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Abstract

We present a novel method for modeling contact areas and ligament lengths in articulations. Our

approach uses volume images generated by computed tomography and allows the in viv o and non-

invasive study of articulations. In our method bonesare modeled both implicitly (scalar distance �elds)

and parametrically (manifold surfaces).Using this double representation we compute inter-bonedistances

and joint contact areas. Using the sametypes of representation we model ligament paths; in our model

the ligaments are approximated by shortest paths in a 3D spacewith bone obstacles. We demonstrate

the method by applying our contact areaand ligament model to the distal radioulnar joints of a volunteer

diagnosedwith malunited distal radius fracture in one forearm. Our approach highlights focal changes

in the articulation at the distal radioulnar joint (location and area of bone contact) and potential soft-

tissueconstraints (increased`length' of the distal ligaments and ligament-boneimpingement in the injured

forearms). Results suggestthat the method could be useful in the study of normal and injured anatomy

and kinematics of complex joints.
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I. Intr oduction

We proposea method for modeling bony contact areasand ligament paths in articula-

tions. Contact areasde�ne the cortical surfacewhere bonesarticulate with each other.

Modi�cations in bony contact areasand ligaments correlate with numerousjoint-related

post-trauma disabilities and various degenerative diseases,yet little information about

the nature of thesemodi�cations is currently available. Most articulation and soft tissue

studiesare performedeither in vitro or during clinical interventions, and thus reveal little

information on potential modi�cations of soft tissuebiomechanicsdue to injury or disease.

In vitro specimensillustrating a speci�c trauma or diseaseare rarely available; invasive

studiesalter inevitably joint kinematicsand thus introducefalsemodi�cations. Although

in vivo 3-D techniques for studying the structure and kinematics of joint were recently

introduced [1], [2], [3], [4], they do not attempt to capture more subtle details such as

potential soft-tissueconstraints or modi�cations in articulation. Our method successfully

identi�es and highlights in vivo and non-invasively potential focal changesand soft-tissue

constraints in articulations.
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In our approach, the structure and kinematics of an articulation are determined from

segmented CT volume images. Bones in the joint are modeled further both implicitly ,

as scalar distance �elds, and parametrically, as manifold surfaces. These two types of

representation have complementary strengths for di�eren t typesof calculations. Manifold

surfacesprovide an accurate,smooth, and locally controllable representation of the bones

[5]. Distance �elds on the other hand, have important advantagesfor geometriccompu-

tations such as fast distance calculation, collision detection, and inside-outsidetests [7].

Distance �elds computedfrom the parametric representation provide the support for cal-

culating contact areas.Oncecontact areasarecalculated,focal changesin the articulation

are evaluated by comparingthe areaand location of the bony contact.

We assesspotential soft-tissueconstraints by calculating the minimum `length' of liga-

ments as a function of bone kinematics. Ligament paths are also modeled basedon the

distance �eld representation. We model ligaments as shortest paths between ligament

insertion points { the points at which a ligament is anchored to bones; thesepaths are

constrainedto avoid bone penetration. Our model takes into account the known tra jec-

tory of a ligament and the ligament �b er orientation, the location of the ligament insertion

points, and the locations of adjacent bones. The ligament model reported here is based

solely on joint geometry.

We demonstrateour method by applying it to data collectedfrom both forearmsof a

volunteer diagnosedwith a malunited distal radius fracture in one forearm. The distal

radioulnar joint (DRUJ), a complexjoint involved in forearm rotation, comprisesthe two

forearm bones(radius and ulna { Fig. 1) and a number of ligament and cartilaginous

complexes.Forearm injuries involving the DRUJ often result in a signi�cantly decreased

rangeof rotational motion, decreasedgrip strength, and lossof wrist motion. The symp-

toms can be disabling, especially in physically active individuals or when the pathology

a�ects a work-related activit y.

Altered soft tissuesand focal changesin the DRUJ articulation may be responsible

for the abnormal functioning of the forearm in the absenceof evident bone damage,as

a recent study suggests[8]. We show that our contact-area and ligament-length model

gives unexpected insight into the biomechanics of the forearm and, more importantly,
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Fig. 1. The DRUJ comprisesthe two forearm bones{ radius (R) and ulna (U). The wrist is at the upper

extremity of the drawing. During forearm rotation the DRUJ goes from supination (left) to pronation

(right).

revealssigni�cant di�erences betweenuninjured and injured articulations at the DRUJ.

