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ABSTRACT 

 

Derek Merck:  Model Guided Rendering for Medical Images 

(Under the direction of Stephen Pizer & 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 to atlas patients such as the Visible Human, which can be 

painstakingly micro-segmented and rendered offline.  Model Guided Rendering (MGR) 

uses partial image segmentations as a framework for combining information from 

multiple data sources into a single view, which 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 information 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 information about structures that are hidden in the base modality.  These 

data sources are combined on a region-by-region basis to estimate context-appropriate 

shading models and to compose a globally useful composition (clipping) for the entire 

scene.  Local mappings 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 (m-reps).  This partial segmentation provides 

object coordinates 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 medial-to-world and world-to-medial mappings and 

ƛƳǇƭŜƳŜƴǘǎ Ƴŀƴȅ ƻŦ aDwΩǎ ƳŜǘƘƻŘǎ ǿƛǘƘƛƴ ŀ Ŧŀǎǘ ǊŀǎǘŜǊƛȊŜ-and-blend rendering core 

that can render complex scenes in real time on modest hardware.  Several vignette 

ǾƛŜǿǎ ŘŜƳƻƴǎǘǊŀǘŜ Ƙƻǿ aDwΩǎ unique capabilities can lead to important new 

comprehensions in clinical applications. These views include an interactive anatomic 

atlas of the head and neck, animated display of the effects of setup error or anatomic 

shape change on fractionated external beam radiotherapy treatment, and a 

pharyngoscopic augmentation that 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 Hanrahan 1988).  

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........................................................ 40 

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

CƛƎΦ пт /ƭƻǎŜ ǳǇ ƻŦ άŎƻǊƴǊƻǿƛƴƎέ ŜŦŦŜŎǘ ŀǘ ǘƘŜ ŜŘƎŜ ƻŦ ŀ фн-slice volume using mgrView. ............ 42 

Fig. 48 The gradient volume of an abdomen image stored as rgb channels and rendered 

directly with mgrView. ........................................................................................................ 43 

CƛƎΦ пф LƳŀƎŜ ŦǊƻƳ ό²ŜǎǘƻǾŜǊ мффлύ ƛƭƭǳǎǘǊŀǘƛƴƎ ǘƘŜ ŜŦŦŜŎǘǎ ƻŦ ǾŀǊƛƻǳǎƭȅ ǎƛȊŜŘ άǎǇƭŀǘέ 

kernels.  The kernels in the top row are too sharp, giving inadequate coverage of 

the scene.  The kernels on the bottom row are too broad, causing unnecessary 

blur. ..................................................................................................................................... 43 

Fig. 50  Annotated OpenGL pipeline originally found in (Shreiner, et al. 2005). ............................ 44 

CƛƎΦ рм 5Ŝǘŀƛƭ ƻŦ ±ƻƭ±ƛŜǿΩǎ о5 ǊŜƴŘŜǊƛƴƎ ŀƴŘ ǘǊŀƴǎŦŜǊ ŦǳƴŎǘƛƻƴ ƛƴǘŜǊŦŀŎŜ ŦǊƻƳ CƛƎΦ поΦ  

The transfer function interface shows a histogram of the intensities in the scene.  

Leftmost is air, rightmost is bone. The overlaid line controls the opacity for each 

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, white-pink for bone). ............................................................................................... 46 

Fig. 52.  One of my favorite volume renderings, using a curvature based transfer 

function from (Kindlmann, et al. 2003).  Note that it is very similar to a surface 

rendering. ............................................................................................................................ 46 

Fig. 53 Tone shaded illustrative rendering of the thorax from (Ebert and Rheingans 

2000). .................................................................................................................................. 47 

Fig. 54 (Tietjen, Isenberg and Preim 2005) describes a method for combining 

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

CƛƎΦ рр [ŜŦǘΣ ό[ǳΣ Ŝǘ ŀƭΦ нллоύΩǎ ǾƻƭǳƳŜ ǎǘƛǇǇƭŜǊ ŀƴŘ ǊƛƎƘǘΣ όCƛǎŎƘŜǊΣ .ŀǊǘȊ ŀƴŘ {ǘǊŀǎǎŜǊ 

2005) renderings of the engine block data. ........................................................................ 47 

Fig. 56. Image from (Svakhine, Ebert and Stredney 2005) ............................................................. 48 

Fig. 57  Left, a standard view of an abdomen data set in mgrView.  Right, the same view 

with specularity-based opacity modulation. ....................................................................... 49 

Fig. 58 (Bruckner, et al. 2006) uses cut-away views driven by distance from the viewer to 

maintain a visual context. ................................................................................................... 50 

Fig. 59 Right, a 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 rotating the object. ............................................................................... 50 

Fig. 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 prostate.............................................................................................................. 51 

Fig. 61 Simple world-mapped solid texture applied to the thyroid region of the target 

patient. ................................................................................................................................ 52 
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Fig. 62  Direct display of the X2U map near the right sternocleidomastoid (scm) muscle. 

The red channel encodes u, the direction along the object, the green channel is v, 

around the object, and the blue channel is t, the through direction. The boundary 

surface of the scm is superimposed as a similarly colored mesh. ...................................... 53 

Fig. 63  M-reps.  Top left, a medial sample with two equal length spokes touching 

opposing surface patches.  Top 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 samples.  Bottom right, a prostate 

model with sub-figures defined for the left and right seminal vesicles. ............................. 55 

Fig. 64  Surfaces implied by m-ǊŜǇ ǇŀǊŀƳŜǘŜǊƛȊŀǘƛƻƴǎ ƻŦ ŀ ǘŀǊƎŜǘ ǇŀǘƛŜƴǘΩǎ ǎǘƻƳŀŎƘΣ 

pancreas, and duodenum. .................................................................................................. 55 

Fig. 65  Top, t=1 surface colored by (uvt) and bottom, cross section normal to du of the 

ǎŎƳΩǎ ·н¦ ƳŀǇΦ  ¦ǎƛƴƎ ǘƘŜ ǎƘǊƛƴƪ ǿǊŀǇ ǇŀǊŀƳŜǘŜǊƛȊŀǘƛƻƴ ǘƘŜǊŜ ƛǎ ŀ ǎƛƴƎǳƭŀǊƛǘȅ ƛƴ v 

(green) at the  seam and across the medial sheet. ............................................................. 56 

Fig. 66  A cut-away of a ten onion skin representation of the scm.  Each layer has fixed t 

or blue value.  Each ring about the object has fixed u or red value.  Each line 

along the object has fixed v or green value. ....................................................................... 57 

Fig. 67  A slice through a CT  image colored by the underlying multi-object X2U LUT. The 

ǎǘŜǊƴƻŎƭŜƛŘƻƳŀǎǘƻƛŘΩǎ ŜȄǘŜǊƛƻǊ ǾŀƭǳŜǎ ƻǾŜǊƭŀǇ ǿƛǘƘ ǘƘŜ ƴŜƛƎƘōƻǊƛƴƎ ǇŀǊƻǘƛŘ and 

thyroid. The object label for each region is invisibly encoded in the alpha channel. ......... 59 

Fig. 68 Top left, the thyroid is difficult to identify in the gray data.  Top right, adding a 

pink texture to the clip plane.  Bottom, texturing the entire thyroid surface. ................... 60 

Fig. 69 Cross section drawn by Netter. ........................................................................................... 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) results in relatively 

larger features. .................................................................................................................... 61 

Fig. 71 Left, a 2D texture patch based on strokes from (Netter 2006) and right, the 

duodenum surface with the texture oriented along the u direction. ................................. 62 

Fig. 72 Texturing across the seam in the medial sheet results in bad interpolated values 

of v. ...................................................................................................................................... 63 

Fig. 73  Split texture mapping. ........................................................................................................ 63 

Fig. 74 Introducing a seam in the texture cube to counteract the seam in model 

coordinates. ........................................................................................................................ 64 

Fig. 75  Left, regular sampling in (ʒȟʃȟʍ) 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 parametric space. ............................................................................... 64 

Fig. 76  Left, solid wood texture with standard diffuse lighting.  Right, the same texture 

ǿƛǘƘ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ƴƻǊƳŀƭ άōǳƳǇέ ƛƴ ǘƘŜ ŘƛǊŜŎǘƛƻƴ ƻŦ ǘƘŜ ǘŜȄǘǳǊŜ ƎǊŀŘƛŜƴǘΦ ....................... 66 

Fig. 77 (Owada, et al. 2004) creates a mapping from 2D textures to 2D cut-planes to 

simulate a volume texture.  Though the authors do not discuss it, the proposed 

mappings rely on manually indicating the surface and medial axis in both shape 

and texture. ......................................................................................................................... 68 
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Fig. 79 Glyph packing from (Kindlmann and Westin 2006) formed the basis of the earlier 

rendering in Fig. 34. ............................................................................................................ 68 

Fig. 80 2D line-integral convolution from (Cabral and Leedom 1993)............................................ 68 

Fig. 78 Top, example of a reaction-diffusion surface texture from (Turk 1991).  Bottom, 

volume rendering of a regional 3D reaction diffusion considered for the spongy 

interior of the bone (or cheese). ......................................................................................... 69 

Fig. 81 State of the art exemplar based solid texture synthesis from (Kopf, et al. 2007).  
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Fig. 82 2D multi-exemplar 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 iterations.  Bottom, a synthetic texture that blends the exemplars between 

two regions. ........................................................................................................................ 70 

Fig. 83 Candidate exemplars for muscle (left) and fat (right) from the Dosch Design 

website.  (www.doschdesign.com) ..................................................................................... 71 

Fig. 84 Top, slice through oriented solid color texture generated by MTS for the scm 
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ǇŀǘƛŜƴǘΩǎ /¢ ǎŎŀƴΦ ................................................................................................................ 73 

Fig. 86  Diagram of photo-mapping decision tree. ......................................................................... 74 

Fig. 87  Top, a capuchin monkey MRI with a pseudo-cylinder photomap from a reference 

image, bottom. .................................................................................................................... 75 

Fig. 88  Top, a synthetic view of the Visible Human from a known camera. Bottom, the 

ǎȅƴǘƘŜǘƛŎ ǇƘƻǘƻƎǊŀǇƘ ǇǳǎƘŜŘ ōŀŎƪ ƻƴǘƻ ǘƘŜ ǘŀǊƎŜǘ ǇŀǘƛŜƴǘΩǎ о5 ƛƳŀƎŜ using a 

direct planar mapping. ........................................................................................................ 77 

Fig. 89  Top, a schematic of the proposed 6-camera cylindrical array attachment for a CT 

gantry. Bottom, a cylindrical image of the author collected with a slit camera at 

The Tech Museum in San Jose. ........................................................................................... 78 

Fig. 90  Top, calibrating a camera. Middle, taking sequential multi-angle photos in a 

reproducible position using the accessory tray of a linear accelerator.  Bottom, a 

single planar source photograph. ....................................................................................... 79 

Fig. 91 Example of animating longitudinal surface changes.  The left-most frame shows 

ǘƘŜ ŀǳǘƘƻǊΩǎ ǇƘƻǘƻƎǊŀǇƘ ƳŀǇǇŜŘ ƻƴǘƻ ŀ ǊŜǎŜŀǊŎƘ /¢ ǎŎŀƴΣ ǘƘŜ ǊƛƎƘǘ-most frame 

shows a different sample subject.  Intermediate images are blends of the two. ............... 80 

Fig. 92 Model-based color transfer pipeline.  Positions in the target image are mapped 

through model-coordinate based functions to find the color at the corresponding 

position in the atlas image. ................................................................................................. 81 

Fig. 93 Top, volumetric color mapping clipped through the mandible.  Bottom, adding 

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. ...................................................... 82 
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Fig. 94 The surface (t=1) plane for a U2X map of the scm 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,z) position at that (u,v,1) coordinate.  Top shows the wireframe, with evenly 

sampled (uv); middle shows the barycentric interpolation of (xyz) values; bottom 

shows the original surface shaded similarly. ....................................................................... 84 

Fig. 95 Passing a uniform sample grid in parameter space through the U2X maps 

produces a regular sampling of each region in world-space.  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. ..................................... 87 

Fig. 97 Voxel-man renderings from the Visible Human from www.voxel-man.de. ........................ 87 

Fig. 98  Volume rendering with two different styles of oriented texture from (Dong and 
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Fig. 99 High quality rendering using textures synthesized from the Visible Human sample 

colors shown on the right, from (Lu and Ebert 2005). ........................................................ 88 

Fig. 100 Left, Vesalius (Vesalius 1973) removed the skin entirely, right, similar view from 

(Hagens 2007)
20

 where the skin has been moved out the way but continues to 

provide context (i.e., there is a lot of it). ............................................................................. 89 
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work by von Hagens, was cited as particular inspiration for the methods 

developed in (S. Bruckner 2006). ........................................................................................ 91 

Fig. 102 Exploded view from (S. Bruckner 2006) and similarly deformed view rendered in 

mgrView. ............................................................................................................................. 91 

Fig. 103 Image from (Hagen 1992). Retractors are used to reveal hidden internal 

anatomy. ............................................................................................................................. 93 

Fig. 104  Image from (Correa, Silver and Chen 2006) that uses parametric manipulators 

such as peelers and retractors to visualize a deformed space. ........................................... 93 

Fig. 105 Two frames from an animation showing the registration between 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 hip-bone where the region of 

interest passed through it and the position of the lower tip of the bladder. ..................... 94 

Fig. 106 Left, another perspective of the scene from Fig. 4.  Right, the same view with 

ǾƻȄŜƭǎ ƛƴ ǘƘŜ ƳŀƴŘƛōƭŜΩǎ ƛƳǇƻǊǘŀƴŎŜ ǎƘŀŘƻǿ ŎǳƭƭŜŘ ŀǿŀȅΦ ................................................ 97 

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

emphasizing the bones and liver. ........................................................................................ 98 

Fig. 108 Left, an anatomic illustration of a shoulder joint and right, a similar view of real 

data rendered with flexible occlusion from (Borland, et al. 2006). .................................... 99 

Fig. 109 Images from (D. Chen 1998).  Top, a medial model fit to a scanned starfruit.  

