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ABSTRACT

Derek Merck: Model Guided Rendering for Medical Images
(Under thedirection of Stephen Piz& Julian Rosenman

High quality 3D medical image visualization has traditionally been restricted to either
particular clinical tasks that focus on easily identified or high contrast structures, such as
virtual colonoscopy, or taatlas patients such as the Visible Human, which can be
painstakingly micresegmented and rendered offline. Model Guided Rendering (MGR)
uses partial image segmentations as a framework for combining information from
multiple data sources into a single viewvhich leads to a variety of methods for
synthesizing high quality visualizations that require only a short setup time.
Interactively presenting such scenes for particular target patients enables a variety of
new clinical applications.

MGR draws informd&bn about a scene not only from the target medical image but also
from segmentations and object models, from medical illustrations and solid textures,
from patient photographs, from registration fields, and from other patient images or
atlases with informdon about structures that are hidden in the base modality. These
data sources are combined on a regioyregion basis to estimate contexjppropriate
shading models and to compose a globally useful composition (clipping) for the entire
scene. Local ma@ings are based on segmenting a sparse set of important structures
from the scene by deformable shape models with well defined volumetric coordinates,
such as the discrete medial representation-(@ps). This partial segmentation provides
object coordinagés that can be used to guide a variety of fast techniques for oriented
solid texturing, color transfer from 2D or 3D sources, volume animation, and dynamic
hierarchical importance clipping.

The mgrView library computes medtalworld and worldto-medial mappings and
AYLX SYSyGa Ylye 2F abDwQa -anhShlek®réndering soteK A y
that can render complex scenes in red@ine on modest hardware. Severaignette
GAS6a RSY2yailNluiigBe c&pahiitiesaad Wwe@Qdi to important new
comprehensons in clinical applicationslhese views includan interactive anatomic

atlas of the head and neck, animated disptdythe effects of setup error oanatomic
shape change onfractionated external beam radiothergp treatment, and a
pharyngoscopic agmentationthat overlays planning image guidance information onto
the camera view
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Fig

. 45 The otter with an extra wrist bone from (Drebin, Carpenter and Ham&8&8).
When shown this display, scientists discovered a hitherto unknown wrist bone.
This is one of the few examples that the author has been able to find of volume
rendering actually contributing novel scientific Utility..............ccooceriiieniiinniiine e 40

. 46 Scenes renderered with mgrViasing 64 planes (left) and 192 planes (right).......... 41
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Fig

. 48 The gradient volunod an abdomen image stored as rgb channels and rendered
direCtly With MQIVIBW.......coo i e e e e e e e 43
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Fig

kernels. The kernels in the top row are too sharp, giving inadequate coverage of
the scene. The keels on the bottom row are too broad, causing unnecessary

. 50 Annotated OpenGL pipeline originally found in (Shregt@t. 2005)..........cccceevviinnnnns a4
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Fig

The transfer function interface shows a histogram of the intensities in the scene.
Leftmost is air, rightmost is bone. The overlaid line controls the opadityeoh

intensity value (transparent at air, approaching opaque at bone). The bar on the
bottom shows the color assignments for each intensity value (brown for soft

tissue, Whitepink fOr DONE).........ooo i 46

. 52. One of my favorite volume renderings, using a curvature aseder

function from (Kindlmann, et al. 2003). Note that it is very similarsaréace

1T 0o [T [ T T 46
. 53 Tone shaded illustrative rendering of the thorax from (Ebert and Rheingans

201010 ) TSP OPPPRRTPRPRRY A7
. 54 (Tietjen, Isenberg and Preim 200&scribes a method for combining

segmentations with DVR to create hybrid illustrative renderings...........cccccccceeeennn.. 47

CAdd pp [SFlX o0[dzz SiG Ff® wnnovQa @2f dzvy$S

2005) renderings of the engine block data............cccccceiiiiiiiin e, 47
. 56. Image from (Svakhine, Ebert &ticedney 2005)..........ccoovuriieiiiiiiereeniiiiiee e 48
. 57 Left, a standard view of an abdomen data set in mgrView. Right, the same view

with specularitybased opacity modulation.............cccceeeeeiiiiieieieeeiieeeeeeeeeen 49
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. 58 (Bruckner, et al. 2006) uses-awhy views driven by distance from the viewer to
Maintain a ViISUal CONTEXL...........ooiiiiiiiiieeeeeccc e e s 50

. 59 Right, scene rendered normally in mgrView. Left, the same scene with per
pixel opacity modulation from distance as in Program 6. The table and ribs have
been removed, allowing a clear view of the kidney. The effect is quite striking
when interactively rotatinghe ObJeCt..............cooiiiiiii e 50

. 60 Male pelvis scene rendered primarily from CT data but with red tinted MR data
mapped into the prostate region to show distinction between soft tissue types
WIthiN the PrOSEALE.. ... e 51

. 61 Simple worithapped solid texture applied to the thyroid region otttarget
T2 1T=] 0| PP UUTU TP TOUOTTPPPRIS 52
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Fig. 62 Direct display of the X2U map near the right sternocleidomastoid (scm) muscle.
The red channel encodes the directionalongthe object, the green channelvs
aroundthe object, and the blue channeltisthe throughdirection. The bandary
surface of the scm is superimposed as a similarly colored mesh..............cccccceeeee. 53

Fig. 63 Mreps. Top left, a medial sample with two equal length spokes touching
opposing surface patche§.op middle, a sampled skeletal sheet with neighbor
relations marked. Top right, spokes at each medial sample describe the
orientation of the implied surface at that hub. Bottom left, a densely sampled
surface can be interpolated from the medial samplBattom right, a prostate

model with subfigures defined for the left and right seminal vesicles...................... 55
Fig. 64 Surfaces impliedbyNBS LJ LI NI YSGSNAT FdAz2ya 2F | Gt

pancreas, and AUOTENUIML...........oiiiiiiiiie ettt e e 55
Fig. 65 Top, t=1 surface colored bytf and bottom, cross sectiomormal to du of the

aodyQa - H! YI Lo 'aAy3a GKS AKNAY{1 wNI LI

(green) at the seam and across the medial Sheet...............ovvvviiiiiiiiiieeeee, 56

Fig. 66 A cuéway of a ten onion skin representation of the scm. Each layer has fixed t
or blue value. Eaching about the object has fixed u or red value. Each line
along the object has fixed v or green Value...........cccoocvveeeiiiiiiiei e 57

Fig. 67 A slice through a CT image colored by the underlyingahjgtt X2U LUT. The
aGSNYy20t SAR2YI aG2ARQ4E SEGSNRA2NI and f dzS &
thyroid. The object label for each region is invisibly encoded in the alpha channel59

Fig. 68 Top left, the thyroid is difficult to identify in the gray data. Top right, adding a
pink texture b the clip plane. Bottom, texturing the entire thyroid surface.............. 60

Fig. 69 Cross section drawn DY Neter............vvviiiiiiiiiiiiin e 61

Fig. 70 The same solid texture for the thyroid with two different texture scaling factors.
Top, a larger scale (30), bottom, a smaller scaling factor (15) resultstivebt

LT gEE FRAIUMES.. .. ettt ettt e et e e e st b e e e e e abbeeeeeaaes 61
Fig. 71 Left, a 2D texture patch based on strokes from (Netter 2006) and right, the

duodenum surface with the texture oriented along thelirection................c...oooennid 62
Fig. 72 Texturing across the seam in the medial sheet results in bad interpolated values

0 PSSR 63
[ o T AT o] 11 =3B £ =3 gF= T o] o 11 o U 63

Fig. 74 Introducing a seam in the texture cube to counteract the seam in model
COONTINALES .......teeee ettt e s e e et e e e s e e e e s nnnnee e e nnnneeed 64

Fig. 75 Left, regular sgpling in § h [) taken as oblate spherical coordinates becomes a
squashed spheroid in the Euclidean equivalent on the right. Interpolating theta
across the seam in this space produces correct values without a conditional when

mapped back to the parametriSPaCE............uuveeiieree i 64
FHg. 76 Left, solid wood texture with standard diffuse lighting. Right, the same texture
GAGK | AAAYAFAOFIYG y2NXNIFE a0 dzY LE.. .AY.. 66K

Fig. 77 (Owada, et al. 2004) creates a mapping from 2D textures to Fibaoes to
simulate a volumeexture. Though the authors do not discuss it, the proposed
mappings rely on manually indicating the surface and medial axis in both shape
AN EEXEUNE. ..ottt ettt et e e e ettt e e e st bt e e e e nber e e e e e anbbeeeeesnnbeas 68
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Fig. 79 Glyph packing from (Kindlmann and Westin 2006) formed the basis of the earlier
FENdering iN Fig. 34..... et ee e e s need 68

Fig. 80 D lineintegral convolution from (Cabral and Leedom 1993)............cccccvvvvieeeenenn. 68

Fig. 78 Top, example of a reactidiffusion surface texture from (Turk 1991). Bottom,
volume rendering of a regional 3D reaction diffusion considered for the spongy
interior of the DONE (OF CNEESE)........cuii i 69

Fig. 81 Statefahe art exemplar based solid texture synthesis from (Kopf, et al. 2007).
Several of the sample images in this document use wood or cobblestones from
Y2LIFQa 42f AR..ASELAINB..LAGNLNE D e 69

Fig. 82 2D mukgxemplar based single channel texture synthesis at multiple scales
Top, two exemplar textures, possibly for fat blobs and muscle fibers. The middle
two images are end points of single exemplar synthesis at multiple scales. The
coarsest scale took 10 seconds for 10 iterations. The finest took 10 minutes for
10 iterafons. Bottom, a synthetic texture that blends the exemplars between

LUV oI (=T o [o] o 1 PP P PP PPT T OUPPPPN 70
Fig. 83 Candidate exemplars for muscle (left) and fat (right) from the Dosch Design
website. (WWW.dOSChAESIGN.COM)........ovvviiiiiiiiiiicee e 71
Fig. 84 Top, slice through oriented salmlor texture generated by MTS for the scm
NEIAZY O .2002Y2 GKS alyYS GSEGdNB 2y
standard diffuse IghtiNG.........oouuiiiiiii e 72
CAI®D yop I/ ¢bLIK2(G23INF LK FdzaAz2y NBYRSNAY
LI GASY 0 QA...L.C BOL.Y D 13
Fig. 86 Diagram of photmapping decCiSion tree...........coiiiiiiiiiiiiiiee e 74

Fig. 87 Top, a capuchin monkey MRI with a psaxydiader photomap from a reference
1=V [ TR o To 11 o o TSRS 75

Fig. 88 Top, a synthetic view of the Visible Human from a known camera. Bottom, the
AeYUOKSGAO LIK2G23INI LK LlJzaKSR ousidgla 2y i 2
(o[ Tg=Toa o] F=T o F= Tl o =T o] o] T X 77
Fig. 89 Top, a schematic of the proposethénera cylindrical array attachment for a CT

gantry. Bottom, agindrical image of the author collected with a slit camera at
The Tech MUSEUM IN SAN JOSE......coiiiiiiiiiiieiiieee e e e e e e e e e aee e s e e nnenineeeeeee e A O

Fig. 90 Top, calibrating a camera. Middle, taking sequential-amdfie photos in a
reproducible position using the accessory tray of a linear accelerator. Bottom, a
sinde planar source PhotOgraphie.. ... .. . i 79

Fig. 91 Example of animating longitudinal surface changes. Thadsftframe shows
GKS |dzi K2NQR& LIK203G§23INI LK Y LIdSoRtframed 2 |
shows a different sample subject. Intermediate images are blends ofwbe.t........... 80

Fig.92 Modetbased color transfer pipeline. Positions in the target image are mapped
through modelcoordinate based functions to find the color at the corresponding
POSItioN IN the AtIAS IMAGE- ... .eeiiiiiie e e e 81

Fig. 93 Top, volumetric color mapping clipped through the mandible. Botidading
surface color mapping for lighting. The indicated artifact running along the
medial sheet is the same parametric interpolation singularity discussed
previously in the section on solid texture coordinates...........cuvvvveeeviriicivciiiiieeeeeeeend 82
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Fig. 94 The surface (t=1) plane for a U2X mapestm shown in Fig. 62. The u
direction is along the X axis, v is along the Y axis. The rgb value represents the
(x,y,2) position at that (u,v,1) coordinate. Top shows the wireframe, with evenly
sampled (uv); middle shows the barycentric interpolatiorfxyiz) values; bottom
shows the original surface shaded similarly............cccoooviiiiiinns 84

Fig. 95 Passing a uniform sample grid in parameter space through the U2X maps
produces a regular sampling @dch region in worlépace. Here each point is at

the world-space coordinate computed from an input object coordinate.................. 85
Fig. 96 Direct rendering of the Visible Female color atlas with mgrView...............c.c........ 87
Fig. 97 Voxetnan renderings from the Visible Human from www.vexeln.de...................... 87
Fig. 98 Volumesndering with two different styles of oriented texture from (Dong and

ClapWOrtNy 2005).....cceiiiieieeiiiiiee ettt e e s e s e e 87
Fig. 99 High quality rendering using textures synthesized from the Visible Human sample

colors shown on the right, from (Lu and Ebert 20Q5)............coovviiiiiiiiiiiiieeeee, 38

Fig. 100 Left, Vesalius (Vesalius 1973)aesd the skin entirely, right, similar view from
(Hagens 200'73 where the skin has been moved out the way but continues to
provide contextife., there is a lot Of it)........occveeiiiiiiiiiiii e 89

CAId mnm 5S0FAf (KNSR ¥ 2R10 £+ OYWwOb @M Za SIKADKEY | f 2y 3 GA
work by von Hagens, was cited as particular inspiration for the methods

developed in (S. BruCknNer 2006)..........uuuuuiiiiiie e ee e 91
Fig. 102 Exploded view from (S. Bruckner 2006) and similarly deformed view rendered in
70T Y= SRR 91

Fig. 103 Image from (Hag&892). Retractors are used to reveal hidden internal
BNATOIMY ... e e e e e e e e ettt e e e e e e e e n e e e e e e e e nanae a3

Fig. 104 Image from (Correa, Silver and Chen 2006) that uses parametric manipulators
such as peelers and retractors to visualize a deformed space.........cccccevvvvvvvnnnnnnnnn! 93

Fig. 105 Two frames from an animation showing the registrdietaveen two daily
images in a fractionated male pelvis treatment. The change is subtle, only a few
voxels in most places, but notice the jog in the-hgme where the region of
interest passed through it and the position of the lower tip of the bladder............... 94

Fig. 106 L another perspective of the scene from Fig. 4. Right, the same view with
g2ESt & Ay (GKS YIyRAOGE SQ&..AXYLRNILY.QS. WKl R2g6 Odz |

Fig. 107 The lizard from (Viola, Kanitsar and Groller 2004) with an importance hierarchy

Fig. 108 Left, an at@mic illustration of a shoulder joint and right, a similar view of real
data rendered with flexible occlusion from (Borland, et al. 2006).................cc......... 99