The present study attempts to model, in vivo and non-invasively, potential soft-tissue

constraints and focal modi�cations in articulations. Results indicate that our method

could be useful in the study of the normal anatomy and kinematics of complexjoints like

the wrist and may alsohave applications to the study of other joints like the kneeor the

elbow.

I I. Ma terials and Methods

Figure 2 depicts our method pipeline. In the �rst phase,image volumesof the wrists

in multiple posesare acquiredwith a CT scanner(section I I.A). From theseimagesbones

are manually segmented and further modeled as distance �elds and manifold surfaces

(section I I.B). Kinematic information is recovered via surfaceregistration of the bones

(section I I.C). Bony contact areas and ligament paths are computed using both bone

representations (sectionsI I.D and II.E). We repeat the contact-area and minimum-path

computation over all joint posesfor a givenvolunteer. Finally, contact areasand ligaments

of the injured and uninjured forearm of the volunteer are compared(section I I.F).
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Fig. 2. Method pipeline for measurement of contact areasand ligament paths in joints. Point clouds

corresponding to bone surfacesare segmented from CT volume images. Bones are further modeled as

both distance �elds and manifold surfaces. From the ligament-path and contact-area models we extract

information characterizing the articulation that is further analyzedand presented to the user.

A. Data Acquisition

CT volumeimagesof both wrists wereobtained simultaneouslywith a GE HiSpeedAd-

vantageCT scanner.Scoutand referencescanswereperformedwith the forearmand wrist

in the neutral position. Additional scanswereperformedwith the forearm at 30, 60, and

90 degreesof both pronation (i.e., forearm with the palm facing downwards) and supina-

tion (i.e., forearm with the palm facing upwards). In the forearm with limited mobilit y

(decreasedrangeof pronosupination),scansweremadeat 30 degreeintervals (above), and

then at the maximum rotation that could be comfortably achieved. Approximately 45

1.0mm CT sliceswereacquiredat each position.
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Fig. 3. Manifold surfacerepresentation of bones. Left: segmented point cloud corresponding to the ulna.

Right: parametric (manifold) model of the samebone.

B. Bone Segmentation and Modeling

Points corresponding to the outer bonecortex weremanually segmented from each CT

slice and grouped to form a separate3D point cloud for each bone. We reconstruct a

bonesurfaceby �tting a manifold surfaceto the corresponding cloud of 3D points [5] (Fig.

3); the result is a smooth, locally parameterized,C2 continuous surface. The overlapped

structure of the manifold-surfacerepresentation, which is essentially inspiredby di�eren tial

geometry, hasseveral advantagesincluding 
exibilit y in shape adjustments without costly

constraints, and smooth transitions and uniformit y amongpatches.

The manifold modeladdressesdi�culties introducedby the CT scanningprocess,such as

densesamplingalongsparsecontours andnoise[5]. The manifold model is analytic andcan

thereforeby sampledat any resolution to producesmooth distancemaps. High-resolution

smooth distance maps are necessaryin order to build ligament paths, as discussedin

SectionI I.E.

By convention, we re
ect left forearm data in order to directly compareit with right

forearm data. The mirroring operation is purely mathematical and does not a�ect the

data; it merely allows easiercomparisons.

Modeling contact areasand ligament paths requiresbone-to-bonedistanceinformation

(sectionsI I.D and II.E). The manifold surfacesprovide accurate, smooth but computa-
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tionally expensive distance information. We combine the manifold representation with

interpolated distance�elds, which are slightly lessaccuratebut more intuitiv e and much

faster.

Distance�elds for each boneare computedusing the reconstructedmanifold bonemod-

els. A distance�eld is a scalar �eld that speci�es the signeddistancefrom a point to the

bonesurface(Fig. 4). Numerical sign is usedto distinguish the inside from the outsideof

the bone: negative valuesare inside the bone, positive valuesare outside the bone, zero

valuesare on the bonesurface.

