Geometry using
Tomography, Computational Geometry,

" Graph Theory and Statistics

'Brent Lindquist
SUNY - Stony Brook and UT - Austin

Joanne Fredrich

Sa.ndia National Laboratories

Arun Venkatarangan
Hyunmi Yang, Wonho Oh
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Goal: development of computational tools to pro-
vide routine geometric analysis of volumes

512° — 10243

data set + (small) input file | SDMA > output
data set: tomographic data file |

output:
distributions
visuals
predictions
o freeware

ftp://www.ticam/pub/ hndquis
med_ax_mar97.tar.gz

e manual on wWww
http://tomo.sunyit.edu/coker




Rock properties are stochastic

— measure distributions

. @ quantify form of distribution
e predictive value of first moment
(average)
eg. Carman-Kozeny

¢3

K= 27(1 — ¢)202

Rock structure is 3D

— Volumes instead of thin sections

* 2D observations can only capture
isotropic 3D scalars




3D tomographic image
e synchrotron X-ray
e laser scanning confocal

Segmentation
e diffusion-based
e kriging
Frosion

e medial surface
e medial axis

Pore geometry
e porosity
specific surface area
pore size distribution
2-point covariance/variogram
throats/nodal pores
coordination numbers
path length/tortuosity
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diffusion-based image enchancement

I(2) = V- [en1@VEa@] . @)
en(@) = 9(IVIn(@)]]) - 2)

a(IV11)) = exp (-— () ) o

Inside an object, VI small, g(-) = 1.
Across edges, VI large, g(-) = 0.

Privileges high-contrast edges over low-contrast
edges.
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Berea Sandstone
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Fontainebleau sandstone
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Sandstones
Erosion distributions
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Medial Axis Transform

Thinning (erosion) procedure
Reduces 3D object to its medial surface (MS)

Retains objects topological properties
number of
connected components
embedded cavities
holes

Properties of each MS point
1) Equidistant from > 2 surface points of the
object.
2) 2 of these surface points lie on the opposite

sides of the MS.
3) No surface points lie closer.




Medial Surface — Medial Axis (MA)

If the object contains no embedded cavities, the
MS can- be further reduced to a medial axis, a
union of one dimensional curves.

(If the object contains embedded cavities, a me-
dial surface segment surrounding the cavity is re-
- tained.)

The MA lies in the medial position of the MS.
It retains all important 1D characteristics of the
geometry of the original 3D dimensional object.

We characterize the discrete medial axis as the
union of

1D ‘paths’

branching ‘clusters’

surface segments
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Fontainebleau sandstone
disconnected medial axis segments
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Fontainebleau sandstone
Coordination numbers
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Fontainblean sandstone
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Fontainbleau sandstone
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Part VIII

Sheng-Rong Song
Dept of Geology, National Taiwan University

"X-ray Computed Microtomography Studies on
Volcanic Rock™
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Part IX

Ballard Andrews
Brookhaven National Laboratory (BNL)

"3-D Visualization of Tomographic Volumes"




Interactive Visualization for
' Tomography

A. Ballard Andrews (CCD/BNL)

Overview:

- X-Ray Micro-Tomography Graphics Pipeline
- Visualization Techniques for 3D Tomography
- DX Application for Tomography

- 3D Stereo Viewing of User’s Data

nexy




X-Ray Micro-Tomography Graphics Pipeline:

- RawData

- Sinogram

- Reconstruction (FBP, 2D FFT, Local, Wavelet)

- Rendering (Volume or Surface)




Visualization Techniques for 3D Tomography

Volume rendering

- Voxel based; Map data elements directly onto image (screen) space
without using geometric primitives as intermediate representation.

- No data thrown away; Interior information may be viewed.
Avoids problem of accurate representation of surface

- Ray tracing requires long rendering times compared to surfaces
Entire data set must be traversed.