Bottom, medial models fit to the objects in the scene are used for clipping and to 

smoothly shade the rendering. ......................................................................................... 100 

Fig. 110 Cast shadows provide useful visual cues when combining surface and volumes 

data. .................................................................................................................................. 101 

Fig. 111 Shadow volume geometry in 2D from (nVidia 2004) ...................................................... 101 
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Fig. 112 Shadow volumes rendered in mgrView.  Top left, the bladder (green) and 
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volume.  Bottom right, the dark regions are areas with non-zero stencil buffer 
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longitudinal muscle. .......................................................................................................... 111 

Fig. 121 Composition based on medial properties derived from constructive solid 
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Fig. 122 Two different segmentations of the same 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 pipeline. ................................................................................................. 113 

Fig. 124 Conclusion from (Oliver, et al. 1997ύ ǎƘƻǿƛƴƎ ƭƛƴƪǎ ōŜǘǿŜŜƴ ŦƻǳǊ άƳƻŘŀƭƛǘƛŜǎέΣ 

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. ...................................... 118 
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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 used for external beam radiotherapy (EBRT). ................................... 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. .................................................... 124 

Fig. 132.  3D segmentation in mixed modes. 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 fiducial marker visible in the 

center of the prostate region. ........................................................................................... 126 

Fig. 133  Standard slice-by-slice view used 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 on the right. ........................................................... 127 

Fig. 134 The prostate region in the CT-only 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. ............................................... 127 

Fig. 135 A common 2D dose evaluation visualization showing 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 region.  (Image from 

(Mosleh-Shirazi, et al. 2004)) ............................................................................................ 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 at-risk bladder 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 structures. ............................................................. 128 

Fig. 137. A rendering showing the pŀǘƛŜƴǘΩǎ ŀƭƛƎƴƳŜƴǘ ǘŀǘǘƻƻ  ƳŀǇǇŜŘ ōŀŎƪ ƻƴǘƻ ǘƘŜ 

planning image with dose overlay to provide feedback regarding the suitability of 

the world-to-plan registration. In this case, the tattoo is not in the position 

expected by the plan. ........................................................................................................ 130 

Fig. 138 A VisionRT surface (green) aligned with the corresponding CT skin isosurface 
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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 
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Fig. 140 Left, virtual nasopharyngoscopy and right, corresponding image from real 

procedure. ......................................................................................................................... 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. 

Color 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 overheats and cracks the motherboard. Related research 

materials must then be extracted manually, as shown here. ........................................... 141 

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

1997). ................................................................................................................................ 144 
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1 Model Guided Rendering 

for Medical Images 
 

Model Guided Rendering (MGR) is a set of methods for creating high 

quality, patient-specific medical visualizations for clinical procedure 

planning. 

High quality volume rendering has so far been limited to atlas images 

because of the large time investment required in annotating the data.  

The view from VoxelMan (Pommert, et al. 2001) shown in Fig. 1 is 

quite impressive, but the views are not portable outside their source 

data, which was carefully micro-segmented voxel-by-voxel (hence the 

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

the renderings from this data may take from minutes to hours, which 

restricts the user to pre-rendered views and animations. 

Classical Direct Volume Rendering (DVR) for patient images, as in Fig. 

2 (M. Levoy 1990), has been limited since its inception by the fact that 

there is insufficient information in a single image for truly high quality 

rendering.  While medical imaging devices have become steadily more 

sophisticated and patient data collections have grown to encompass 

dozens of interrelated structural and functional images, 

segmentations, photographs, and intervention plans, medical 

visualization remains in its infancy.  Indeed, patient images are still 

routinely viewed using the same cumbersome slice-by-slice views (Fig. 

3ύ ƛƴǘǊƻŘǳŎŜŘ ƛƴ ǘƘŜ мфтлΩǎ ǿƘŜƴ /¢ ǎŎŀƴƴŜǊǎ ŦƛǊǎǘ ōŜŎŀƳŜ ǿƛŘŜƭȅ 

available. 

Model Guided Rendering is a novel framework for medical image 

visualization that integrates as much patient data as possible into a 

high quality, patient-specific view tailored to a particular clinical task 

and rendered at interactive rates.  MGR is based on the idea of 

merging information from multiple image sources on a region-by-

region basis, using volumetric coordinates from a sparse set of 

 
Fig. 1  Rendering from the 
VoxelMan project 

 
Fig. 3  Slice-wise view are still 
common in clinical applications. 

 
Fig. 2  Classical DVR from 
[ŜǾƻȅΩǎ ƻǊƛƎƛƴŀƭ ǇŀǇŜǊǎ 
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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 Group (MIDAG) at UNC Chapel Hill as a 

joint project between the Departments of Radiation Oncology and 

Computer Science.  UNC Hospital's Radiation Oncology clinic has 

provided many of the driving problems that MGR immediately 

addresses. 

 

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 in Fig. 5 (Netter 2006)Φ  bŜǘǘŜǊΩǎ 

illustrations are deemed to be so useful that they are commonly taken 

in the operating room for reference during surgery despite two huge 

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

http://midag.cs.unc.edu/
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drawbacks:  first, they are not of this particular surgical ǇŀǘƛŜƴǘΩǎ 

anatomy and second, they are not interactive.  A major goal of Model 

Guided Rendering is to lift the atlas-only restriction on high-quality 

medical rendering and generate similarly high quality 3D "Netterly 

Renderings" for individual target patients. 

Multi -Source Data Visualization for Clinical Treatment Planning 

Combining data in smart ways is vital to modern medicine.  Clinical 

planning, diagnosis, and evaluation can be improved by looking at 

data from multiple sources such as anatomic and functional fusion 

images for diagnosis, or longitudinal imaging taken for adaptive 

radiotherapy (ART), or by comparing a ǇŀǘƛŜƴǘΩǎ ǘǊŀƛǘǎ ǘƻ ǾŀǊƛƻǳǎ 

normal and abnormal distributions.  MGR provides a framework for 

bringing the same kinds of multi-source improvements to a broad set 

of potential clinical tasks, such as external beam radiotherapy 

planning or virtual endoscopy. 

In general, image guided clinical treatment planning revolves around 

understanding relationships between anatomic features in space and 

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 setup or forensic analysis. 

For surgical planning, for example, major blood vessels and nerves can 

be highlighted in ways that make them avoidable, 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 dormant since 

the brief explosion of interest in volume rendering in the early 90s.  

Since then, 3D rendering for medical images has found niche 

applications where it can be quite effective, such as virtual 

colonoscopy (Fig. 6).  But rendering for general applications has never 

been able to adequately portray complex anatomy because it is 

 
Fig. 5  Anatomic illustration 
from Netter with intuitive 
shading and composition. 

 
Fig. 6  Virtual colonoscopy is 
successful because it reduces 
3D data to a few important 
surfaces. 



 Model Guided Rendering for Medical Images 
 Derek Merck 

4 

computed on a voxel-by-voxel basis.  That is, classic DVR relies entirely 

on surface estimates from the local gray-scale value alone.  This is 

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

ǇǊƻŎŜǎǎ ǘƘŀǘ ƛǎ ƪƴƻǿƴ ǘƻ ǊŜǉǳƛǊŜ ŀŘŘƛǘƛƻƴŀƭ ƻǊ άa prioriέ ƛƴŦƻǊƳŀǘƛƻƴ ǘƻ 

be generally successful.  Extending volume rendering by adding 

ŀŘŘƛǘƛƻƴŀƭ ƛƴŦƻǊƳŀǘƛƻƴ ǘƘǊƻǳƎƘ ŀ άǘǊŀƴǎŦŜǊ ŦǳƴŎǘƛƻƴέ ǘŜƴŘǎ ǘƻ ōŜ ŀƴ ad 

hoc and non-generalizable method to solve this problem. 

On the other hand, high-quality medical rendering systems such as 

±ƻȄŜƭaŀƴ ǊŜǉǳƛǊŜ ŀ ƘǳƎŜ ƛƴǾŜǎǘƳŜƴǘ ƛƴ άǎŎŜƴŜ ǇǊƛƻǊǎέΣ ǘƘŀǘ ƛǎΣ 

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 hand-edit an expansive set of 

scene priors for individual patient images.  However, modern patient 

data collections can provide us with an abundant source of scene 

priors.  Table 1 shows a few examples. 

 

PATIENT AND ATLAS SOURCES PROVIDE SCENE PRIORS FOR 

Partial Segmentations Object type, orientation 

Multi-modal scans Likely structures that are invisible 
in a particular modality 

Longitudinal and related scans Shape relationships over time or 
over populations 

Shape and intensity statistics Normal features 

Patient photography, thermography, 
endoscopy 

Color, texture on and near the 
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 patient-specific rendering by 

combining information from multiple sources.  From the combined 

scene information, MGR derives a notion of what the scene should 

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 insufficient or uncertain, MGR turns to non-patient-specific sources 

to make educated guesses about how that region is likely to appear. 

Table 1  Some example uses 
of various image sources in 
a patient data collection. 
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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.  MGR 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 used in (Davis, et 

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

ƛƴ !w¢Φ  {ǳŎƘ ŘŜŦƻǊƳŀǘƛƻƴ ŦƛŜƭŘǎ ǇǊƻǾƛŘŜ ŀ ƪŜȅ ƛƴǇǳǘ ǘƻ aDwΩǎ ǎŎŜƴŜ 

composition methods, both for ART-relevant animations and by 

tailoring deformations to tasks such as describing how anatomic 

structures might move under various forces so that they can be 

άǊŜǘǊŀŎǘŜŘέ ǊŀǘƘŜǊ ǘƘŀƴ ǎƛƳǇƭȅ ŎƭƛǇǇŜŘ ŀǿŀȅ ǿƘŜƴ ǘƘŜȅ ƻŎŎƭǳŘŜ ƻǘƘŜǊ 

important features. 

M-reps (Pizer, et al. 2008) provide a natural basis for the region-by-

ǊŜƎƛƻƴ ƳŀǇǇƛƴƎǎ ǊŜǉǳƛǊŜŘ ōȅ aDwΩǎ ŀǇǇŜŀǊŀƴŎŜ ƳŜǘƘƻŘǎΦ  ¢ƘŜȅ 

provide both intuitive volumetric coordinates (i.e., (u,v,t) = (along, 

around, through)) and volumetric correspondence across a 

population.  Additionally, semi-automatic m-rep based segmentation 

is commonly applied in our clinical pipeline (Fig. 7).  M-reps are used 

to identify and parameterize a few important anatomic structures in 

the scene with a minimum of manual editing, which defines region-by-

region mappings across the multiple disparate image sources.  Medial 

object-coordinates allow the renderer to work on an object-by-

object basis rather than a voxel-by-voxel basis.  This is a key insight 

for approaching the goal of high-quality rendering without exhaustive 

segmentation. 

1.1.3 Scene Design Technologies 

Because deep anatomy is very complex, a 3D visualization will only be 

useful if structures less significant to the current task can 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 illustration 

particularly excels relative to computed visualization. 

 
Fig. 7  Implied surfaces of m-
reps fit to anatomic structures 
in the abdomen. 
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1. Anatomy is visually labeled ς structures 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 1989), these two concepts are called 

respectively design of appearance and design of composition.  For 

the purposes of MGR, intuitive appearance and clear composition is 

ǘƘŜ ǾŜǊȅ ŘŜŦƛƴƛǘƛƻƴ ƻŦ ǘƘŜ ǘŜǊƳ άƘƛƎƘ ǉǳŀƭƛǘȅ ǊŜƴŘŜǊƛƴƎέ ǳǎŜŘ ŜŀǊƭƛŜǊΦ  

aDwΩǎ ƪŜȅ ǘŜŎƘƴƻƭƻƎƛŜǎ Ŏŀƴ ōŜ ōǊƻŀŘƭȅ ŘƛǾƛŘŜŘ ƛƴǘƻ ƳŜǘƘƻŘǎ ŦƻǊ 

assigning scene appearance and methods for scene composition. 

MGR addresses appearance with algorithms that leverage multiple 

data sources to shade regions for understandability.  aDwΩǎ ƪŜȅ 

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 important 

structures for this patient, for this problem (Fig. 8).  aDwΩǎ ƪŜȅ 

composition technologies work either by clipping the volume to 

eliminate objects that obscure the view or by deforming the volume 

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

combination of the two approaches, sometimes removing occluders 

completely, sometimes showing a cut and peeling a surface away to 

keep context.  Volumetric deformation further extends to the general 

problem of volumetric animation or volume morphing, which can be 

used to indicate shape changes over time or shape variance relative 

to population statistics.  

1.1.4 Key Appearance Technologies 

Scene Maps 

MGR is based on the idea of object-coordinate driven shading, but the 

rendering engine still works in world or voxel coordinates.  Medial 

models are not particularly amenable to doing such transformations 

 
Fig. 8 Photoshopped example 
of how scene composition 
addresses the issue of seeing 
internal structures while 
preserving context. 
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directly, but MGR Uses m-reps only implicitly ς to generate world-to-

object (x2u) and object-to-world (u2x) maps 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 directions, 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 objects ƛƴ ŀ ǎŎŜƴŜΣ ŎŀƭƭŜŘ ŀ άǎŎŜƴŜ ŎŀǘŀƭƻƎέΦ  9ǾŜƴ ŀ 

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 coordinate systems ς object, world, or screen ς are 

appropriate for a particular part of the rendering pipeline.  Computing 

and using such maps dynamically is a key component of many parts of 

aDwΩǎ ǎƘŀŘƛƴƎ ŀƭƎƻǊƛǘƘƳǎΦ 

High quality Volume and Surface Rendering 

Previously, volume rendering has only taken information from a single 

source, the patient image.  It then attempts to visually imply anatomic 

structures by assigning colors based on increasingly complex local 

transfer functions.  (See (Kindlmann, et al. 2003) for example)  The 

simplest and most intuitive means of displaying anatomic features, by 

applying intuitive anatomically based textures, is incredibly difficult to 

implement in the classical framework. 

MGR is a suite of methods that can integrate data from many sources, 

such as patient images from different times or devices, segmentations 

or registration fields, color atlas and anatomic textures, to synthesize 

a single high quality view. The scene catalog provides a mapping 

between the underlying anatomic structures in a scene and the 

various possible sources for assigning regional textures.  Given the 

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 object-coordinate derivatives.  

These same orientations can be used to enable sophisticated lighting 

from normal maps for solid textures. 

 
Fig. 9  Synthetic 2D and 3D 
textures mapped onto target 
regions in a patient image. 
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Color Mapping from 3D Images  

It is unlikely that MGR will ever get a patient-specific empirical color 

volume as input because a clinician is unlikely to actually section their 

patient.  However, normal anatomy can be approximately visually 

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 pre-rendered atlas color volumes that has been deformed 

to fit this patient. 

3D color mapping is the primary candidate for fast change of 

coordinates using the scene catalog.  Given a scene catalog with 

forward and backwards transforms, this becomes an extremely local 

and parallelizable problem.  The basic algorithm for shading a pixel at 

target(Xtgt) is as follows. 

1. Convert Xtgt to model coordinate U 

2. Convert U to Xsrc in the source image 

3. Apply the color from source(Xsrc) 

This concept extends naturally to the idea of mapping any values from 

one spatial volume to another, for example, pulling information from 

a 3D functional image or statistical distribution and then making 

shading decisions based on both the base modality and any additional 

information.  This supports visualizations such as highlighting voxels 

corresponding to regions with a high likelihood of pathology in fMRI. 

The concept further extends to the idea of including visual estimates 

for not for just color but for anatomic structures that cannot be seen 

in the underlying digital image. For example, although nerves, smaller 

blood vessels, or lymph levels are invisible in CT, having a visual 

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

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

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

be included in model-based rendering, albeit in such a way that they 

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

but not guaranteed to be so. 

 
Fig. 10  Top, color atlas 
mandible. Bottom, atlas colors 
transferred to a target patient 
according to object-
coordinates. 
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Supporting Guided Texture Synthesis 

Atlas-based rendering as described above can be thought of as a very 

simple example of a probability-based rendering:  atlas textures show 

a "most likely" appearance.  Beyond color mapping from normal atlas 

images, guided texture synthesis offers a considerably more 

sophisticated method for probability-based rendering.  Guided texture 

synthesis enables normal as well as abnormal and non-atlas structures 

ǘƻ ōŜ ǊŜƴŘŜǊŜŘ ǿƛǘƘ ǘŜȄǘǳǊŜǎ ŀǇǇǊƻǇǊƛŀǘŜ ǘƻ ŀ ǘŀǊƎŜǘ ǇŀǘƛŜƴǘΩǎ 

condition as determined from prior 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 abnormal data values can rendered to reflect that.  