The distance �eld is computed from the manifold representation as follows: given a

point P in space,the closestpoint Q on the manifold has the property that the surface

normal at Q points in the direction P-Q. We �nd an approximate guessfor the point Q

by �nding the closestpoint Q on the manifold mesh,then perform a gradient descent to

�nd the Q that meetsthe above criteria. The inside-outsidetest simply involvescounting

the number of intersectionswith the manifold meshof any ray from P [6].

In order to increasethe speedof lookup operations, the distance�elds are sampledon

a regular grid. We useinterpolation of the valuesat grid points to approximate the shape

of the bonemoreaccurately. The scalar�eld is storedasa sampleddata set over a cuboid

surrounding the bone. We call the result a distance cuboid.

The double bone representation { manifold surfacesand distancecuboids { enablesus

to perform further joint-related computations, such as calculation of bony contact areas

(section I I.D) and estimation of ligament paths (section I I.E).

C. Recovery of Bone Kinematics

Recovering the bone kinematics enablesus to analyze our contact area and ligament

measurements as functions of wrist motion. Motion of the radius with respect to the

ulna was determined for each scannedwrist rotation position. First the ulna bone was

registeredwith respect to its neutral position to account for global changesin forearm

positioning. Next, the relativemotion of the radiuswith respect to the ulna wascalculated.

Registration is accomplishedvia a surface-distance-minimizationalgorithm [8].
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Fig. 4. Distance �eld representation of bones: horizontal 2D section through a signed distance �eld

(ulna). The contour corresponds to the boundary of the bone. Sign distinguishes the inside from the

outside of the bone: negative valuesare inside the bone, positive valuesare outside the bone, zero values

are on the bone surface. The dark area is the inside of the bone.

D. Contact Area Calculation

The bony contact areais de�ned asthe cortical surfaceareaon the bonethat is lessthan

a prescribed threshold distance(typically 5mm) from the cortical surfaceof a neighboring

bone. Estimating contact areasrequirescomputation of inter-bone distanceswithin the

joint.

Oncedistancecuboids are generated,we calculatethe distancefrom an arbitrary point,

p, and a bonesurface,b, as follows. Each bonesurfacehasa surrounding distancecuboid

f b, over which the distance �eld is sampled. We use tricubic B-spline interpolation to

interpolate the samplevaluesbetweengrid locations.

The point p can be insideor outsidethe distancecuboid f b. We make surethat areasof

interest (i.e., articulated surfaces)are well within the distancecuboid. Figure 5 illustrates

the procedure. We evaluate two casesto �nd the distance:

p is inside f b: we look up f b for p

p is outside f b: we �rst �nd the distanceto the nearestpoint p0 on the boundary of f b.

We then add it to the distancevalue acquiredby looking up f b for p0
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Fig. 5. 2D illustration for obtaining distancesfrom points p1 and p2 to bone b. f b is the distance cuboid

for bone b. Shortest distance values to bone b at the grid intersections are known. We use tricubic

interpolation for valueswithin the grid. Sincep1 is inside the cuboid, the distance from p1 to b is equal

to f b(p1) = d1. For p2, we �rst �nd the distance to the closestpoint p0
2 in the distance cuboid and then

the distance betweenp2 and b is approximated as d0
2 + f b(p0

2) = d0
2 + d00

2 .

With this procedurewe �nd distancesfrom every vertex in the surfacemodel of onebone

to neighbors of interest.

Using the inter-bonedistancewe computeisocontours on the contact area,each contour

showing wherethe distancemap is equalto a constant distance. For e�cien t computation,

we assumethat the distance map is linear over the triangular facesthat comprise the

surfaceof the bone and thus the equal distancecontours are straight line segments over

each triangle. If the distancevalue of a contour is within the rangeof the distancevalues

at the vertices,a contour line segment is generatedover the triangle.

Figure 6 shows typical contact areasin the DRUJ; the joint was exploded to show the

articulated surfacesmore clearly. The color on bone surfacescodi�es the distanceto the

nearestpoint on the opposite bone;darker regionsare closer.

