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Estimating Joint Contact Areas and Ligament Lengths
From Bone Kinematics and Surfaces

G. Elisabeta Marai*, David H. Laidlaw, Cagatay Demiralp, Stuart Andrews, Cindy M. Grimm, and Joseph J. Crisco

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 vivo and noninvasive study of articulations. In our method,
bones are modeled both implicitly (scalar distance fields) and
parametrically (manifold surfaces). Using this double representa-
tion, we compute interbone distances and estimate joint contact
areas. Using the same types of representation, we model ligament
paths; in our model, the ligaments are approximated by the
shortest paths in a three-dimensional space with bone obstacles.
We demonstrate the method by applying our contact area and
ligament model to the distal radioulnar joints of a volunteer diag-
nosed with malunited distal radius fracture in one forearm. Qur
approach highlights focal changes in the articulation at the distal
radioulnar joint (location and area of bone contact) and potential
soft-tissue constraints (increased “length” of the distal ligaments
and ligament-bone impingement in the injured forearm). Results
suggest that the method could be useful in the study of normal
and injured anatomy and kinematics of complex joints.

Index Terms—Computed tomography, contact areas, differen-
tial geometry, distance fields, joints, ligament paths.

I. INTRODUCTION

E PROPOSE a method for modeling bony contact areas

and ligament paths in articulations. Contact areas define
the cortical surface where bones articulate with each other. Mod-
ifications in bony contact areas and ligaments correlate with
numerous joint-related post-trauma disabilities and various de-
generative diseases, yet little information about the nature of
these modifications is currently available. Most articulation and
soft tissue studies are performed either in vitro or during clin-
ical interventions and, thus, reveal little information on poten-
tial modifications of soft tissue biomechanics due to injury or
disease. In vitro specimens illustrating a specific trauma or dis-
ease are rarely available; invasive studies inevitably alter joint
kinematics and, thus, introduce false modifications. Although in
vivo three-dimensional (3-D) techniques for studying the struc-
ture and kinematics of joint were recently introduced [1]-[4],
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they do not attempt to capture more subtle details such as poten-
tial soft-tissue constraints or modifications in articulation. Our
method successfully identifies and highlights in vivo and non-
invasively potential focal changes and soft-tissue constraints in
articulations.

In our approach, the structure and kinematics of an articu-
lation are determined from segmented computed tomography
(CT) volume images. Bones in the joint are modeled further
both implicitly, as scalar distance fields, and parametrically, as
manifold surfaces. These two types of representation have com-
plementary strengths for different types of calculations. Mani-
fold surfaces provide an accurate, smooth, and locally control-
lable representation of the bones [5]. Distance fields, on the
other hand, have important advantages for geometric computa-
tions such as fast distance calculation, collision detection, and
inside—outside tests [7]. Distance fields computed from the para-
metric representation provide the support for estimating contact
areas. Once contact areas are calculated, focal changes in the
articulation are evaluated by comparing the area and location of
the bony contact.

We assess potential soft-tissue constraints by calculating the
minimum “length” of ligaments as a function of bone kine-
matics. Ligament paths are also modeled based on the distance
field representation. We model ligaments as shortest paths be-
tween ligament insertion points—the points at which a ligament
is anchored to bones; these paths are constrained to avoid bone
penetration. Our model takes into account the ligament fiber ori-
entation, 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 demonstrate our method by applying it to data collected
from both forearms of a volunteer diagnosed with a malunited
distal radius fracture in one forearm. The distal radioulnar joint
(DRUYJ), a complex joint involved in forearm rotation, com-
prises the two forearm bones (radius and ulna; see Fig. 1) and
a number of ligament and cartilaginous complexes. Forearm
injuries involving the DRUJ often result in a significantly de-
creased range of rotational motion, decreased grip strength, and
loss of wrist motion. The symptoms can be disabling, especially
in physically active individuals or when the pathology affects a
work-related activity.

