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Purpose: The purpose of this study was to obtain quahtatlve and quantitative information regarding
in vivo 3-dimensional (3D) kinematics of the mldcarpal joint during wrist radioulnar deviation
(RUD). :

Methods: We studied the in vivo kinematics of the mxdcarpal joint during wrist RUD i in the rlght wrists
of 10 volunteers by using a technology without radioactive exposure. The magnetic resonance images
were acquired during RUD. The capitate was registered with the scaphoid, the lunate, and the
triquetrum by using a volume registration technique. Animations of the relative motions of the
midcarpal joint were created and accurate estimates of the relative orientations of the bones and axes
of rotation (AORs) of each motion were obtained.

Results: The scaphoid, lunate, and triquetrum motions relative to the capitate during RUD were
found to be similar, describing a rotational motion around the axis obliquely penetrating the head
of the capitate in almost a radial extension/ulnoflexion plane of motion of the wrist. The AORs of -
the scaphoid, the lunate, and the triquetrum were located closely in space. In the axial plane the
AORs of the scaphoid, lunate, and triquetrum formed a radially and palmarly opening angle of 43°
*+ 7° 41° ® 11°, and 42° * 14° with the wrist flexion/extension axis, respectively.
Conclusions: This study reports the in vivo 3D measurements of midcarpal motion relative to the
capitate. Isolated midcarpal motion during RUD could be approximated to be a rotation in a plane
of a radiodorsal/ulnopalmar rotation of the wrist, which may coincide with a motion plane of one
of the most essential human wrist motions, known as the dart-throwing motion. (] Hand Surg 2004
29A:668-675. Copyright © 2004 by the American Society for Surgery of the Hand.)
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Understanding the interactions of the scaphoid, lu-
nate, triquetrum, and the surrounding carpus is the
key to how the wrist maintains its stability while
allowing a large range of motion.' Although the
traditional 2-dimensional radiographic studies of the
wrist joint have tried to clarify kinematics of the
radiocarpal joint,>™ kinematics of the midcarpal
joint remain obscure. One reason is that it is very
difficult to isolate the midcarpal motion radiograph-
ically during global wrist motion because the bones
of both the proximal row and the distal row move
relative to the radius so that one cannot observe the
relative motion of the midcarpal joint. Although the
previous studies using 3-dimensional (3D) motion
analys1s reported detailed data on the midcarpal mo-
tion,®~® most of the descriptions of the relative mo-
tion merely included a combination of numeric an-
gles of simple motions based on the anatomic
coordinate system, using terms such as flexion, radial
deviation, or pronation. As a result the kinematics of
midcarpal motion have remained obscure. It is diffi-
cult to assess 3D behavior of the midcarpal joint
without visual information, such as 3D animation.

To overcome these problems in kinematic study,
descriptions of the 3D carpal motions using com-
puter-aided design models obtained from computed
tomography have been developed.’~!! These motion
analysis systems enable the isolation and visualiza-
tion of any motion of one bone relative to another
bone. The 3D animation of the relative motion af-
fords better appreciation of essential 3D kinematics
through the visual check of the 3D motion. Moreover
recent development of technology now has enabled
in vivo motion analysis,u_18 which would be ex-
pected to be more physiologic than in vitro motion
analysis using cadavers. In a previous study we de-
scribed the technical details of the in vivo 3D motion
analy31s and the kinematics of the triquetrum hamate
joint."® The current study is a continuation of the
previous study and was designed to investigate over-
all midcarpal kinematics during wrist radioulnar de-
viation (RUD) with increased number of observa-
tions.

Very little motion exists between the 4 bones of
the distal row (trapezium, trapezoid, capitate, and
hamate)®”'® and that in contrast the 3 bones of the
proximal row (scaphoid, lunate, and triquetrum) ap-
pear to be less tightly bound to one another.>”-2°
Traditionally the midcarpal motion has been investi-
gated by using the proximal body (scaphoid, lunate,
and triquetrum) as a reference to determine the kine-
matics of a distal moving segment (the distal row).
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Although such a method affords detailed information
on the relative motion between the distal and proxi-
mal rows, it still can be difficult to understand overall
midcarpal motion. If the distal row (eg, capitate) is
used as a reference to determine the kinematics of a
proximal row (eg, scaphoid, lunate, and triquetrum)
one can observe all the relative motions at the same
time. Such capitate-based motion analysis may offer
new information on the midcarpal kinematics. This
study investigated the midcarpal motion in 2 ways:
(1) the capitate motion relative to the scaphoid, lu-
nate, and triquetrum, and (2) the scaphoid, lunate,
and triquetrum motions relative to the capitate.

The purpose of this study was to obtain qualitative
and quantitative kinematic information on the mid-
carpal joint during wrist RUD as well as its role in
and contribution to global wrist motion.