We characterizethe contact areaby its sizeand by the location of its centroid. The size

is the areaof the surfacetriangles within the 5mm contour. The location of the centroid

is described in cylindrical coordinates with respect to a standard coordinate systemwith

the origin at the ulnar-carpal surfaceand positive x-axis in a proximal direction (Fig. 7).

It is important to note that the articular contact calculatedhereis an estimateof joint

contact basedupon the distancebetweencortical bonesurfaces.Cartilage thickness,bone

and cartilage deformation and stressesin the tissueswerenot consideredin this study.
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Fig. 6. Contact areas in the DRUJ. Bones are color-mapped and contoured. The color saturation on

bone surfacesindicates the distance to the nearestpoint on the opposite bone; darker regionsare closer.

The joint is exploded to show the articulated surfacesmore clearly. The maximum distance visualized is

5mm; contour lines are drawn at 1mm intervals.

Fig. 7. Anatomic coordinate system de�ned on the ulna. The location and orientation of the x-axis

weregeneratedfrom the diaphysical cross-sectioncentroids of the ulna, while the z-axis was de�ned to be

perpendicular to a plane that passedthrough the x-axis and the tip of the ulnar styloid. The y-axis was

constructed perpendicular to both thex- and z-axes.

E. Ligament Path Estimation

We can alsousethe double bonerepresentation to construct ligament paths. We man-

ually identify the insertion points (the points wherethe ligament is anchored to the bone)

of a given ligament on the bone surfaceby using anatomical landmarks. We generate

plausible ligament paths as shortest paths betweeninsertion points, constrainedto avoid

bone penetration. While the paths we generateare not actual ligament paths, they give

a useful lower bound on the length of these ligaments and thus help identify potential
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Fig. 8. Shortest path between two points p0 and pn (2D case); the path must not penetrate the 2D

obstacle on the right. Following the optimization approach, the points p1 to pn � 1, initially equally

distributed on the p0pn segment, increase their y coordinate so that the nonpenetration constraint is

satis�ed.

joint mobilit y constraints imposedby ligaments. In the distal radioulnar ligament case,

the anatomical tra jectory appearsto �t the shortest-path description.

Webuild shortestpathsvia an optimization approach that exploits the distance�eld rep-

resentation of the bones.Unlike other possibleminimum-path approaches,this technique

dealse�ectiv ely with a large number of bone model verticeswithout requiring expensive

restructuring { in terms of memory and time { of the search space. The resulted paths

are also more accuratethan thosegenerated,for example,by graph approximation algo-

rithms, asthe method allows a largenumber of path control points and recoversgracefully

from obstaclepenetration. We begin the description of the algorithm with a simpli�ed

2D example,shown in Fig. 8. Here we are required to �nd a shortest path betweentwo

points p0 and pn that doesnot penetrate the 2D obstacleon the right.

We start by attaching a local 2D coordinate systemto the obstacle,so that the origin

of the systemis at p0 and the x axis is the line de�ned by p0 and pn . We considern � 1

points in addition to p0 and pn , equally spacedon the p0pn segment. We reformulate our

problem in the following terms: \Find the coordinates of the n � 1 points so that the

length of the path p0p1p2:::pn is minimum and the height of each point with respect to

the obstaclesurfaceis nonnegative." If we �x the x coordinatesof the points so that they

are initially equally spacedon the p0pn segment, our problem amounts to minimizing the
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Fig. 9. Insertion point location: insertion points are chosenmanually, basedon anatomical information.

Points are randomly distributed on the surface of the bones within a circular area with a diameter of

4mm. Left: insertion site on the ulna. Right: dorsal and palmar insertion sites on the radius.

Euclidean length of the path over the yi coordinatesof the points:

argminy i �
n� 1
i=0

q
(x i +1 � x i )2 + (yi +1 � yi )2 = argminy i �

n� 1
i=0

q
const+ (yi +1 � yi )2

subject to f b(x i ; yi ) > 0, i = 0::n � 1

wherex i +1 � x i = const, i = 0::n � 1

The formulation described above extendsto 3D, wherewe optimize over both the y and

z coordinatesof the points:

argminy i ;zi �
n� 1
i=0

q
const+ (yi +1 � yi )2 + (zi +1 � zi )2

subject to f b(x i ; yi ; zi ) > 0, i = 0 : n � 1

The extensionof the algorithm to any number of obstaclesis straightforward.