Altered soft tissues and focal changes in the DRUJ articu-
lation may be responsible for the abnormal functioning of the
forearm in the absence of 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, reveals significant differences
between uninjured and injured articulations at the DRUJ. Re-
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Fig. 1. DRUIJ comprises the two forearm bones, radius (R) and ulna (U). Wrist
is at the upper extremity of the drawing. During forearm rotation the DRUJ goes
from (a) supination to (b) pronation.
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Fig. 2. Method pipeline for measurement of contact areas and ligament
paths in joints. Point clouds corresponding to bone surfaces are segmented
from CT volume images. Bones are further modeled as both distance fields
and manifold surfaces. From the ligament-path and contact-area models, we
extract information characterizing the articulation that is further analyzed and
presented to the user.

sults indicate that our method could be useful in the study of the
normal anatomy and kinematics of complex joints like the wrist
and may also have applications to the study of other joints like
the knee or the elbow.

II. MATERIALS AND METHODS

Fig. 2 depicts our method pipeline. In the first phase, image
volumes of the wrists in multiple poses are acquired with a CT

(@ (b)

Fig. 3. Manifold surface representation of bones: (a) segmented point cloud
corresponding to the ulna and (b) parametric (manifold) model of the same bone.

scanner (Section II-A). From these images, bones are manually
segmented and further modeled as distance fields and manifold
surfaces (Section II-B). Kinematic information is recovered via
surface registration of the bones (Section II-C). Bony contact
areas and ligament paths are estimated using both bone repre-
sentations (Sections II-D and II-E). We repeat the contact-area
and minimum-path computation over all joint poses for a given
volunteer. Finally, contact areas and ligaments of the injured and
uninjured forearm of the volunteer are compared (Section II-F).

A. Data Acquisition

CT volume images of both wrists were obtained simultane-
ously with a GE HiSpeed Advantage CT scanner. Scout and
reference scans were performed with the forearm and wrist in
the neutral position. Additional scans were performed with the
forearm at 30°, 60°, and 90° of both pronation (i.e., forearm
with the palm facing downwards) and supination (i.e., forearm
with the palm facing upwards). In the forearm with limited mo-
bility (decreased range of pronosupination), scans were made
at 30° intervals and then at the maximum rotation that could
be comfortably achieved. Approximately 45 1.0-mm CT slices
were acquired at each position.

B. Bone Segmentation and Modeling

Points corresponding to the outer bone cortex were manually
segmented from each CT slice and grouped to form a separate
3-D point cloud for each bone. We reconstruct a bone surface
by fitting a manifold surface to the corresponding cloud of 3-D
points [5], (Fig. 3); the result is a smooth locally parameter-
ized C? continuous surface. The overlapped structure of the
manifold-surface representation, which is essentially inspired
by differential geometry, has several advantages including
flexibility in shape adjustments without costly constraints and
smooth transitions and uniformity among patches.

The manifold model addresses difficulties introduced by
the CT scanning process, such as dense sampling along sparse
contours and noise [5]. The manifold model is analytic and,
therefore, can be sampled at any resolution to produce smooth
distance maps. High-resolution smooth distance maps are
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Fig. 4. Distance field representation of bones: horizontal 2-D section through
a signed distance field (ulna). Contour corresponds to the boundary of the bone.
Sign distinguishes the inside from the outside of the bone; negative values are
inside the bone, positive values are outside the bone, zero values are on the bone
surface. Dark area is the inside of the bone.

necessary in order to build ligament paths, as discussed in
Section II-E.

By convention, we reflect left forearm data in order to directly
compare it with right forearm data. The mirroring operation is
purely mathematical and does not affect the data; it merely al-
lows easier comparisons.

Modeling contact areas and ligament paths requires
bone-to-bone distance information (Sections II-D and II-E).
The manifold surfaces provide accurate, smooth, but compu-
tationally expensive distance information. We combine the
manifold representation with interpolated distance fields, which
are slightly less accurate but more intuitive and much faster.

Distance fields for each bone are computed using the recon-
structed manifold bone models. A distance field is a scalar field
that specifies the signed distance from a point to the bone sur-
face (Fig. 4). A numerical sign is used to distinguish the inside
from the outside of the bone; negative values are inside the bone,
positive values are outside the bone, zero values are on the bone
surface.