Relevant image interpretation, such as object label, local directions 

(i.e., ɳ U = (du,dv,dt) at each voxel), and variation from normality can 

be exported as feature channels directly to solid texture synthesis 

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. 2010) but could also work with procedural methods. 

Color Mapping from 2D Images 

Mapping patient photos into the rendering, as shown in Fig. 11, allows 

the user to visually relate surface and deep features.  The photos may 

come from visible light, thermography, or another modality. 

The photographed surface is identified in the volume image using 

model coordinates. Then color information from the corresponding 

photograph is mapped onto those voxels using a projective or 

cylindrical transform depending on the camera arrangement.  

Cylindrical maps can be collected using specialized hardware or 

synthesized from multiple planar camera images. Multiple planar 

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 

ōŀǎŜŘ όάƴŜŀǊ ǎǳǊŦŀŎŜ ŦŜŀǘǳǊŜέύ ǇŀǘƛŜƴǘ ǎŜǘǳǇΦ  LƴǘŜǊǇƻƭŀǘƛƴƎ ŀŎǊƻǎǎ 

serial patient photos using the volume data as an alignment scaffold 

 
Fig. 11  An image of the author 
mapped onto a target patient 
scan 
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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 

aligning 2D 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 of surface finding by 

examining local gradient magnitude is a poor proxy for importance.  

This has recently been addressed by using explicit data segmentation.  

άLƳǇƻǊǘŀƴŎŜ ǊŜƴŘŜǊƛƴƎέ ƛǎ ǘƘŜ ǘŜǊƳ ǳǎŜŘ ōȅ (Viola, Kanitsar and 

Groller 2004) to describe a kind of object-based region-of-interest 

(ROI) clipping, where voxel opacity is computed according to an 

άƛƳǇƻǊǘŀƴŎŜέ ŦŀŎǘƻǊ ŘŜǘŜǊƳƛƴŜŘ ōȅ ǾƻȄŜƭ-wise pre-segmentation.  In 

aDw ŀ ǎƛƳƛƭŀǊ ŦǳƴŎǘƛƻƴ ƛǎ ƛƳǇƭŜƳŜƴǘŜŘ ǘƻ άŘƛǎƻŎŎƭǳŘŜέ ƛƳǇƻǊǘance 

ranked regions, so that relevant features can always be seen without 

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

pseudo-colored region of interest in the male pelvis.  The objects-of-

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 been suppressed. 

 

Whereas Viola relies on exhaustively pre-segmented data, in MGR 

importance regions can be assigned dynamically not only to anatomic 

shapes, but to suspicious regions according to probability 

Fig. 12  Left, a standard volume 
rendering of a region in the 
pelvis, middle, the same region 
with the data occluding the 
prostate and bladder 
dynamically clipped away. 
Right, the same view with the 
planning position of the objects 
overlayed as contours. 
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distributions, or to dynamic and interactive shapes such as an 

άƛƳǇƻǊǘŀƴŎŜ ŦƭŀǎƘƭƛƎƘǘέΦ  aDwΩǎ ŀƭƎƻǊƛǘƘƳǎ ŀƭǎƻ ŜȄǘŜƴŘ ǘƻ 

hierarchically ranked objects. 

Furthermore, while volume ray-tracing such as Viola uses can render 

ŀǘ ƛƴǘŜǊŀŎǘƛǾŜ ǊŀǘŜǎ ƻƴƭȅ ƻƴ ǎǇŜŎƛŀƭƛȊŜŘ ƘŀǊŘǿŀǊŜΣ aDwΩǎ 

implementation of the importance clipping algorithm works at 

interactive rates on even modest hardware.  The implementation is 

ǊŜƭŀǘŜŘ ǘƻ ƳŜǘƘƻŘǎ ŦƻǊ ŎƻƳǇǳǘƛƴƎ άǎƘŀŘƻǿ ǾƻƭǳƳŜǎέ ŦƻǊ ǘƛƭŜŘ 

surfaces, wherein the dark-side of a closed surface is extruded away 

to infinity along the contour edges and then the stencil buffer is used 

to track which screen fragments are shadowed according to that 

ǇŀǊǘƛŎǳƭŀǊ ƭƛƎƘǘ ǎƻǳǊŎŜ ŀƴŘ ǘƘŀǘ ǇŀǊǘƛŎǳƭŀǊ ƻōƧŜŎǘΦ  aDwΩǎ ƳŜǘƘƻŘ ƛǎ 

ŎŀƭƭŜŘ άƛƳǇƻǊǘŀƴŎŜ ǎǘŜƴŎƛƭƛƴƎέ ŀƴŘ ǊŜƭƛŜǎ ƻƴ ŀ ǎƛƳƛƭŀǊ ƛŘŜŀ.  Important 

objects are extruded towards the camera and ǘƘƛǎ άƛƳǇƻǊǘŀƴŎŜ 

ǎƘŀŘƻǿέ is stenciled against every voxel as it is projected onto the 

screen. 

Volumetric Animation 

Deformation fields can be used to drive surface and volumetric 

interpolations for animation.  Visualization of longitudinal anatomic 

change is particularly interesting in the context of ART for showing 

how the daily changes in anatomy will affect the expected dose 

distribution (Fig. 13).  Deformation fields can also serve as models of 

Ƙƻǿ ǘƻ άǊŜǘǊŀŎǘέ ƻŎŎƭǳŘƛƴƎ ŀƴŀǘƻƳƛŎ ǎǘǊǳŎǘǳǊŜǎ ŀǎ ŀ ŘƛŦŦŜǊŜƴǘΣ ƳƻǊŜ 

organic kind of importance rendering. Few methods have been 

proposed for 4D volume morphing, so this is an interesting and 

unexplored research area in its own right. 

1.1.6 Implementation 

Beyond appearance and composition there is an implicit third 

constraint on MGR: speed.  While none of the key technologies 

discussed depend explicitly on a particular DVR framework, our 

C++/OpenGL library of the core MGR functions, mgrView, is based on 

rasterize-and-blend DVR (Drebin, Carpenter and Hanrahan 1988).  

Rasterize-and-blend DVR allows the complex, non-linear mappings 

such as the world-to-object transforms to be moved onto the graphics 

accelerator, where they can be done very quickly.  Rasterize-and-

blend DVR has traditionally been limited in quality by the fixed 

 
Fig. 13 Interpolating between 
two daily patient images 
according to a registration field 
gives a smooth volumetric 
animation of anatomic change 
relative to a fixed dose 
distribution (red overlay). 
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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/GLUI (Radamacher, 

Stewart and Baxter 2006) user interface, but it could be embedded in 

other windowinƎ ŜƴǾƛǊƻƴƳŜƴǘǎ ǎǳŎƘ ŀǎ ¦b/Ωǎ ƛƴ-house clinical 

radiotherapy planning tool Plan-UNC (UNC Hospital Department of 

Radiation Oncology 2007).  mgrView also includes a variety of default 

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 augmented reality 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 format for interested engineering-oriented readers of 

this dissertation.  It can safely be skipped by other readers. 

1.1.7 Thesis 

Image segmentation via medial shapes provides an effective basis for 

guiding context-appropriate shading in 3D medial image display by 

supporting regional color mapping from library or synthesized solid 

textures, cross-modal images, and atlas data sources. 

tǊŜŎƻƳǇǳǘƛƴƎ ŀ Ǝƭƻōŀƭ άscene catalogέ ǘƘŀǘ ŎƻƭƭŜŎǘǎ ƳǳƭǘƛǇƭŜ ƭƻŎŀƭ 

medial-to-world and world-to-medial transforms enables these 

techniques in an interactive object-order volume rendering 

framework. 

This framework additionally extends other perception-enhancing 

effects such as importance rendering and volume deformation to 

dynamic scenes.  
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INTERMEZZO:  MGRVIEW 

mgrView programs are characterized by establishing relationships between images and models, 

ǿƘƛŎƘ ŘƛǊŜŎǘǎ ǘƘŜ ǊŜƴŘŜǊƛƴƎ ŜƴƎƛƴŜΩǎ ŀǇǇŜŀǊŀƴŎŜ ŀƴŘ ŎƻƳǇƻǎition algorithms.  In Program 1 three 

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

These objects ŀǊŜ ŀǘǘŀŎƘŜŘ ǘƻ ƻƴŜ ŀƴƻǘƘŜǊ ǿƛǘƘ ǇŀǊǘƛŎǳƭŀǊ ŎƘŀƴƴŜƭ ƭŀōŜƭǎΣ ǎǳŎƘ ŀǎ άǎƻǳǊŎŜψƛƳέ ƻǊ 

άŎƻƭƻǊψƛƳέΦ  [ŀȅŜǊǎ ŀǊŜ ŘŜǊƛǾŜŘ ŦǊƻƳ ǘƘŜ ǎǳǊŦŀŎŜ ƻōƧŜŎǘ ŀƴŘ 

automatically attached as children.  The surface and volume objects 

are automatically attached as children to the root world object, which 

includes them automatically when the window makes the call to 

world->glRender().  Derived textures such as the duodenum uvt 

coordinates and the volume data gradient are automatically loaded 

and attached as sub-objects if they are present in the correct 

directories, or they are computed and cached if they do not exist. 

A simple example application is shown in Program 1 and the resulting 

display is shown in Fig. 14.  An appendix walks through implementing 

an entire project using and extending mgrView. 

// Sample mgrView program 
#include "../common/mgr.h" 
mgrWindow* mgrw; 
char* MGR_DATA_PATH = "../../data/" ;  char* MGR_PROJECT_DATA_SUBDIR = 
"abdomen/"; 
int main(int argc, char* argv[]){ 
 mgrRenderable world; 
 mgrw = new mgrWindow( argc, argv, &world ); 
 // -- Load textures -- 
 mgrImage2 muscle = mgrImage2( "muscle2.tga" ); 
 mgrImage2 rugae = mgrImage2( "rugae.tga" ); 
 // -- Setup the surface object -- 
 mgrSurface duodenum = mgrSurface( "duodenum.pseudotube.l2.byu" ); 
  duodenum.AttachImage(&muscle, MGR_COLOR_IM0); 
  duodenum.SetShader(MGR_SIMPLE_TEX2_SURF_SHADER ); 
  duodenum.clip_end_caps = true; 
 mgrSurface d1 = duodenum.AddLayer(0.9 ); 
  d1.FlipTransform( MGR_COLOR_IM0, Y_AXIS ); // Rotate texture 
 mgrSurface d2 = duodenum.AddLayer(0.8 ); 
  d2.AttachImage(&rugae, MGR_COLOR_IM0 ); 
 // -- Setup a volume data object -- 
 mgrImage3 gray = mgrImage3( "3301.hires.raw", 512, 512, 64 ); 
 mgrVolume v = mgrVolume( &gray ); 
  v.images[MGR_SOURCE_IM0]->iw.set( 0.55, 0.3 );  // Intensity window 
 mgrw->glStart();    // Start rendering 
 return 0;} 

Program 1  Sample application code invoking mgrLib to load a gray volume and surface 
object.  The rendering and default UI is shown in Fig. 14. 

 
Fig. 14  Labeled rendering of 
ǘƘŜ ŘǳƻŘŜƴǳƳ ŦǊƻƳ ƳƎǊ±ƛŜǿΩǎ 
simple application demo 
program 
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1.1.8 Claims 

This dissertation contributes the following novel methodologies for 

producing high-quality volume visualizations using segmentations of a 

sparse set of important anatomic structures to combine information 

from multiple image sources: 

1. Method for using medial coordinates to guide context-appropriate 

shading in medical images by regional color mapping from several 

different kinds of data sources 

1.1. Method for mapping and lighting library or patient-specific 

synthetic solid textures 

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

photographs 

1.3. Method for mapping from 3D data sources such as cross-

modal images or atlas data sources 

2. Method for generating such renderings at interactive rates on 

ǊŜƭŀǘƛǾŜƭȅ ƳƻŘŜǎǘ ƘŀǊŘǿŀǊŜ ōȅ ǇǊŜŎƻƳǇǳǘƛƴƎ ŀ άǎŎŜƴŜ ŎŀǘŀƭƻƎέ 

data structure and manipulating it in an object-order rendering 

framework 

2.1. Algorithms for computing world-to-medial όάȄнǳέύ and 

medial-to-world όάǳнȄέύ maps from a set of segmentations by 

medial shapes and a data structure for collecting these 

mappings together 

2.2. Algorithms for using the scene catalog in various ways 

through programmable shader hardware to do the mappings 

described in (1) 

3. Refactored versions of important state of the art volume 

rendering methods such as importance rendering and volume 

deformation that allow these techniques to be applied in dynamic 

scenes 

3.1. Object-order implementations for global and local volume 

deformation and for importance rendering based on ranked 

surfaces 
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1.1.9 Outline 

Supporting discussion for these claims is divided according to the 

following chapters and sections. 

Chapter 1: Overview of Model 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 visualization, including 

surface extraction, image-order and object-order 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. Object-coordinate based solid textures and 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 on importance shadows 

4.3. Model-coordinate based surface windows 

Chapter 5:  Bringing MGR to the Clinic 

5.1. aDwΩǎ ǇƻǘŜƴǘƛŀƭ ǊƻƭŜ ƛƴ ƳŜŘƛŎŀƭ ƛƳŀƎŜ ŀǇǇƭƛŎŀǘƛƻƴǎ 

5.2. Segmentation, planning, and patient setup in radiotherapy (and 

appendix describing how to implement a project with mgrView) 

5.3. Augmented endoscopic guidance 

Chapter 6:  Conclusions & Future Work 

6.1. Review of thesis and claims 

6.2. Directions for future work, including advanced display and 

interactivity 

Appendix: Implementing the Planning Under Error View Using 

mgrView 
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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 methods developed in 

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 that demonstrate how 

MGR methods might be applied to clinical problems.  The MGR 

components used in each project are clearly called out.  The appendix 

at the end of the dissertation walks through the programming 

required to build one of the sample vignettes in Chapter 5 using 

mgrView. 

 



 

 

2 The Medical Imaging Pipeline 
 

Medical images begin with physical devices and reconstruction, which 

produce 3D data.  This data can be visualized or analyzed as suited to 

various clinical applications.  This chapter reviews the basic pipeline for 

applying medical imaging technology in the clinic shown in Fig. 15.  It is 

divided up into three parts, each focused on one section of the pipeline. 

1. Sources of Medical Images reviews the principles of the 

Engineering layer, where medical images are actually produced.  

Energy is passed through the patient and a signal is collected.  A 

variety of hardware devices work across the energy spectrum and 

can collect both structural and functional information.  The signal is 

then processed into an image of the underlying geometry and 

filtered to reduce artifacts. 