Fig. 109 Images from (D. Chen 1998). Top, a medial model fit to a scanned starfruit.
Bottom, medial models fit to the objéxin the scene are used for clipping and to

smoothly shade the rendering..........coooiiiiiiii e 100
Fig. 110 Cast shadows provide useful visual cues when combining surface and volumes

(01 - TP PSP PP P PP PPPRRP 101
Fig. 111 Shadow volume geometry in 2D from (nVidia 2004)...........cocovviieiiiiiieeeniiiieenn. 101
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Fig. 112 Shadow volumes rendered in mgrView. Top leftbtadder (green) and
prostate (blue). Top right, shadow volumes extruded using a light direction from
the upper right. Bottom left, intersecting the shadow volume with a plane in the
volume. Bottom right, the dark regions are areas with zeno stendibuffer

entries after the ShAadOW PaSS..........uviiiiiiie e 103
CA3dd mMmo ¢KS &aKIFR2g @2fdzyYS FNRBY CAIP® mmH (2L NA3
towards the center of mass to imply a wider shadow frustum.................cccevveeee. 103

Fig. 114 The shadow volume algorithm is modified by reflecting the camera across the
scere, then zooming it slightly to magnify the frustum. The final camera position
is then passed as the shadow source to the shadow stenciling algorithm as
dESCrIDEA ADOVE. ... ... 104

Fig. 115 Images from an abdomen scene focused on the duodenum. Top, the
duodenum is completelgccluded in this 3D view of the abdomen. Middle,
nearly opaque intensities from the image in the duodenum region. Bottom, using
a modelmapped texture in the duodenum region.............cceeeevieiivirieeieiiieii, 105

Fig. 116 Volume rendering from an unsegmented image interrogated with a spherical
GAYLRNIIF YOS FLLAKLAIKIE R i, 106

Fig. 117 Image from (Pelizzari, et al. 1999). A left anterior oblique view showing the
mandible, hyoid bone, left external jugular vein, anterior jugular veins, left
submandibular gland and two associated submandibular lymph nades............... 107

Fig. 118 Virtulresection from (Konraerse, Preim and Littmann 2004). Top left-cut
lines are drawn on each plane. Top right, the object can be separated and
WNBE&aSOGUSRQ FNRY A& LINByiadoe .2G602Y GKS N
interactively modified so that thdisjoint volumes include and exclude different

(Y2100 | (1T 107
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Fig. 119 Volume with self shadows from an early splat rendering core considered for
10T YT SRR 110

Fig. 120 Duodenum with multiple layers, interior ruggae and circular muscle under
[ONGIIUAING] MUSCIE. ...t eee e e 111

Fig. 121 Composition based oredial properties derived from constructive solid
geometry from (Li, €t al. 2007).......ccooiiiiiiiieeeeecrr e ———— 111

Fig. 122 Two different segmentations bktsame tumor rendered relative to one
another with the nested surfaces algorithm from (Weigle and Taylor 2005).......... 112

Fig. 123 This chapter contextualizes how MGR fits into the application component of the
medical imaging PIPEINE...........ooo i ——————————— 113

Fig. 124 Conclusion from (Oliver, etal. 19974 K2 g Ay 3 f Ay14& 0SS0 6SSy F2dzNJ 4 VY:
the isosurface of the bones, MRI, CT, and a photograph of the subject. Using
MGR this information could all be collapsed into a single VIeW..........c.c.occeeeeennee 118

Fig. 125 (Interrante, Fuchs and Pizer 1997) explores the target domainaifziguthe
surfacef anatomic shapes with respect to dose distribution.................cceeeeeeeeen. 120

Fig. 126 An MGR view showing a patient image with the expected dose distribution
(o 1Y =T PV T =Y o SRS 120

Fig. 127 A lifsize plaster model of a virtual craniofacial reconstruction simulation from
(PIatt, et @l. 2008).........ueeieeiiiiiiee et s e e 120
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Fig. 128 Lymph levels are derived based on landmarks from nearby structures............ 121
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3D targeting and landmark information onto the 2D endoscopic view................... 122

Fig. 130 Linear accelerator usied external beam radiotherapy (EBRT)...........cccovivveeennne 124

Fig. 131. Workflow for adaptive radiotherapy. Main components are planning and
treatment. The MGR applications described here could be used in the
segmentation, planning, and treatment setup phases..........cccccceeeeee e viicciinnnen, 124

Fig. 132. 3D segmentation in mikmodes. Volume rendered structures from the CT
image provide global context while the clinician can segment on a slice drawn
from a corresponding MRI. Fig. 134 shows how the CT values near the prostate
had been corrupted by artifacts from the metal fidal marker visible in the
center Of the ProState rEQION..........oiiiiii e 126

Fig. 133 Standard slidwy-slice view usd during segmentation; the colored contours
are the region boundaries drawn on this slice. The CT image on the left shows
very little tissue differentiation between the circled prostate region and its
neighbors compared to the MR slice onthe right..............cccoiiiiiiiii, 127

Fig. 134 Therostate region in the Gdnly volume rendering on the left is obscured by
the artifacts from the fiducial markers. The hybrid rendering on the right
preserves the clear tissue distinction in the target region...........coccceevviveneeiinnnen. 127

Fig. 135 A common 2D dose evaluation visualizationvgiy isodose contours projected
onto individual slices. 2D views can be quite useful for understanding local tissue
types, but they are not necessarily optimal for understanding the 3D spatial
relationship between the expected dose and the target regiimage from
(MoslenShirazi, et al. 2004))......cccoeiiiii e 128

Fig. 136 Effect of error on expected dose. Top left, dose distribution overlaid near the
surface where the A/P beam enters the target region. Top right, unoccluded view
of the prostate target region below the -aisk bladler with expected dose
overlay. Bottom left, a small rotation applied to the patient leaves the prostate
cold. Bottom right, further clipping reveals the effect of the altered dose
distribution on nearby unsegmented StrUCIUIES............cceeiiiiiie i 128
Fig. 137. Arendering showingthe g A Sy ¢ Qa Ff A3y YSyd GFdaze2 Y LIWISR 6
planning image with dose overlay to provide feedback regarding the suitability of
the worldto-plan registration. In this case, the tattoo is not in the position
expected DY the Plan............ooo e ——————————————— 130

Fig. 138 A VisionRT surfggeeen) aligned with the corresponding CT skin isosurface
(10T 011 RSOOSR 131

Fig. 139 Thermographic image of the author holding his oldest son at age 18 months,
taken at The Tech Museum in San Jose. Thermography can show near surface
FRALUIES.. ettt e e e e e e a e e e e 131

Fig. 140 Left, virtual nasopharyngopy and right, corresponding image from real
o] oTot=T o [ £ PP 133
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Fig. 142 A mock up of an mgrView open field of view virtual endoscopy enhanced with
photomapping and online guidance information. The probe position relative to a
target region is shown in 3D based on online probe position measurements.

Cobr images collected by the endoscope are dynamically overlaid onto the.CT...135

Fig. 143 The mgrView library achieves frame rates between 10 and 20 fps on a target
laptop for most of the example scenes shown throughout this document. Until
the graphics chip overheatsd cracks the motherboard. Related research
materials must then be extracted manually, as shown here........c.cccccceeeiiiiininnns 141

Fig. 144 Surface sketch rendering for anatomic shapes from (Interrante, Fuchs and Pizer

Fig. 145 Display ofigace noncredibility from (Levy, et al. 2007). The dark region on
the larger mesh is the area indicated on the slice shown on the right that has

likely been improperly segmented...........cevviveeiiiiiiiciiiiie e 144
CAdd mnc adfixO8 Q&0 MIANVEE SLIKI yi2Y TFTdzpOiArzy OFftSR 6]
PAIAMELEIS. ....ceiiii i e 145

Fig. 147 Top, a slice from a source image and bottom, the same slice under an obviously
unlikely sampled regisStration...............iieiiieii e 145

Fig. 148 A medical illustration that simulates a physical procedure with retractors
provides an intuitive understanding of the 3D positiofiste internal anatomic
structures. Contours of the hidden bones are also sketched on the surface.
(Www.conservativehipSolUtioNS.COM).......ciiiiuiriiiiiiiiiee e 146

Fig. 149 (Bourke 2003) describes how to use-R@y/'to render volume data with a
GFNRALFYyd 2F (GKS DI dzi & AnlCifaptér®.LBote thésofty SG K2 R RA & Odza a
shadows of the sentransparent volume cast on the ground.............cccceeeeeiiieeennnn. 147

CAdd mpn al NJ]SUEAYyEHSKHYSMISE TINR VS MIakibSEI S NaDZ ! y I G2 Y@
likely spurious implication that multiple people could sit around a table interact

With @ 3D NOIOGIaM.....eeiiiiiiiiiii e e 149
Fig. 151 The doll interface from (Hinckley, et al. 1997).........cccccoeeiiiiiiiiiriiiiiiieeeeeeeeiiiais 150
Fig. 152 Top, the author using ARToolKit (HIT Lab 2007) to intuitieslipulate a 3D
2028009 . 200G2Y2 GKS | dzi K2-NadedwersiazZA KGSNJ |G n Y2\
of the same mechanism to manipulate and clip the mgrView scene previously
SNOWN TN FiQ. L7ttt e e e sebneee s 151
CAdd mpo YINEASEQa Oflaa 2NBF yALLGLAZ2Y..45B0iK GFala
CA3Id wmpn YasbidisdeSeddhtiol imdrface with a rigid error controllet.......... 160
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1 Model Guided Rendering
for Medical Images

Model Guided Rendering (MGR) is a set of methods for creating hgy
quality, patientspecific medical visualizations for clinical procedur,
planning.

High quality volume rendering has so far been limited to atlas imag
because of the large time investment required in annotating the dat;
The view from VoxelMaijPommert, et al. 20013hown in Fig. 1 is
quite impressiveput the views are not portable outside their source
data, which was carefully micigegmented voxeby-voxel (hence the

name) at a cost of over 10,000 graduate student hours. Furthermol

the renderings from this data may takem minutes tohours, whitn ~ Fig- 1~ Rendering from the
VoxelMan project

restrictsthe user to prerendered views and animations.

Classical Direct Volume Rendering (DVR) for patient imagesFas in
2 (M. Levoy 1990Q)has been limited since its inception by the fact thajg
there is insufficient information in a single image for truly high qualit
rendering. While medical imaging devices have become steadily mi
sophisticated and patient data collections have grown to encompa
dozens of interrelated structural and functional images . .

. . . . Fig. 2 Classical DVR fron
segmentations, photographs, and intervention plans, medici §g23 05 2NAIAY
visudization remains in its infancy. Indeed, patient images are stu

routinely viewed using the same cumbersome shgeslice viewsKig.
30 AYUNRRAZOSR Ay GKS wmMpTnQa 64K
available.

Model Guided Renderinds a novel framework for medical image
visualization that integrates as much patient data asgible into a
high quality, patierispecific view tailored to a particular clinical task
and rendered at interactive rates. MGR is based on the idea
merging information from multiple image sources on a regign Fig.3 Slicewise view are still
region basis, using volumetric coordiea from a sparse set of common in clinical applications

» NA
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segmentations for important anatomic structures to guide the
combination.

Model Guided Rendering is being developed through the Medical
Image Display and Analysis GrolplPAGQ at UNC ChapelilHas a
joint project betwesn the Departments of Radiatio®ncology and
Computer Science. UNC Hospital's Radiattmcology clinic has
provided many of the driving problems that MGR immediately
addresses.

Fig. 4 Model Guided
Rendering of a target patient
using information taken from
the CT volume, a 3D colo
atlas, a patient photo, and
several synthetic textures
mapped onto various regions

1.1.1 Clinical Applications of MGR

Detailed Anatomic Understanding

Artists and anatomists have worked for centuries on improving 2D
anatomical renderings. For example, Frank Netter's anatomic
textbooks are full of compelling examples of how data can be
'‘processed’ into useful 3D scenes by the human mind, such as the

head and neck illustration shown iffig.5 (Netter 20063 bSGiSNDa
illustrations are deemed to be so useful that they acenmonly taken

in the operating room for referencduring surgerydespite two huge


http://midag.cs.unc.edu/
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drawbacks: first, they are not dhis particular surgicalJl G A S g -
anatomy and second, they are not interactiv&.major goal of Model
Guided Renderings to lift the atlasonly restriction on highguality
medical rendering and generate similarly high quality 3D "Netter
Renderings" for individual target patients.

Multi-Source Data Visuiation for Clinical Treatment Planning
Combining data in smart ways is vital to modern medicine. Clinic...."
planning diagnosis, and evaluatiocan be improved by looking at
data from multiple sources such as anatiomand functional fusion .- ;
images for diagnosis, or longitudinal imaging taken for adapti - _
radiotherapy (ART), or by comparirgLJ: G A Sy G4 Qa N‘]fFrl(?rhs NQP;torU\:ﬁh'"lﬁL?ttif:
normal and abnormal distributions. MGR provides a framework fshadingand composition.
bringing the same kinds of mukburce improvements to a broad set

of potential clinical tasks, suclas external beam radiotherapy

planning or virtual endoscopy.

In general, image guided clinical treatment planning revolves around
understanding relationships between anatomic features iacgpand
across time. MGR provides a number of tools for displaying
longitudinal shape change as for ART, modality relationships as for
image guided biopsy, and relationships hidden or deep features in
relation to observed features as for patient setupforensic analysis.

For surgical planning, for example, major blood vessels and nerves can
be highlighted in ways that make them adable, whereas for
radiation treatment planning, those structures are radioresistant and
are usually ignored, but radiosensitive structures must be easily
identified.

1.1.2 Model Guided Rendering

Medical visualization technology has been relatively dormsinte
the brief explosion of interest in volume rendering in the early 90
Since then, 3D rendering for medical images has found nic
applications where it can be quite effective, such as virtuF9-6 Virtual colonoscopy is

. . . successful because it reduce
colonoscopyKig.6). But rendering for general applications has neve;y .14 1o a few important

been able to adequately portray complex anatomy because it surfaces.
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computedon avoxetby-voxelbasis. That iglassic DVR relies entirely

on surface estimates fronthe local grayscale valuealone This is

equivalent to relying on grayscale value alone to segment an image, a

LINPOSaa (KFG Aa (y2agioa2 ANSRMNVNBARRREGAZY I 2NJ
be generally successful. Extending volumemdering by adding

FRRAGAZ2YIFE AYTF2NXIGA2Y GKNRdAEIK | &GdOGNI yaFSN Fdzy O
hocand nonrgeneralizable method to solve this problem.

On the other hand, higlquality medical rendering systems such as

+2ESfaly NBIldANB | KUZABINMYNESEAT YEKEG AxaxaosSy
information about features and relationships in the scene that allow

the renderer to create a focused, understandable image. Typically

there is not enough time to carefully hasdlit an expansive set of

scene priors for individual patnt images. However, modern patient

data collections can provide us with an abundant source of scene

priors. Tablel shows a few examples.

