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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 

Fig. 51 Detaiƭ 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 ŀƴŘ 

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 direction of the texture gradient. ....................... 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).  

Several of the sample images in this document use wood or cobblestones from 

YƻǇŦΩǎ ǎƻƭƛŘ ǘŜȄǘǳǊŜ ƭƛōǊŀǊȅΦ ................................................................................................. 69 

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 
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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 ǳǎƛƴƎ ŀ 

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 

Clapworthy 2005). ............................................................................................................... 87 

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 

prostate (blue).  Top right, shadow volumes extruded using a light direction from 

the upper right.  Bottom left, intersecting the shadow volume with a plane in the 

volume.  Bottom right, the dark regions are areas with non-zero stencil buffer 

entries after the shadow pass. .......................................................................................... 103 
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Fig. 115  Images from an abdomen scene focused on the duodenum. Top, the 
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nearly opaque intensities from the image in the duodenum region. Bottom, using 
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Fig. 118 Virtual resection from (Konrad-Verse, Preim and Littmann 2004).  Top left, cut-
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Fig. 120 Duodenum with multiple layers, interior ruggae and circular muscle under 
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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. 1997) showƛƴƎ 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 

Fig. 125  (Interrante, Fuchs and Pizer 1997) explores the target domain of visualizing the 

surfaces of anatomic shapes with respect to dose distribution........................................ 120 
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Fig. 128  Lymph levels are derived based on landmarks from nearby structures. ....................... 121 
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3D targeting and landmark information onto the 2D endoscopic view. ........................... 122 

Fig. 130 Linear accelerator 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 
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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. ......................................................................................................................... 132 
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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 

Fig. 145 Display of surface non-credibility from (Levy, et al. 2007).  The dark region on 

the larger mesh is the area indicated on the slice shown on the right that has 

likely been improperly segmented. ................................................................................... 144 
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parameters. ....................................................................................................................... 145 

Fig. 147 Top, a slice from a source image and bottom, the same slice under an obviously 

unlikely sampled registration. ........................................................................................... 145 

Fig. 148 A medical illustration that simulates a physical procedure with retractors 
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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 /¢ scanners first became widely 

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 patƛŜƴǘΩǎ 

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. 
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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 ƛƴŦƻǊƳŀtion to 

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 Abnormal, uncertain 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 ŘƛǾƛŘŜd into methods for 

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. 