2. The Image Analysis layer, described in the section Interpreting 

Medical Images, serves to relate images to other images and to 

relate image regions to structures.  Relating images to images is 

ŎŀƭƭŜŘ άƛƳŀƎŜ ǊŜƎƛǎǘǊŀǘƛƻƴέ ŀƴŘ Ǌelating image regions to structure is 

ŎŀƭƭŜŘ άƛƳŀƎŜ ƛƴǘŜǊǇǊŜǘŀǘƛƻƴέ ƛƴ ǘƘis text.  The regional model that 

MGR uses to relate regions across images is based on image 

ǎŜƎƳŜƴǘŀǘƛƻƴ ǳǎƛƴƎ ǘƘŜ ŘƛǎŎǊŜǘŜ ƳŜŘƛŀƭ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ όάƳ-ǊŜǇǎέύΦ 

3. The section on Data-driven Medical Visualization reviews what I 

call the naïve or data-driven Presentation layer.  Visualization based 

on independent images provides a direct and usually simple view of 

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

casting rayǎ ǘƘǊƻǳƎƘ ǘƘŜ ƛƳŀƎŜΣ ǘƘŜƴ ŀǇǇƭȅƛƴƎ ŀ άǘǊŀƴǎŦŜǊέ ŦǳƴŎǘƛƻƴ 

to assign a false color to each voxel.  Classical volume rendering 

ŦƻǊƳǎ ǘƘŜ ōŀǎƛǎ ƻŦ aDwΩǎ ǊŜƴŘŜǊƛƴƎ ŀƭƎƻǊƛǘƘƳǎΦ 

While automatic image analysis has become steadily more 

sophisticated, the results can be 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.  

Engineering

Image Analysis

Presentation

Application

Physical

Reconstruction

Registration

Interpretation

 

Fig. 15 This chapter reviews the 
medical imaging pipeline. 
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2.1 Sources of Medical Images 

This section gives a brief overview of the physical and reconstruction 

layers of the medical imaging pipeline.  The main topics include the 

following. 

1. Computed Tomography is the most important modality for 

radiotherapy planning, and MGR has been conceived largely to 

support it.  This topic reviews x-ray radiation, sampling and 

reconstruction, and sources of artifacts. 

2. Other 3D Imaging Modalities such as nuclear medicine imaging, 

magnetic resonance imaging (MRI), and ultrasound (U/S) are briefly 

discussed at the end of the section.  MGR is 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 modalities 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 discussions of the various modalities.  

However, ƳƎǊ±ƛŜǿΩǎ Řŀǘŀ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ŦƻǊ ƛƳŀƎŜǎ is detailed in the 

later chapter on working with mgrView. 

 

2.1.1 Computed Tomography 

Computed tomography (CT) is a widely adopted imaging modality with 

many clinical applications from diagnosis to procedure planning.  

Because it is a 3D modality, data can be presented in a variety of 

displays such as axial, sagittal, or coronal slices, off-axis cut planes, or 

even simulation of a standard x-ray projection image (called a 

"radiograph"). Slice-by-slice views eliminate the saturation and 

occlusion common in analog radiographic images and can make 

structures with difficult to understand 3D shapes, such as complex 

fractures, relatively easier to interpret.  For example, in the analog chest 

radiograph shown in Fig. 16, the lungs are severely obscured by the ribs, 

making them difficult to understand.  Digital images such as CT or digital 

radiographs can also be windowed to expose 1% density differences, 

 
Fig. 16 Chest x-ray of the 
ŀǳǘƘƻǊΩǎ ǎƻƴ ŀǘ ƻƴŜ ȅŜŀǊ ƻŦ ŀƎŜΦ  
The lungs (indicated) are 
extremely obscured by the ribs 
both in front of and behind 
them. 
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which provides relatively higher contrast resolution then analog films.  

Moreover, digital data can be easily post-processed at a variety of 

levels, from edge enhancement to data labeling (as described in the 

next section on image interpretation).  Modern fast CT scanners can 

create time-ǾŀǊȅƛƴƎ ƻǊ άп5έ ƛƳŀƎŜǎΣ ǿƘƛŎƘ ŀǊŜ ǾŜǊȅ ǾŀƭǳŀōƭŜ ŦƻǊ 

studying motion in structures such as the heart or lungs. 

Lƴ aDwΩǎ ǘŀǊƎŜǘ ŘƻƳŀƛƴ ƻŦ ǊŀŘƛƻǘƘŜǊŀǇȅ ǇƭŀƴƴƛƴƎΣ the CT image 

provides a physically and geometrically accurate basis for therapy 

planning.  Magnetic resonance imaging (MRI), for example, has greater 

contrast for pathologies, which is useful for diagnosis, but it gives no 

information about x-ray attenuation and suffers from innate field biases 

that can create geometrically incorrect images, limiting its uses for 

planning. 

INTERMEZZO:  LOADING 3D DATA INTO MGRVIEW 

Many of the example images produced throughout this dissertation 

were generated using mgrView's built-in functionality.  This intermezzo 

shows a short C++ mgrView program used to load a CT image generated 

by ¦b/Ωǎ ǊŀŘƛƻǘƘŜǊŀǇȅ ǇƭŀƴƴƛƴƎ ǎȅǎǘŜƳ άtƭŀƴ ¦b/έ όt[¦b/ύΣ window it 

for soft tissue resolution, and display it.  The code shown in Program 2 

produces the results shown in Fig. 17.  Note that only four lines of the 

program are actually scene dependent:  the file is loaded, and a new 

volume object is instantiated and attached to the ui and the rendering 

root.  The rest of the code simply sets up the project. 

// Sample mgrView program to load an image 
#include "../common/mgr.h" 
mgrWindow* mgrw; 
char* MGR_DATA_PATH = "../../data/" ; 
char* MGR_PROJECT_DATA_SUBDIR = "pelvis/"; 
int main(int argc, char* argv[]) { 
 mgrRenderable world; 
 mgrw = new mgrWindow( argc, argv, &world ); 
 // -- Scene dependent code -- 
 mgrImage3 gray = mgrImage3( "3106.gray.pim",  
   512, 512, 81, vec3( 0.098, 0.098, 0.3 ) }; 
 gray.iw.set( 0.1, 0.3 ); 
 mgrVolume v = mgrVolume( &gray ); 
 mgrw->glStart(); return 0;} 

Program 2 A simple mgrView program to to load and display a raw CT 
image shown in Fig. 17.  

 

 
Fig. 17 A default view of the 
male pelvis CT image loaded 
using the mgrView script shown 
in Program 2 with and without a 
reference slice. 
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X-Ray Radiation & CT Reconstruction 

X-rays are high energy photons than can penetrate solid objects.  

Different types of material attenuate x-ray radiation at different rates, 

so measuring the amount of x-ray radiation that passes through a solid 

object shows the radio-density shadows of structures inside of the 

object.  Wilhelm Conrad Röntgen (Röntgen 1896) is considered to be 

the first person to discover x-ray radiation and demonstrate its potential 

medical applications (Fig. 18). 

Projection x-ray images, called "radiographs", are a common diagnostic 

tool in medicine. In projection radiography, the subject is placed 

between an x-ray source and a film or digital sampling plate.  X-rays 

passing through the subject are attenuated more in dense material such 

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 radiographs are viewed as "negative images", 

areas of low exposure become the brightest features in the image.  As 

with all shadows, occlusion problems happen when more radio-dense 

objects such as bone obscure other structures both in front of and 

behind them (Fig. 16). 

Computed tomography is an attempt to address obscuration and 

occlusion issues with projection x-rays by reconstructing the entire 3D 

interior of the subject. The x-ray attenuation factor of different 

materials is characterized by a density-weighted attenuation coefficient 

called µ.  The calcium in bone has a very high µ, whereas air has a 

relatively low µ.  X-ray radiation attenuates as a function of its initial 

energy and µ of the material that it is passing through according to Eqn. 

1.  Sampling the total attenuation of a particular x-ray energy at many 

angles and offsets about a single plane through the subject produces a 

large linear system that can be solved to recover the interior 2D array of 

attenuation factors.  Repeating this process for many planes produces a 

3D array of attenuation factors. 

The total attenuation of the x-ray radiation along a single 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 path is a linear combination of the attenuation factors at each 

sample along the path. This arrangement of the data as linear 

combinations producing sums at various angles and offsets is called the 

 
Fig. 18 Radiograph of the hand 
of Röntgen's wife from the late 
19th century. 

Ὅὸ= Ὅ0e ‘᷿ίὨί 

Eqn. 1 Formula for x-ray 
attenuation through tissue with 
local attenuation µ along a line 
integral parameterized by S 
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Radon transform of the data.  The goal of CT reconstruction is to 

compute the inverse Radon transform of the system.  In filtered back 

projection, each output profile is filtered according to the amount of 

blur known to be introduced by the detectors (the "point spread 

function") and by the smearing step that follows, and then the result is 

άǎƳŜŀǊŜŘέ ōŀŎƪ ŀƭƻƴƎ ǘƘŜ ƻǊƛƎƛƴŀƭ ǎŀƳǇƭƛƴƎ ƭƛƴŜΦ  ¢he composite output 

from smearing all of the profiles is the reconstruction of the plane.  Fig. 

19 shows a single-slice example of forward and inverse Radon 

transforms applied to synthetic data1. 

The original work on reconstruction from line integrals was developed 

ƛƴ ǘƘŜ мфслΩǎ ōȅ (Cormack 1964), based on much earlier work from 

(Radon 1917).  In 1972 Godfrey Hounsfield created the first single-slice 

/¢Φ  IƻǳƴǎŦƛŜƭŘΩǎ ǎŎŀƴƴŜǊ όFig. 20) took several hours to collect data and 

several days to do the reconstruction. CT machines became widely 

available in the 1970s. Recent advances have focused on resolution, 

speed, and gating for 4D motion images. 

Spatial Resolution 

CTs are digital systems that use analog-to-digital converters and 

produce sampled data, so they are subject to additional constraints on 

resolution and dynamic range.  Modern CT scanners typically produce 

images on a regularly sampled grid with 512 x 512 x ~100 samples.  For 

the abdominal, pelvic, and head and neck scans which form the basis of 

the later MGR case studies, the in-plane field of view (fov) is ~50cm and 

can span 30cm or more in length; this leads to a grid spacing of 

approximately 1mm x 1mm in-plane with 3mm planes (pitch).  For 

head/brain scans, the field of view can be much smaller, so the spacing 

can be substantially denser. 

CT is considered a potentially harmful procedure because it exposes the 

patient to a relatively small but non-negligible dose of the same kind of 

damaging radiation as is used in external beam radiotherapy.  The more 

exposure, the higher the spatial resolution that can be achieved, so 

balancing exposure with medical needs is a serious issue.  

                                                           
1
 Using Matlab's "radon" and "iradon" functions.  Matlab is a matrix math 

program developed by The Mathworks (www.themathworks.com).  Because 3D 
images can be understood as 3D arrays, Matlab is well suited to manipulating 
such data structures. Simple-to-interpret Matlab functions are pointed out as 
examples in relationship to several topics throughout this dissertation. 

 

 

 
Fig. 19 Top, source image with 
color representing an intensity 
at each spatial position.  
Middle, Radon transformed 
data with color as the total 
intensity along a profile with a 
given angle and offset. Bottom, 
the image reconstructed by 
applying the inverse Radon 
transform to the transformed 
data. (Images from 
http://www.physics.ubc. 
ca/~mirg/home/tutorial/fbp_re
con.html) 

 
Fig. 20 HƻǳƴǎŦƛŜƭŘΩǎ ƻǊƛƎƛƴŀƭ 
prototype CT scanner (from 
Wikipedia). 

y 

offset 

angle 

x 



 The Medical Imaging Pipeline 
 Derek Merck 

22 

The individual volume samples of any 3D image are called voxels 

όΨǾƻƭǳƳŜ ŜƭŜƳŜƴǘΩΣ ŀǎ ŀ ǇƛȄŜƭ ƛǎ ŀ ΨǇƛŎǘǳǊŜ ŜƭŜƳŜƴǘΩύΦ  LŦ ǘƘŜ ǎŀƳǇƭƛƴƎ ƎǊƛŘ 

has cubic voxels, the voxels are called isotropic; otherwise they are 

anisotropic (Fig. 21).  In the examples throughout this text, the in-plane 

ŘƛƳŜƴǎƛƻƴǎ ŀǊŜ ǊŜŦŜǊŜƴŎŜŘ ŀǎ ΨȄΩ ŀƴŘ ΨȅΩ ŀƴŘ ǘƘŜ ƻǳǘ ƻŦ ǇƭŀƴŜ ŘƛƳŜƴǎƛƻƴ 

ŀǎ ΨȊΩΣ or as X in general for an (xyz) world-space coordinate vector.  The 

ǾƻȄŜƭ ƛƴŘƛŎŜǎ ŀǊŜ ǊŜŦŜǊŜƴŎŜŘ ŀǎ ΨƛΩΣ ΨƧΩΣ ŀƴŘ ΨƪΩ ŦƻǊ Ǌƻǿǎ (x), columns (y), 

and slices (z) or J for an (ijk) voxel-space coordinate vector. 

Converting back and forth from world-space coordinates X to indices J, 

called X2J and J2X functions here, requires two additional pieces of 

information, the size of each voxel with respect to distances in world-

space, called S, the world-space position of an origin, typically O = J2X(0, 

0, 0). Given this information, X2J and J2X can be written as in Eqn. 2.  If 

world-space origin is set to (0,0,0) and the spacing is such that the 

largest world-space coordinate of the data is assigned to 1.0, then the 

Řŀǘŀ ƛǎ ǎŀƛŘ ǘƻ ōŜ ǊŜǇǊŜǎŜƴǘŜŘ ƛƴ ǘƘŜ άǳƴƛǘ ŎǳōŜέΣ ŀǎ our clinical 

modeling software encodes coordinates.  The unit cube coordinate 

system is useful for many tasks, but it can be problematic when 

attempting to register data with different coordinate systems.  If the 

coordinate system is left handed (the y-axis has flipped sign), as our 

clinical planning software encodes images, this can be represented by 

multiplying S by (1, -1, 1) and adding (0,1,0) to the unit scaled O.  If the 

sample directions are not world-aligned, an additional rotation matrix 

can be attached to the formulae. 

Value Resolution 

CT intensity units, the density-related attenuation factor at each voxel, 

take their name from Hounsfield.  Hounsfield Units measure the ratio of 

the local attenuation factor in a particular tissue compared to the 

attenuation factors of air and water (Eqn. 3).  Hounsfield units range 

from -1000 to 3000 (12 bit range).  Some important HU values are 

shown in Fig. 22. 

When visualized as slices or volumes, CT visualizations typically follow 

the "bone is brightest" convention from radiography.  It can be difficult 

to visually distinguish nearby values from the 4000 possible levels, 

particularly since there are only 256 (8 bits) of gray value difference on 

standard display devices.  Since there are 12 bits of possible HU values, 

this means that 16 HU values are binned together at every intensity 

 
Fig. 21 Voxel representation 
(from (Borland07)) 

J2X(ἔ)  =  ὕ+ Ὓz ἔ 

X2J(ἦ)  = (ἦ ὕ)/ Ὓ 

Eqn. 2 Basic world-to-index (X2J) 
and index-to-world (J2X) 
transforms. 
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Eqn. 3 Conversion factor 
between x-ray attenuation (µ) 
and Hounsfield units (HU) 

 
Fig. 23 The same view as in Fig. 
17 intensity windowed with a 
lower minimum threshold. 