PATIENT AND ATLASUIRCES PROVIDE SCENE PRIEBS

Partial Segmentations Object type, orientation Tablel Some example uses
Multi-modal scans Likely structures that are invisible of various image sources in
in a particularmodality a patient data collection.
Longitudinal and related scans Shape relationships over time or
over populations
Shape and intensity statistics Normal features
Patient photography, thermography, Color, texture orand near the
endoscopy surface
2D and 3D color atlases Likely color, texture of normal
anatomy
Registration fields Motion
Dose distributions Dose to at risk anatomy

Model Guided Rendering is a framework for quickly bringing a large
number of scene priors to bear on a patiesgecific rendering by
combining information from multiple sourcesFrom the combined
scene information, MGR derives a notion of what the scemeukl
look like, what is shown, and what is important about it for a
particular application. Then it presents and highlights the important
structures where the information is clear, but where the information
is nsufficient or uncertain, MGRIrns to non-patient-specificsources

to make educated guesses about how that region is likely to appear.
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The sources may all be in different spaces, so methods from image
analysis are leveraged to assign explicit relationships between 3D
regions in various sources. @R relates images to each other in two
ways: by volume filling registration fields or according to regional non
linear transforms derived from medial object coordinates.

Externally computed registration fields such as are use@avis, et

al. 2004)are a common tool for studying longitudinal shape changes

AY 1weo { dzOK RST2NXI GA2Y FTAStRa LINBQOARS | (Se@
composition methods, both for ARElevant animations and by

tailoring deformations to tasks such aescribing how anatomic

structures might move under various forces so that they can be

GNBGNI OGSRE NIGKSNI GKFyYy aAyYLit e Ot ALIISR gl & gKS
important features.

M-reps (Pizer, et al. 2008)rovide a natural basis for the regidny-
NBIAZ2Y Yl LWAyYy3Ia NBIjdZANBR o6& a
provide both intuitive volumetric coordinates (i.ey,y,t) = (along,
around, through)) and volumetric correspondence across
population. Additionally, serdutomatic mrep based segmentation
is commonly applied in our clinical pipelirieid.7). Mreps are used
to identify and parameterize a few important anatomic structures in
the scene with a minimum of manual editing, which defines redpn
region mappings across the multiple disparate image sourbéslial

objeca-coordinates allow the renderer to work on an objedty-  Fig.7 Implied surfaces of m
reps fit to anatomic suctures

in the abdomen.

object basis rather than a voxdly-voxel basis. This is a key insight
for approaching the goal of higluality rendering without exhaustive
segmentation.

1.1.3 Scene Design Technologies

Because deep anamny is very complex, a 3D visualization will only be
useful if structures less significant to the current tasian be
suppressed while those structures that aid understanding are

emphasized and clearly labeled. In the context of a 3D patient image,
this problem can be considered as two ways of relating apparent
anatomy to occult anatomy, i.e., those features that are either hidden
by modality or occluded from view in space or time. Addressing such
hidden features are two domains where artistic illustratio
particularly excels relative to computed visualization.
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1. Anatomy is visually labelegistructures are colored and textured
intuitively so that the viewer can understand what they are seeing
in the scene. Monochrome 3D imaging in particular inherently
loses this visual information.

2. Shapes and relationships between anatomic structures and
regions that are relevant to the task at hand are exposed so that
the viewer can see what they need to see in the scene. Classical
DVR has very few tools to simulate this

In the classic paper on computer assisted technical illustration

(Seligmann and Feiner 1989Yhese two concepts are called

respectivelydesign of appearancand design of composition For

the purposes of MGR, intuivappearance and clear composition is

0KS @SNE RSTAYAGAZ2Y 2F GKS GSNY GKAIK ljdzZ tAde
abwQa (S& (SOKy2ft23ASa OFy 06S oOoONRIFIRf& RAOARSR
assigning scene appearance and methods for scene composition.

MGR addresses appeace with algorithms that leverage multiple

data sources to shade regions for understandabilitg. DwQa | Sé
appearance technologies are scene catalogs, solid texture mapping,

3D color transfer and texture synthesis, and 2D color transfer.

The scene must be composed to focus attention on importert
structures for this patient, for this problemFig.8). a Dw Qa

composition technologies work either by clipping the volume tc &
eliminate objects that obscure the view or by deforming the volum: \

Fig. 8 Photoshopped example

to move occluding structures out of the way. Netter uses a

combination of the two approaches, sometimes removing occlud s~ | <cene composition

completely, sometimes showing a cut and peeling a surface awaaddresses the issue of seeir
internal structures while
) ) ] ) ) preserving context.

problem of volumetric animation or volume morphing, which can |

used to indicate shape changes over time or shape variance relative

to population statistics.

keep context. Volumetric deformation further extends to the gene

1.1.4 Key Appearance Technologies

Scene Maps

MGR is based on the idea of objectordinate driven shadindut the
rendering engine still works in world or voxel coordinates. Medial
models are not particularly amenable to doing such transformations
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directly, but MGR Usesmeps only implicitlyg to generate worleto-
object (x2u) and objeeb-world (u2x) map from corresponding
surface and medial positions. These maps contain at each sample the
combined information from any image analysis preprocessing. Each
voxel is assigned a variety of feature channels such as object label,
model coordinates, local diréons, and local statistical variation from
atlas shapes and intensities. Simple maps representing a single object
related to a single image can be combined into a comprehensive map

for all the objectsAy | &a0SyS>z OFLtftSR | aaldOSySsS OlFdalf23¢d

relatively simple scene catalog can provide the rendering engine with
much more information than the raw data alone.

These scene catalogs are organized for immediate reference during
rendering and provide a fast method for moving back and forth
between whatever gordinate systems object, world, or screei are
appropriate for a particular part of the rendering pipeline. Computing
and using such maps dynamically is a key component of many parts of
abwQa &aKFRAYy3 Fft3I2NRAGKYaAOD

High quality Volume and Surface Rendagi
Previously, volume rendering has only taken information from a sin
source, the patient image. It then attempts to visually imgahatomic
structures by assigning colofssed on increasingly complex loca
transfer functions. (Se&indlmann, et al. 2003pr example) The
simplest and most intuitive means of displaying anatomic features,
apphying intuitive anatomically based textures, is incredibly difficult t
implement in the classical framework.

MGR is a suite of methods that can integrate data from many sourc
such as patient images from different times or devices, segmentatioi9- 9 Synthetic 2D and 3C
istati field | fl d t ic text t th ._textures mapped onto target
or registation fields, color atlas and anatomic textures, to synthesiz,. i< i a patient image.

a single high quality viewThe scene catalog provides a mapping

between the underlying anatomic structures in a scene and the

various possible sources for assigning regional textur&venthe

parameterization discussed, simple oriented solid texture mapping

from 3D or 2D textures into 3D regions or 2D surfaces follows

naturally: library textures can be assigned according to object label,

and then oriented according to local objecbordinge derivatives.

These same orientations can be used to enable sophisticated lighting

from normal maps for solid textures.
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Color Mapping from 3D Images

It is unlikely hat MGR will ever get a patiespecific empirical color
volume as input because a clinician is unlikely to actually section their
patient. However, normal anatomy can be approximately vigual
labeled in a target patient by collecting information from a color atlas
such as the Visible Human and then mapping into the patient space
using corresponding regional coordinates in both the source and
target image Fig.10). This amounts to rendering certain regions not
from the grayscale data directly, but from an altered version of some
empirical or prerendered atlas color volumes that has bedeformed

to fit this patient.

3D color mapping is the primary candidate for fast change
coordinates using the scene catalog. Given a scene catalog
forward and backwards transforms, this becomes an extremely log
and paallelizable problem. Theasicalgorithm for shading a pixel at
target(Xq) is as follows.

1. ConvertXy to model coordinatel
2. ConvertUto Xcin the source image
3. Apply the color from sourcg()

This concept extends naturally to the idea of mapping any values frc
one spatial vlume to another, for example, pulling information from
a 3D functional image or statistical distribution and then makin
shading decisions based on both the base modality and any additio
information. This supports visualizations such as highlightingls
corresponding to regions with a high likelihood of pathology in fMRI.

The concept further extends to the idea of including visual estimat=

for not for just color butfor anatomic structures that cannot be seenﬂg;ﬂ dilk?l . B-I(;(t)t%m,C;)tlgs Caot:gi
in the underlying digital imagd=or example, although nerves, smaller transferred to atarget patient

blood vessels, or lymph levels are invisible in CT, having a visz‘gg%?ﬂig?es to objeet

estimate of their position can be useful to a clinician who otherwis

has to make position estimates based only on collections of 2D slices.

Models of theg occult structures, based on population statistics, can

be included in modebased rendering, albeih such a way that they

are clearly identified as structures that are only likely to be present

but not guaranteed to be so.



Model Guided Rendering for Medical Images
Derek Merck

Supporting Guided Textur8ynthesis

Atlasbased rendering as described above can be thought of as a very
simple example of a probabildyased rendering: atlas textures show

a "most likely" appearance. Beyond color mapping from normal atlas
images, guided texture synthesis offera considerably more
sophisticated method for probabilithased rendering. Guided texture
synthesisenablesnormal as well as abnormal and natias structures

G2 0SS NBYRSNBR 6AGK GSEGdzNBE | LIWINBLINALFGS (2
condition as determined from poi clinical knowledge or statistical
estimates. That is, lesions obvious in the gray image might be
rendered to look pathological, and regions with clinically identified
cancers might look cancerous. In general, unexpected structures or
structures with #normal data values can rendered to reflect that.
Relevant image interpretation, such as object label, local directions
(i.e.,nU = (du,dv,dt) at each voxel), and variation from nortyalan

be exported as feature channels directly to solid texture sgaih
modules and the resulting space filling oriented texture appropriate
for this patient can be incorporated seamlessly into the view. MGR
currently works with the exemplar based algorithm described in
(Kabul, et al. 201@ut could also work with procedural methods.

Color Mapping from 2D Images

Mapping patient photos into the rendering, as showrkig.11, allows
the user to visually relate surface and deep features. The photos
come from visible light, thermography, or another modality.

The plotographed surface is identified in the voluni@age using
model coordinatesThen color information from the corresponding
photograph is mapped onto those voxels using a projective
cylindrical transform depending on the camera arrangemen
Cylindricalmaps can be collected using specialized hardware _

) ) . ) Fig.11 An image of the author
synthesized frommultiple planar camera imagesViultiple planar mapped onto a target patient
camera images can also be selected individually by comparing the

angle between the view direction and the surface normal, by time of
capture, or by both criteria.

Color mapping from 2D images has applications in diagnosis, planning,

and procedure setup. Thermographic images could be used for vein

oFaSR 0aySIN adz2NFIFOS FSIFGdzNB£Eo LI GASyd aSidzie
serial patient photos usinthe volume data as an alignment scaffold
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can be used to track surface features such as changing lesions or skin
reactions to radiotherapy. Using uncalibrated photos of the patient
such as might be taken for charting would require an algorithm for
aligning2D and 3D landmarks, but the problem then reduces to the
calibrated planar camera case. Using images taken from tracked
cameras during endoscopic procedures could provide an additional
source of interior color information and serve as the basis for novel
views based on endoscopic data but relieved of the burdensomely
narrow field of view.

1.1.5 Key Scene Composition Technologies

Importance Clipping

With most classical DVR, the user can rarely see what is actually

important in the scene. The standard method sefrface finding by

examining local gradient magnitude is a poor proxy for importance.

This has recently been addressed by using explicit data segmentation.
GLYLRNII yOS NBYRSNAY®ibla, Kanitsati &n8 (G SN  dz
Groller 2004)to describe a kind of objediased regiorof-interest

(ROI) clipping, where voxel opacity is computed according to an
GAYLRNIFyOSé 7T Ol aMéd preSagrBeNtttiany R o0& G2 EST

abDw I aAYAfFN FdzyOlAz2y Aa aneelL SYSYGSR G2 «a
ranked regions, so that relevant features can always be seen without

giving up local context information.Fig. 12 left shows a standard

pseudacolored region of interest in the male pelvis. The objeafts

interest, the bladder, prostate, and rectum are completely hidden by

the intervening tissue. On the right is an importance clipped scene,

where those unimportant intervening voxels have besigpressed

Q)¢
(V)
¢
(@]
D

Fig.12 Left, a standard volume

M‘ 4 P'E*ﬁ"*.{f‘q rendering of a region in the

/,BIad?ér ', v .:?'“ddq’f' pelvis, middle, the same regiol
\ ~ with the data occluding the
~ prostate and bladder

N N .
Eﬂostate o \fflq_'mnmg
“Prostate

dynamically clipped away
Right, the same view with the
planning position of the objects
overlayed as contours.

.,;

Wherea Viola relies on exhaustively pgegmented data, in MGR
importance regions can be assigned dynamically not only to anatomic
shapes, but to suspicious regions according to probability

10
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distributions, or to dynamic and interactive shapes such as an
GAYLERMNS I FilFakKt AIKGE D abDwQa FfA32NRAGKY A £ a2
hierarchically ranked objects.

Furthermore, while volume rafracing such as Viola uses can render

I G AYyGSNI OGA@S NI GSa 2yte 2y ALISOAL T AT
implementation of the importance clipping algorithm works at

interactive rates orneven modest hardware. The implementation is

NEfl GSR (2 YSGK2R& F2NJ O02YLlziAy3d GqakKlR2g @2f
surfaces, wherein the daiide of a closed suwte is extruded away

to infinity along the contour edgeandthen the stencil buffer is used

to track which screen fragments are shadowed according to that

LI NI A Odzf F NJ f AAKG &2dzNOS FyR GKFG LI NIOAOdZ | NJ 20
OFrfft SR GAYLERNIIYOS aiaSy OAmpariad ¢ I VR NBEf A éé___ 2y |
objects are extrudedtowards the cameraand G KA a G A YL q B
& K I R B sténciled against every voxel as it is projected onto th
screen.

Volumetric Animation
Deformation fields can be used to drive surface and volumetr
interpolations for animation. Visualization of longitudinal anatomig
change is particularly iaresting in the context of ART for showing
how the daily changes in anatomy wifect the expected dose Fi9- 13 Interpolating between
C . . . two daily patient images
distribution (Fig.13). ADeformat[on fleldszanv ajso servve as models of(,cmcordmg to a registration fielc )
K2g 02 AGNBUNYX Oue 200fdzRAY I | ylgves a smooth volumetricdzNE a
organic kind of importance renderingFew methods have been @1Mation of anatomic change

i o ] ) relative to a fixed dose
proposed for 4D volume morphingso this is an interesting and jstribution (red overlay).

unexplored research area in its owight.