We usea sequential quadratic programmingmethod [9] to solve the optimization prob-

lem. The sequential quadratic programming method is fast and robust and handlesboth

nonlinear objective functions and nonlinear constraints. Although it is a generalconcern

that nonlinear optimizations can becometrapped in suboptimal local solutions, in our

experiencethis has not beena problem. We have found that additional iterations of the

optimization processwith signi�cantly di�eren t start positionsconvergeto the samesolu-
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Fig. 10. Shortest paths (dark gray lines) generatedby the ligament model.

tion. We are currently using three di�eren t start solutions:

1. points on the straight p0pn line;

2. points on a randomly displacedpath;

3. points generatedby the procedurein the previouspronosupinationposition.

The optimization procedureconvergesto the samesolution in all threecases.This outcome

is justi�ed by the smooth structure and �ne resolution of the search spacegeneratedby

the distance�eld representation.

We tried several valuesfor the number of points n. In the DRUJ case,asn approaches

40 the total length of the path convergesto a stable value. For this value of n the length

of each mini-segment in the path drops below 0.2mm, which provides su�cien t accuracy

to detect de
ection of the ligament by the bone. Figure 10 shows two shortest paths

generatedwith our algorithm.

Weconsideredseveral plausibleinsertion points for each ligament, aspreciseinformation

on insertion point location was not available. The insertion points were generatedby

randomly distributing points around a manually chosenlandmark on the surfaceof the

bones,within a circular areawith a diameterof 4mm (Fig. 9). The insertionswerede�ned

on the ulna at the baseof the styloid for both ligaments and on the radius at the dorsal

and palmar prominencesof the sigmoidnotch, respectively. The locationsof the insertion

sitesand the areaof insertion werederived from anatomical descriptionsin the literature

[32], [33], [34], [35]. The results of the insertion point study are presented in sectionI I I.

We characterizethe ligament paths by their lengths and their `de
ection'. Lengths are

normalizedwith respect to the uninjured length in neutral pronosupination. De
ection is
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de�ned asthe maximum distanceacrossall path points to the straight line de�ned by the

two ligament insertion points.

The ligament-length model reported here is basedsolely on joint geometry. Structural

and material properties of the ligaments werenot taken into account in this study.

F. Visualization and Analysis of Results

The software package we have developed for visualizing the results of our technique

consistsof C++ and Open Inventor code and runs on the SUN UltraSparc and Windows

platforms.

We visualizecontact areasusing color mapping and contouring. Color mapsare gener-

ated for each bone so that distancevaluesof surfacepoints are mapped to varying color

saturations (more saturated colorsrepresent shorter distances).Distanceslarger than the

contact threshold value (5 mm) are neither colorednor contoured and are shown aswhite

surfaces.Contours and ligament paths are visualizedas polylines.

Wealsoanalyzethe resultsquantitativ ely by comparingligament length, ligament de
ec-

tion, contact areasize,and contact areacentroid location betweenthe injured { malunited

distal radius fracture { and uninjured forearm of the samevolunteer.

I I I. Resul ts and Discussion

Generatingcontact areasover di�eren t forearm rotation positions yields sequenceslike

those in Fig. 11. The decreasedsizeand shifted location of the bony contact area in the

injured caseis noticeable,especially towards pronation.

Figure 12 quanti�es the sizeof the ulnar contact area at a threshold of 5mm for the

volunteer's uninjured and injured forearm. For the uninjured wrist, contact area was

positive for a 3mm threshold as well. For the injured wrist, there were several poses,

mostly pronated, in which the 3mm contact area was absent. Together with the 5mm

contact areachanges,this suggestsan increasedgapbetweenthe bonesin the injured case.