Materials and Methods

The in vivo kinematics of the midcarpal joint during
wrist RUD was studied in the right wrists of 10
volunteers (6 men, 4 women). The average age of the
volunteers was 25 years (range, 20-32 y). The lu-
nates were categorized as type 1 or type 2 based on
the presence (type 2) or absence (type 1) of the
medlal hamate facet on the lunate in the midcarpal
joint."* Whether the lunates were type 1 or type 2
was determined by measuring the coronal width of
the hamate facet on the lunate in the coronal plane of
the magnetic resonance image of the wrist in neutral
position. There were 5 type 1 and 5 type 2 lunates
(Table 1). Magnetic resonance images were acquired
in 6 positions during RUD from 30° radial deviation
to 45° ulnar deviation in 15° increments'® in 5 wrists
and acquired in 3 positions (a neutral position and 2
extreme positions) in the other 5 wrists. The contours
of each bone were segmented from magnetic reso-
nance volume images by using a software program
(Virtual Place-M software program; Medical Imag-
ing Laboratory, Tokyo, Japan) and surface models of
the bones were constructed. The kinematic variables
were calculated by registering the bone in one posi-
tion and comparing it with another. The volume
registration technique was used in this study. The
iterative closest point algorithm?®! was used for reg-
istration in which a set of 3D volume points was
registered by finding the best parameters, minimizing
the sum of the distance from each 3D volume point.
The scaphoid, the lunate, and the triquetrum were
registered with the capitate to investigate the direc-
tions of the motion of the capitate relative to each of
the bones in the proximal row. To-compare the lo-
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at ulnar deviation

at radial deviation

Moritomo et al / Midcarpal Kinematics 671

tuquetru

Figure 1. (A) Dorsal view and (B) proximal view of the capitate-based motions of the scaphoid, lunate, and triquetrum and their

axes of rotation during RUD of the right wrist.

cation of the axes of rotation (AORs)** of the scaph-
oid, the lunate, and the triquetrum relative to the
distal row, the capitate was registered with the scaph-
oid, the lunate, and the triquetrum. The coordinate
system was constructed using bone landmarks in the
neutral wrist position: the z-axis was defined as the
long axis of the distal part of the radius, which was
defined as the principal axis corresponding to the
minimum moment of inertia. The x-axis was defined
as a line passing the center of the capitate body at
right angles to the z-axis and parallel to a line con-
necting the radial and ulnar styloid. The y-axis was
defined as a line perpendicular to the other 2 axes.

Results

The Capitate Motion Relative to the
Scaphoid, Lunate, and Triquetrum

From wrist ulnar deviation to radial deviation the
capitate rotated radiodorsally relative to the scaph-
oid, the lunate, and the triquetrum. The converse was
true during wrist ulnar deviation. The Euler angles of
the capitate motion relative to the scaphoid, lunate,
and triquetrum from the wrist ulnar deviation to wrist
radial deviation are shown in Table 1. During wrist
RUD the capitate angulated 28° = §° radially and
30° = 8° dorsally relative to the scaphoid, 29° * 5°
radially and 33° = 10° dorsally relative to the lunate,
and 21° * 5° radially and 22° * 8° dorsally relative
to the triquetrum. We could not find any significant
difference in the Euler angles of the capitate motion
relative to the scaphoid, lunate, and triquetrum be-
tween type 1 and type 2 lunates.

The Scaphoid, Lunate, and Triquetrum
Motions Relative to the Capitate

On the capitate-based animation the scaphoid, lunate,
and triquetrum motions relative to the capitate during
RUD were found to be similar to each other, describ-
ing a rotational motion in a plane obliquely oriented
relative to the coronal plane of the wrist that was
almost a radial extension/ulnoflexion plane of the
motion of the wrist (Figs. 1, 2A, 2B; video may be
viewed at the Journal’s Web site, www.jhandsurg.
org). During wrist radial deviation the proximal por-
tion of the scaphoid, the lunate, and the triquetrum
moved radiodorsally and the distal portion of the
scaphoid moved ulnopalmarly relative to the capi-
tate. The converse was true during wrist ulnar devi-
ation.

The AORs of the scaphoid, lunate, and triquetrum
relative to the capitate were located closely together
in space and ran obliquely from the radiopalmar
aspect of the distal scaphoid to the ulnodorsal aspect
of the hamate, penetrating the neck of the distal
scaphoid and the waist of the capitate (Figs. 1, 3). In
the axial plane the AORs of the scaphoid, lunate, and
triquetrum formed a radially and palmarly opening
angle of 43° = 7°, 41° * 11° and 42° = 14°,
respectively, with the x-axis (flexion/extension axis)
of the coordinate system (Fig. 3B).

The average range of motion of the scaphoid, the
lunate, and the triquetrum around their own axes
were 41° * 10°, 44° = 10°, and 33° * 6°, respec-
tively. There were relatively minor intercarpal mo-
tions between the scaphoid and the lunate and be-
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Figure 2. The capitate-based midcarpal motion during RUD. (A) Dorsal view. (B) Ulnodorsal view in which the AOR of the
scaphoid-capitate (s/C) motion is perpendicular to the picture. (C) Schema of the ulnodorsal view of the proximal row. The
outlines of the surfaces of the STT and SLT-CH joints form a C shape.

tween the lunate and the triquetrum, averaging 8° *
6° and 16° = 5°, respectively.

We could not find any significant difference in
these AORs and range of motions of the scaphoid,
lunate, and triquetrum relative to the capitate be-
tween type 1 and type 2 lunates.

Discussion

Current kinematic technique has some limitations.
The biggest disadvantage of this technique is that it
makes a static rather than dynamic motion analysis.
Static measurement does not include any inertial or
functional effects that might occur during normal
wrist motion. This technique, however, can provide
new information regarding in vivo midcarpal kine-
matics.