1.1.6 Implementation

Beyond appearance and composition there is an implicit third
constraint on MGRspeed While none of the key technologies
discussed depend explicitly on a particular DVR framework, our
C++/OpenGL library of the core MGR functiongrView, is based on
rasterizeandblend DVR(Drebin, Carpenter and Hanrahan 1988)
Rasterizeand-blend DVR allows the complex, nbmear mappings
such as the worldo-object transforms to be moved onto the graphics
acceleator, where they can be done very quickly. Rastedne
blend DVR has traditionally been limited in quality by the fixed

11



Model Guided Rendering for Medical Images
Derek Merck

functionality graphics pipeline, but recent improvements in volume

texture representations and programmable shaders have alleviated
those restrictions. mgrView can achieve interactive rates for complex
volumetric scenes on laptops and inexpensive workstations.

mgrView is wrapped in an extensible GLUT/G(R&adamacher,
Stewart and Baxter 200&iser nterface, butit could be embedded in
other windowird Sy @ANRYYSy i a -Bodsgé Klinidala b/ Qa Ay
radiotherapy planning tool PladNC(UNC Hospital Department of
Radiation Oncology 2007)mgrView also includes a varietydgfault
routines for frame grabs and file readers and writers, but the code is
not tied directly to any particular data representations. mgrView has
also been designed to be flexible with respect to future technology
extensions such as virtual or augmedtreality for online image
guided procedures like image guided biopsy. mgrView also includes a
comprehensive user guide detailing both its usage and its algorithmic
implementations.

The next page provides a short introduction to mgrView's
programming fomat for interested engineeringriented readers of
this dissertation. It can safely be skipped by other readers.

1.1.7 Thesis

Image segmentation viaedial shapes provides an effective basis for
guiding contextappropriate shadingin 3D medial image display by
supporting regional color mapping from library or synthesizedd
textures, crossmodal images andatlas data sources

t NBO2 YLzl A ysEenelcatald 2 Kt G a O2t £ SOGa Ydz GALX S 20! ¢
mediatto-world and worldto-medial transforms enables these

technigues in an interactive objectorder volume rendering

framework.

This framework additionally extends other perceptienhancing
effects such asmportance renderingand volume deformation to
dynamic scenes.

12
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INTERMEZZO MGRVIEW
mgrView programs are characterized by establishing relationships between images and mo

GKAOK RANBOGE (KS N:éyF“eSNJ\yniana@qﬁtamsyemcﬁgrannlmteﬁl-nw\la-yéé

kinds of objects are loaded, 2D images (textures), a surface file, and a volumetric medical i

These object$ NB | G dF OKSR G2 2yS |y20KSNJ gAGK LI NI

GO2t 2NIPAYE D [ F@SNAR FNB RSNRASD T NDV 5w g

Circular =

automatically attached as children. The surface and volume obj Muscle Layas

"
are automatically attached as children toethoot world object, which A= \

includes them automatically when the window makes the call j\_
&
‘

world->glRender(). Derived textures such as the duodenum "/&//
coordinates and the volume data gradient are automatically IoaCf 7 4
and attached as subbjects if they arepresent in the correct 2'26' ™ “‘
directories, or they are computed and cached if they do not exist. OVS

Fig. 14 Labeled rendering of
A simple example application is showrPrograml and the esulting ( K S Rdz2 RSy dzy ¥

display is shown ifig.14. An appendix walks through implementinSimple  application — demo
rogram
an entire project using and extending mgrView. Prog

/I Sample mgrView program
#include"../common/mgr.h"
mgrWindow* mgrw;
char MGR_DATA_PATH F../data/"; cha* MGR_PROJECT_DATA_SUBDIR =
"abdomen/";
int main(nt argc,char argv[]{
mgrRenderable world;
mgrw =new mgrWindow( argc, argv, &world );
/I -- Load textures-
mgrimage2 muscle = mgrimagég{uscle2.tga’);
mgrimage2 rugae = mgrimage2(gae.tga");
/I -- Setup the surface objeet
mgrSurface duodenum = mgrSurfaté@odenum.pseudotube.l2.byu);
duodenum.Attachimage(&muscle, MGR_COLOR_IMO0);
duodenum.SetShadeviGR_SIMPLE_TEX2_SURF_SHADER
duodenum.clip_end_capstrue;
mgrSurface d1 = duodenum.AddLayer(0.9 );
d1.FlipTransform( MGR_COLOR_IMO, Y_AXI&9jate texture
mgrSurface d2 = duodenum.AddLayer(0.8 );
d2.Attachimage(&rugae, @R_COLOR_IMO );
/I -- Setup a volume data objeet
mgrimage3 gray = mgrimage3@01.hires.raw; 512, 512, 64 );
mgrVolume v = mgrVolume( &gray );
v.images[MGR_SOURCE_HM3}.set( 0.55, 0.3 )/ Intensity window
mgrw->glStart(); /[ Start rendering
return 0;}

Programl Sample application code invoking mgrLib to load a gray volume and surface
object. The rendering and default Ul is showifrig.14.
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1.1.8 Claims

This dissertation contributes the following novelkthodologiesfor
producing highkguality volume visualizations using segmentations of a
sparse set of important anatomic structures to combine information

from multiple image sources:

1. Method forusingmedial coordinateso guidecontextappropriate
shadingin medical inagesby regional color mapping from several
different kinds of data sources
1.1. Method for mappingand lighting library or patienspecific
synthetic solid textures

1.2. Method for mapping from 2D data sares such as patient
photographs

1.3. Method for mapping from 3Ddata sources suclas cross
modal images or atlas data sources

2. Method for generating such renderings at interactive rates on
NEtFGA@StEe Y2RS&ald KINRgINBE o8
data structure and manipulating it in an objemtder rendering
framework
2.1. Algorithms for computing worltb-medial 6 & E Hatm 0
mediatto-world 6 & dzmé&ps flom a set of segmentations by
medial shapes and a data structure for collectingesth
mappinggogether

2.2. Algorithms for using the scene catalog in various ways
through programmable shader hardware to do the mappings
described in (1)

3. Refactoed versions ofimportant state of the art volume
rendering methods such as importance rendering and volume
deformationthat allow these techniquego be appliedin dynamic
scenes
3.1. Objectorder implementations for global and local volume

deformation andfor importance remering based on ranked
surfaces

14
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1.1.9 Outline

Supporting discussioffor these claimsis divided according to the
following chapters and sections.

Chapter 1: Overview oModel Guided Rendering

Chapter 2: The Medical Imaging Pipeline

2.1.Review of 3D medical image acquisition

2.2.Review of 3D medical image analysis, including deformable
registration and medial coordinate systems

2.3.Review of classical 3D medical image visualizatinaluding
surface extractionjmageorder and objeciorder direct volume
rendering DVR, and transfer functions

Chapter 3: Model Guided Appearance for Medical Volume Rendering
3.1.Creating scene catalogs from medial representations
3.2.0bjectcoordinate based salitexturesand dynamic lighting
3.3.Color mapping from 2D patient photos

3.4.Color mapping from empirical or synthetic solid atlas textures

Chapter 4. Model Guided Composition for Medical Volume
Rendering

4.1.Fast volumetric animation

4.2 Fast importance clipping based importance shadows
4.3.Modelcoordinate based surface windows

Chapter 5: Bringing MGR to the Clinic
51.abwQa LRGSYGAlIt NRBEtS Ay YSRAOFE AYF3AS LXK AOL
5.2.Segmentation, planning, and patient setup in radiotherapy (and
appendix describing how to implement a prot with mgrView)
5.3.Augmented endoscopic guidance

Chapter 6: Conclusions & Future Work

6.1.Review othesis andclaims

6.2.Directions for @ture work, including advanced display and
interactivity

Appendix Implementing the Planning Under Error View Using
mgrView

15
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The mgrView software tool is frequently used to demonstrate
techniques throughout this dissertation.The examples shown in
chapter 2 are all demonstrations of known techniques implemented in
this framework. The regional color mapping methatis/elopedin
chapter 3 are novel methodology and implementation. Chapter 4 is
concerned with extending known volume rendering methods that are
currently restricted to static scenes to interactive or dynamic scenes.
Chapter 5 presents a series of project vignettes the&honstrate how
MGR methods might be applied to clinical problems. The MGR
components usedh each projecare clearly called outThe appendix

at the end of the dissertation walks through the programming
required to build one of the sample vignettes in Chapter 5 using
mgrView.

16



2 The Medicallmaging Pipeline

Medical images begin with physical devicesl aaconstruction, which

produce3D data. This data can be visualized or analyzeduited to Engineering
various clinical applicationsThis chapter reviews thieasicpipeline for
applying medical imaging technology in the clstiown inFig.15. It is

ppbing medeal imaging technology B
divided up into three parts, each focused on one section of the pipeli

Image Analysis

Ergineering layer, wheremedical imagesare actually produced
Registration
Energyis passed through the patient and a signal is collected.

variety of hardware devices work across the energy spectrum

1. Sources of Medical Imagegeviews the principles of the /\

Presentation

can collect both structural and functional information. The signa
then processed into an image of the underlying geometry s \
filtered to reduce artifacts. Application

2. The Image AMalysis layer, described in the sectiomnterpreting
Medical Images serves to relate images to other images and
relate image regions to structures. Relating images to image
OFtf SR GAYIl 3S elatiBgEmagelrdgibns fo atyicturelisy R NJ
OFftft SR aAYIl 3AS IsyentSTheIegondl modd that Ay (K
MGR uses to relate regions across images is based on image
aS3aYSyidldAaz2y dzaAy3a (GKS RMNBOQMEDIP YSRAFE N

3. The section orData-driven Medical Visualizatiorreviewswhat |

Fig.15 This chaptereviewsthe
medical imaging pipeline.

&
—
(&)
zZ
&
Q¢
(V)

callthe naiveor datadriven Presentationlayer. Visualization based

on independent imageprovides a direct and usually simple view of

the data to the clinician. Classical volume rendering is based on

castingrag G KNR dzZAK GKS AYF3IST GKSy [|LILX&@Ay3a | aid NI
to assign dfalse color to each voxel.Classical volume rendering

F2N¥a (GKS o0lFaAira 2F abDwQa NBYRSNAYy3 |f3IA2NAGKYAD

While automatic image analysis has become steadily more
sophisticated, the results ocabe cryptically difficult to interpret. The
goal of Model Guided Rendering is to create informed visualizations,
that is, to reorganize the pipeline so that the presentation layer
becomes dependent on the analysis layer.
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2.1 Sources of Medical Images

This ection gives a brief overview of the physical and reconstruction
layers of the medical imaging pipeline. The main topics include the
following.

1. Computed Tomographyis the most important modality for
radiotherapy planning, and MGR has been conceived hrgel
support it. This topic reviews-ray radiation, sampling and
reconstruction, and sources of artifacts.

2. Other 3D Imaging Modalitiessuch as nuclear medicine imaging,
magnetic resonance imaging (MRI), and ultrasound (U/S) are briefly
discussed at thera of the section MGRIs designed to support
rendering from multiple data sources, and while those sources are
usually serial CT or CT + color textures, the same principles apply
when mapping from other modalities into the rendering space.
These other mdalities have various clinical advantages over
radiographs and CT with respect to particular future visualizations
and applications.

A few examples of using mgrView to load and create simple views are

presented along with the discussi® of the various mdalities.

However,Y ANE A S6 Q& RI GF NBL®®RAIBYMthel A2y F2N AYlF3ISa
later chapter on working with mgrView.

2.1.1 Computed Tomography

Computed tomography (CT) isnadely adoptedimaging modality with
many clinical applications from diagnosis to procedure plann
Because it is a 3D modality, data can be presented irar@ ety of
displays such as axial, d4aji, or coronal slices, ofixis cut planes, o
even simulation of a standarc-ray projection image (called

"radiograph™) Sliceby-slice views eliminatethe saturation and
occlusion common in analog radiographic rnages and can make

structures with difficult to understand 3D shapes, such as com|_. o
Fig. 16 Chest xay of the
fractures, relatively easier to interpret. For example, indm@logchest | dzi K 2 NDa a2y |
radiographshown inFig.16, the lungs are severetbscuredby the ribs, The lungs  (indicated) ar
. - C . extremely obscured byhe ribs
making themdifficult to understand Digital images such as CT or digi, i, in front of and behind

radiographscan also be windowed to expose 1% density differencethem.
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which providesrelatively higher contrast resolution then analog #m
Moreover, digital data can be easily pogrocessed at a variety of
levels, from edge enhancement to data labelif@s described in the
next section on image interpretation Modern fast CT scanrgcan

create time@l NEAYy 3 2NJ an5¢ AYlI3ISazr gKAOK I NB @SNe

studying motion in structures such as the heart or lungs.

Ly abwQa GFNABSG R2YlFAythe2GTimdge RA2 G KSNI LI LI | YY A\

provides a physically and geometrically accurate basis for plyera
planning. Magnetic resonance imaging (MRI), for example, has greater
contrast for pathologies, which is useful for diagnosis, but it gives no
information about xray attenuation and suffers from innate field biases
that can create geometrically incole images,limiting its usesfor
planning.

INTERMEZZO LOADING3D DATA INTO MGRVIEW

Many of the example images produced throughout this dlssertatmn
were generated using mgrView's btiilt functionality. This intermezz(
shows a short C++ mgrView prograised toload a CTmage generated
by! b/ Q& NI RA20GKSNIGLIE | VI I ¥y wigdawtith
for soft tissue resolution, and display ifThe codeshown inProgram2
produces theresultsshownin Fig.17. Note that only four linesf the §
programare actually scene dependent: the fils loaded, and a new
volume obijectis instantiated and attached to the ui and the renderi
root. The rest of the code simply sets up the project.

/I Sample mgrView program to load an image
#include"../common/mgr.h"
mgrwindow* mgrw;
charr MGR_DATA_PATH +../data/";
charr MGR_PROJECT_DATA_SUBQI&\ss/";
int main(nt argc,char* argv[]) {
mgrRenderable world,;
mgrw =new mgrWindow( argc, argv, &world );
/I -- Scene dependent code
mgrimage3 gray = mgrimage3(06.gray.pim,
512,512, 81, vec3( 0.098, 0.098, 0.3) };

gray.iw.set( 0.1, 0.3); Fig. 17 A default view of the
mgrVolume v = mgrVolume( &gray ); male pelvis CT image loade
mgrw->glStart()return 0;} using the mgrViewscript shown

in Program2 with and without &

Program2 A simple mgrView program to to load and display a raw CT 4terence slice.

image shown irrig.17.
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X-Ray Radiation & CT Reconstruction
Xrays are high energy photons than can penetrate solid objec Asr Riprt
Different types of material attenuate-pay radiation at different rates, F
so measuring the amount ofray radiationthat passes through a soli
object shows the radiglensity shadows oftructures inside of the
object Wilhelm Conrad RéntgefRontgen 1896)s considered to be
the first person to discoverpay radiation and demonsdte its potential
medical applicationgFig.18).

Projection xray images, called "radiographs”, are a coomdiagnostic =~ =iz E
tool in medicine.In projection radiography, hie subject is pIacecFig.18 Radiograph othe hand
between an xay source and a film or digitalamping plate. Xays of Ronten'swife from the late
passing through the subject are attenuated more in dense material <19th cenury.

as bone, so the collected image is less exposed where those regions

project onto the plate than it is where muscle or fat tissue regions are

projected. Since most raamgraphs are viewed as "negative images”,

areas of low exposure become the brightest features in the imaie.

with all shadows, occlusion problems happen when more raéiose

objects such as bone obscure other structutesth in front of and

behind them(Fig.16).