We measuredcontact area as a region on the ulnar surface close to the radius; an

analogousmeasureon the surfaceof the radius can also be de�ned. We found that the

area measurewas somewhatlarger (10-20%),but followed the sametrends as the ulnar

contact area. The sizedi�erence is consistent with the concave contact areaon the radius,
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Fig. 11. Proximal and exploded lateral views of an uninjured and an injured radioulnar joint at six

rotation positions. Bones are colored according to the distance between them (the closer they are, the

more intensethe color). Note the shift in the location of the contact areasbetweenthe uninjured and the

injured forearm.
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Fig. 12. Sizeof the ulnar contact area(5 mm threshold) for both the injured and uninjured forearm of the

samevolunteer. Areas are normalized by the neutral uninjured area. Pronosupination anglesare shown

on the x-axis. Note the di�erence in sizebetweenthe injured and uninjured forearm.

which is larger becauseit is farther from the center of curvature than the corresponding

areaon the ulna. Measuresbasedon the ulnar areaarereported becausethey residein the

ulnar coordinate system;the ulnar coordinate systemwas chosenbecauseit is stationary

during pronosupination.

Figure 13 shows the cylindrical coordinates of the ulnar contact area centroid for the

uninjured and injured forearm. The increasedheight coordinate in the injured forearm

con�rms a shift of the contact areain the proximal direction. The increaseddistancefrom

the ulnar axis is due to the shift of the contact areaon the surfaceof the ulna to a region

of the ulna further from the axis. The angle coordinate plot correlateswith the limited

rangeof motion in the injured forearm. The proximal shift in the location of the centroid

of the contact area is consistent with the initial diagnosisof radial shortening.

Figure 14 shows distal ligament paths generatedfor the injured and uninjured forearms

of the samevolunteer. The lengths generatedby our approach are similar to those re-

ported in in vitro studies;no in vivo information is currently available, to the best of our

knowledge. Note that the injured forearm presents ligament-bone impingement for both

the dorsal and the palmar ligament. No de
ection of the ligaments by the boneis present

in the uninjured forearm in any of the rotation positions. Figure 15 shows the dorsal
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Fig. 13. Cylindrical coordinates (height, distance, and angle) of the ulnar contact area centroid for the

injured and uninjured forearmsof the volunteer. Heights are normalized by the neutral uninjured height.

Pronosupination anglesare shown on the x-axis. Note the di�erence in height and distance between the

injured forearm ligament and the uninjured forearm.

radioulnar ligament length and de
ection corresponding to the entire pronosupinationse-

quencefor the injured forearm. We also show the corresponding lengths and de
ection

computedfor the matching uninjured forearm{ note the di�erence betweenthe two plots.

Ligament impingement (measuredby the de
ection parameter) correlateswith ligament

path increasedlength. No ligament de
ection is present in the uninjured forearm. The

dorsal ligament results generatedby displacing the insertion points within the insertion
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Fig. 14. Distal radioulnar ligament paths in the injured forearm (left) and in the matching uninjured

forearm (right) of the samevolunteer. Both forearms are in neutral pronosupination (0o rotation angle).

Note the ligament-bone impingement in the injured forearm: both ligaments are de
ected by the head of

the ulna.

site are plotted in Fig. 17. Note that perturbations in the ligament attachment loca-

tions do not a�ect trends in the comparisonmeasuresbetweenthe injured and uninjured

forearms.

Figure 16showsplots of the palmar radioulnar ligament length and de
ection. Although

the palmar ligament length plot shows no di�erence between the injured and uninjured

forearm, we note the impingement (de
ection) in the injured forearm, lacking in the un-

injured case. The palmar ligament results generatedby perturbing the insertion points

within the 4mm diameter insertion sites are plotted in Fig. 18. Note again that per-

turbations in the ligament attachment locations do not a�ect trends in the comparison

measuresbetweenthe injured and uninjured forearms.

The changein the dorsal radioulnar ligament length, but not in the palmar radioulnar

ligament length, is consistent with the original malunion (radius tilted dorsally). The

changein ligament length and the ligament-boneimpingement may be onemechanismfor

the limitation of forearm mobilit y.

While a single example cannot distinguish between normal anatomical variation and

pathological variation, clinical studieson larger setsof patients may establishor refute a

correlation betweenthe di�erences we found hereand the injury. Such studiesare beyond

the scope of this paper.
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Fig. 15. Length (top) and maximum de
ection (bottom) of a dorsal ligament for the injured and uninjured

forearmsof a volunteer. Lengths are normalized by the neutral uninjured length. Pronosupination angles

are shown on the x-axis. Note the increasedligament length in the injured forearm. Note also that no

de
ection is present in the uninjured forearm.