The midcarpal joint is a major component of the
wrist joint and substantially contributes to overall

global wrist motion. The scaphotrapeziotrapezoid
(STT) joint'®* and the triquetrum-hamate (TqH)
joint'® have been studied by one of the current au-
thors (H.M.), both anatomically and kinematically.
The studies of the STT joint revealed that the skeletal
and ligamentous constraints of the STT joint are very
strong and the STT joint essentially has a single
degree of freedom. The studies of the STT joint also
revealed that the AOR of the STT joint runs ob-
liquely from radiopalmar to ulnodorsal,'® which is
consistent with the current in vivo study. The study of
the TqH joint revealed that the triquetrum rotated
obliquely relative to the hamate during wrist RUD in
a radial extension/ulnoflexion plane of motion. This
suggests that the TqH motion is similar to the STT
motion. The present study suggests that the lunate
motion relative to the capitate is also very similar to
that of the STT and TqH motions. Collectively this

B s

Figure 3. (A) Dorsal view and (B) proximal view of the distal row of the right wrist and the axes of rotation of the scaphoid (s},
lunate (1), and triquetrum (7). x-axis, wrist flexion/extension axis.
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Xradiopalmar

B ulnodorsal

Figure 4. (A) Radiodorsal and (B) distal views of the proximal row and an ovoid. Most of the joint surfaces of the midcarpal joint
contact with the imaginary ovoid, whose major axis run obliquely from radiopalmar to ulnodorsal. s, scaphoid; , lunate.

information implies that the midcarpal motion during
RUD is more synchronous than previously reported.

From an anatomic point of view the midcarpal
joint may have the most complicated joint shape in
the human body. In a broad sense there are 2 artic-
ulations: the STT joint and the scapholunotri-
quetrum-capitate-hamate  (SLT-CH) joint. The
former is convex proximally whereas the latter is
concave. Two-dimensionally these joints form an S
shape in a posteroanterior x-ray, which has made the
kinematics of the midcarpal joint difficult to under-
stand. Through 3D analysis of the anatomy and ki-
nematics of the midcarpal joint it appears that most
of the joint surface of the midcarpal joint forms an
ovoid whose major axis runs obliquely from radio-
palmar to ulnodorsal (Fig. 4). The STT joint contacts
the radiodistal part of the ovoid and the SLT-CH
joint contacts the proximal and ulnar parts of the
ovoid. Thus the shape of the midcarpal joint allows
this joint to rotate smoothly and congruently in an
oblique plane of wrist radiodorsal/ulnopalmar rota-
tion around the major axis of the ovoid, which runs
obliquely from radiopalmar to ulnodorsal.

The major axis of this ovoid appears to be located

closely in space to the AORs of the scaphoid-capitate
joint, as determined in this study (Fig. 2). In an
oblique view from the dorsoulnar side of the wrist
where the AOR of the scaphoid-capitate joint is
perpendicular to the picture, the outlines of the sur-
faces of the STT and SLT-CH joints are seen to form
a three-quarter circle or a C shape (Figs. 2B, 2C). The
center of the C appears to coincide with the major
axis of the ovoid.

Applying this ovoid/C-shaped concept to the kine-
matics of the midcarpal joint it appears that essen-
tially the kinematics of the midcarpal joint during
RUD are a radiodorsal/ulnopalmar rotation around
the AOR of the scaphoid-capitate joint, which passes
through the center of the C shape of the 3D joint
surface contacts of the midcarpal joint (Fig. 2B;
video may be viewed at the Journal’s Web site,
www.jhandsurg.org). Therefore we may reasonably
conclude that essential kinematics of the midcarpal
joint during RUD could be approximated to be a
radiodorsal/ulnopalmar rotation around the AOR of
the scaphoid-capitate joint along with the C shape of
the joint surface of the midcarpal joint.

This radiodorsal/ulnopalmar rotation coincides

radiodorsal

ulnopalmar

Figure 5. Dart-throwing motion (wrist radiodorsal/ulnopalmar rotation).
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radialextension

neutral

ulnarflexion

Figure 6. The C shape of the outlines of the midcarpal joint surface can be seen radiographically when the x-ray beam is aligned
along the radiodorsal/ulnopalmar axis of the dart-throwing motion in the semisupinated view. s, scaphoid; t, lunate.

with the so-called dart-throwing motion®*° (wrist

radiodorsal/ulnopalmar rotation, Fig. 5), which is one
of the most frequently used wrist motions in activi-
ties of daily living such as hammering nails, beating
a drum, swinging a golf club, or casting a fishing rod.
The C shape of the outlines of the midcarpal joint
surface can be seen radiographically when the x-ray
beam is aligned along the radiodorsal/ulnopalmar
axis of the dart-throwing motion in the semisupinated
view (Fig. 6). Radiodorsal/ulnopalmar rotation may
be the most stable and controllable human wrist
motion, which is the main motion plane of the mid-
carpal joint.

Nakamura et al>® reported that the kinematics of
the type 1 lunate are different from those of a type 2
lunate in 2-dimensional study although we could not
find any notable difference in their midcarpal behav-
ior between type 1 and type 2 lunates. We speculate
that may be owing to the innate limitation of the
2-dimensional measurements, which are influenced
more by the shape of the lunate than our 3D mea-
surement using Euler angle. We probably need to
increase the number of subjects, however, to con-
clude this matter.

This study suggests that the midcarpal joint may
be much more important than previously suggested
in terms of its contribution to both the stability and
mobility of the global wrist joint. Furthermore this
raises concern regarding the impact of partial or
complete fusion of the midcarpal joint on overall
wrist motion and stability. We hope the information
and ovoid/C-shape perspective of the anatomy and
kinematics of the midcarpal joint will assist the cli-
pician in better understanding the wrist joint and
some of its disorders.