Material  HU  

Air  -1000 

Fat  -80 to -40 

Water  0  

Soft Tissue  30 to 60  

Bone 100 to 3000 

 
Fig. 22 Approximate ranges for 
x-ray attenuation in Hounsfield 
units (HU) for common 
anatomic image values. 
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level that can be shown on a standard display.  However, it is 

straightforward to enhance the value resolution by picking out a 

άǿƛƴŘƻǿέ ƻŦ ƛƴǘŜƴǎƛǘƛŜǎ ŀǊƻǳƴŘ ǎƻŦǘ ǘƛǎǎǳŜΣ ŦƻǊ ŜȄŀƳǇƭŜΣ ŀƴŘ ŜȄǇŀƴŘƛƴƎ 

that range to encompass the entire 8 bits of display resolution.  The 

tradeoff with this is that small intensity windows can substantially 

enhance noise.  Windowing an entire volume can be quite expensive if 

done on the CPU.  This is typically obviated by windowing only a single 

cut-plane at a time.  In mgrView, windowing the entire volume can be 

done immediately using the computer's graphics hardware. 

Artifacts 

While CT has considerable advantages over standard analog 

radiography, it also has some disadvantages.  Because it is a digital 

format that requires algorithmic reconstruction to convert the sampled 

signal on the machine into an intuitive spatially organized format, it can 

have artifacts and sampling problems that are not present in analog 

radiography.  Artifacts develop when the underlying physical and 

algorithmic assumptions are broken.  Broken physical assumptions such 

as non-narrow-beam x-ray sources or variable geometry between 

source and detector can lead to blurring and ringing. Broken 

algorithmic assumptions such as patient motion, extremely dense 

materials (e.g., metal fillings or prostheses) that cause "photon 

starvation" in their shadows, and sharp or thin objects that produce 

individual voxels with material of significantly different densities can all 

cause the characteristic starburst patterns shown in Fig. 24. 

2.1.2 Other Modalities 

Fig. 25 overviews a variety of other 3D medical imaging modalities 

covering different parts of the EM spectrum and different signaling 

methods.  Different modalities are better or worse at detecting 

different phenomena. Whereas CT always collects anatomic 

information, some modalities such as nuclear medicine studies can 

show which regions are metabolically active.  These functional images 

can be very useful for identifying pathologies.  While there are currently 

no mgrView applications that specifically require non-CT data, 

combining CT images with the strengths of other modalities is an 

important area of future development.  Ultrasound, for example, is 

considered non-invasive, can provide decent 3D images in a small field 

Signal Type Modality 

Reflective Ultrasound 

Visible light 
    photography 

Emmissive MRI (RF signal) 

Nuclear Med 
       (PET, SPECT) 

IR photography 

Transmissive X-ray (CT, 
       radiograph) 

Fig. 25 Common imaging 
modalities by signal type. 

ὡ(Ὥ) =
min(max Ὥ,ὸέὴ,ὦέὸὸέά)

ὸέὴ ὦέὸὸέά
 

Eqn. 4. Formula for applying an 
intensity window to a value. 

 
Fig. 24 A CT plane showing the 
characteristic άstarburstέ artifact 
from metal. 
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of view, supports limited functional scanning (Doppler), and requires 

very little equipment compared to a CT scanner.  Visualizing 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 of 

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 early 

1970s independently by Damadian (Damadian 1971) and Lauterbur 

(Lauterbur 1973).  Magnetic resonance imaging (MRI) measures local 

proton density (hydrogen count) and local chemical compositions.  As 

suggested in the introduction to this section, this leads to exquisite 

contrast resolution around soft tissue and makes pathology much 

easier to detect.  However, MRI contains no electron density 

information, so it is useless for the radiation transport calculations 

required for treatment planning unless paired with a CT image.  An area 

of interest for Model Guided Rendering is fusion data rendering using, 

for example, an MRI image to assign appearances (pathological/normal) 

but using the CT image for anatomic reference geometry. 

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

hydrogen atoms of water or hydrocarbons ƛƴ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ōƻŘȅ and 

then manipulates the signal to measure relaxation times, which vary by 

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

and exposure to strong magnetic fields is thought to be harmless to the 

patient. 

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

spatial location of detected activity, which is of particular interest in 

brain imaging, but there is also evidence that certain non-brain 

pathologies can be identified by unique activation patterns.  Diffusion 

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

diffusion properties of tissue.  Combining information from multiple 

5²LΩǎ Ŏŀƴ ǇǊƻŘǳŎŜ ŀ ŘƛŦŦǳǎƛƻƴ ǘŜƴǎƻǊ ƛƳŀƎŜ ό5¢Lύ ǘƘŀǘ describes 

directional diffusion with a tensor at each spatial sample.  mgrView 

supports fMRI images when they are formatted as standard spatial data 

 
Fig. 26 MRI of the authorΩǎ 
head. 
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distributions.  mgrView currently has no support for tensor 

visualization, but that is a targeted future application domain. 

Nuclear Medicine Imaging 

Nuclear medicine imaging (NMI) studies use pharmaceuticals labeled 

with unstable tracer elements called radioisotopes that emit radiation 

as they decay to a stable state.  These pharmaceuticals are metabolized 

by targeted systems and then emit localized high energy photons as the 

radioisotopes decay.  Nuclear medicine studies are functional by 

definition.  For oncological studies, the radioisotopes are usually 

attached to glucose, which radio-labels most cancers since cancers tend 

to have higher glucose uptake than normal cells.  NM images typically 

are very noisy, making them most useful when viewed in conjunction 

with another modality with better resolution.  While MGR has no target 

NMI applications at present, rendering NMI fusion data, such as PET/CT 

is a targeted future application domain. 

Ultrasound 

Ultrasound (U/S) shows echoes off of tissue interfaces in the patient.  

The energy that it uses is sound waves above the threshold for human 

hearing, in the range of 20kHz to 2MHz.  The primary medical 

application for ultrasonography is for relatively coarse imaging that 

does not require penetrating air or bone, such as prenatal studies (Fig. 

28). 

Ultrasound has several considerable advantages over CT.  It is thought 

to be harmless to the patient, it has nearly instantaneous capture rates, 

enabling visualization of motion in real time, and the required 

equipment is relatively inexpensive and portable, enabling imaging 

during procedures without moving the patient. 

In radiotherapy, ultrasound is primarily of interest for patient setup, 

that is, as a basis for registrations between the real-world insides of a 

patient and their planning CT, as in the BAT system όά.-mode 

ŀŎǉǳƛǎƛǘƛƻƴ ŀƴŘ ǘŀǊƎŜǘƛƴƎέύ (Langen, et al. 2003).  The main idea is to use 

a portable ultrasound device in the treatment room to find target 

structures and then to 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 

target for multi-source data.  

 
Fig. 28 Ultrasound is frequently 
used in prenatal screening, 
such as this 12-week image of 
ǘƘŜ ŀǳǘƘƻǊΩǎ ǘǿƛƴǎΦ 

 

 
Fig. 27 Early NMI thyroid scans 
from (S. M. Pizer 1967).  Top, a 
normal thyroid, bottom a 
thyroid with high marker 
uptake. 

t

o 
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Anatomic Photography 

 

Color anatomic slices can be considered as another modality.  While it is 

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

atlas from anatomic sections (Fig. 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 

bŀǘƛƻƴŀƭ [ƛōǊŀǊȅ ƻŦ aŜŘƛŎƛƴŜΩǎ ±ƛǎƛōƭŜ IǳƳŀƴ tǊƻƧect (Ackerman 1998).  

Each subject, male and female, consists of both radiological images and 

color photographs of the anatomic sections. 

For the female data set used in the default color maps described later, 

the cryosections are at 0.33mm in-plane resolution, with three slices per 

millimeter.  CƻǊ aDwΩǎ ŎƻƭƻǊ ƳŀǇǇƛƴƎ applications, structures in the 

Visible Human color sections were segmented manually, but similarly 

high resolution radiological MRI and CT images are also available for 

analysis, though they are not simply aligned with the color data.  Given 

a registration between the data sets, this would provide another useful 

sample fusion data set. 

Other types of less invasive anatomic photography, such as external 

patient photography or thermography, or internal endoscopic imaging 

are further discussed in the section on color mapping from 

photographs. 

  

Fig. 29 Color images of gross 
anatomic sections, such as this 
slice from the Visible Human 
can be used as a color atlas for 
aDwΩǎ ŎƻƭƻǊ ƳŀǇǇƛƴƎ 
algorithms. 
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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 registration is the process by which collections of images can 

ōŜ ŀƭƛƎƴŜŘ ǘƻ ǘƘŜ ǎŀƳŜ άǇŀǘƛŜƴǘ ǎǇŀŎŜέΦ  LƳŀƎŜ ǊŜƎƛǎǘǊŀǘƛƻƴ ƳŜǘƘƻŘǎ 

may be represented either as global transforms with a small 

number of parameters2 or with high dimensional local mappings, 

and they may be driven according to landmarks or image similarity 

metrics.  The UNC Hospital radiotherapy clinic routinely deals with 

time series CTs as patients are scanned repeatedly during an 

ongoing treatment protocol, and aligning cross-patient or cross-

modality images follows similar procedures.  Model Guided 

Rendering uses information from image registrations primarily as a 

mechanism for animating anatomic shape change. 

2. Image interpretation is about assigning anatomic labels to image 

regions.  A simple interpretation is a label volume for an image 

where individual voxels are marked according to which category 

they belong to, prostate, not-prostate, etc.  Such image 

segmentation can be done by hand or automatically by a variety of 

methods.  One method is to use image registration tools to register 

ŀƴ ƛƳŀƎŜ ǘƻ ŀƴ ŀƭǊŜŀŘȅ ƭŀōŜƭŜŘ άŀǘƭŀǎ ǎǇŀŎŜέΣ ŀƴŘ ǘƘŜƴ ǘƻ ǳǎŜ ǘƘŀǘ 

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 by statistical deformable shape models 

ό{5{aǎύΦ  IŜǊŜ ǘƘŜ ǘŜǊƳ άƛƴǘŜǊǇǊŜǘŀǘƛƻƴέ ŜȄǘŜƴŘǎ ǘƘŜ ōŀǎƛŎ ƛŘŜŀ ƻŦ 

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 from discrete medial representations 

όάƳ-ǊŜǇǎέύ ǘƻ ǎƘŀŘŜ ƻōƧŜŎǘǎ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜƛǊ ŦǳƴŎǘƛƻƴΦ 

  

                                                           
2
 Low parameter count in contrast to Fourier coefficients, which are global 

transformations, but provide what is here referred to as a local level of detail. 
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2.2.1 Image Registration 

Target applications that require understanding anatomic change, such 

as adaptive and image-guided radiotherapy (ART, IGRT) (see (Foskey, et 

al. 2005) for a useful overview), require a framework for accurately 

mapping anatomical objects from serial images taken over several 

treatments into the same coordinate 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 space-filling non-rigid 

mappings.  Our clinical image registration software, ImMap and its 

variants, can generate both global and local registrations.  Visualizing 

registration relationships between images is one of the mgrView 

program vignettes presented later in section 5.2, MGR Applications in 

Adaptive Radiotherapy. 

Global Transforms 

Rigid image-to-image registrations can be expressed as a global matrix 

transformation.  Positions in the space of the target image can then be 

passed through this matrix transform to find the corresponding 

positions in the source image.  Rigid and more general affine transforms 

can be derived algorithmically for 3D point correspondences, as do both 

Procrustes3 (which uses explicit correspondences) and Iterative Closest 

Point (ICP, see Fig. 30) (Besl and McKay 1992) (which computes both the 

transform and the best set of correspondences for two unlabeled sets).  

Rigid image transforms are most appropriate for within-patient 

registrations, where images change mostly in pose from day to day.  

Similarity (rigid plus scale) or affine (rigid plus scale and shear) 

transforms are more useful when studying cross-patient registrations.  

For dense intensity correspondences such as photo-constancy or mutual 

information, a global registration can be found by optimizing over the 

elements of the transform matrix according to an image similarity 

metric. 

An important application of global transforms is to align a 3D planning 

image with a 2D image of the patient taken at treatment time. Such 

visualizations can be used to verify that the patient is set up correctly on 

the therapy machine. This is typically done manually, using lasers to line 

                                                           
3
 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. 

 

Fig. 30 Parameteric surface to 
point data registration from 
(Besl and McKay 1992) 
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up the room origin with fixed surface landmarks such as tattoos. In 

other procedures such image-to-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"). 

 

mgrView has been designed to produce images that combine real world 

photography with 3D images.  Fig. 31 shows an example of a planning 

image transformed and rendered into the space of a 2D photograph.  

The later section on color mapping from photographs describes a 

method for projecting a 2D photograph into the space of a 3D planning 

image and includes some relevant discussion of camera models. 

Local Mappings 

Non-linear image-to-image registrations4 cannot be expressed 

concisely as a matrix transform, so they are typically represented locally 

across the field, either indirectly by a set of control points for splines, or 

directly by a dense displacement field.  Non-linear registrations are 

more general than affine registrations because they can capture both 

local and global properties (although in 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 (TPS) (Bookstein 1989) or the basis 

paths used in (Joshi and Miller 2000).  Or they may be intensity driven, 

ǎǳŎƘ ŀǎ άƻǇǘƛŎŀƭ Ŧƭƻǿέ ƛƴ н5 (Horn and Schunck 1980) ƻǊ άŘŜƳƻƴǎέ ƛƴ 3D 

(Thirion 1998), fluid flow (Christensen, Joshi and Miller 1997), or free 

form deformation via B-splines (Rueckert, et al. 2006).  ImMap and its 

variants use an atlas-based version of fluid flow described in (Davis, et 

al. 2004). 

                                                           
4
 The class of affine transforms is indeed linear in homogeneous coordinates. 

Fig. 31 Left, a photograph of 
ƻǳǊ ŎƭƛƴƛŎΩǎ ǇƘŀƴǘƻƳΣ w!b5h 
όƻǊ άwŀƴŘŜŀǳέ ŀǎ ƘŜ ƛǎ 
sometimes known) on the 
treatment table. Right, a 
rendering of a CT of RANDO 
synthesized from the same 
camera point of view and 
overlaid onto the photo. 
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A method for interpolating quickly between images according to such a 

registration field for the purposes of visualization is described in the 

later section 4.1, Volumetric Animation, and is a key method in the 

target applications described in section 5.1, 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 case of 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 comprised of two 

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 very large number of 

parameters, these regularization terms are usually too simple to rescue 

the process from significant problems with local minima.  Current 

research is frequently focused either on dimensionality reduction 

(decomposition into control paths, etc.) or on introducing more 

sophisticated and finely tuned regularization terms. 

Registration layer information is a useful input to many of Model 

DǳƛŘŜŘ wŜƴŘŜǊƛƴƎΩǎ ŀƭƎƻǊƛǘƘƳǎΣ ōǳǘ ƛǘ ƛǎ ƛƴǎǳŦŦƛŎƛŜƴǘ ŦƻǊ ǘƘŜ ǊŜƎƛƻƴŀƭ 

image-to-image mapping algorithms described later.  While registration 

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

Talairach brain (Talairach and Tournoux 1988), can give object-labels to 

each voxel, determining qualities such as local orientation requires a 

complete object-based volumetric coordinate system fit to each image 

region.  Such coordinate systems are a natural by-product of the image 

segmentation methods described in the next section. 