The distance field is computed from the manifold represen-
tation as follows: given a point P in space, the closest point Q
on the manifold has the property that the surface normal at Q
points in the direction P-Q. We find an approximate guess for
the point Q by finding the closest point Q on the manifold mesh,
then perform a gradient descent to find the Q that meets the
above criteria. The inside—outside test simply involves counting
the number of intersections with the manifold mesh of any ray
from P [6].

In order to increase the speed of lookup operations, the dis-
tance fields are sampled on a regular grid. We call the result a
distance cuboid. The distance cuboid can be regarded as a scalar
data set sampled over a regular 3-D grid surrounding the bone.
Distances to the bone surface are known exactly at grid nodes.
Within a grid cell, distances to the bone surface are obtained
via tricubic B-spline interpolation of the distance values at grid
nodes.

The double bone representation—manifold surfaces and
distance cuboids—enables us to perform further joint-related
computations, such as calculation of bony contact areas (Sec-
tion II-D) and estimation of ligament paths (Section II-E).
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Fig. 5. Anatomic coordinate system defined on the ulna. Location and
orientation of the = axis were generated from the diaphysical cross-section
centroids of the ulna, while the z axis was defined to be perpendicular to a
plane that passed through the x axis and the tip of the ulnar styloid. y axis was
constructed perpendicular to both the x and z axes.

C. Recovery of Bone Kinematics

Recovering the bone kinematics enables us to analyze our
contact area and ligament measurements as functions of wrist
motion. Motion of the radius with respect to the ulna was deter-
mined for each scanned wrist rotation position. First, the ulna
bone was registered with respect to its neutral position to ac-
count for global changes in forearm positioning. Next, the rela-
tive motion of the radius with respect to the ulna was calculated.
Registration is accomplished via a surface-distance-minimiza-
tion algorithm [8]. Bone kinematics were reported in a standard
anatomic coordinate system defined in the distal ulna as follows:
the x axis was directed proximally along the shaft of the ulna and
defined by the centroids of the ulnar bone cross sections, the z
axis was in a palmar direction and defined to be perpendicular
to a plane that passed through the x axis and the tip of the ulnar
styloid, and the y axis was constructed perpendicular to both the
x and z axes. The origin of the coordinate system was defined
by the intersection of the x axis with the (ulnocarpal) articular
surface of the head of the ulna (Fig. 5).

D. Contact Area Calculation

The bony contact area is defined as the cortical surface area on
the bone that is less than a prescribed threshold distance (typ-
ically 5 mm) from the cortical surface of a neighboring bone.
Estimating contact areas requires computation of interbone dis-
tances within the joint.

Once distance cuboids are generated, we calculate the dis-
tance from an arbitrary point p and a bone surface b as follows.
Each bone surface has a surrounding distance cuboid f;,. We
remind the reader that a distance cuboid can be regarded as a
sampled dataset stored over a regular 3-D grid; distance values
are known exactly at grid nodes and computed via interpolation
inside grid cells.

The point p can be inside or outside the distance cuboid f;.
‘We make sure that areas of interest (i.e., articulated surfaces) are
well within the distance cuboid. For simplicity, Fig. 6 illustrates
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Fig. 6. Two-dimensional illustration for obtaining distances from points p;
and p» to bone b. f; is the distance cuboid for bone b. Shortest distance values
to bone b at the grid intersections are known. We use tricubic interpolation to
determine distance values within the grid. Since p; is inside the cuboid, the
distance from p; to b is equal to f, (p1) = d1. For po, we first find the distance
to the closest point p} in the distance cuboid, and then the distance between p-
and b is approximated as d, + f,(p}) = d}, + dY.

the procedure in two dimensions. We evaluate two cases to find
the distance.

p is inside f;: we look up f; for p.

pisoutside f;: we first find the distance to the nearest point
p’ on the boundary of f;. We then add it to the distance
value acquired by looking up f, for p’. Since points outside
the distance cuboid are of little interest (i.e., they are far
away from articulated surfaces), this distance sum is an
acceptable approximation.