The authors acknowledge the assistance during parts of the experi-
mental procedure from Yoshinobu Sato, PhD, from the Department of
Medical Robotics and Image Sciences, Osaka University Graduate
School of Medicine; Takehiro Arimura, RT, from the Department of
Radiology, Osaka University Graduate School of Medicine; and from
Ryoji Nakao (MMT Co.).
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In vivo elbow biomechanical analysis during flexion: Three-
dimensional motion analysis using magnetic resonance

imaging

Akira Goto, MD,@ Hisao Moritomo, MD,P Tsuyoshi Murase, MD,? Kunihiro Oka, MD,?
Kazuomi Sugamoto, MD,° Takehiro Arimura,© Yoshikazu Nakajima, PhD,4 Takaharu Yamazaki,d
Yoshinobu Sato, PhD,9 Shinichi Tamura, PhD,? Hideki Yoshikawa, MD,b and Takahiro Ochi, MD,@ Suita, Japan

The purpose of this article is to evaluate in vivo 3-di-
mensional kinematics of the elbow joint during elbow
flexion. We studied the ulnohumeral and radiohumeral
joint noninvasively in 3 elbows in healthy volunteers
using a markerless bone registration algorithm. Mag-
netic resonance images were acquired in 6 positions
of elbow flexion. The inferred contact areas on the
ulna against the trochlea tended to occur only on the
medial facet of the trochlear notch in all of the elbow
positions we fested. The inferred contact areas on the
radial head against the capitellum occurred on the
central depression of the radial head in all of the
tested elbow positions except for 135° flexion, where
the anterior rim of the radial head articulates with the

capitellum. {J Shoulder Elbow Surg 2004;13:441-7.)

M otion analysis has been widely used to study
normal and pathologic kinematics and the effects of
reconstructive procedures on pathologic conditions.
Kinematic data have been mainly obtained in vitro by
a variety of techniques, including bipolar radiogra-
phy, 111920 electromagnetic sensors,® and high-
speed video data acquisition systems.!5.18 These
methods rely on the assumption that the movement of
the markers truly mimics the motion of the bone. These
techniques use invasive procedures to mount markers
on the bones, such as transcutaneous bone pins or
implantable bone markers. As a result, the utility of
bone markers is further compromised by mechanical
impingement and tethering of soft tissues. Moreover,

From the Division of Robotic Therapy,® Department of Orthopaedic
Surgery,? and Division of Interdisciplinary Image Analysis,
Osaka University Graduate School of Medicine, and Depart-
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in vitfro experiments cannot completely reproduce the
physical muscular force across fﬁe elbow. This limita-
tion may alter normal kinematics.

Recently, researchers have been able to measure
3-dimensional (3D) in vivo kinematics using noninva-
sive techniques. These techniques use surface-based
registration of the bones to determine corresponding
relationships between images represented at different
coordinates via computed tomography (CT) or mag-
netic resonance imaging (MRI).1-3 By use of this meth-
odology, in vivo 3D kinematics of the elbow joint can
be analyzed noninvasively.

Accurate measurement of the contact areas of the
elbow has been extremely difficult, and several tech-
niques have been applied to this highly congruous
joint.21 Silicone casting®® and reversible cartilage
staining” in studies with cadaveric models have been
most commonly used. Again, in vitro experiments
cannot reproduce completely the physical muscular
force across the elbow, which undoubtedly influences
the resulting contact areas. Using a proximity map-
ping technique,'# however, we can calculate the in
vivo inferred contact area of the elbow joint noninva-
sively from bone surface models created from CT or
magnetic resonance (MR) images. This technique ex-
tends our functional understanding of the elbow.

The purpose of this article is to evaluate in vivo 3D
kinematics of the elbow joint during flexion motion.
We especially focused on the contact dreas of the
ulnohumeral and radiohumeral joint. In addition, we
investigated the pathway of the helical screw axis of
motion of the ulna relative to the humerus and the
change in the carrying angles with elbow flexion for
the ulnohumeral joint.

MATERIALS AND METHODS

We studied the right elbow joints of 3 healthy volunteers
(1 woman and 2 men; age range, 24-26 years; mean age,
25.0 years) during elbow flexion motion. The steps in 3D
registration are image acquisition, segmentation, and reg-
istration. A mathematical description of the motion of indi-
vidual bones and of their relative motion is derived by
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Figure 1 To immobilize the elbow and the wrist at a specific angle
during flexion-extension, a special posture device was designed.

computing the rigid transformation required to match the
surface models.

Image acquisition

MRI data of the right elbows of volunteers were obtained
with a 1.5-T commercial MR system (Magnetom Vision Plus
1.5-T MRI; [Siemens AG, Erlangen, Germany]) in conjunc-
tion with a receive-only body-array surface coil. We used
3D sequence (3dflash) with a TR/TE/flip angle of 2.3
milliseconds/33 milliseconds/45°, a 256 x 200 in-plane
acquisition matrix, and a 350-mm field of view and 2.0-mm
thickness on a contiguous slice with a pixel size of 0.6 X
0.8 mm. Acquisition of a 3D volume image requires ap-
proximately 5 minutes. To immobilize the elbow and the
wrist at a specific angle during flexion-extension, a special
posture device was designed. During this study of elbow
Hexion, the forearm was fixed in the neutral position (Figure
1). Each volunteer was positioned in a semiprone position,
and images were obtained in 6 positions of elbow flexion
{0°, 30°, 60°, 90°, 120°, and 135°).