2.2.2 Image Interpretation 

The image interpretation input to Model Guided Rendering comes from 

a type of deformable shape model.  Statistical shape models were 

originally developed independently in (Kendall 1984) and (Bookstein 

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 in (Cootes, et al. 1993) as a method for image 

segmentation.   

As with the deformable registration framework described previously, 

segmenting an image via deformable shape models relies on a two term 

optimization balancing an image match against a model penalty.  

However, parameterized shapes are much lower dimension with 

respect to the number of training samples usually available, and they 

can be restricted to not only a legal (e.g., non-self-interpenetrating) or 

regular (e.g. smooth) shape subspace, but to credible shapes (e.g., the 

liver is liver-shaped) as well. 

As an example of shape credibility, consider a simple image term 

consisting only of a threshold based edge finder.  As shown in Fig. 32, 

an edge-finding segmentation algorithm with no penalty for deviating 

from a head-like shape will incorrectly label the sinuses as skin.  This 

segmentation is legal and smooth, but it is not credible.  High 

dimensional deformable registrations tend to suffer from the same 

class of problems because it is difficult to embed notions of shape 

credibility in the regularity term. 

Following (Mumford 1994), the image match and model penalty terms 

optimized during image segmentation by statistical deformable shape 

models (SDSM) can be interpreted as probabilities and the framework is 

usually called "Bayesian probabilistic" image segmentation. 

The SDSM itself is an object-specific shape model that characterizes 

shape change and likely intensities relative to a "typical" instance.  The 

typical shape usually is taken to be the mean shape of a population of 

training shapes, and relative shape changes are encoded as a limited 

number of important modes of shape variability.  These 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 within some 

small truncation error.  Distances in this space provide a metric for 

shape that can be used as the basis for numerical methods of shape 

discrimination, comparison, and interpolation. 

 
Fig. 32 A non-credible but legal 
skin segmentation with a simple 
edge detector. 
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In the context of Bayesian image segmentation, the SDSM provides the 

fitting optimization with both the initial shape estimate and a 

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 prior".  The 

SDSM additionally provides the fitting optimization with a coordinate 

system for expressing image intensities in model-relative terms.  The 

optimization, then, becomes a compromise between the shape prior 

and the shape suggested by the image intensities.  (Fig. 33) shows an 

example of an SDSM's initial and optimized fit to a target image. 

 

Shape Models 

Many types of shape and intensity representations have been proposed 

as bases for probabilistic segmentation, and all have different utility and 

drawbacks.  In particular, certain types of SDSMs can provide MGR with 

an object-centric coordinate system for local image regions.  The most 

common shape model in the literature is boundary-only, sometimes 

called a point distribution model or PDM proposed in (Cootes, et al. 

1993)Φ  t5aǎ ŀǊŜΣ ƘƻǿŜǾŜǊΣ ƛƴǎǳŦŦƛŎƛŜƴǘ ŦƻǊ aDwΩǎ ǊŜǉǳƛǊŜƳŜƴǘǎ 

because they do not parameterize the interior of the object, so they do 

not explicitly establish volumetric correspondence between 3D source 

and target regions.  Such volumetric correspondences are the basis for 

the color mapping algorithms that are proposed in the next chapter. 

The parameterization used by Model Guided Rendering is the discrete 

ƳŜŘƛŀƭ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ŎŀƭƭŜŘ άƳ-ǊŜǇǎέ ς although the methods could be 

generalized to other shape representations with a well defined 

volumetric coordinate system.  M-reps are well suited to image 

segmentation tasks because they capture not only position information 

 

Fig. 33 Fitting a statistical 
deformable model to a target 
training image.  Top, 3D surface 
views and bottom, single sagittal 
slice views of bladder template 
geometry. Left, initial shape 
estimate coarsely aligned to a 
target training image; middle, 
deformably fit to that image; and 
right, in the context of the actual 
grayscale data. (From (Merck, et 
al. 2008)) 
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at an anatomic region's boundary but also model-relative orientational 

information throughout the 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. 

 
The m-rep parameterization is described in section 3.1, Creating a Scene 

Catalog, but because Model Guided Rendering is a post-segmentation 

task, the detailed mechanisms by which data can be automatically 

segmented have been omitted.  See (Pizer, et al. 2008) for an overview 

of the representation and segmentation pipeline, see (Broadhurst, et al. 

2006) for a detailed description of the embedded intensity statistics, see 

(Fletcher, et al. 2004) for an explanation of the governing statistical 

model, and see (Merck, et al. 2008) for a description of the shape 

training process. 

M-Rep Software 

The primary m-rep editing and fitting tool is called Pablo5.  Pablo is a 

useful tool for developing new Model Guided Rendering scenes.  It is 

ŀǾŀƛƭŀōƭŜ ŦǊƻƳ ¦b/Ωǎ aŜŘƛŎŀƭ LƳŀƎŜ 5ƛǎǇƭŀȅ ŀƴŘ !ƴŀƭȅǎƛǎ Group 

(MIDAG) under a research license.  M-reps are also implemented in the 

commercial male pelvis segmentation system MxStruct MP, developed 

by Morphormics (http://www.morphormics.com).  See section 5.2, MGR 

Applications in Adaptive Radiotherapy, for details ƻŦ ƳƎǊ±ƛŜǿΩǎ ǎƘŀǇŜ 

representation and supported file loaders.  

                                                           
5
 The program was named based on the following quote from Pablo Picasso ς 

Computers are useless. They can only give you answers. 

Fig. 34 Left, M-rep figures and 
sub-figures fit to a kidney and 
its internal pyramids and 
calyces.  The complex nested 
volumes and smooth surfaces 
are represented with a few 
hundred parameters.  Middle, 
an early MGR image with 
detailed internal orientations 
generated from this model.  
Right, a reference illustration 
from Netter. 
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2.3 Classic Medical Image Visualization  

The field of medical image visualization is very broad.  This section is 

focused exclusively on classical single-image visualization methods that 

are based entirely on local properties of the data, e.g., by intensity or 

derivatives of intensity, or by scene geometry, e.g., distance from the 

viewer.  This review further restricts its scope to the historical and 

methodological influences of Model Guided Rendering.   Later sections 

discuss precedents for interpretation driven scene design, such as 

importance rendering.  This section is divided into three topics. 

1. A very brief review of surface rendering for medical visualization.  

While surface driven visualization methods are generally inadequate 

for complex anatomic scenes, a major goal of Model Guided 

Rendering is to integrate surface and volume rendering and to use 

each where it is most beneficial to comprehension. 

2. The topic object-order and image-order direct volume rendering 

(DVR) compares ray cast volume rendering as proposed by Levoy 

with rasterize-and-blend volume rendering as proposed by Drebin.  

wŀȅ ŎŀǎǘƛƴƎ ƻǊ άƛƳŀƎŜ-ƻǊŘŜǊέ ǊŜƴŘŜǊƛƴƎ ƛǎ ǘƘŜ ƎǊŀƴŘŦŀǘƘŜǊ ƻŦ 5±w 

methods, and many of the basic concepts from Levoy map directly 

onto the mgrView toolbox.  Rasterize-and-ōƭŜƴŘ ƻǊ άƻōƧŜŎǘ-ƻǊŘŜǊέ 

volume rendering can be much faster 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 

many of those restrictions, ŀƴŘ ƳƎǊ±ƛŜǿΩǎ ǊŜƴŘŜǊƛƴƎ ŎƻǊŜ ƛǎ ŀŎǘǳŀƭƭȅ 

implemented with this method. 

3. Independent-image scene design reviews some major naïve 

methods for pseudo-ŎƻƭƻǊƛƴƎ ǎǳŎƘ ŀǎ ǎƻ ŎŀƭƭŜŘ άǾƻƭǳƳŜ ƛƭƭǳǎǘǊŀǘƛƻƴέ 

and for simple clipping.  Many of these image-order methods have 

been re-implemented in mgrView as fast object-order methods. 

2.3.1 Surface Rendering 

Extracting a 2D manifold of data from a 3D data set is an easy to 

manage method for isolating certain kinds of important features and 

suppressing the rest of the volume data.  Virtual colonoscopy, where 3D 

visualization is well adopted (Fig. 6), relies on surface extraction for 

 

Fig. 35 Multislice segmentations 
(contours) and tiled surfaces 
rendered in PLUNC. Stacks of 
manually drawn contours are 
knit together into target region 
surfaces by the άCY¦ттέ 
algorithm (Fuchs, Kedem and 
Uselton 1977). 
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both the soft pink plastic looking walls and the flythrough camera path 

planning. 

Surfaces of interest in the volume may be extracted according to purely 

geometric methods, such as cut planes, or may rely on data driven 

methods such isosurfaces.  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 volume shading revolves 

around estimating local normals in the absence of surfaces for the 

purposes of lighting. 

Cut Planes 

Trans-axial slices through the data are the simplest and most widely 

used method for interrogating volume data.  Saggital and coronal slices 

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 in Fig. 36.  Such views are sometimes colloquially 

ŎŀƭƭŜŘ άнΦр5 ŘƛǎǇƭŀȅέΦ  ¢ƘŜǎŜ ǎƛƳǇƭŜ ǾƛŜǿǎ ŀǊŜ ƻǇǘƛƳŀƭ ŦƻǊ ŎŜǊǘŀƛƴ ǘŀǎƪǎ 

like slice-by-slice manual segmentation, but they do not provide the 

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

anatomic structures. 

 

Fig. 36 2.5D view of a CT data 
set of the male pelvis with 
intersecting axis aligned cut 
planes. 
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Axis aligned cut planes were originally used exclusively because it is 

particularly simple to sample an axis aligned planar texture from a 3D 

data set.  Using 3D texturing hardware, however, planes of any 

orientation can be sampled just as quickly by simply transforming the 

texture coordinates at the corner vertices in OpenGL.  mgrView allows 

any number of independently positioned and oriented cut-planes to be 

attached to a particular scene.  Cut plane pose can also be aligned 

according to other objects in the scene, for example, to be normal to 

the medial axis of a modeled region (Fig. 37). 

Surface Extraction 

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 for identifying regional 

boundaries in an image. 

 

The isosurface method was originally developed at GE Labs and 

ŦŀƳƻǳǎƭȅ ǇǊƻǇƻǎŜŘ ŀǎ ǘƘŜ άƳŀǊŎƘƛƴƎ ŎǳōŜǎέ ŀƭƎƻǊƛǘƘƳ ƛƴ (Lorensen and 

Cline 1987).  The authors subsequently applied the general method 

particularly to medical image visualization in (Cline, Lorensen and Ludke 

1988).  (Cline, Lorensen and Ludke 1988) has nice example of 

visualizations of bone, skin, and muscle (shown in Fig. 38), which 

happen to be the only anatomic tissue types in CT that are clearly 

discernible by scalar intensity alone.  Most features in medical volumes 

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

isosurfacing is not generally useful.  Marching cubes/isosurfacing is 

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

ƻŦŦƭƛƴŜ ǳǎƛƴƎ YƛǘǿŀǊŜΩǎ ±¢Y όƘǘǘǇΥκκǿǿǿΦƪƛǘǿŀǊŜΦŎƻƳύ ƻǊ ŀƴƻǘƘŜǊ 

package and then loaded as a regular set of surfaces. 

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

 
Fig. 37 A clip plane aligned to 
be normal to the along-
direction of the mandible. 
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Surface Lighting and 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 must be approximated because it is not well defined.  

Diffuse lighting based on the dot product between the surface normal 

direction and the light direction (see (Phong 1973) for the complete 

model) provides default lighting for any surfaces displayed in mgrView.  

Methods for extending the lighting model to surfaces with solid textures 

are described in detail in the next chapter. Other shading models such 

as the so-ŎŀƭƭŜŘ άbƻƴ-tƘƻǘƻǊŜŀƭƛǎǘƛŎέ όbtwύ ǘƻƴŜ ǎƘŀŘƛƴƎ (Gooch, et al. 

1998) and cell shading are also implemented for surfaces in mgrView 

and can be assigned to regions either programmatically or through the 

default UI. 

¢ƻƴŜ ǎƘŀŘƛƴƎΣ ǎƻƳŜǘƛƳŜǎ ŜǇƻƴȅƳƻǳǎƭȅ ŎŀƭƭŜŘ άDƻƻŎƘ ǎƘŀŘƛƴƎέΣ ǿŀǎ 

originally designed for technical illustrations:  hot and cool colors are 

assigned to theoretically balance the perceived intensity of the light and 

dark regions, so that surface features will not be obscured by lack of 

diffuse lighting.  The Gooch model is shown in Eqn. 5 and a rendering 

from mgrView shown in Fig. 39.  Cell shading is a nearest neighbor 

ǾŜǊǎƛƻƴ ƻŦ tƘƻƴƎ ǿƛǘƘ ƻƴƭȅ ŀ ŦŜǿ άǎǘŜǇǎέ ƻŦ ǇƻǎǎƛōƭŜ ƭƛƎƘǘ ǾŀƭǳŜǎΦ  

Contour shading is similar, but it renders only those faces or edges that 

are most nearly orthogonal to the view direction (Fig. 40).  Contour-

ŦƛƴŘƛƴƎ ƛǎ ŀƴ ƛƳǇƻǊǘŀƴǘ ǇŀǊǘ ƻŦ aDwΩǎ ŜȄǘŜƴǎƛƻƴ ƻŦ Ŏŀǎǘ ǎƘŀŘƻǿǎ ǘƻ 

άƛƳǇƻǊǘŀƴŎŜ ǎǘŜƴŎƛƭƛƴƎέ ŘŜǎŎǊƛōŜŘ ƛƴ ŀ ƭŀǘŜǊ ŎƘŀǇǘŜǊΦ  ƳƎǊ±ƛŜǿΩǎ btw 

ǎǳǊŦŀŎŜ ǊŜƴŘŜǊƛƴƎ ƳƻŘŜǎ ŀǊŜ ōŀǎŜŘ ƛƴ ǇŀǊǘ ƻƴ !¢LΩǎ ǿƘƛǘŜ ǇŀǇŜǊ ƻƴ btw 

fragment shaders (Card and Mitchell 2002). 
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Eqn. 5 Formulation for Gooch 
tone shading in terms of the 
normal direction, n, the light 
direction, l, and colors k. 

 

 
Fig. 39 Gooch tone shading in 
mgrView. 