With this procedure, we find distances from every vertex in the
surface model of one bone to neighbors of interest.

Using the interbone distance, we compute isocontours on the
contact area, each contour showing where the distance map is
equal to a constant distance. For efficient computation, we as-
sume that the distance map is linear over the triangular faces
that comprise the surface of the bone and, thus, the equal dis-
tance contours are straight-line segments over each triangle. If
the distance value of a contour is within the range of the distance
values at the vertices, a contour line segment is generated over
the triangle.

Fig. 7 shows typical contact areas in the DRUJ; the joint
was exploded to show the articulated surfaces more clearly. The
color on bone surfaces codifies the distance to the nearest point
on the opposite bone; darker regions are closer.

We characterize the contact area by its size and by the location
of its centroid. The size is the area of the surface triangles within
the 5-mm contour. The location of the centroid is described in
cylindrical coordinates with respect to the same standard coor-
dinate system used to report bone kinematics.

It is important to note that the articular contact calculated here
is an estimate of joint contact based upon the distance between
cortical bone surfaces. Cartilage thickness, bone and cartilage
deformation, and stresses in the tissues were not considered in
this study.

E. Ligament Path Estimation

We can also use the double-bone representation to construct
ligament paths. We use anatomical landmarks to manually iden-
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Fig. 7. Contact areas in the DRUJ. Bones are color mapped and contoured.
Color saturation on bone surfaces indicates the distance to the nearest point
on the opposite bone; darker regions are closer. Joint is exploded to show
the articulated surfaces more clearly. Maximum distance visualized is 5 mm;
contour lines are drawn at 1-mm intervals.

\\“ $

Fig. 8. Shortest path between two points p, and p,, (2-D case); path must not
penetrate the 2-D obstacle on the right. Following the optimization approach, the
points pq to p,, — 1, initially equally distributed on the pop,, segment, increase
their y coordinate so that the nonpenetration constraint is satisfied.

tify the insertion points (the points where the ligament is an-
chored to the bone) of a given ligament on the bone surface. We
generate plausible ligament paths as shortest paths between in-
sertion points, constrained to avoid bone penetration.

We build shortest paths via an optimization approach that
exploits the distance-field representation of the bones. Unlike
other possible minimum-path approaches, this technique
deals effectively with a large number of bone model vertices
without requiring expensive restructuring—in terms of memory
and time—of the search space. The resulting paths are also
more accurate than those generated, for example, by graph
approximation algorithms, as the method allows a large number
of path control points and recovers gracefully from obstacle
penetration. We begin the description of the algorithm with a
simplified 2-D example, shown in Fig. 8. Here, we are required
to find a shortest path between two points pg and p,, that does
not penetrate the 2-D obstacle on the right.

We start by attaching a local 2-D coordinate system to the ob-
stacle, so that the origin of the system is at py and the x axis is the
line defined by pg and p,,. We consider n — 1 points in addition
to po and p,,, equally spaced on the pyp,, segment. We reformu-
late our problem in the following terms: Find the coordinates of
the n — 1 points so that the length of the path popips ... p, is
minimum and the height of each point with respect to the ob-
stacle surface is nonnegative. If we fix the x coordinates of the
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points so that they are initially equally spaced on the pgp,, seg-
ment, our problem amounts to minimizing the Euclidean length
of the path over the y; coordinates of the points

argmin, 7/ (w41 — 20)? + (i1 — i)?
= argmin,, %75 /const + (yig1 — )2
subject to fyp(z4,9;) >0, i=0...n—1

where ;41 — x; = const,2 =0...n — 1.

The formulation described above extends to three dimen-
sions, where we optimize over both the y and z coordinates of
the points

argmin,, . 3775/ const + (ir1 — 4i)? + (2i41 — 20)?
subject to fp (s, ¥iy2;) >0, i=0:n—1.

The extension of the algorithm to any number of obstacles is
straightforward.