Computed tomography is an attempt to addresdscuration and

occlusion issues with projectionrays by reconstructing the entire 3D

interior of the subject. The -kay attenuation factor of different

materials is baracterized by a densiyeighted attenuation coefficient 9= "ge - @

calledu. The calcium in bone has a very highwhereas air has ¢

relatively lowp. Xray radiationattenuates as a function oits initial £dn- 1 Formula for  xray
) o ) ) attenuation through tissue with

energy andl of the materialthat it is passinghrough according t&Eqn. |oc4) attenuationy along a line

1. Sampling the total attenuatiorof a particular xay energyat many integral parameterized by S

angles and offsets about a single plane through ghbject produces a

large linear system that can be solved to recoverititerior 2D array of

attenuation factors. Repeating this process for many planes produces a

3D array of attenuation factors.

The total attenuationof the xray radiationalong a sigle path is the
exponentiation of a line integral of individual attenuation factors along
the path. In the logarithmic space of this function, the total attenuation
along a paths a linear combination of the attenuation factors at each
sample along the gh. This arrangement othe data aslinear
combinations producing sums at various angles and offsets is called the
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Radon transform of the data.The goal of CT reconstruction is -
compute the inverse Radon transform of the system. In filtered b
projection, each output profile is filteredccording tothe amount of
blur known to be introduced by the detectors (the "point spre:
function") andby the smearing step that follows, and then the result
GaYSEFENBRéE o6F 01 Ff2y3 hekddnpoitdhuiit
from smearing all of the profileis the reconstructiorof the plane Fig.
19 shows a singlslice example offorward and inverseRadon
transforms applied to synthetic data

The original work on reconstruction from line integrals was develog
Ay GKS yogrmack) 5964)based on much earlier work fror
(Radon 1917) In 1972 Godfrey Hounsfield created thestfisingleslice
/ ¢ | 2 dzy a FTRigR0) Rk BeveraDhoyfstEGdullech data ar
severaldaysto do the reconstruction.CT machines becameidely
available in the 1970sRecent advances have focused on resoluti
speed, and gating for 4D motion images.

Spatial Resolution
CTs are digital systems that use andlogligital converters and
produce sampled data, so they are subject to additiamaistraints on Fig.19 Top, source imagewith
resolution anddynamic range Modern CT scannertypically produce €C/0" reépresenting an intensity
) S at each spatial position.
images on a regularly sampled grid with 51212x ~100 samples. FOpjiddle. Radon transformed
the abdominal, pelvic, and head and neck scahich form the basis ofdata with color as the total
the later MGR case studies, tireplane field of view (fovis ~50cm and ntensity along a profile with a
given angle and offset. Bottom
can span 30cm or more in lengthhis leads to a grid spacing ¢he image reconstructed by
approximately 1mmx 1mm inplane with 3mm planegpitch). For @pplying the inverse Rador

. . . transform to the transformed
head/brain scans, the field of view can be much smaller, so the sp¢.,

(Images from
can be substaimally denser. http://www.physics.ubc.
ca/~mirg/homef/tutorial/fbp_re

CT is considered a potentially harmful procedure because it expose<on.himl)
patient to a relatively small but nenegligible dose of the same kindi d
damaging radiation as is used in external beam radiotherapy. The i
exposure, the higher the spatial resolution that can be achieved,, '

balancing exposure with medical needs is a serious issue. 4

! Using Matlab's "radon" and “iradon" functions. Matlab is a matrix m;__ " . PO
program developed by The Mathworks (www.themathworks.com). Becaus’9- 20 M2 dzy’ a ¥ A ST R
images can be understood as 3D arrays, Matlab is well suited to manipulPr00type CT scanner  (from
such data structures. Simpte-interpret Matlab functions are pointed out a:V/KiPedia.

examples in relationship to several topics throughout this dissertation.
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The individual @lume samplesof any 3D image arealled voxels )

6Ww@2ft dzyYS St SYSyidQs & || LIAESE 5 St SY
has cubic voxels, the voxels are calisdtropic otherwise they are “.-"

anisotropic (Fig.21). In the examples throughout this text, thepfane .
RAYSYaA2ya NB NBFTSNBYOSR | a W ﬁ“‘“‘m [ROGKE

| & oMdsXirEgeneral for an (xyz) worspace coordinate vector. Th

G2ESt AYRAOSA I NB NBTFSNS goluSms(y)l F9- 21 Voxel representation | v R
) .. ) (from (Borland07))

and slicegz)or Jfor an (ijk) voxekpace coordinate vector.

Converting back and forth from workpace coordinateX to indices],
called X2J and 2X functions here,requires two additional pieces of
information, the sizeof each voxel with respect to distances in werl X2xn) = (@ 06)/°Y
space, called S, the worlpbace position of an origin, typically O = J2 _ _

. L . . . Eqgn.2 Basic worldto-index (X2.
0, 0) Given this information, X2J and J2X can be written &Jm2. If 5y jndexo-world (22X
world-space origin is set to (0,0,0) and the spacing is such thattransforms.
largest worldspace coordinate of the data is assigned to 1.0, then uic
RFGF A& &alrAR G2 0685 NXBLINBu Siyicalé
modeling software encodes coordinates. The unit cube coordir

JZX@ =0+ "y g

Material HU YAl O

. . . Air -1000
system is useful for many tasks, but it can be problematic w
attempting to register data with different coordinate systems. If t Fat -8010-40
coordinate system is left handed (theaxis has flipped sign), as ot Water 0

clinical planning software encodes images, this can be represente goft Tissue 30 to 60
multiplying S by (11, 1) and dding (0,1,0) to the unit scaled Of the
sample directions are not worddligned, an additional rotation matri

can be attached to the formulae. Fig.22 Approximate mnges for

x-ray attenuation in tdunsfield
units (HU) for common
anatomic image values.

CT intensity units, the densitglated attenuation factor at each voxel,

take their name from Hounsfield. Hounsfield Units measure thie @t
the local attenuationfactor in a particular tissueompared to the .
attenuation factors of air and water [Eqn.3). Hounsfield units range
from -1000 to 3000 (12 bit range) Some important HU values ai
shown inFig.22.

Bone 100 to 3000

Value Resolution

When visualizedas slices or volumes, Gisualizations typically follow|
the "bone is brightest" convention from radiographit.can be difficult
to visually distinguish nearby values from the 4000 possible lev
particularly since there are onB56 @ bits) of gray value difference or _ o

i ) : : : Fig.23 Thesame view as ifrig.
standard display devices Since there are 18its of possible HU values, ; intensity windowed with a
this means that 16HU values are binned together at every intenslower minimum threshold.
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level that can be shown on a standadisplay However, it is
straightforward to enhance the value resolution by pmgkiout a

GoAYyR26¢ 2F AYyUiSyaArddASa FNRBdzyR a2¥Fd GA&aadsSzT F2N

that range to encompass the entii@ bits of display resolution. The _ s mea

. N . . . o e Min(max QEN ,GEGER)
tradeoff with this is that small intensity windows can substantie® (‘9= &N ok
enhance noise.Windowing an entire @lume can be quite expensive _
done on the CPU. This is typically obviated by windowing only a s.Eqn'4i Formula for applying an

intensity window to a value.

cut-plane at a time. In mgrView windowing the entire volume can b
done immediatelyusing the computer's graphics hardware

Artifacts

While CT has considerable advantages over standard analog
radiography, it also has some disadvantages. Because it is a q
format that requires algorithmic reconstruction to convert the sampls
signal on the machine into an intuitive spatially organized format, it *
hawe artifacts and sampling problems that are not present in ana '
radiography. Artifacts develop when the underlying physical
algorithmic assumptions are broken. Broken physical assumptions
as nonnarrow-beam xray sources or variable geometry theen
source and detector can lead to blurring and ringing. Bro M/’\.\____M_/
algorithmic assmptions such as patient motionextremely dense Fig.24 A CT plane showing
materials (e.g., metal filings or prostheses) that cause "phOicharacterisic éstarburse artifact
starvation" in their shadows, and sharp or thin objectsttipaoduce from metal.

individual voxels with material of significantly different densities can all

cause thecharacteristic starbrst patterns shown irfrig.24.

2.1.2 Other Modalities

Fig. 25 overviewsa variety of other 3D medical imaging modalitie 597! Type Modality

covering different partsof the EM spectrum and different signalin Reflective  Ultrasound
) . . Visible light
methods Different modalities are better or worse at detectin photography

different phenomena. Whereas CT always collecmatomic . _
Emmissive MRI (REigna)

information, some modalities such as nuclear medicine studies

Nuclear Med
show which regions are nebolically active. Theskinctionalimages (PET, SPECT,
can be very useful for identifying pathologies. While there are currel IR photography

no mgrView applications that specifically require HOM data, Transmissive Xray(CT,
combining CT images with the strengths of other modalities is FERIG )

important area of future development. Ultrasound, for example, Fig. 25 Common imaging
considered norinvasive, can provide decent 3D images in a small fim0dalities by signal type.
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of view, supports limited functional scanning (Doppler), and requires
very little equipment compared to a CT scanner. Visingi online
ultrasound data within the context of more detailed planning images
may be an important tool in image guided biopsy.

This section briefly reviews the strengths of magnetic resonance
imaging (MRI), nuclear medicine, and ultrasound in the context
potential future fusion data extensions to Model Guided Rendering.
Image stacks from color anatomic sections are also included here as
another kind of 3D medical imaging.

Magnetic Resonance Imaging

Imaging based on gradient field relaxation was developed in the g
1970s independently by Damadigidamadian 1971pnd Lauterbur
(Lauterbur 1973) Magnetic resonance imagin@IRI) measures local
proton density (hydrogen countnd local chemical compositions As
suggestedin the introduction to this section,his leads toexquisite
contrast resolution around soft tissuand makes pathology muc
easier to detect. However, MRtontains no electron density
information, so it is useless for the radiation transport calculatio
required for treatment planning unless paired with a CT image. An ¢

of interest for Model Guided Rendering is fusion data rendering usiE;géd?ES MRI of the authofe
for example, an MRI image to assign appearances (pathological/nor

but using the CT image fanatomic reference geometry

MRI works by using radiofrequency fields (RF) to align the protahg in

hydrogen atoms of wateor hydrocarbonsA y (G KS LI éndiSy i Qa o2Re
then manipulates the signal to measurelaxation times which vary by

tissue type Unlike the high energy-rays used in CT, this RF radiation

and exposure to strong magnetic fieldghsught to be harmless to the

patient.

Functional MRI (fMRI) can be targeted at particular systems and indicate

spatial location of detected activitywhich is of particular interest in

brain imaging, but there is also evidence that certainn-brain

pathologies can be identified by unique activation patterns. Diffusion

weighted imaging (DVI) is a special type of MRI that measures the

diffusion properties of tissue. Combining information from multiple

52 LQa OFy LINRRdzOS RA T T deickileyy GSyaz2NJ AYI3IS 65
directional diffusionwith a tensor at each spatial sample. mgrView

supports fMRI images when they are formatted as standard spatial data
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distributions. mgrView currently has no support for tens
visualization, but that is a targeted futur@p@lication domain.

Nuclear Medicine Imaging

Nuclear medicine imagingNMI) studies usgharmaceuticals labeled
with unstable tracer elements called radioisotopes that emit radiati
as they decay to a stable state. These pharmaceuticalsatabolized

by targeted systems and then enidcalizedhigh energy photons as the
radioisotopes decay. Nuclear medicine studies are functional
definition. For oncological studies, theadioisotopes are usually

attached to glucosewhich radielabels most cancers since cancers tel
to have higher glucose uptake than normal celdV images typically
are very noisymaking them most useful when viewed in conjunctic
with another modality with better resolution. WhilGR has no target

NMI applications at presentendering NMI fusion data, such as PET/"'9-27 Early NMI thyroid scan:
from (S. M. Pizer 1967)Top, a

is a targeted future appli¢ceon domain. normal thyroid, bottom a
thyroid with  high  marker
uptake.

Ultrasound

Ultrasound (U/S) shows echoes off of tissue interfaces in the patient.
The energy that it sies is sound waves above the threshold for human
hearing, in the range of 20kHz to 2MHz. The primary med~~'
application forultrasonography is for relatively coarse imaging th
does not require penetrating air or bonsuch as prenatal studiebig.
28).

Ultrasound has severalonsiderable advantages over.Cikis though
to be harmless to the patientt has nearly instantaneous capture rate:
enabling visualiation of motion in real time, and the required
equipment is relatively inexpensive and portablenablingimaging
during procedures without moving the patient.

Fig.28 Ultrasound is frequently
used in prenatal screening

. . . . , . such as this Iiveek image of
In radiotherapy, ultrasound is primarily of interest for paties#tup, i k& | dzi K 2 ND& i

that is, as a basis foregistrations between the reaborld insides of a
patient and their planing CT, as in the BAT systeinémode

I Olj dzA & A (1 A 2 Y (LAngeR, etial: 20@BS lie inglirdidea is to use

a portable ultrasound evice in the treatment room to find target
structures and therto compute an alignment between the patient on
the-table and the planning CT. While our clinic does not currently use
this method, MGR has been developed with it in mind as a potential
targetfor multi-source data.
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Anatomic Photography

Fig. 29 Color images of gros:
anatomic sections, such as thi
slice from the Visible Humar
can be used aa color atlas for
abwQa O2f 2 NJ
algorithms

-

D wn@ao s Aty Wy OO

Color anatomic slices can bensidered asinother modality. While it is

unlikely that a target patient will ever be anatomically sliced up, a color

atlas from anatomic sectionsFig. 29) can inform a model guided

rendering by mapping the colors through a scene catalog as described in

the next chapter. The Visible Human data is freely available from the

blrGA2ylFEf [AONINE 2F a=8@KOHxI$NVHY +AaA0fS 1 dzYly t NJ
Each subject, male and female, consists of both radiological images and

color photographs of the anatomic sections.

For the female data set used in tldefault color maps described later,
the cryosetions are at 0.33mm #plane resolution, with three slices per
millimeter. C2 NJ aDwQa O &applizahdrs, Ystruchuds yirdthe
Visible Human color sectionsere segmentedmanually but similarly
high resolution radiological MRI and CT images are alsilablefor
analysis, though they are not simmlligned with the color data. Given
a registration between the data sets, this would provatether useful
sample fusion data set.

Other types of less invasive anatomic photography, suclexasrnal
patient photography or thermographyor internal endoscopic imaging
are further discussed in the section on color mapping from
photograpts.
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2.2 Interpreting Medical Images

There are two main concepts in the Model Guided Rendering taxonomy
of the image analysis component of the imaging pipeline: registration
and interpretation. Each layer provides important inputs for Model
Guided Rendering.