Segmentation

Segmentation was defined as extracting bone contours
and associating each contour with the individual bones.
The contours of each bone were segmented from MR vol-
ume images by use of the Virtual Place-M software program
developed in our laboratory (Medical Imaging Laboratory,
Tokyo, Japan). Surface models of the humerus, ulna, and
radius were obtained by applying a 3D surface generation
of the bones’ cortex. By means of the graphics workstation,
the 3D geometry of each bone was obtained by connecting
the different sections. The software generated 3D surface
bone models via the marching cubes technique.'3 Visual-
ization of the geometrical models of each elbow was ob-
tained by use of the software program developed in our
laboratory (Division of Functional Diagnostic Imaging, Bio-
medical Research Center, Osaka University Medical
School, Suita, Japan).

J Shoulder Elbow Surg
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Registration

Registration was performed under the assumption that
each bone moved independently as a rigid body 3-dimen-
sionally. The kinematic variables were calculated by regis-
tering the bone, described by its surface points obtained
from segmentation, from one position to another position.
We used the iterative closest point algorithm,’ which is one
of the most well-developed methods for surface-based reg-
istration. In this method, a 3D surface model and a set of 3D
points are registered by starting from initial transformation
parameters and finally finding the best parameters while
minimizing the sum of the distance from each 3D point to
the surface. The humerus was registered with the uina and
the radius. The relative motions between the humerus and
the ulna and between the humerus and the radius were
determined with this technique.

Motion analysis

This system enables one to view and analyze any bone
motion relative to any other bone. Using motion analysis,
we calculated several measurements that were hypothe-
sized to characterize elbow motion. The measurements
obtained were inferred contact areas with their area cen-
troids, the screw axis of rotation between bones, and the
carrying angles. This system serves as a visual check by
which to validate the resulting calculated motion of the
bones, as well as providing a simple, clear manner by
which to display the analyst’s conclusions.

Contact area

We measured the inferred contact area of the ulnohu-
meral and radiohumeral joints using a proximity mapping
method'# during different elbow positions. Proximity map-
ping fo demonstrate distances between 3D surface bone
models was accomplished by use of 3D MRI. To determine
the interbone distances, a custom program was created.
This program used the output file from the solid model
formation (3D reconstructions), which gives all vertices po-
sitions of the individual surface triangles that form the
surface of the reconstructed bone in space. The vertices of
the triangles were used as discrete bony landmarks and as
a starting point for the minimum distance estimation be-
tween bones. From a specific vertex, the algorithm searches
all other vertices within a slice and calculates each distance,
retaining the minimum distance. If the distance between
slices is less than the minimum distance already calculated,
the algorithm calculates distances to points in the adjacent
slice in search of the minimum; otherwise, that intraslice
minimum disfance is kept and the next vertex distance is
calculated. An output file is created that contains the mini-
mum distance for each vertex and the adjacent bone to
which it corresponds. This program was writlen for the
calculation of both the area and centroid of one bone
surface with respect to another within a user-specified
threshold distance. Proximity mapping is the visual repre-
sentation of the distance from one bone to the nearest
neighboring bone. This method can be used to determine
the interbone distances and the centroid of the mapping
area. Surface proximity mapping that infers contact area
between joint surfaces and their area centroids was calcu-
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Figure 2 The inferred contact areas of arficular surfaces and their centroids of the ulnohumeral joint in 0°, 90°,

and 135° flexion. A, Contact areas on the humerus. B, Contact areas on the ulna.

lated from 3D MR images to visualize the path of motion of
the ulna and the radius on the humerus during flexion. The
proximifK maps were calculated within 2.0- to 3.0-mm
distant thresholds according to the size of the individual
joint.

Axis of rotation

We expressed the transformations in helical axis param-
eters, which are defined as a rotation about and a transla-
tion along a unique axis.'” Screw axes of rotation were
caleulated for each increment of motion. We depicted the
configuration and dimensions of these axes. To measure
changes of the respective axes, we calculated angular
variances from respective subject helical axes in the axial
and coronal plane, the minimum distances between the
respective axes, and the orientation of the average axis.
Screw axes were calculated only for the ulnohumeral joint,
because the radiohumeral joint possesses two degrees of
freedom of motion {flexion/extension and pronation/supi-
nation) and we could not completely exclude pronation/
supination motion during an experiment for flexion/exten-
sion motion.

Carrying angle

To investigate changes in the carrying angle 3-dimen-
sionally, we defined the carrying angle as the abduction-
adduction angle of the long axis of the ulna with respect fo
the sagittal plane, and we calculated the angle analytically
based on the new reference system. The geometrical center
of mass and the principal axes of inertia were calculated for
each 3D volume of the distal third of the humerus and the
proximal third of the ulna. The principal axes of inertia are
defined as the long axis, which corresponds to the minimum
moment of inertia; the short axis, which corresponds to the

maximum moment of inertia; and the medium axis, which is
perpendicular to both the long and short axes. The short
axes of inertia of the volumes correspond to the anatomic
long axes of the humerus and the ulna. The new reference
system was defined by use of the principal axes of inertia of
the humerus. The sagittal plane was defined as a plane
containing the long and short axes of inertia of the humerus.
Thus, the precise angle was calculated for each angle of
flexion for each elbow.