We use a sequential quadratic programming method [9] to
solve the optimization problem. The sequential quadratic pro-
gramming method is fast and robust and handles both nonlinear
objective functions and nonlinear constraints. Although it is
a general concern that nonlinear optimizations can become
trapped in suboptimal local solutions, in our experience this has
not been a problem. We have found that additional iterations
of the optimization process with significantly different start
positions converge to the same solution. We are currently using
three different start solutions:

1) points on the straight pgp,, line;

2) points on a randomly displaced path;

3) points generated by the procedure in the previous prono-

supination position.
The optimization procedure converges to the same solution in
all three cases. This outcome is justified by the smooth structure
and fine resolution of the search space generated by the distance-
field representation.

We considered several plausible insertion points for each lig-
ament, as precise information on insertion point location was
not available. The insertion points were generated by randomly
distributing points around a manually chosen landmark on the
surface of the bones, within a circular area with a diameter of
4 mm (Fig. 9). The insertions were defined on the ulna at the
base of the styloid for both ligaments and on the radius at the
dorsal and palmar prominences of the sigmoid notch, respec-
tively. The locations of the insertion sites and the area of inser-
tion were derived from anatomical descriptions in the literature
[33]-[36]. The results of the insertion-point study are presented
in Section III.

We tried several values for the number of points n. In the
DRUIJ case, as n approaches 40 the total length of the path con-
verges to a stable value. For this value of n, the length of each
minisegment in the path drops below 0.2 mm, which provides
sufficient accuracy to detect deflection of the ligament by the
bone. Fig. 10 shows two shortest paths generated with our algo-
rithm.

We characterize the ligament paths by their lengths and their
“deflection.” Lengths are normalized with respect to the unin-
jured length in neutral pronosupination. Deflection is defined as
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Fig. 9. Insertion point location. Insertion points are chosen manually, based
on anatomical information. Points are randomly distributed on the surface of
the bones within a circular area with a diameter of 4 mm. (a) Insertion site on
the ulna. (b) Dorsal and palmar insertion sites on the radius.
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Fig. 10. Shortest paths (dark gray lines) generated by the ligament model.

the maximum distance across all path points to the straight line
defined by the two ligament insertion points.

The ligament-length model reported here is based solely on
joint geometry. Structural and material properties of the liga-
ments were not taken into account in this study. While the paths
we generate are not actual ligament paths, they give a useful
lower bound on the length of these ligaments and, thus, help
identify potential joint mobility constraints imposed by liga-
ments.

F. Visualization and Analysis of Results

The software package we have developed for visualizing the
results of our technique consists of C++ and Open Inventor code
and runs on the SUN UltraSparc and Windows platforms.

We visualize contact areas using color mapping and con-
touring. Color maps are generated for each bone so that
distance values of surface points are mapped to varying color
saturations (more saturated colors represent shorter distances).
Distances larger than the contact threshold value (5 mm) are
neither colored nor contoured and are shown as white surfaces.
Contours and ligament paths are visualized as polylines.

We also analyze the results quantitatively by comparing liga-
ment length, ligament deflection, contact area size, and contact
area centroid location between the injured—malunited distal ra-
dius fracture—and uninjured forearm of the same volunteer.

III. RESULTS AND DISCUSSION

Generating contact areas over different forearm rotation posi-
tions yields sequences like those in Fig. 11. The decreased size
and shifted location of the bony contact area in the injured case
is noticeable, especially toward pronation.
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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 intense the color). Note the shift in the location of the contact areas between the uninjured and the injured forearm.
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Fig. 12. Size of the ulnar contact area (5-mm threshold) for both the injured
and uninjured forearm of the same volunteer. Areas are normalized by the
neutral uninjured area. Pronosupination angles are shown on the x axis. Note
the difference in size between the injured and uninjured forearm.

Fig. 12 quantifies the size of the ulnar contact area at a
threshold of 5 mm for the volunteer’s uninjured and injured
forearm. For the uninjured wrist, contact area was positive for
a 3-mm threshold as well. For the injured wrist, there were
several poses, mostly pronated, in which the 3-mm contact area
was absent. Together with the 5-mm contact area changes, this
suggests an increased gap between the bones in the injured
case.