Fig. 40 Contours can be an 
effective technique for showing 
surfaces without occluding the 
underlying data. 
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2.3.2 Object-Order and Image-Order DVR 

Image-Order Volume Rendering 

Among other things, surface rendering suffers from occlusion problems 

ς surfaces can be hidden behind other surfaces.  A partial solution to 

the occlusion problem can be found by projecting the entire 3D volume 

simultaneously onto the screen.  This method, pioneered by (Levoy 

ACM88) and extended in (M. Levoy 1990), is ƪƴƻǿƴ ŀǎ άŘƛǊŜŎǘ ǾƻƭǳƳŜ 

ǊŜƴŘŜǊƛƴƎέ ό5±wύΦ  [ŜǾƻȅΩǎ ƻǊƛƎƛƴŀƭ ƳŜǘƘƻŘǎ ǿŜǊŜ ōŀǎŜŘ ƻƴ ŦƻƭƭƻǿƛƴƎ 

rays into the scenes; this method is variouǎƭȅ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άǊŀȅ 

ŎŀǎǘƛƴƎέΣ άƛƳŀƎŜ ƻǊŘŜǊέΣ ƻǊ άōŀŎƪǿŀǊŘǎέ 5±wΦ  LƳŀƎŜ-order DVR can be 

most easily understood by considering a set of rays projected from the 

eye through the image pixel grid, and passing through the patient data 

(Fig. 41).  Each ray is sampled along its path, and each voxel traversed 

contributes to the shading and opacity accumulated for the ray. 

 

Images from the early Levoy papers were, in many ways, similar to 

ƛǎƻǎǳǊŦŀŎŜ ǊŜƴŘŜǊƛƴƎǎΦ  [ŜǾƻȅΩǎ ƳŀƧor insight in DVR was recognizing 

that regions of high gradient magnitude contained more information 

about the internal structure6, so those areas are weighted more heavily 

compared to areas of low gradient.  This assumption amounts to 

noticing that regions of high gradient magnitude tend to represent 

surfaces and that the local gradient direction corresponds to the local 

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

                                                           
6
 It is unclear whether Levoy originated this idea, Cline suggests that an even 

earlier 1986 Höhne paper proposed the same idea. 

 

Fig. 41 A ray is sampled along 
its length in such a way as to 
cover all voxels (taken from 
(Borland07)) 

Fig. 42 A pseudo-DVR 
visualization for radiotherapy 
planning from (Levoy VBC90), 
also rendered as a white light 
hologram in the lobby of UNC-
/IΩǎ {ƛǘǘŜǊǎƻƴ ƘŀƭƭΦ 
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skin-to-air and meat-to-bone; i.e., those same places where isosurfacing 

is particularly effective. 

Image order volume rendering is derived from (Kajiya84), which 

describes an algorithm for ray tracing volume data (transparent gasses 

with interfaces), and from (Kajiya86), which generalizes the method and 

ŘŜŦƛƴŜǎ ǘƘŜ ΨǊŜƴŘŜǊƛƴƎ ŜǉǳŀǘƛƻƴΩΣ ŀ ƳŀǘƘŜƳŀǘƛŎŀƭ ŦƻǊƳǳƭŀǘƛƻƴ ŦƻǊ Ƙƻǿ 

objects, appearance properties, lights, occlusions, and transparencies in 

a scene can be combined and projected onto an image according ray 

casting. 

Most widely used research volume rendering engines, such as that in 

YƛǘǿŀǊŜΩǎ VTK and its derivatives, VolView and Paraview, as well as 

Analyze and MRIcron, are based on ray casting engines.  Because of the 

common root with physically based rendering, ray cast DVR is very 

flexible and can be easily combined with other physically accurate light 

transport algorithms, such as lighting, reflection, soft shadows, and 

anti-aliasing.  Lighting and shadows in particular are very strong shape 

cues.  Ray cast DVR is also amenable to speed ups like oct-tree traversal 

ό[ŜǾƻȅΩǎ ƻǊƛƎƛƴŀƭ ǇǊƻǇƻǎŀƭύΣ ŜŀǊƭȅ-exit for opacity saturated rays, and 

incremental sweetening by increasing resolution.  Because the rays are 

independent, ray casting algorithms are easily adapted to multi-

threaded architectures. 

 

Fig. 44 An image from the 
original ray-casting core 
considered for mgrView.  
Effects such as reflections, soft 
shadows and super-sampling 
can be easily implemented in a 
ray-casting framework. 

 
Fig. 43 Interface and rendering 
from VolView. 

http://www.vtk.org/
http://www.kitware.com/products/volview.html
http://www.paraview.org/
http://www.mayo.edu/bir/Software/Analyze/Analyze.html
http://www.sph.sc.edu/comd/rorden/mricron/
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However, ray casting is very computationally expensive, and MGR has 

significant additional overhead in doing a large number of trilinear 

interpolations for external image source lookups.  Therefore, without 

access to advanced hardware, Ǌŀȅ ŎŀǎǘƛƴƎΩǎ ǎƭƻǿƴŜǎǎ ƻǳǘǿŜƛƎƘǎ ƛǘǎ 

relative advantages.  Fig. 44 shows a view from an early ray-casting 

ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ ŎƻƴǎƛŘŜǊŜŘ ŦƻǊ ƳƎǊ±ƛŜǿΩǎ ǊŜƴŘŜǊƛƴƎ ŎƻǊŜΤ ƛǘ ǘƻƻƪ ƻƴ ǘƘŜ 

order of 10 minutes to render a 512 x 512 pixel image. 

Object-Order Volume Rendering 

An alternative volume rendering implementation originally proposed in 

(Drebin, Carpenter and Hanrahan 1988) is to rasterize geometry that 

has been assigned a corresponding texture in the patient image, and 

then blend the textured geometry together using standard graphics 

acceleration hardware (the graphics processing unit or άƎǇǳέύΦ  5ǊŜōƛƴ7 

originally proposed cutting through the volume with stacks of planar 

geometry (Fig. 45), although other geometry has also been used, such 

ŀǎ Dŀǳǎǎƛŀƴ ŦƻƻǘǇǊƛƴǘǎ όά{Ǉƭŀǘǎέύ(Westover 1990) and spheres or other 

curved manifolds.   Because this method workǎ ƛƴ άƻōƧŜŎǘ-ǎǇŀŎŜέ ǊŀǘƘŜǊ 

ǘƘŀƴ άƛƳŀƎŜ-ǎǇŀŎŜέΣ ŀǎ Ǌŀȅ ŎŀǎǘƛƴƎ ŘƻŜǎΣ ǘƘŜǎŜ ƳŜǘƘƻŘǎ ŀǊŜ ǎƻƳŜǘƛƳŜǎ 

called άƻōƧŜŎǘ-ƻǊŘŜǊέ ƻǊ άŦƻǊǿŀǊŘέ 5±wΦ  

 

To review the basic method: 

1. The back-to-front marching order8 is determined by computing the 

dot product of the view direction with positive and negative 

cardinal directions and taking the min. 

                                                           
7
 5ǊŜōƛƴΩǎ ƻǊƛƎƛƴŀƭ ǇŀǇŜǊ ƛǎ also of interest because it proposes a local maximum 

a posteriori segmentation and gradients on that as part of the rendering 
process.  Thus, like Levoy, the underlying assumed surfaces are made explicit in 
the algorithm. 

8
 The order can be reversed, from front to back by using a different blending 

formula. 

Fig. 45  The otter with an extra 
wrist bone from (Drebin, 
Carpenter and Hanrahan 1988).  
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. 
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2. {ǘŀǊǘƛƴƎ ǿƛǘƘ ǘƘŜ ōŀŎƪ ŦŀŎŜ ŀƴŘ ƳƻǾƛƴƎ ǘƻ ǘƘŜ ŦǊƻƴǘ ŦŀŎŜ όάǇŀƛƴǘŜǊΩǎ 

alƎƻǊƛǘƘƳέύΣ ǘŜȄǘǳǊŜ ŀ ǇƛŜŎŜ ƻŦ ǊŜŎǘŀƴƎǳƭŀǊ ƎŜƻƳŜǘǊȅ όŀ άǉǳŀŘέύ the 

size of the slice with the volume data samples and project it onto 

the screen, using the volume texture to control both the 

color/shading and transparency of each fragment9. 

Speed-ups such as early exit are unnecessary since operations are done 

in parallel; but incremental sweetening can be done by adding 

additional samples (e.g., planes) along the rays as opposed to adding 

additional rays. 

 

Because this method of plane-compositing maps directly onto graphics 

hardware, this method has low overhead and can achieve interactive 

rate volume rendering on even modest work stations.10 

When these object-order methods were originally proposed, they 

suffered from three main problems. 

1. Under-sampling oblique paths through the data 

2. Limited storage space in video RAM 

3. Fixed functionality hardware pipeline not amenable to per voxel 

effects such as Ŏŀƴ ōŜ ŀŎƘƛŜǾŜŘ ōȅ ǘƘŜ άtransfer functionsέ 

discussed in the next section 

                                                           
9
 ¢ŜǊƳƛƴƻƭƻƎȅΥ  ! άŦǊŀƎƳŜƴǘέ ƛǎ ǘƘŜ Řŀǘŀ ƴŜŎŜǎǎŀǊȅ ǘƻ ƎŜƴŜǊŀǘŜ ŀ ǎƛƴƎƭŜ ǇƛȄŜƭ ƛƴ 

the frame buffer.  Pixels are rgba (red, blue, green, alpha, where alpha 
measures opacity) image samples; fragments are potential rgba image samples 
that include extended properties such as depth and texture coordinates. 

10
 CƻǊ ŀŘŘƛǘƛƻƴŀƭ ƛƴǎƛƎƘǘ ƛƴǘƻ Ƙƻǿ ǘƘƛǎ ŀƭƎƻǊƛǘƘƳ ǿƻǊƪǎΣ ƭƻƻƪ ŀǘ WƻŜ /ƻƴǘƛΩǎ 

vol3d.m function for Matlab. http://www.mathworks.com/matlabcentral/ 
fileexchange/4927 

Fig. 46 Scenes renderered with 
mgrView using 64 planes (left) 
and 192 planes (right). 
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The least significant problem is with regularity of sampling.  With ray 

cast methods, one can regularly interrogate values from the data along 

a ray.  Compared to a ray perpendicular to the volume sampled evenly 

along every voxel, a different ray entering the volume at an angle may 

need to take multiple samples within a voxel to achieve the same 

spacing.  Using axis aligned plane casting, sampling is fixed at each 

plane, which means that angled rays will be undersampled with respect 

to rays that are perpendicular to the volume face.  This is also the 

ǎƻǳǊŎŜ ƻŦ ǘƘŜ άŎƻǊƴǊƻǿ ŜŦŦŜŎǘέ sometimes seen at the boundaries of 

dense regions, where the edges of the individual planes can be clearly 

seen, as shown in Fig. 47. 

Cornrowing can be addressed most simply by adding simply additional 

planes to the display.  However, a more principled approach is to slice 

the volume with screen-aligned cut planes, as proposed by (Cullip and 

Neumann 1993).  Screen-aligned plane casting was originally an 

ambitious idea, since it required the volume data to be interpolated in 

3D, rather than 2D, and thus required a supercomputer to do at any 

reasonable speed.  However, within the last few years 3D texture 

interpolation has been included on most new graphics cards, and the 

method has become quite easy to implement.  Each compositing plane 

and its texture coordinates 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 renderering.  Cutting the 

volume with a set of nested spheres rather than planes can also be used 

to normalize the number of volume samples per pixel. 

The issue of storage space on the fast video RAM used by the gpu has 

been trivially surmounted as faster, cheaper memories became 

commoditized over the last few years.  The size of the target image has 

become essentially irrelevant with respect to object-order DVR for 

medical image sizes in our clinic; volumes up to 512 x 512 x 128 fit easily 

into texture RAM.  Stored as single bytes (truncating 4 bits), such a data 

set uses only 33 Megabytes of what is typically at least a 256 Mb store.  

Because the image gradient is expensive to sample in real time, the 

gradient of the image can be pre-computed for lighting and stored as an 

additional 3-channel texture array where each channel carries the 

directional difference information with respect to the x, y, and z 

 
Fig. 47 Close up of 
άŎƻǊƴǊƻǿƛƴƎέ ŜŦŦŜŎǘ ŀǘ ǘƘŜ ŜŘƎŜ 
of a 92 slice volume using 
mgrView. 
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directions (Fig. 48)11.  This can require an additional 100 Mb, and adding 

further high-resolution 3D color images such as the scene catalogs and 

color atlases described in the next chapter can indeed stress system 

storage if not managed correctly. 

Older graphics accelerators implemented a fixed functionality 

rasterization pipeline, which restricted the extensibility of object-order 

volume rendering.  Higher order effects, in particular, intensity 

windowing and lighting, are trivial to compute in the ray casting 

framework, but they are precluded by the fixed functionality hardware 

pixel processing. 

With a few exceptions (such as (Dachille, et al. 1998), which proposes 

using a simplified look-up table for pre-computed lighting) explicit per-

pixel effects were not deeply explored for object-order volume 

rendering until programmable shaders were introduced, and even then 

they were not practical until compliant hardware became ubiquitous.  

(Westover 1990), who proposed voxel-wise compositing by elliptical 

Dŀǳǎǎƛŀƴ ΨŦƻƻǘǇǊƛƴǘǎΩΣ ƻǊ ǾƻƭǳƳŜ Ψ{ǇƭŀǘǘƛƴƎΩ ŀǎ ƛǘ ƛǎ Ŏƻƭƭƻǉǳƛŀƭƭȅ ŎŀƭƭŜŘ 

(Fig. 49), indirectly addresses the problem by using extremely small 

elements12.  Westover did not focus on this advantage, but because 

individual voxels are composited it is slightly easier to approximate per-

pixel shading effects without relying on a programmable shader.  For 

example, a normal can be assigned to each voxel for lighting purposes.  

A splat rendering core was also considered for mgrView (see 

subsequent Fig. 119 for an image generated from it).  However, the 

large number of primitives required to be rasterized made it fairly slow, 

particularly since programmable graphics hardware has lifted most of 

the restrictions of the plane casting method. 

Using programmable shaders, object-order methods can easily achieve 

high quality results at interactive rates.  The fixed functionality shading 

pipeline can be overridden by writing short programs in a c-like 

language.  mgrView implements programmable shaders in the  OpenGL 

                                                           
11

 This technique is used again later for representing local displacement fields.  
As an historical side note, (Fuchs and Pizer 1986) suggests using the frame 
buffer for (x,y,i) data in their patent for 3D display using a varifocal mirror. 

12
 It is also to this paper that I owe the taxonomy of volume visualization 

techniques as backwards, forwards, and surface based used in organizing this 
discussion. 

 
Fig. 48 The gradient volume of 
an abdomen image stored as 
rgb channels and rendered 
directly with mgrView. 

 
Fig. 49 Image from (Westover 
1990) illustrating the effects of 
ǾŀǊƛƻǳǎƭȅ ǎƛȊŜŘ άǎǇƭŀǘέ ƪŜǊƴŜƭǎΦ  
The kernels in the top row are 
too sharp, giving inadequate 
coverage of the scene.  The 
kernels on the bottom row are 
too broad, causing unnecessary 
blur. 
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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 

ƴ±ƛŘƛŀΩǎ /Ǝ ƻǊ 5ƛǊŜŎǘ·Ωǎ I{[Φ  Fig. 50 shows the 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 to 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 calculations.  See (Shreiner, 

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

GLSL work together. 

Any geometric objects such as planes through 
the volume or model surface points

Any data sampled on a 2D or 3D grid 
such as 2D/ 3D patient images, textures, 
registration fields

Fixed function primitive assembly can be 
ǊŜǇƭŀŎŜŘ ōȅ άvertex programsέ ǘƘŀǘ 
change the standard mapping between 
vertex positions and scene coordinates.