1. Image registrationis the proces by which collections of images can
0S IftA3IYySR (2 GKS alYS LI GASYy(d aLl OS¢ o LYF3S
may be represented either as global transformsth a small
number of parametes’ or with high dimensionalocal mappings,
and they may be driven acating to landmarksor image similarity
metrics The UNC Hospital radiotheraglinic routinely deals with
time series CTs as patients are scanned repeatedly during an
ongoing treatment protocol, and aligning cregsatient or cross
modality images follows imilar procedures. Model Guided
Rendering uses information from image registraqgmimarily as a
mechanism foanimating anatomichape change.

2. Image interpretationis about assigningnatomic labeld¢o image
regions. A simple interpretation is a labsdlume for an image
where individual voxels are marked according to which category
they belong to, prostate, n@prostate, etc. Such image
segmentation can be done by hand or automatically by a variety of
methods. One method is to use image registratiools to register
Fy AYF3aS G2 +y FENBIRe fFr0StSR aldtlra aLlk 0Séx
mapping to pull the atlas labels back to the target image. The
interpretation method adopted in our clinic and used by MGR is
based on segmentation bygtatistical deformable shape models
6{5{aavo | SNB GKS GSN)Y aAYGSNLINBGlIGA2yé SEGSY
segmentation. Interpretation involves understanding not only the
local label of an image region, but also the orientation and other
properties of the underlying structure Model Guided Rendering
relies on image interpretation frordiscrete medial representations
OGNBLIAEOD G2 aKIFIRS 202S06Ga FOO2NRAY3A (2 GKSAN Fo

% Low parameter count in contrast to Fourier coefficients, which are global
transformations, but provide what is here referred to as a Ideatl of detail.
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2.2.1 Image Registration

Target applications that require understanding anatomic change, such
as adaptive andmageguided radiotherapy (ART, IGRT) (Heaskey, et

al. 2005)for a useful overview), require a framework for accurately
mapping anatomical objects fromserial images taken over several
treatmentsinto the same coordin@ system as the planning or other
reference image. The most common mappings are global rigid
transforms, but current research activity is aimed at developing
practical and reliable methods for creating spditieng nonrigid
mappings. Our clinical imagregistration software, ImMap and its
variants, can generate both global and local registrations. Visualizing
registration relationships between imagesis one of the mgrView
program vignettespresented later insection5.2, MGR Applications in
Adaptive Radiotherapy

Global Transforms

Rigid imageto-image registratios can be expressed as a global matrix
transformation. Positions in the space of éhtarget image can then be
passed through this matrix transform to find the correspondi
positions in the source imagdRigid andnore general affine transforms
can be devedalgorithmicallyfor 3D point correspondences, as do bot
Procrusted (which uses explicit correspondencesm)d Iterative Closest
Point (ICP, sekig.30) (Besl and McKay 199@yhich computes both the
transform and the best set aforrespondences for two unlaked sets.
Rigid image transforms are most appr@e for withinpatient
registrations, where images change mostly in pose from day to
Similarity (rigid plus scale)or affine (rigid plus scale and sheapri; 30 parameteric surface to
transforms are more useful when studying crgesdient registrations. point data registration from
For dense intensity corsmondences such as phetonstancy or mutual(2€s! and Mckay 1992)
information, a global registration can be found by optimizing over the

elements of the transform matrix according to an image similarity

metric.

An importantapplication ofglobal transformgs to aligna 3D planning
imagewith a 2D image of theatient taken at treatment time Such
visualizations can be used to verify that fhwtient is set up correctly on
the therapy machineThisis typically done manually, using lasers to line

® Procrustes was a Greek bandit who forced his victims to lie in an iron bed and
cut off their feet to fit his measuring device.
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up the room origin withfixed surface landmarks such as tattoos. In
other procedures such image-world alignment may involve a
mechanical device such as a frame physically bolted onto the subject's
head that provides a reference coordinate system (a "stereotactic head

frame").

Fig. 31 Left, a photograph of
2dzNJ Of AyA0Qa
02N aGwl yRSI dz
sometimes known) on the
treatment table. Right, a
rendering of a CT of RAND
synthesized from the same
camera point of view and
overlaid onto the pbto.

mgrView has been designed to produce images that combine real world
photography with 3D imagesFig.31 shows an example of a planning
image transformed and rendered into the space of a 2D photograph.
The later section oncolor mapping from photographslescribes a
method for projecting a 2D mitograph into the space of a 3D planning
image andncludes some relevant discussion of camera models.

Local Mappings

NorHlinear imageto-image registration$ cannot be expressed
concisely as a matrix transform, so they are typically represented locally
aaoss the field, either indirectly by a set of control points for splines, or
directly by adense displacement field. Notinear registrations are
more general tharaffine registrations because they can capture both
local and global properties (although practice, they usually only
capture residual local changes after a global registration has been
applied). As with global registrations, local registrations may be feature
driven, such as thin plate splines (TRByokstén 1989)or the basis
paths used ir(Joshi and Miller 2000)Or they may béntensity driven,
adzOK | & &2 LJ(Hoflarid SChingkd¥82)MIy d RS 3R y & £
(Thirion 1998)fluid flow (Christensen, Joshi and Miller 199@j free
form deformation via Bsplines(Rueckert, et al. 2006)ImMap and its
variantsuse an atladbasedversion of fluid flomdescribed in(Davis, et

al. 2004)

*The class of affine transforms is indeed linear in homogeneous coordinates.
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A method for mterpolating quickly between images according to such a
registraion field for the purposes of visualization is described in the
later section4.1, Volumetric Animationand isa key method in the
target applicatios described in sectiorb.l, MGR Applications in
Adaptive Radiotherapy

In contrast with rigid or affine registrations, which can be determined
algorithmically, deformable registrations are usually determined by
optimizing a registration metric in a very high dimensional space. In the
simplest caseof representing the registration by an independent
displacement vector at every voxel, there will be 3 x the voxel count
parameters to optimize and possibly more if the registration uses
multiple time steps. The registration metric is usually compridesivo
parts, an image similarity function such as sum of square differences
between the source and registered target image, and an irregularity
penalty that attempts to keep the deformation organized and legal
under various definitions. Because of the wdarge number of
parameters, these regularization terms are ususdly simple to rescue

the process from significant problems with local minima. Current
research is frequently focuseeéither on dimensionality reduction
(decomposition into control paths, etc) or on introducing more
sophisticated and finely tuned regularizatitgrms.

Registration layer information is a useful input to many of Model

DdzZA RSR wWSYRSNAy3IQa I|ftI2NAGKYAZ odzi AG A& AyadzF-
imageto-image mapping algorithms deribed later. While registration

of a target image to common atlas coordinates, for example the

Talairach brair{Talairach and Tournoux 198&8gan give objeelabels to

each voxel, determining qualities such as locaémdation requires a

complete objectbased volumetric coordinate system fit to each image

region. Such coordinate systems are a naturalgrgduct of the image

segmentation methods described in the next section.

2.2.2 Image Interpretation

The image interpretation input to Model Guided Render@ognes from

a type of deformable shape modelStatistical shape models were
originally developed independently itKendall 1984)and (Bodkstein
1989)for structures identified by a few important landmarks found in
each of many patient images. Modern statistical shape models for tiled
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surfaces were proposed ifCootes, et al. 1993)s a method for image
segmentation.

As with thedeformable registration framework described previously,
segmening an image via deformable shape modelses on a two term
optimization balancingan image match againsa model penalty.
However, @mrameterized shapes are much lek dimension with
respect to the number of training samples usually availaaie they
can be restricted to not only a legé.g, nonselfinterpenetrating)or
regular (e.g. smooth) shape subspace, but to credible shageg, the
liver is livershaped as well.

As an example oBhape credibility, consider a simple image terr
consisting only of a threshold based edge finder. As showhigii82,
an edgefinding segmentation algorithm with npenalty for deviating
from a headlike shape will incorrectly label the sinuses as skin. 1
segmentation is legal and smooth, but it is natredible High
dimensional deformable egistrations tend to suffer from the same¢ §
class of problems because it is difficult to embed notions of shi
credibility inthe regularity term.

Following(Mumford 1994) the image match and model penalty term
optimized during image segmentation Isyatisticaldeformable shape Fig. 32 A noncredible but lege
models(SDSMgan be interpreted as probabilities and the frameworkZgigesg(ggigtf“o” with a simy
usually calledBayesian probabilistidmage segmentation.

The SDSMitself is an objectspecific shape model thatharacterizes
shape change and likely intensities relative to a "typical" instafides
typical shape usually is taken to be the mean shapa population of
training shapes and relativeshape changesare encoded as a limited
number of important modes of shape variabilityThese modes are
derived by applying principal component analysis (PCA) or another
decomposition method on the parameters of the training shapes. This
results in an even lower dimensional parameterization where any
particular shape in the space defined by the training set can be
completely and uniquely identified by a few coefficients to witeome
small truncation error. Distances in this space providemetric for
shape that can be used as the basis for numerical methods of shape
discrimination,comparison, and interpolatian
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In the context of Bayesian image segmentation, the SDSM provides the
fitting optimization with both the initial shape estimate @na
straightforward metric for shape credibility. In Bayesian image
segmentation, this metric can be interpreted as a prior probability
distribution on shape and is usually called simply the "shape priine
SDSM additionally provides the fitting optiration with a coordinate
system for expressing image intensities in meddhtive terms. The
optimization, then, becomes a compromidetween the shape prior

and the shape suggested by the image intensiti@Sig. 33) shows an
example of an SDSM's initial and optimized fit to a target image.

Fig. 33 Fitting a statistic:
deformable modé to a targe
training image. Top, 3 surfac
views and bottom single sagitt:
slice views of bladder templs
geometry. Left, initial shapt
estimate coarsely atined to
target training image; nadle,
deformably fit to that imageanc
right, in the context of the actu
grayscale data. (Bm (Merck, e
al. 2008)

Shape Models

Many types of shape and intensity representations have been proposed
as bases for probabilistic segmentation, and all have diffenélity and
drawbacks In particular, certain types of SDSMs can provide MGR with
an objectcentric coordinate system for local image regionghe most
common shape model in the literature is boundanyly, sometimes
called a point disibution model or PDMproposed in(Cootes, et al.
1993Yp t5aa |INBX K2gSOSNE AyadzZFFAOASYdH F2NJ
because they do not parameterize the interior of thejaxtt, sothey do

not explicitly establish volumetric correspondence between 3D source
and target egions. Such volumetric correspondences are the basis for
the color mapping algorithms that aproposedin the nextchapter.

The parameterization used by Model Guided Rendering is the discrete
YSRA I £ NI LINEB a SWSigaloryly theGrethadsHid bé Y
generalized to other shape representations with a well defined
volumetric coordinate system. {veps are well suited toimage
segmentation tasks because they capture not only position information
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at an anatomicregion'sboundary but alsonodetrelative orientational
information throughoutthe region's interior For the purposes of MGR,
the parameterization handles plausible physical changes such as local
twisting and bending in a way that is naturally reflected by the
volumetric coordinate system.

Fig. 34 Left, Mrep figures and
subfigures fit to a kidney and
its internal pyramids and
calyces. The complex neste
volumes and smooth surface
are represented with a few
hundred parameters. Middle,
an early MGR image witt
detailed internal orientations
generated from this model.
Right, a reference illustratior

o ) ) ) from Netter.
The mrep parameterizations describedn section3.1, Creating a Sceng

Catalog but because Model Guided Rendering is a {egimentation
task, the detailed mechanisms by which data can be automatically
segmented have been omitted. S@eizer, et al. 2008pr an overview

of the representation and segmentation pipeline, $Beoadhurst, et al.
2006)for a detailed description of the embedded intensity statistics, see
(Fletcher, et al. 2004for an explanation of the governing statistical
model, and segMerck, & al. 2008)for a description of the shape
training process.

M-Rep Software
The primary rerep editing and fitting tool is calleBabld. Pablo isa
useful tool for developing new Model Guided Rendering scenes. It is

I gFrAfllofS FTNBY |!b/Qa aSRAGEdup LYIF3IS S5AaLIX I &

(MIDAG)under a research licenseM-reps are also implemented in the

commercialmale pelvissegmentation systenMxStruct MP, developed

by Morphormicghttp://www.morphormics.com) See sectiob.2, MGR

Applications inAdaptive Radiotherapyfor details2 ¥ Y3aINEASHQa &Kl LIS
representation and supported file loaders.

® The program was named based the following quote from Pablo Picasso
Computersare useless. Hy can only give you answers.
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2.3 Classic Medical Image Visualization

The field of medical image visualization is very broad. This sdstion
focused exclusively on classical siAgiage visualization methodbat

are based entirely on local properties of the dageg, by intensity or
derivatives of intensity, or by scene geometeyg., distance from the
viewer. This review further restricts its scope the historical and
methodological influences of Model Guided Rendering. Later sections
discuss precedents for interpretation driven scene design, such as
importance rendering. Thigection is divided into three topics.

1. A very brief review ofurface renderingfor medical visualization.
While surface driven visualization methods are generally inadequate
for complex anatomic scenes, a major goal of Model Guided
Rendering is to integte surface and volume rendering and to use
each where it is most beneficial to comprehension.

2. The topicobject-order and imageorder direct volume rendering
(DVR compares ray cast volume rendering as proposed by Levoy
with rasterizeand-blend volume rendring as proposed by Drebin.
wke OlF a0AYRNRSBNE aNBYRSENAYI Aad GKS INIYRTFI G
methods and many of the basic concepts from Levoy map directly
onto the mgrView toolbox. Rasterizmdo f SY R 2-RNBERE SO
volume rendering can be much fas than ray casting because it
relies on graphics hardware acceleration, but it has traditionally
been limited in quality by the fixed function hardware rasterization
pipeline. However, programmable shader hardware has lifted
manyof those restrictionsr Y R YINEA S5 04 NBy
implemented with this method.

3. Independentimage scene designreviews some major haive
methods for pseudg®d 2 f 2 NAy 3 &dzOK | & &2
and for simple clipping. Many of thesmageorder methods have
been reimplemented in mgrView as fast objestder methods.

Fig. 35 Multislice segmentatiors
: (contours) and tled surface:
2.3.1 Surface Rendermg rendered in PLUNC Stacks @

Extracting a 2D manifold of data from a 3D data setrniseasy to manually drawn contours al
knit together into target regiol

surfaces by the &CY | 1
suppresmgthe rest of the volumedata. Virtual colonoscopy, where 3lalgorithm (Fuchs, Kedem ar

visualization is well adoptedrig. 6), relies on surface extraction foselton 1977)

manage method for isolatingertain kinds of important features anc
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both the soft pink platic looking walls and the flythrough camera path
planning.

Surfaces of interest in the volume may be extracted according to purely
geometric methods, such asut planes or may rely on data driven
methods suchisosurfaces. Surfaces may also come from the
boundaries of manual or automatic image segmentation as discussed in
the previous section. Once extracted, surfaces can be scan converted
into label volumes or be used to compute normals, which are vital for
lighting. Much of the later discussion on uate shading revolves
around estimating local normals in the absence of surfaces for the
purposes of lighting.