We measured contact area as a region on the ulnar surface
close to the radius; an analogous measure on the surface of the
radius can also be defined. We found that the area measure was
somewhat larger (10%—20%), but followed the same trends as
the ulnar contact area. The size difference is consistent with the
concave contact area on the radius, which is larger because it
is farther from the center of curvature than the corresponding
area on the ulna. Measures based on the ulnar area are reported
because they reside in the ulnar coordinate system; the ulnar
coordinate system was chosen because it is stationary during
pronosupination.

Fig. 13 shows the cylindrical coordinates of the ulnar con-
tact area centroid for the uninjured and injured forearm. The in-
creased height coordinate in the injured forearm confirms a shift
of the contact area in the proximal direction. The increased dis-
tance from the ulnar axis is due to the shift of the contact area
on the surface of the ulna to a region of the ulna further from the
axis. The angle coordinate plot correlates with the limited range
of motion in the injured forearm. The proximal shift in the lo-
cation of the centroid of the contact area is consistent with the
initial diagnosis of radial shortening.

Fig. 14 shows distal ligament paths generated for the injured
and uninjured forearms of the same volunteer. The lengths gen-
erated by our approach are similar to those reported in in vitro
studies; no in vivo information is currently available, to the best
of our knowledge. Note that the injured forearm presents liga-
ment-bone impingement for both the dorsal and the palmar lig-
ament. No deflection of the ligaments by the bone is present in
the uninjured forearm in any of the rotation positions. Fig. 15
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Fig. 13. Cylindrical coordinates (height, distance, and angle) of the ulnar

contact area centroid for the injured and uninjured forearms of the volunteer.
Heights are normalized by the neutral uninjured height. Pronosupination angles
are shown on the 2 axis. Note the difference in height and distance between the
injured forearm ligament and the uninjured forearm.

shows the dorsal radioulnar ligament length and deflection cor-
responding to the entire pronosupination sequence for the in-
jured forearm. We also show the corresponding lengths and de-
flection computed for the matching uninjured forearm—note
the difference between the two plots. Ligament impingement
(measured by the deflection parameter) correlates with ligament
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Fig. 14. Distal radioulnar ligament paths in (a) injured forearm and in (b)
matching uninjured forearm of the same volunteer. Both forearms are in neutral
pronosupination (0° rotation angle). Note the ligament-bone impingement in
the injured forearm; both ligaments are deflected by the head of the ulna.
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Fig. 15. (top) Length and (bottom) maximum deflection of a dorsal ligament

for the injured and uninjured forearms of a volunteer. Lengths are normalized by
the neutral uninjured length. Pronosupination angles are shown on the « axis.
Note the increased ligament length in the injured forearm. Note also that no
deflection is present in the uninjured forearm.

path increased length. No ligament deflection is present in the
uninjured forearm. The dorsal ligament results generated by dis-
placing the insertion points within the insertion site are plotted
in Fig. 16. Note that perturbations in the ligament attachment
locations do not affect trends in the comparison measures be-
tween the injured and uninjured forearms.

Fig. 17 shows plots of the palmar radioulnar ligament length
and deflection. Although the palmar ligament length plot shows
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Fig. 16. Effect of insertion point perturbation on (top) the length and (bottom)
the maximum deflection of a dorsal ligament for the injured and uninjured
forearms of a volunteer (mean and standard deviation calculated over 64
measurements).

no difference between the injured and uninjured forearm,
we note the impingement (deflection) in the injured forearm,
lacking in the uninjured case. The palmar ligament results
generated by perturbing the insertion points within the 4-mm
diameter insertion sites are plotted in Fig. 18. Note again that
perturbations in the ligament attachment locations do not affect
trends in the comparison measures between the injured and
uninjured forearms.

The change in the dorsal radioulnar ligament length, but not
in the palmar radioulnar ligament length, is consistent with the
original malunion (radius tilted dorsally). The change in liga-
ment length and the ligament-bone impingement may be one
mechanism for the limitation of forearm mobility.