Validation of registration

The accuracy and consistency of the in vivo methodol-
ogy described here were determined preliminarily in an in
vitro study. MRI scans of a fresh cadaveric arm were
acquired three times, changing only the direction of the MR
image slices. Reconstructed 3D models of the humerus and
radius were created separately from each set of MRI data.
The relative position of the radius to the humerus was
calculated and was compared among the three MRI slices.
It was revealed that our method had a mean rotation error
of 0.82° + 0.38°, a mean translation error of 0.04 =+ 0.01
mm, and a mean consistency of 0.32 = 0.11 mm (root
mean square]. Therefore, bofK the segmentation error and
the range of MRI acquisition resolutions that might have
pofel?ﬁoﬂy influenced the results were revealed to be very
smalll.

RESULTS
Contact area

The inferred contact areas of articular surfaces and
their centroids of the ulnohumeral jointin 0°, 90°, and
135° flexion are shown in Figure 2. On the humerus,
most of the contact areas on the trochlear surface are
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Figure 3 The inferred contact areas of articular surfaces and their centroids of the radiohumeral joint in 0°, 90°,

and 135° flexion. A, Contact areas on the humerus. B, Contact areas on the radius.

situated on the medial facet of the trochlea for any
possible elbow position. On the ulna, the contact
areas also fended to occur medially in all different
elbow positions. The pathway of the area centroids of
the contact areas in the quohumercl joint during
flexion is situated on the medial face of the trochlea
just lateral fo the sulcus of the trochlear groove.

The inferred contact areas of articular surfaces and
their centroids of the radiohumeral joint in 0°, 90°,
and 135° flexion are shown in Figure 3. Contacts on
the capitellar surface were observed to move linearly
from the lower aspect of the capitellum in 0° flexion to
the upper aspect in 135° flexion. The inferred contact
areas on the radial head against the capitellum oc-
curred on the central depression of the radial head
during all different elbow positions except 135° flex-
ion, where the anterior rim of the radial head articu-
lates with the capitellum (Figure 4). The pathway of
the area cem‘roi§s of the contact areas in the radio-
humeral joint is situated along a slightly oblique line
from the lower medial aspect to the upper lateral
aspect on the capitellum with flexion.

Axis of rotation of motion of ulna relative to humerus

The pathway of the screw axis of rotation exhibits
a roller configuration tracing the surface of a double
conic shape, with the frustum waist being located in
the mediafportion of the trochlea (Figure 5). The locus
of the axis of rotation traced on the surface of the
condyles tended to be larger on the lateral side than
on the medial side. The locus of the averaged axis of
rotation on the lateral condyle showed a counter-

Figure 4 Lateral view of the radiohumeral joint in 0°, 90°, and
135° flexion with their centroids of the contact areas. Note that the
anterior rim of the radial head arficulates with the capitellum in
135° flexion {arrow).

clockwise circular pattern (Figure 6). The screw axis
of rotation varied from 5.67° to 17.23° [mean,
11.02°) in the axial plane and from 7.80° to 19.4°
(mean, 11.95°) in the coronal plane. The minimum
distances between the respective axes were 0.439 to
0.863 mm [mean, 0.685 mm). All screw axes of
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Figure 5 Superimposed images of the instantaneous axes of
rofation of the ulnohumeral joint showing roller configuration trac-
ing the surface of a double conic shape, with the ?rustum waist
being located in the medial portion of the trochlea {arrows).

Figure 6 The locus of the averaged axis of rotation on the lateral
condyle shows a counterclockwise circular pattern, where it initially
moves anteriorly in the range from 0° to 60° flexion and then
returns posteriorly.

rotation nearly intersected on the medial facet of the
trochlea. The calculated average axis among all po-
sitions penetrated the inferior anterior aspect of the
medial epicondyle, the center of the trochlea, and the
center oF the capitellum. In the coronal plane, the
average axis formed a proximally and laterally open-
ing angle of 85.46° (SD, 1.55) with the longitu£n0|
axis of the humerus.

Carrying angle
The carrying angle in 0° flexion varied from
16.04° to 22.78° (mean, 18.64°). The pattern of

change in the carrying angles with elbow flexion for
the ulnohumeral joint was consistent in all elbows. The
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averaged carrying angle decreased linearly with flex-
ion (Figure 7).

DISCUSSION

This study represents an attempt to analyze 3D
motion of the elbow in vivo and noninvasively. We
used MRI to avoid radiation exposure from radio-
graphic imaging or CT scanning. Some previous stud-
ies were 2-dimensional kinematic analyses, and the
importance of documenting 3D kinematics has been
noted.? In addition, most of the present knowledge
about 3D behavior of the skeletal joints has been
acquired in studies of cadaveric models using inva-
sive procedures. In viiro studies are also inherently
limited because if joint loading with muscular forces is
to be accounted for, they must be estimated and
simulated. It has been proposed that small changes in
joint loading may have profound effects on joint
Linemotics.23

This in vivo analysis offers 3D measurements gath-
ered by use of many different methodologies. With
the use of surface registration techniques,’-® the 3D
quantitative information regarding reﬂaﬁve displace-
ment and rotation was acquired in vivo and noninva-
sively without bone markers. This technique can be
used for accurate computer visualization of experi-
mental kinematics by use of the surface models of the
bones derived from the MRI data.

The ulnohumeral joint is generally described as a
hinge joint.'2 A previous study showed that flexion
occurs about a single axis, which passes through the
centers of the arcs outlined by the bottom of the
trochlear sulcus and the periphery of the capitellum.
More recent studies have shown that the elbow joint
does not function as a simple hinge joint and that the
joint axis translates as well as rotates.?? The respec-
tive axis intersects the trochlear center medially, and
the axes translate more at the lateral side than at the
medial side.> In our studies the results agree well with
these findings. These results may suggest the impor-
tance of the function of the medial collateral ligament,
and they are consistent with the findings about the
relatively ambiguous anatomy of the lateral collateral
ligament.