CutPlanes

Transaxial slices through the data are the simplest and most widely

used method for interrogating volume data. Saggital and corditass

are also used in some applications, and occasionally cuts in all three

axonometric directions will be combined to explore a particular region

of interest, as shown ifig.36. Such views are sometimes colloquially

OFft SR aH®dPp5 RAALI I 2¢O ¢tKSasS aAvYLXS @AS
like sliceby-slice manual segmentation, but they do not provide the

user with very good context information abbthe 3D shape of the

anatomic structures.

™
o]

Fig.36 2.5D view of a CT dat:
set of the male pelviswith
intersecting axis aligned cu
planes.
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Axis aligned cut planes were originally used exclusively because
particularly simple to sample an axis aligned planar texture from a
data set. Using 3D texturing hardwarbBpwever, planes of an
orientation can be sampled just as quickly by simply transforming
texture coordinates at the corner vertices in OpenGL. mgrView all
any number of independently positioned and oriented-planes to be
attached to a particulascene Cut plane pose can also be align
according to other objects in the scene, for example, to be norma

the medial axis of a modeled regidfig.37).
Fig.37 A clip plane aligned to

be normal to the along
Surface Extraction direction of the mandible.

Finding the isosurface of a binary label image or the isosurface of a gray
image with anatomic structures that have distinct values (essentially
segmenting by threshold) is one method fadentifying regional
boundaries in aimage

Fig. 38 Marching cubes iso
surface extraction with
different reference values anc
views from (Cline, Lorensen
and Ludke 1988)

The isosurface method was originally developed at GE Labs and

FlLY2dzafeée LINRPLRASR | a OKSLo@nsénMddKAY 3 OdzoSaé¢ |t 32 NI
Cline 1987) The authors subsequently applied the general method

particularly to medical image visualization(@line,Lorensen and Ludke

1988) (Cline, Lorensen and Ludke 198Bas nice example of

visualizations of bone, skin, and muscle (shownFig. 38), which

happen to be the only anatomic tissue types in @attare clearly

discernble by scalar intensity aloneMost features in medical volumes

do not have such distinct values with respect to their neighbors, so

isosurfacing is nogenerally useful. Marching cubes/isosurfacing is

currently not directly implemented in mgrView, but it can be computed

2FFEAYS dzaAy3 YAGSI NBQa +¢Y OKOGULIYKKGOODLAGSHI N
package and then loaded as a regular set of surfaces.

36



The Medical Imaging Pipeline
Derek Merck

Surface Lightingnd Texturing

Local lighting is typically dependent on combinations of four terms: the

normal direction, the view direction, the light direction, and the local

surface color. Lighting in volume data follows similar rules, although the

normal direction nust be approximated because it is netll defined

Diffuselighting based on the dot product between the surface normal

direction and the light direction (se@Phong 1973¥or the complete

model) providesdefault lighting for any surfaces displayad mgrView

Methods for extendingthe lighting modeto surfaces with solid textures

are described in detail in the next chapter. Other shading models su! =§é¥%.+§é¥%ﬁm
astheseOl f f SRKAB2NEB I £ A &0 A O£(Gabd, etvald

1998)and cell shading are also implementéat surfaces in mgrView Eqn. 5 Formulation for Gooch

and can be assigned regionseither programmatically or through the tone shadingin terms of the
default UI. normal direction, n, the light

A 3 o A A direction,l, and color.
¢2yS akKIFIRAYy3IEX az2yYSuAYSa SLiR2yeyY aD2 2
originally designed for technical illustrations: hot and cool colors a
assigned to theoretically balance the perceived intensity of the light a
dark regions, so that surface features witit be obscured by lack of
diffuse lighting. The Gooch model is showrEgn.5 and a rendering
from mgrViewshown in Fig.39. Cell shading is a nearest neighbo
GSNEAZ2Y 2F tK2y3d gAGK 2yfe |
Contour shading is similar, but it renders only those faces or eiiges
are most nearly orthogonal to the view directigkig.40). Contour ™ -
FAYRAYI A& by AYLRNIFYG LI NI 223£igevf°00h tone shadingin-vr 5 x 2,
GAYLDSL laydi SYOAtf Ay3Ié RSAONAOSR A I LJG SN
AdzZNF I OS NBYRSNAY3a Y2RS& FINB o6FaSR Ay LI NI 2y !¢l
fragment shaderg¢Card and Mitchell 2002)

2T LI

Fig. 40 Cortours can be an
effective techniquefor showing
surfaces without occluding the
underlying data.
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2.3.2 Object-Order and ImageOrder DVR

ImageOrder Volume Rendering

Among other things, surface rendering suffers from occlusion problems
¢ surfaces can be hidden behind other surfaces. A partial solutiol
the occlusion problem can be found by projecting the entibev8lume

simultaneously ontothe screen. This method, pioneered by (Levoy ' [

ACM88) and extended ifM. Levoy 199Q)s1 Y26y | & 4R @
NEYRSNAYIéE 65zwod [ SP28Qa 2NA . a
rays into the scenes; this method is vadot & NXB T S NNE ER:)

OFladAay3és aAYl IS 2 NRS Ndrder VREan lberig. 41 A ray is sampled alonov ®

most easily understood by considering a sétays projected from thets ength in such a wags to
. . . . , cover all voxels(taken from
eyethrough the image pixel grid, and passing through the patient d Borland07)

(Fig.41). Each ray is sampled along its path, and each voxel trave. ___.
contributes to the shading and opacity accumulated for the ray.

Fig. 42 A pseudeDVR
visualization for radiotherapy
planning from Levoy VBC90
also rendered as a white ligh
hologram in the lobby of UNC
/1 Qa {AGGSNRAZ2Y

Images from the early Levoy papers were, in many ways, similar to
Ad2adz2NFI OS NBy RS MIghitIa VR was Segogrizg Y I 2
that regions of high gradient magnitude contained more information

about the internal structur® so those areas are weighted more heavily
compared to areas of low gradient. This assumption amounts to
noticing that regios of high gradient magnide tend to represent
surfacesand that the local gradient direction corresponds to the local

normal direction. This is an excellent assumption at interfaces such as

® It is unclear whether Levoy originated thited, Cline suggests that an even
earlier 1986 Hohne paper proposed the same idea.
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skinto-air and meatto-bone;i.e. thosesame places where isodacing
is particularly effective.

Image order volume rendering is derived fronKajiya84, which
describes an algorithm for ray tracing volume data (transparent gasses
with interfaces), and fromKajiya89, which generalizes the method and

RSTAYySa GKS WNBYRSNAyYy3I Sljdza A2y Q> I YIFGKSYL @

objects, appearance properties, lights, occlusions, and transparencies in
a scene can be combined and projected onto an image according ray
cading.

Most widely usedresearchvolume rendering engines, such as that in
Y A U 6 VNGl &its derivativesVolView and Paraview as well as=®

Analyzeand MRIcron are based on ray casting engines. Because of g
common rootwith physically based renderingay cast DVR is ver
flexible and can be easily combined with other physically accurate |
transport algorithms, such as lighting, reflectj soft shadows, and=-.
anti-aliasing. Lighting and shadows in particular are very strong sk

cues. Ray cast DVR also amenable to speed ups like-trete traversa

O[ SP2eQa 2 NR I A-gkit for opdblip sdtudted rays, argFig.43 Interface and rendering

from VolView.
incremental swetening by increasing resolution. Because the rays

independent, ray casting algorithms are easily adapted to multi
threaded architectures.

Fig. 44 An image from the
original raycasting core
considered  for  mgview.

Effectssuch as reflections, sof
shadows and supesampling
can be easily implemented in i
ray-casting framework.
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However, ray casting is very computationally expensiwvel MGR has
significant additional overhead in doing a large number of trilinear
interpolations for external image source lookupsTherefore,without

access to advanced hardwardld &

OradAy3aQa

relative advantages.Fig.44 shows a view from an early raasting

AYLX SYSy il A2y O2yaARSNBR F2NJ YINEASSGQA

order of 10 minutes to render a 5X512 pixel image.

ObjectOrder Volume Rendering

An alternative volume rendering implementation originally proposed in
(Drebin, Carpenter and Hanrahan 1988)to rasterize geometry that
has been assigned a corresponding texture in the patient image,
then blend the texured geometry together using standard graphics

acceleration hardwaretlfe graphics processing unit ar3 LJdzé 0 &

originally proposedcutting through the volume with stacks @ianar
geometry Fig.45), although other geometry has also been used, such

I a
curved manifolds.
0KFYy @aAiXIOBS >
calledd 2 6 2 NARE NE

To reviewthe basic method:

a

NJ &

2N AaF2NBI NRE

DI dza &A1y ¥ 2VRedtadA90RAd sphérdslalf othéra & 0
Because this method work A y -&RIBG SO (I NI G KS NJ
I.

OradAy3a R2Sax
5+tw®

wrist

When

volume

utility.

1. The backo-front marching ordetis determined bycomputing the
dot product of the view direction with positive and negative
cardinal directions and taking the min.

"5NBOoAY Q&

2 Nasadohinfdrebt bachusd® pkbpasas a lovaximum

a posteriorisegmentation and gradients on that as part of the rendering
process. Thudike Levoythe underlying assumed surfaces are made explicit in

the algorithm

® The order can be reversed, frofront to back by using a different blending

formula.
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Fig.45 The otter with an extr
bone
Carpenter and Hanrahan 198
$own this
scientists discovered a hithertc
unknown wrist bone This is or
of the few examples that tr
author has been able to find
rendering
contributing

from (Drebin

display

actual

novel  scientif
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2. {GFNIAY3 6AGK GKS o+FO1 FHOS IyR Y2@Ay3 (2
a3 2 NA (0 KY £ oLIA SUOSSE (i2dEINBNBOG | y 3 dzthe NI 3S2 YSGONE o
size of the slice with the volume data samples and project it onto
the screen, using thevolume texture to control both the
color/shading andransparency oeach fragmerit

Speedups such a early exit are unnecessary since operations are done
in parallel; but incremental sweetening can be done by adding
additional samplese(g, planes) along the rays as opposed to adding
additional rays.

Fig.46 Scenes rendereredith
mgrView using 64 planes (left
and 192 planes (right).

Because this method of plarmmpositing maps directly onto graphics
hardware, this method has low overhead and can achieve interactive
rate volume rendering on even modest work statidfs.

When these objectorder methods were originally proposed, they
suffered from three main problems.

1. Undersampling oblique paths through the data

2. Limited storage space in video RAM

3. Fixed functionality hardware pipeline not amenable to per voxel
effects such a®l y 0S8 | OKAtB@@Riundiéns G KS a
discussed in the next section

¢ SNXAy2fz238Y I G@FNIIAYSydGé A& GKS RIEGE ySOSaal Ne
the frame buffer. Pixels are rgba (red, blue, green, alpha, where alpha

measures opacity) image samples; fragmentsgtential rgba image samples

that include extended properties such as depth and texture coordinates.

WecaN FRRAGAZYI AYyairdakKid Ayd2 K2g GKA&A | fI2NRGKY
vol3d.m function for Matlab. http:Mww.mathworks.com/matlabcentral/
fileexchangé4927
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Theleast significant problem is with regularity of sampling. With rpye==
cast methods, one caregularlyinterrogate values from the data alon(
a ray mpared toa ray perpendicular to the volume sampled ever
along every voxel, a different ray entering the volume at an angle r
need to take multiple samples within a voxel to achieve the sa

spacing. Using axis aligned plane castgagnpling is fixed at eact
plane, which means that angled rays will be undersampled with res;
to rays that areperpendicularto the volume face This is also the
a2dz2NOS 27T i KS soméhimdsdéenntdhe Soﬁriﬂeﬁiés(b‘éig. 47 Close up of
dense regions, where the edges of the individual planes can be cleda O2 Ny NP g Ay 3¢ S

seen, as showin Fig.47. of a 92 slice volume using
’ mgrView.

Cornrowingcan beaddressedmost simplyby addingsimply additional
planesto the display. However, a more principled approach is to slice
the volume with sreenalignedcut planes, as proposed b{Cullip and
Neumann 1993) Screeraligned plane casting was originally an
ambitious idea, since it required the volume data to be interpolated in
3D, rather than 2Dand thusrequired a supercomputer to do at any
reasonable speed. However, within the last few years 3D texture
interpolation has beerincludedon most new graphics cardand the
method has become quite easy to implement. Each compositing plane
and its texture oordinates are simply rotated by an extra matrix
multiply to be normal to the view direction. The renderer in mgrView
supports either axis or view aligned volume rendererin@utting the
volume with a set of nested spheres rather than planes can alssbe

to normalize the number of volume samples per pixel.

The issue of storage space on the fast video RAM used bgptlnbas
been trivially surmounted as faster, cheaper memories became
commoditized over the last few years. The size of the targagehas
become essentially irrelevant with respect to objectler DVR for
medical image sizes in our clinic; volumes up t0%%22x 128 fit easily
into texture RAM. Stored as single bytes (truncating 4 bits), such a data
set uses only 33 Megabytes of whattypically at least a 256 Mb store.
Because the image gradient is expensive to sampleeahtime, the
gradientof the imagecan be precomputed for lighting and stored as an
additional 3channel texture array where each channel carries the
directiond difference information with respect to the x, y, and z
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directions Fig.48)'". This can require an additional 100 Mb, aufiling g
further high-resoluion 3D color images such as the scene catalogs
color atlases described in the next chapt@ncindeed stress systen
storage if not managed correctly.

Older graphics accelerators implemented a fixed functbty
rasterization pipeline, which restricted the extensibility of objeatler
volume rendering. Higher order effects, in particular, intensit
windowing and lighting, ardrivial to compute in the ray casting

framework but theyare precludedby the fixed functionality hardware Fi9-48 The gradient volume of
. . an abdomen image stored a
pixel processing.

rgb channels and renderec

. . . ) directly with mgrView.
With a few exceptions (such &Bachille, et al. 1998which proposes

using a simplified lockp table for precomputed lighting) explicit per
pixel effects were notdeeply explored for objecborder volume
rendering unil programmable shaders were introduceshd even then
they were not practical until compliant hardware became ubiquitous.
(Westover 199Q) who proposed voxelise compositing by elliptical
DFdzaaAly WTF2¥SLINNVIE S GXI A §RHIQ D2 & dete
(Fig. 49), indirectly addresses the problem by using extremely snfg
elements?. Westover did not focus on this advantage, but beca
individual voxels are composited it is slightly easier to apprateé per
pixel shading effects without relying on a programmable shader.
example, a normal can be assigned to each voxel for lighting purpg
A splat rendering core was also considered for mgrView (f
subsequentFig. 119 for an image generated from it). oMever, the
large number of primitives required to be rasterized made it fairly siq e e i
particularly since programmable graphics hardware hasdlimost of Fig.49 Image from(Westover
the restrictions of the plane casting method. 1990)illustrating the effects of

B NR2dzate aal s
. ) ) . The kernels in the top row are
Using programmable shaders, objestler methods can easily achiev;, sharp, giving inadequate
high quality results at interactive rated he fxed functionality shadingcoverage of the scene. Th
kernels on the bottom row are

o ) too broad, causing unnecessat
language. mgrView implements programmable shaders in the Opep) .