IV. Rela ted Work

Several approaches to modeling joint surfacesare known; thin-plate splines [18], B-

splines[19], [20], and piecewisepatches[21] are amongthem. Thesemethods su�er from

problemssuch aslack of generality, lack of C2 continuity, and di�cult y in enforcingbound-

ary constraints. Our parametrical model for bonesurfacesis basedon manifolds [22].

Distance�elds have beenusedin robotics [10], [11]and computergraphics[7], [12], [13],

[14], [15]. Level sets [16], [17] have been used to generatedistance �elds and have also
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Fig. 16. Length (top) and maximum de
ection (bottom) of a palmar ligament for the injured and unin-

jured forearms of a volunteer. Lengths are normalized by the neutral uninjured length. Pronosupination

anglesare shown on the x-axis. Note that no de
ection is present in the uninjured forearm.

beengeneratedfrom distance�elds.

Searching for shortest paths in spaceswith obstaclesis a classicalproblem in robotics.

Solutions are basedon computational geometrymethods [23], [24], [25], [26], di�eren tial

geometryand hybrid techniques[27], [28], as well as graph search basedalgorithms [29].

A survey of the substantial literature on the shortest-path problem can be found in [30].

The two scalardata visualization techniqueswe use,color mapping and isocontouring,

are well known scienti�c visualization techniques[31].

Studies of distal radioulnar ligaments are performed in generalon cadaver uninjured

May 14, 2003 DRAFT



IEEE TRANSA CTIONS ON BIOMEDICAL ENGINEERING, VOL. XX, NO. Y, MONTH 200N 120

�100 �50 0 50 100
6

8

10

12

14

16

18

20

22
Dorsal ligament length

pronosupination angle (deg.)

le
ng

th
 (

m
m

)

injured
uninjured

�50 0 50
�0.5

0

0.5

1

1.5

2
Dorsal ligament deflection 

pronosupination angle (deg.)

m
ax

im
um

 d
ef

le
ct

io
n 

(m
m

.)

injured
uninjured

Fig. 17. The e�ect of insertion point perturbation on the length (top) and maximum de
ection (bottom)

of a dorsal ligament for the injured and uninjured forearms of a volunteer (mean and standard deviation

calculated over 64 measurements).

wrists [32], [33], [34]. A clinical in vivo study involving surgerywasperformedby Kleinman

et al. in 1998[35]. To our knowledge,no in vivo noninvasivestudiesof the distal radioulnar

ligaments have beendone.

V. Conclusions

We have demonstrated an in vivo, noninvasive technique for modeling the length of

ligaments and joint contact areasfrom bone kinematics and surfaces. Our method uses
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Fig. 18. The e�ect of insertion point perturbation on the length (top) and maximum de
ection (bottom)

of a palmar ligament for both the injured and uninjured forearm of a volunteer (mean and standard

deviation calculated over 64 measurements).

an implicit model as well as a parametric surfacemodel for each bone. The two types

of representation have complementary strengths for di�eren t types of calculations. The

double representation enablesus to model secondarytypesof information from CT data,

such asjoint contact areas,intra-joint distances,and plausibleligament paths. Our current

ligament model could be enriched by consideringother intrinsic and extrinsic ligament

factors like tissuecomposition, muscleforces,and joint compression.

In a demonstration on the DRUJ, our approach highlights subtle modi�cations, oth-
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erwise unnoted, in injured wrist kinematics. Although a previous kinematic study [8]

on the samedata we analyzein this paper found no signi�cant di�erences in rigid body

kinematics betweenthe injured and uninjured wrist, our method identi�ed potential soft

tissueconstraints and focal changesin the articulation. The methods presented have the

potential to document changesin the joint mechanicsthat may in
uence long-term clinical

outcome.

Our techniquemay have applicationsto the study of wrist disorderssuch asrheumatoid

arthritis, intercarpal ligament tear or attenuation, and carpal-tunnel syndrome. Results

suggestthat our technique could also be useful in the study of normal anatomy and

kinematics of other joints.
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