The previous studies showed that the change in
carrying angle during elbow flexion is linear, being
greatest at 0° flexion and diminishing during flex-
ion.6:24 Our results also agree well with these find-
ings.

gA review of the literature has shown that only a few
in vitro studies have been performed to obtain data
on elbow joint contact. Previous in vitro studies
showed that the contact areas on the ulna occurred
anteriorly and posteriorly, forming two narrow
bands.4” Goel et al® reported that in 0° flexion, the
contact was observed to be on the lower medial
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Figure 7 The change in the averaged carrying angle with elbow flexion for the ulnohumeral joint, which decreases

linearly.

aspect of the ulna, whereas in other postures, the
pressure areas described a strip extending from pos-
terolateral to anteromedial. In our in vivo studies, the
pattern’ of the contact area is different from that ob-
served in the previous in vitro reports. On the ulna,
most of the inferred contact areas with the trochlea
occurred only on the medial facet of the trochlear
notch in all different elbow positions. The path of the
centroids of contact areas across the trochlea was
revealed to be not on the sulcus but on the medial
facet of the trochlea.

Although current techniques provide a detailed
analysis of the in vivo kinematics of elbow motion,
they have some limitations, with the greatest disad-
vantage being the use of static motion analysis rather
than dynamic analysis, such as instrumented spatial
linkages.? 1° Dynamic kinematic factors such as mus-
cle were not considered in this methodology. The
proximity mapping technique has an inherent limita-
tion because o its?ock of consideration of thickness of
the cartilage. Furthermore, we cannot yet make a
definitive statement about elbow kinematics because
our database is still small. Additional research is
required to build the database.
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Patterns of Bone Defect in
Scaphoid Nonunion: A
3-Dimensional and Quantitative
Analysis
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Purpose: To clarify patterns and size of bone defect in scaphond nonunion in order to facilitate
accurate correction of scaphoid deformlty S

Methods: Three-dimensional computed tomography was used to examine 24 patients with scaph—
oid nonunion, Configuration andsize of bone defect were quantified.and comptited on the basis
of fracture location. Cases were categorized as:distal or prox;mal based on location of the fracture
line relative to-the dorsal apex of the scaphoid ridge.. -

Results: - Distal ‘scaphoid fractures displayed  wedge-shaped bone defects with the base facing
volarly. Proximal scaphoid fractures exhibited flat, crescent-shaped defects that presented only
around the fracture site. The size of bone defects was sngmflcantly greater for distal fractures than
for proximal fractures. - : o :

Conclusions: Whether the fracture line passes dlstal or proxtmal to the dorsal apex of the scaphoid
ridge is.a crucial factor in the generation of bone defect: A large’ wedge shaped bone graft from the
volar side is necessary for distal nonunion wheréas-a small cancellous bone graft from the dorsal
side-may be preferable for prox:mal nonunion. (J- Hand: Surg 2005;30A:359-365. Copyright ©

20052005 by the American Society for Surgery of the Hand.)
Key words: Scaphoid nonunion, bone defect, computed tomography.

In scaphoid nonunion restoration of the normal ana-
tomic shape is believed to improve postsurgical func-
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tion of the wrist joint.'”” Correction of scaphoid
deformity remains problematic, however, because of
the difficulty in detecting accurately the displacement
pattern and size of bone defect. Plain radiography
does not always provide adequate information about
deformity patterns because of the overlapping carpal
bones and complicated 3-dimensional (3D) structure
of the scaphoid itself. Belsole and Hess® quantified
angular deformity in fracture fragments from scaph-
oid waist nonunions. They also calculated the vol-
ume of bone defect and estimated the shape by cre-
ating 3D computer models. Amount of lost scaphoid
bone was 6% to 15% and the shape was a triangular
prism. None of these articles, however, reported frac-
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Dorsal apex of ridge

Figure 1. Fracture location of scaphoid nonunion with (A)
the distal-type and (B) the proximal-type nonunions. Dorsal
view of the right scaphoid.

ture displacement or bone defects on the basis of
fracture location.

Nakamura et al® categorized deformities of scaph-
oid nonunion into 2 different types based on direction
of the displacement: volar, in which the distal frag-
ment overlaps the proximal fragment volarly; and
dorsal, in which the distal fragment overlaps the
proximal fragment dorsally. They also reported that
the volar type was accompanied frequently by dorsal
intercalated segment instability deformity and was
often identified when fractures were distal. Con-
versely the dorsal type was noted frequently when
fractures were proximal. Moritomo et al’® suggested
that fracture location volar or dorsal in scaphoid
nonunion affects the pattern of deformity. They mea-
sured fracture location based on the anatomic land-
mark of the dorsal apex of the scaphoid ridge, where
the dorsal intercarpal ligament and dorsal part of the
dorsal scapholunate interosseous ligament attach. Frac-
ture lines were generally distal to the dorsal apex of
the scaphoid ridge in the volar type and proximal in
the dorsal type (Fig. 1).

The present study aimed to quantify the configu-
ration and size of bone defect based on fracture
location to facilitate accurate correction of scaphoid
deformity.