MGR methods that will be discussed later 
include u2x maps, onion skins, and 
shadow volumes.

Fixed function fragment operations can 
ōŜ ǊŜǇƭŀŎŜŘ ōȅ άfragment programsέ 
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 in (Shreiner, et al. 2005). 

Using a standard single-source volume rendering shader with intensity 

windowing, mgrView achieves frame rates of over 20 fps for 200 slice 

standard DVR on a modest laptop with an NVIDIA Quadro NVS 160M 

graphics accelerator and over 10 fps for 100 slice DVR on an a standard 

desktop workstation with a NVIDIA GeForce 6200 graphics accelerator.  

Comparative values for other more complex shader models with color 

mapping or volumetric animation are given in later sections and 

summarized in the Conclusion Chapter in Table 4. 
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2.3.3 Independent-Image Scene Design 

Illustrations are designed to fulfill a communicative intent, such as 

showing the location or use of an object.  Illustration is based both on 

style (called 'appearance' in MGR) and on composition (sometimes 

called 'clipping' in the literature).  The idea of computed illustration was 

first proposed in (Seligmann and Feiner 1989).  Though this paper is not 

algorithmically interesting, nor are 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, relationship, 

property, difference).  Then for each goal he 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 process: several candidate 

renderings are generated, and 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 automatic framework for styling and composing 

scenes, this core way of categorizing the tasks at hand has been 

thoroughly integrated into the design of the framework. 

There are two basic άǎǘȅƭŜǎέ ƻŦ 5±wΥ  ά[evoy-ƭƛƪŜέ {ǳǇŜǊƳŀƴ Ȅ-ray vision, 

or maximum intensity projection (MIP), which simulates a radiographic 

ǾƛŜǿ όǎƻƳŜǘƛƳŜǎ ŎŀƭƭŜŘ ŀ άŘƛƎƛǘŀƭƭȅ ǊŜŎƻƴǎǘǊǳŎǘŜŘ ǊŀŘƛƻƎǊŀǇƘέ ƻǊ 5wwύΦ  

Following Seligmann, it could be argued that both of these modes suffer 

from two main problems besides speed. 

1. Understandability ς it is difficult to identify important features in 

the scene. Scene understandability is addressed by aDwΩǎ 

appearance components. 

2. Occlusions ς it is difficult to focus the view to see relationships 

between these features. View focus is addressed by aDwΩǎ 

composition components. 

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 bringing 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 methods 

is to shade implicitly identified regions in a scene so that they are more 

easily identified, if not more easily understood.  This has typically been 

addressed by assigning άtransfer functionsέΦ Lƴ ƛƳŀƎŜ-order algorithms, 

the idea behind a transfer function is that as a ray traverses the volume 

data, it keeps track of what data intensities it has passed through and 

accordingly accumulates or modifies the pseudo-color that will be 

returned to the initializing pixel. Fig. 51 shows an example of an 

ƛƳǇǊŜǎǎƛǾŜ ǊŜƴŘŜǊƛƴƎ ŀƴŘ ±ƻƭ±ƛŜǿΩǎ ǳǎŜǊ ƛƴǘŜǊŦŀŎŜ ŦƻǊ ŎƻƴǘǊƻƭƭƛƴƎ ǘƘŜ 

transfer function. Pseudo-color transfer functions are not implemented 

in mgrView, although there is no particular reason that they could not 

be. The detail that follows is to give an idea of what competing non-

multi-source volume rendering methods have to offer in terms of 

rendering styles. 

As proposed, transfer functions were originally quite simple, e.g., linear 

and clamped to a range, much like standard intensity windowing, with 

additional surface finding from gradient magnitude.  Such transfer 

functions can easily be focused on the absolute intensity of voxel with a 

direct mapping between value and a pseudo-coloring scheme.  For 

regions that can be simply identified according to intensity, this is quite 

useful ς bone (high HU) can be shaded white, and muscle tissue can be 

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

in a scene is not distinct by HU value alone, so a considerable amount of 

effort has gone into creating complex and precisely targeted transfer 

functions to discover correspondingly complex relationships in the data.  

In a sense, the goal of these multi-dimensional transfer functions is to 

identify important regions by doing a local on-the-fly data 

segmentation according to automatically extracted features (again, 

typically implicit surfaces or derived properties thereof like local 

curvature (Fig. 52)). 

As the controls become more complex, the views become quite fragile.  

Because no clinician could be adequately trained to manipulate the 

many parameters in the most detailed systems, research turned instead 

to methods for ameliorating the onerous tuning with more intuitive 

controls.  (Kniss, Kindlmann and Hansen 2001), for example, describes a 

simplified framework for manipulating multi-dimensional transfer 

functions. 

 
Fig. 51 5Ŝǘŀƛƭ ƻŦ ±ƻƭ±ƛŜǿΩǎ о5 
rendering and transfer function 
interface from Fig. 43.  The 
transfer function interface 
shows a histogram of the 
intensities in the scene.  
Leftmost is air, rightmost is 
bone. The overlaid line controls 
the opacity for each 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, white-pink for bone). 

 
Fig. 52.  One of my favorite 
volume renderings, using a 
curvature based transfer 
function from (Kindlmann, et 
al. 2003).  Note that it is very 
similar to a surface rendering. 
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Beyond transfer functions is a set of volume non-photorealistic (NPR) 

methods such as those described previously in this section.  Volume 

equivalents to tone and cartoon shading and contour rendering, as well 

as the application of pen and ink or pencil textures have been 

proposed.  NPR shading for volumes was first described in (Ebert and 

Rheingans 2000) and was then expanded in (Rheingans and Ebert 

2001), ǿƘƛŎƘ Ŏƻƛƴǎ ǘƘŜ ǘŜǊƳ άǾƻƭǳƳŜ ƛƭƭǳǎǘǊŀǘƛƻƴέΦ  wƘŜƛƴƎŀƴǎ ǇǊƻǇƻǎŜǎ 

a variety of rendering enhancements, but despite the title, tone shading 

is the major NPR technique she invokes. Unfortunately, none of their 

renderings would seem to be particularly more understandable than a 

standard Levoy-view for an untrained viewer (see Fig. 54 for an 

example).  (Tietjen, Isenberg and Preim 2005) extends the idea of 

άǾƻƭǳƳŜ ƛƭƭǳǎǘǊŀǘƛƻƴέ (even appropriating the term) to account for 

segmented objects (Fig. 53). 

There are a few papers that propose truly novel styles, such as applying 

άǇŜƴ ŀƴŘ ƛƴƪέ ƳŜǘƘƻŘǎ ǘƻ ǾƻƭǳƳŜǎΦ  (Lu, et al. 2003) proposes a method 

for volume rendering with stipples (Fig. 55 left).  This style is based on 

the artistic pointillism technique and has nice results for a non-model-

based method.  An interesting insight in this paper is that a large 

number of 3D stipples can be precomputed offline for each voxel, and 

then subsets of stipples can be taken as the view-to-voxel function 

changes, so that individual stipples do not move as the number of 

stipples at each sample changes.  (Fischer, Bartz and Strasser 2005)(Fig. 

55 right) describes a similar NPR half-toning for nested iso-surfaces that 

works in image space after projection, much like PLUNC's z-vol program, 

which simulates diffuse shading by looking at the 2D gradient of the z-

buffer as a post-process. 

One of the most complete rendering systems is described in (Svakhine, 

Ebert and Stredney 2005), a paper nominally on applying illustrative 

motifs to volume rendering.  This paper provides an overview of their 

complicated volume rendering pipeline and the large number of user 

interface widgets required to interface with it. Few implementation 

details are presented here, but more details can be found in their earlier 

papers.  The goals of the Ebert/Svakhine system are somewhat similar 

to the goals outlined for Model Guided Rendering. 

1. To highlight and show structure near the focus 

2. To remove occluding material 

3. To use simple rendering for context areas. 

 
Fig. 54 Tone shaded illustrative 
rendering of the thorax from 
(Ebert and Rheingans 2000). 

 

Fig. 55 Left, (Lu, et al. 2003)Ωǎ 
volume stippler and right, 
(Fischer, Bartz and Strasser 
2005) renderings of the engine 
block data. 

 

Fig. 53 (Tietjen, Isenberg and 
Preim 2005) describes a 
method for combining 
segmentations with DVR to 
create hybrid illustrative 
renderings. 
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(Svakhine, Ebert and Stredney 2005) also suggests that model guidance 

can be included in their pipeline, but they do not explain how. They 

instead focus on implementing complex multi-dimensional transfer 

functions. Like mgrView, their system has a hardware accelerated 

object-order core, and it runs at comparable speeds: 20 fps preview 

and 4 fps sweetened. 

Independent Image Scene Composition 

The problem of occlusions in volume data was immediately recognized 

ƛƴ [ŜǾƻȅΩǎ ƻǊƛƎƛƴŀƭ ǿƻǊƪ ǿƘŜƴ ƘŜ ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ Ƙƛǎ ŀƭƎƻǊƛǘƘƳ ŎƻǳƭŘ 

display all of the information in a volume only if the data was 

άƳƻƴƻǘƻƴƛŎŀƭƭȅ ƛƴŎǊŜŀǎƛƴƎ ŀƭƻƴƎ ǘƘŜ ǊŀȅέΦ  ¢Ƙƛǎ ƛǎΣ ƻŦ ŎƻǳǊǎŜΣ unlikely to 

be true for any natural image (as Levoy recognized), especially for an 

anatomic CT image where skin << skull >> gray matter.  In radiography 

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 

additionally allow dense features to be obscured by less dense features 

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

that sets air to full opacity. 

! ǾŀǊƛŜǘȅ ƻŦ ǘƻƻƭǎ ƘŀǾŜ ōŜŜƴ ǇǊƻǇƻǎŜŘ ǘƻ ƎŜǘ ŀǊƻǳƴŘ ǘƘƛǎ άƳƻƴƻǘƻƴƛŎƛǘȅ 

proposiǘƛƻƴέ ǿƛǘƘƻǳǘ ǘŀƪƛƴƎ ǊŜŎƻǳǊǎŜ ǘƻ explicit external information 

ǎǳŎƘ ŀǎ ǘƘŜ άƛƳǇƻǊǘŀƴŎŜ ǊŜƴŘŜǊƛƴƎέ ŘŜǎŎǊƛōŜŘ ƛƴ (Viola, Kanitsar and 

Groller 2004) and (Borland, et al. 2006).  (Importance rendering is 

discussed later when similar MGR methods for scene composition are 

proposed).  A few of the more interesting data or scene geometry 

ŘǊƛǾŜƴ ǎǳƎƎŜǎǘƛƻƴǎΣ ŀƭƻƴƎ ǿƛǘƘ ƳƎǊ±ƛŜǿΩǎ ǎƛƳǇƭŜ ƛƳǇƭŜƳŜƴǘŀǘƛƻƴǎ ƻŦ 

them, are discussed here. 

[ŜǾƻȅΩǎ ƻǊƛƎƛƴŀƭ ƛƴǎƛƎƘǘ ǿŀǎ ǘƘŀǘ high gradient magnitude regions 

corresponded to surfaces in the image and were therefore more likely 

contain interesting shape information than low-gradient magnitude 

regions.  For the same reason that the gradient direction could stand as 

a suitable proxy for a normal direction, the gradient magnitude itself 

could stand as a measure of how interesting this voxel is likely to be in 

the scene.  (M. Levoy 1990) gave a straightforward image-order 

implementation of this with a transfer function that accumulates color 

separately from opacity.  Implementing the same function in GLSL is 

simply a matter of using a fragment program (recall Fig. 50) to modulate 

the CT intensity by the local gradient magnitude, as shown in Program 3. 

 
Fig. 56. Image from (Svakhine, 
Ebert and Stredney 2005) 
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// 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 );} 

Program 3 GLSL with per-pixel gradient magnitude opacity modulation as in (M. 
Levoy 1990). 

 

A variety of methods for surface based scene composition are 

formalized in (Diepstraten, Weiskopf and and Ertl 2003).  One of the 

Ƴƻǎǘ ƛƴǘǊƛƎǳƛƴƎ ǎǳƎƎŜǎǘƛƻƴǎ ƛƴ 5ƛŜǇǎǘǊŀǘŜƴΩǎ ǘǊŜŀǘƳŜƴǘ ƛǎ ǘƻ ǳǎŜ ŀǊŜŀǎ 

with high specularity ς surfaces that are relatively flat and oriented 

towards the viewer, to modulate transparency.  This is also simple to 

implement for a volume in a shader, as shown in Program 4 with results 

in Fig. 57.  Here specularity is approximated by a diffuse term using the 

gradient direction as a proxy for the local surface direction and the 

camera position as the light direction.  This approximation picks out the 

same kinds of interfaces that are flat and oriented towards the viewer in 

the volume data.  The effect is quite close to the earlier described 

άŎƻƴǘƻǳǊ ǎƘŀŘŜǊέ ŦƻǊ ǾƻƭǳƳŜǎΦ 

// mgrView px shader for specularity-based opacity modulation 
main (void ) {  
 gl_FragColor = texture3d( source_im, world_coordinate ); 
 vec3 gradient = texture3d( gradient_im, world_coordinate ); 
 gradient.unpack();  // Recover signed values 
 float diffuse = dot( normalize(camera_position), gradient ); 
 gl_FragColor.a *= (1.-diffuse); 
 // Could alǎƻ ǳǎŜ ǘƘŜ ŎƻƳǇƭŜƳŜƴǘ ŦƻǊ άƭƛƎƘǘƛƴƎέ ǘƘŜ ǾƻƭǳƳŜ ǿΦǊΦǘΦ ǘƘŜ 
 // camera, i.e., gl_FragColor.rgb *= diffuse; 
} 

Program 4 GLSL with per-pixel specularity modulation as in (Diepstraten, 
Weiskopf and and Ertl 2003). 

Fig. 57  Left, a standard view of 
an abdomen data set in 
mgrView.  Right, the same view 
with specularity-based opacity 
modulation. 
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Distance based opacity modulation is proposed in several sources, 

including (Lu, et al. 2003) and (Bruckner, Grimm, et al. 2006), which has 

possibly the most compelling results shown in Fig. 58.  ƳƎǊ±ƛŜǿΩǎ 

fragment shader can be simply extended with similar functionality by 

using Program 5 with results such as those shown in Fig. 59. 

// mgrView px shader for distance-based opacity modulation 
main (void ) {  
 gl_FragColor = texture3d( source_im, world_coordinate ); 
 float z = ((gl_FragPosition.z/gl_FragPosition.w) ς near) / (near ς far); 
 gl_FragColor.a *= 1.-z;} 

Program 5 GLSL with per-pixel opacity modulation from distance. 

 

 

 

 

Fig. 58 (Bruckner, et al. 2006) 
uses cut-away views driven by 
distance from the viewer to 
maintain a visual context. 

Fig. 59 Left, a scene rendered 
normally in mgrView.  Right, the 
same scene with per-pixel 
opacity modulation from 
distance as in Program 5.  The 
table and ribs have been 
removed, allowing a clear view of 
the kidney.  The effect is quite 
striking when interactively 
rotating the object. 