While a single example cannot distinguish between normal
anatomical variation and pathological variation, clinical studies
on larger sets of patients may establish or refute a correlation be-
tween the differences we found here and the injury. Such studies
are beyond the scope of this paper.

IV. RELATED WORK

Several approaches to modeling joint surfaces are known;
thin-plate splines [19], B-splines [20], [21], and piecewise

797

Dorsal ligament length

- o NN

o o O N

e

—
—_—
——

length (mm)
=
=

-
o

-
N
—e—r
—e—i
—e—
oo
—e—

8 1 * injured
6 o uninjured
-100 -50 0 50 100
pronosupination angle (deg.)
Dorsal ligament deflection
2 ..
+ injured
° uninjured -
= \
c 15
£ !
s
g 17
2
©
©
e 05¢r
>
E H
x
E OF e L e e e o e
_05 L L
-50 0 50
pronosupination angle (deg.)
Fig. 17. (top) Length and (bottom) maximum deflection of a palmar ligament

for the injured and uninjured forearms of a volunteer. Lengths are normalized
by the neutral uninjured length. Pronosupination angles are shown on the x axis.
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patches [22] are among them. These methods suffer from
problems such as lack of generality, lack of C? continuity, and
difficulty in enforcing boundary constraints. Our parametrical
model for bone surfaces is based on manifolds [23].

Distance fields have been used in robotics [10], [11] and
computer graphics [7], [12]-[15]. Although, for the results
reported in this paper, we used a brute-force approach to
generate distance cuboids from the manifold representation,
faster techniques such as level set-based methods [16]-[18] are
available.

Searching for shortest paths in spaces with obstacles is a clas-
sical problem in robotics. A survey of the substantial litera-
ture on the shortest-path problem can be found in [31]. Solu-
tions are based on computational geometry methods [24]-[27],
graph search-based algorithms [30], and differential geometry
and hybrid techniques [28], [29], depending primarily on the as-
sumed structure of the search space (polyhedral or continuous
surfaces). Our technique belongs to the differential geometry
and hybrid category. In general, methods in this class generate
shortest paths on surfaces. These methods assume a continuous
representation of surfaces and are, therefore, more accurate, al-
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though they yield paths that are only locally optimal. Our work
extends this approach to 3-D spaces with continuous surface ob-
stacles.

The two scalar data visualization techniques we use, color
mapping and isocontouring, are well-known scientific visual-
ization techniques [32].

Studies of distal radioulnar ligaments are performed, in gen-
eral, on cadaver uninjured wrists [33]-[35]. A clinical in vivo
study involving surgery was performed by Kleinman et al. in
1998 [36]. To our knowledge, no in vivo noninvasive studies of
the distal radioulnar ligaments have been done.

V. CONCLUSION

We have demonstrated an in vivo, noninvasive technique for
modeling the length of ligaments and joint contact areas from
bone kinematics and surfaces. Our method uses an implicit
model as well as a parametric surface model for each bone. The
two types of representation have complementary strengths for
different types of calculations. The double representation en-
ables us to model secondary types of information from CT data,
such as joint contact areas, intrajoint distances, and plausible
ligament paths. Our current ligament model could be enriched

IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 51, NO. 5, MAY 2004

by considering other intrinsic and extrinsic ligament factors
like tissue composition, muscle forces, and joint compression.

In a demonstration on the DRUJ, our approach highlights
subtle modifications, otherwise unnoted, in injured wrist kine-
matics. Although a previous kinematic study [8] on the same
data we analyze in this paper found no significant differences in
rigid body kinematics between the injured and uninjured wrist,
our method identified potential soft tissue constraints and focal
changes in the articulation. The methods presented have the po-
tential to document changes in the joint mechanics that may in-
fluence long-term clinical outcome.

Our technique may have applications to the study of wrist
disorders such as rheumatoid arthritis, intercarpal ligament tear
or attenuation, and carpal-tunnel syndrome. Results suggest
that our technique could also be useful in the study of normal
anatomy and kinematics of other joints.
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