Methods:

- Ray Tracing(back to front)

Ti(x, y) = transparency of pixel (x,y)’s ray segment in ith cell
Ci(x, y) = color added on pixel (x,y)’s ray segment in ith cell
Fi(x, y) = frame buffer value at pixel (x,y)
For all pixels (x,y)
For all ray segments i in back to front order
Fx, y) = Ti(x, y) x F(x, y) + Ci(x, y)
- Ray Tracing(front to back):
For all pixels (x,y) )
For all ray segments i in front to back order

Fx,y) =Fx,y)+ TxTi(x, y) x Ci(x, y)
If Ti(x, y) = 0 (i.e., pixel is opaque) break

previnex




Surface rendering

- indirect geometry based technique for converting 3D scalar fields into surface
representations (polygons) '

- fast rendering for < 100,000 polygons. Data set traversed once for given
threshold value to obtain surface. Hardware rendering used to produce images.

- for every volume element, must decide whether or not a surface passes
through it. This can produce false negatives (holes) or positives (spurious
surfaces) :

Methods:
- Marching Cubes:

- Create a cube
eight data values (slice k and k+1)

- Classify each vertex
vertex outside (< value) or inside surface ( > value)

- Build an index
binary labeling of each vertex (between 0-255)

- Get edge list
foreach index, access a list of cube edges that contain a triangle vertex (from symmetry of cube, all
256 cases can be generated from 15 cases)

- Interpolate triangle vertices
foreach triangle edge, find the vertex using linear interpolation of the data values
X =1+ (value - d())/(dG + 1) - d(1))

- Calculate and interpolate normals

foreach triangle edge, find the vertex normals from the gradient of the data
nx = d@+1, j, k) - d(i-1, j, k)

ny =d(, j+1, k) -dG,j-1, k)

nz =d(, j, k+1) - d(i, j, k-1)

- NB. Ambiguous cases (6) can create holes
Occur on any cube face that has adjacent vertices with different states, but diagonal vertices in the
same state




- Marching Cubes:

d(i,j+1, k) d(i+l, §+1. k)

d(i,j+1,k/+v/i d(i+1, jerkel

A d{i+l. 5, k)

d(i, j.k+1) d{i+l, 3, k+1)

/
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- Example (Volume rendering):

- Example (Surface rendering):
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Examples (Surface simplification):

Original Surface:

After Decimation (77% reduction in polygon count):




DX Application for Tomography

Motivation:

. - Real time rendering of 3d volumes permits interactive data visualization,
query, mapping, transformation, etcetera.

Features:

- - Easy to use interface with customized control panels.

- Data manipulation:
object selection
navigation
subsetting, reduction, refinement

- Data interrogation: ,
interactive measurement (length, area, volume).

- Data transformation:
image processing (filtering, edge detection, morphological)
binarization/segmentation
histogram, statistics
color and opacity mapping
annotation

-Saving and retrieval of processed data sets:




API:

- IBM Visualization Data Explorer (DX):




Stereo Projection

Stereo Display System

The display system in the 3D Theatre is driven by a Silicon Graphics Reality Station with one CPU, a
single Reality Engine and two Raster Manager Boards. Dual viewports can be created using a
Multi-Channel Option box (MCO). The stereo effect is achieved in a conference room setting by
rear-screen projection using high resolution, high brightness, digital projectors with low-persistence
phosphors fitted with polarizing filters to generate the left eye/right eye images. A specially designed 10
foot (diagonal) screen, treated to preserve light polarization, is then viewed through polarized glasses.
We refer to this time-parallel implementation as ’polar-eyes’ to distinguish it from the more widely
used time-slicing method "crystal-eyes’, which is found on desktop stereo viewing systems and comes
packaged with many commercial applications . In order to maintain compatibility with these
applications and provide additional flexibility the system is configured with a switch box so that the
stereo viewing is possible in both modes of operation. On a per cost basis, the initial investment for
polar-eyes viewing is greater than that for crystal-eyes (because of the dual projectors and the MCO
box), however the cost of the extra projector is compensated by the low cost of the lightweight
polarizing glasses, which make it possible for ’standing-room only’ audiences of up to 25 people
(limited primarily by the present room size) to simultaneously view the data. Secondly, the polar-eyes’
system offers twice the screen resolution of time-multiplexed systems because two full screen left and
right eye images are drawn with 1024 lines each. For displaying 3D models we use Iris Performer,
which provides a real-time rendering library that is optimized to take advantage of the graphics
hardware on the SGI. The viewing algorithm produces an image which appears to float in the middle of
the room. Data files are prepared in a 3D object file format such as Inventor. The 3D scene graph is
controlled by a mouse and function keys. Models with up to a million polygons can be displayed.