206 ¢ 20dzh |t f

pipeline can be overridden by writing short prograrnrs a clike

" This technique is used again later for representing local displacement fields.
As an historical side notgFuchs and Pizer 1988lggests using the frame
buffer for (x,y,i) data in their patent for 3D display usingaafocal mirror.

21t is also to this paper that | owe the taxonomy of volume visualization

technigues as backwards, forwards, and surface based used in organizing this
discussion.
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shading language (GLSL) (http://www.opengl.org/documentation/glsl/),
but similar results could be achieved using other gpu languages such as
Y+ARALF O®BA NBD G 2 N 50 shpWysdthe standard OpenGL
graphics pipeline along with annotations regarding how MGR objects
are classified as image or geometry data and noting where fixed
functionality can be overridden by custom vertex and fragment
programs © support various MGR methods. The MGR methods
described in the next two chapters are all designed to be efficient in this
context. That is, they are largely independent of one another and
require only small amounts of data for their calculatiof®ee(Shreiner,

et al. 2005)and (Rost 2006jor details of how the OpenGL pipeline and

GLSL work together.

Any geometric objects such as planes through Fixed function primitive assembly can be
the volume or model surface points NILB R 68 dvertex programsé (K-ii
change the standard mapping between

vertex positions and scene coordinates.

ex
g, < . .

Any data sampled on a 2D or 3D grid \ & MGRmethods that will be discussed later

include u2x maps, onion skins, and
» shadow volumes.
r:e
9( ol"s
Ppenum )
p plY
3“‘959'ﬂ

such as 2D/ 3D patient images, textures,
registration fields

0S NAL#FCGBR 68 dfragment programsé
that change the standard computation
of fragment texturing and shading.

MGR methods that will be discussed
later include color mapping, photo
mapping, volumetric animation.

Fig.50 Annotated OpenGL pipeline originally found 8hreiner, et al. 2005)

Using a standard singkource volume renderinghaderwith intensity
windowing mgrView achieves frame rates over 20 fps for DO slice
standard DVRN a modest laptopwith an NVIDIA Quadro NVS 160M
graphics accelerator and over §jfis for 100 slice DVBn an a standard
desktop workstationwith a NVIDIAGeForce 6200 graphics accelerator
Comparative values for othenore complex shader models wittolor
mapping or volumetric animatiorare given in later sectiongand
summarized in th&onclusionChapterin Table4.
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2.3.3 Independent-Image Scene Design

lllustrations are designed tdulfill a communicative inten{ such as
showing the location or use of an object. lllustration is based both on
style (called'appearancéin MGR) and on composition (sometimes
called ‘clipping' in the literature)The idea of computed illustration was
first proposed in(Seligmann and Feiner 1989Though this paper is not
algorithmically interesting, noare the results compelling by modern
standards (8k polygons in 8 seconds), the paper lays out the important
guiding principles for computed illustration. Seligmann outlines a
language for expressing communicative goals (location tioekhip,
property, difference). Ten for each goahe describes different design
strategies, which can be, in turn, composed of different styles
(highlighted object, visible context, ghost object at previous location,
annotate). He then uses a test and evaluate procesgeraé candidate
renderings are generatedand then each is evaluated and ranked
according to questions like 'Is the object occluded?' and 'How much
contrast is there between the object and its context?' While MGR does
not rely on such a fully automaticaimework for styling and composing
scenes, this core way of categorizing the tasks at hand has been
thoroughly integrated into the design of the framework.

Therearetwo basia & i &8 f S& éev@F A b & é&v Y { dagifisied I vy E
or maximum intensity proja®on (MIP) which simulates a radiographic
GASs o6az2YSiAYSa OIFtfttSR I GRAIAGIHEEE NBO2yadNHzOG:
Following Seligmann, it could be argued that both of these modes suffer
from two main problems besides speed.
1. Understandability ¢ it is difficult to identify important features in
the scene. Scene understandabilityis addressed bya DwQa
appearancecomponens.
2. Occlusionsg it is difficult to focus the view to see relationships
between these features.View focus is addressedby a DwQa
compositioncomponens.

These issues are typically addressed in independent image rendering by
designing increasingly complex transfer functions or increasingly
complex geometric dependencies that attempt to implicitly tease out
important anatomic structures by bringy tangential external
information to the scene. In MGR these issues are addressed explicitly
by working in the proper coordinate systems for local anatomic
structures.
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Independent Image Appearance Design

The goal of assigning appearance in classic volume rendering met
is to shade implicitly identified regions in a scene so that they are m
easily identified, if not more easily understood. This has typically b
addressed byssigningitransfer functiong ® L yorderalgdiitdms,
the idea behind a transfer function is that as a ray traverses the volt

accordingly accumulates or modifies the psewddor that wil be
returned to the initializing pixelFig. 51 shows an example of ar
AYLINB&aAADBS NBYRSNAYy3I FYyR £2f A
transferfunction. Pseudecolor transfer functions are not implementeig 515 S A ¢ 2 7
in mgrView, although there is no particular reason that they could rrendering and transfer function
be. The detail that follows is to give an idea of what competing-n!"'¢"2ce from Fig. 43— The
_ ] _ transfer  function interface
multi-source volume rendering methods have to offer terms of shows a histogram of the

rendering styles. intensites  in  the  scene.
Leftmost is air, rightmost is

bone. The overlaid line controlt

] ] ] j ) the opacity for each intensity
and clamped to a range, much like standard intensity windowing, Wajue (transparent at  air,

additional surface finding from gradient magnitude. Such transapproaching opaque at bone)
The bar on the bottom shows

the color assignments for eacl
direct mapping between value and a pseuttmoring scheme. Forintensity value (brown for soft

regions thatcan be simplydentified according to intensitythis is quite {SSue, whitepink for bone).
useful¢ bone (high HU) can be shaded whiged muscle tissue can be

shadeal red or pink. Unfortunately, most of the detail that is important

in a scene is not distinct by HU value alone, so a considerable amou
effort has gone into creating complex and precisely targeted trans
functions todiscovercorrespondingly complerelationships in the data. | ‘
In a sense, the goalf thesemulti-dimensionaltransfer functiors is to
identify important regions by doing a local 4he-fly data
segmentation according to automatically extracted features (agai |
typically implicit surface or derived properties thereof like loce
curvature Fig.52)).

il

As proposed, transfer functions were originally quite simplg, linear

functions can easilge focused a the absolute intensitpf voxel with a

As the controls become more complex, the views become quite frag

Because no clinian could be adequately trained to manipulate tF_ o .
Fig. 52 One of my favorite

many parameters in the mostetailed systems, research turnéwstead \ojume renderings, using :

to methods for amelioratinghe onerous tuningwith more intuitive curvature  based  transfer

. . . function from (Kindimann, et
controls. (Kniss, Kindlmann and Hans2001) for example, describes %al. 2003) Note that it is very
simplified framework for manipulating muitimensional transfer similar to asurfacerendering.

functions.
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Beyond transfer functions is a set of vle non-photorealistic NPR
methods such as those described previously in this section. Vol
equivalents to tone and cartoon shading and contour rendering, as \
as the application of pen and ink or pencil textures have be
proposed. NPR shading feolumes was first deribed in(Ebert and
Rheingans 2000and was then expandedin (Rheingans and Eber
2001) 6 KA OK O2Aya (GKS GSNX a@2f dzy
a variety of rendering enhancements, but despite the title, tone shad
is the major NPR technique shimvokes.Unfortunately, none of their rig. 54 Tone shaded illustrativ

LY ¢ ®

renderings would seem to be particularly more enstandable than arendering of the thorax fror
standard Levoyiew for an untrained viewer (se&ig. 54 for an (Ebert and Rheingans 2000)
example). (Tietjen, Isenberg and Preim0@5) extends the idea of
G @2t dzy S A {etedzappridrialirig 2the étermYo account for
segmented objectsHig.53).

There are a few papers that propose truly novel styles, such as app
GLISY yR Ay1lé Y@EU & a.REIDibmsedRnietnd
for volume rendering with stippled={g.55 left). This style is based ol
the artistic pointillism technique and has nice resutis & normodel
based method. An interestinmsight in this paper is that a large
number of 3D stiples can be precomputed offline faach voxel, andFig. 53 (Tietjen, Isenberg anc
. . . Preim 2005) describes a
then subsets of stipples can haken as the viewto-voxel function S
method for combining
changes, so thatndividual stipples do not move ashe number of segmentations with DVR tc
stipples at each sample changg&ischerBartz and Strasser 20@B)g. Crezte. hybrid illustrative
55right) describes a similar NPR Halfiing for nested isesurfaces that renaerngs.
works in image space after projection, muidte PLUNC'swl program,
which simulates diffuse shading by looking at the 2D gradient of the z

buffer as a posprocess.

One of the most complete rendering systems is descring@vakhine, | ]
Ebert and Stredney 2005x paper nominally on applying illustrativ *t ¢\
motifs to volume rendering. This papprovidesan overview of their |\
complicated volume rendering pipeline and the large number of u A
interface widgetsrequired to interface with it.Few implementation Fig. 55 Left, (Lu, et al. 200%) &
details are presented here, but more details can be found in their earlvolume stippler and right,
papers. The goalsf the Ebert/Svakhine system are somewhat simi(™'scher, Bartzand  Strass(
) i 2005)renderings of the engine

to the goals outhed for Model Guided Rendering. block data.

1. To highlight and show structure near the focus

2. To remove occluding aterial

3. To use simple rendering for context areas.
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(Svakhine, Ebert and Stredney 20@fosuggestshat model guidance
can be included in their pipeline, but they do natplainhow. They
instead focuson implementing complexmulti-dimensional transfer
functions. Like mgrView, theirsystem has ahardware accelerated
objectorder core, and it runs atcomparable speeds: 2fps preview
and 4fps sweetened.

Independent Image Scene Composition
The problem of occlusions in volume data was immediately recogn

AY S§g2e0a 2NAIA v It g2 NJ I} Kéy‘ Fig.56. Image from(Svakhine,3

display all of the informatio in a volume only if the data wa:

avzyz2id2yA0ltte AyONBlIaAyIunkelpty I GKS NI &8¢ o

be true for any natural imagdas Levoy recognizedgspecially for an

anatomic CT image where skin << skull >> gray matteradiography

this effect is seen when denser objects such as bone obscure all less

dense objects both in front and behind them. In DVR this problem is

even worse because particular transfer functions can be defined that
additionallyallow dense featurego be obscural by less dense features

in front of them. As a degenerate example, consider a transfer function

that sets air to full opacity.

I @FENARSGe 2F G22fa KIFI@®S 6SSy LINRLRASR
proposil A 2 V¢ 6 A0 K2dzii éxplititheytenal NidrGeicieNE S {0 2

Ebert and Stredney 2005)

g2

3

S..

2dz0K & GKS GAYLRNI I y(0da KeBitgaR&NA yI¢ RSAONRA O

Groller 2004)and (Borland, et al. 2006) (Importance rendering is
discussed later when similar MGR methods foere composition are
proposed). A few of the more interesting data or scene geometry

RNA OGSy 4dza3sadArazyas lfz2y3 gAGK YaINrASsOA

them, are discussed here.

[ S@2e Qa 2 NA3IAYIhigh diayidnh Adiitudes legons G K I
correspondel to surfacesin the imageand were therefore more likely
contain interesting shape information than legvadient magnitude
regions. For the same reason that the gradient direction could stand as
a suitable proxy for a normal direction, the gradient mague itself
could stand as a measure of how interesting this voxel is likely to be in
the scene. (M. Levoy 1990)gave a straightforward imag®rder
implementation of this witha transfer function that accumulatesolor
sepaately from opacity. Implementing the same function in GLSL is
simply a matter otising a fragment program (rec#lig.50) to modulate

the CT intensityoy the local gradient magnitude, as showrPirmgram3.
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/l mgrView px shader for gradient magnitude opacity modulation
main (void ) {
gl_FragColor = texture3d( source_im, world_coordinate );
vec3 gradient = texture3d( gradient_im, world_coordinate );
gl_FragColor.a *= length( gradient );}

Program3 GLSL with pepixel gradient magnitude opacity modulation ag M.
Levoy 199Q)

Fig.57 Left, a standard view of
an abdomen data set in
mgrView. Right, the same vie\
with specularitybased opacity
modulation.

A variety of methods for surface based scene composition are
formalized in(Diepstraten,Weiskopf and and Ertl 2003)One of the
Y240 AYyUNARIdAyYy3d &dz3aSadrizya Ay S5ASLIAGNI 1SyQa GN
with high specularityg surfacesthat are relatively flat and oriented
towards the viewer, to modulate transparency. This is also simple to
implement for a volume in a shader, as showfPiogram4 with results

in Fig.57. Here specularity iapproximated by a diffuse termsing the
gradient direction as a proxy for thecal surface direction and the
camera positioras thelight direction. Thisapproximation picks out the
same kinds binterfaces that are flat and oriented towards the vievier

the volume data Theeffect is quite close to the earlier described
GO2yG2dzN) aKIF RSNE T2N) g2t dzySao

/I mgrView px shader for specularityased opacity modulation
main (void ) {
gl_FragColor texture3d( source_im, world_coordinate );
vec3 gradient = texture3d( gradient_im, world_coordinate );
gradient.unpack()y/ Recover signed values
float diffuse = dot( normalize(camerposition), gradient );
gl_FragColor.a *£l -diffuse),
l/ICouldah 2 dzaS G KS O2YLX SYSyid F2NJ 4t AaKGAy3IéE GKS @2f dzyS
/I camera, i.e., gl_FragColor.rgb *= diffuse;

}

Program 4 GLSL with pepixel specularity modulation as iDiepstraten,
Weiskopf and andrtl 2003)
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Distance based opacity modulation is proposed in several sour---
including(Lu, et al. 2003and (Bruckner, Grimm, et al. 20Q6)hich has
possibly the most compelling resulghown inFig.58. Y 3 Nk A
fragment shader can bsimply extendedwith similar functionality by
usingProgramb with results such as those shownFig. 59.

/I mgrView px shader for distaneleased opacity modulation

main (void ) {
gl_FragColor = texture3d( source_im, world_coordinate );
float z = ((gl_FraRpsitionz/gl_Fragositionw) ¢ near)/ (near¢ far);
gl_FragColoa *=1.-z}

Fig. 58 (Bruckner, et al. 2006)
Programb GLSL with pepixel opacity modulation from distance. uses cutaway views driven by
distance from the viewer to
maintaina visual context

Hg. 59 Left, a scene rendere
normally in mgrView. Right, t
same scene with  pepixel
opacity modulation fron
distance as inProgram5. The
table and ribs have bes
removed, allowing a clear view
the kidney. The effect is qu
striking when interactiviy
rotating the object.
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