Materials and Methods

We studied 24 patients (20 men, 4 women) with
established scaphoid nonunion who were seen be-
tween 2000 and 2004 at our institution. Mean patient
age was 35 years (range, 1875 years). Mean interval
between injury and examination was 83 months
(range, 3—480 months). Fourteen patients had sought
no treatment for the original fracture and 6 patients
had been misdiagnosed with simple sprain; their frac-

tures had not been immobilized. A cast had been
used for 3 patients and 1 patient had bone grafting
without internal fixation for the fractured scaphoid.
The 24 scaphoid nonunions were divided into 2
groups according to the classification of Moritomo et
al'® using 3D modeling. Distal fracture was consid-
ered present (n = 20) if the fracture line was distal to
the dorsal apex of the scaphoid ridge whereas prox-
imal fracture was considered present (n = 4) if the
line was proximal to this landmark (Fig. 1). Mean
interval from injury to examination was 88 months
(range, 3-480 months) for distal fracture and 59
months (range, 9-93 months) for proximal fracture.

Image Acquisition

Computed tomography (CT) was performed with both
wrists fixed using an orthosis in a neutral position with
a slice thickness of 0.625 mm (High Speed Advance or
LightSpeed Ultra 16, General Electric, Waukesha, WT)
and the patient in a prone position with arms elevated
over the head. Data were saved in Digital Imaging and
Communications in Medicine (DICOM) format, which
is used commonly for transferring and storing medical
images.

Segmentation and Construction of 3D
Surface Bone Model

Segmentation is defined as extracting bone regions
and associating each region with individual bones.
The anatomic structure or region of interest must be
delineated and separated so that it can be viewed
individually and 3D bone models can be recon-
structed. Regions of individual bones were segmented
semiautomatically using software developed in our lab-
oratory (Virtual Place-M, Medical Imaging Laboratory,
Tokyo, Japan). We obtained surface models of both
distal and proximal segments of the scaphoid by
applying 3D surface generation of the bone cortex.
Using a graphics workstation we obtained 3D geom-
etry of each bone by connecting different sections.
The software generated 3D surface bone models us-
ing the marching cubes technique.’!

Surface-Based Registration

To measure bone defects of the scaphoid we referred
to the method of Belsole and Hess® to construct the
original shape of the fractured scaphoid and the frac-
ture gap by using the opposite scaphoid as a tem-
plate. Distal and proximal fragment models of scaph-
oid nonunion were matched to mirror images of the
contralateral normal scaphoid model using indepen-
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Figure 2. How to calculate bone defect. The distal fragment
(a) and the proximal fragment (b) were matched to the mirror
image of the contralateral normal scaphoid (c). The bone
defect (d) was calculated by subtracting (a) and (b} from (c).

dent implementation of the iterative closest point
registration algorithm (Fig. 2).? In this method a 3D
surface model and set of 3D points are registered by
starting from initial transformation parameters and

lateral view

B

palmer view
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finding finally the optimal parameters while minimiz-
ing the sum of the distance from each 3D point to the
surface.

Evaluation of Shape and Amount of Bone
Defect

The shape of the bone defect was shown by subtract-
ing the reduced nonunion model from the mirror
image of the contralateral normal scaphoid using a
Boolean operation in commercially available soft-
ware (Magics RP, Materialise, Leuven, Belgium).
The shape of the bone defect was visualized and the
amount of bone loss was calculated using the bone
defect model. Mean volume of the contralateral nor-
mal scaphoid was 2896 mm® (range, 2100-4060
mm?). The ratio of the volume of bone defect to the
whole volume of the contralateral scaphoid was cal-
culated.

The shape and volume of the bone defect in each
type were compared and the relations of the amount

apitate facet

distal view

Figure 3. Bone defect in distal-type nonunion. (A) Lateral view of the scaphoid nonunion in the distal type after correction of
the deformity. (B) The bone defect in distal type is wedge shaped.
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of bone defect to the interval from injury and the
occupation were evaluated.

Results

In distal scaphoid fracture all 20 patients displayed
the same pattern of bone defect; a wedge shape
with the base facing the volar side (Fig. 3). The
mean volume of bone defect was 269 mm? and the
mode was 150 mm®. The mean ratio of the volume
of bone defect to the whole volume of the con-
tralateral normal scaphoid was 9% (range, 3%—
19%). In proximal scaphoid fractures all 4 patients
had minor bone defects around the fracture site
that had a flat, crescent-shaped configuration (Fig.
4). Most proximal fractures showed osteophyte
formation on the ridge. The mean volume of bone
defect was 26 mm?® and the mode was 20 mm?. The
mean ratio of the volume of bone defect to the
whole volume of the contralateral normal scaphoid

osteophyte

lateral view

B

palmar view

was 1% (range, 0.3%-2%). The amount of bone
defect was significantly greater in distal fractures
than in proximal fractures (p < .01). In the prox-
imal fracture bone resorption was not marked even
for cases involving long-standing nonunion (Fig.
5). The relations of the amount of bone defect to
the interval from injury and occupation are shown
in Table 1. We defined intervals from injury origin
of less than 12 months as short duration and those
of more than 12 months as long duration. Even in
patients with distal scaphoid fracture who had
short duration the mean amount of bone defect was
greater than 100 mm? (Fig. 5). The amount of bone
defect was not significantly different between the
short duration and the long duration injuries. As
for the occupation 18 patients worked in non-
manual labor and 6 in manual labor. The amount of
bone defect was not significantly different between
nonmanual labor and manual labor.

capitate facet

flat erescent-shape

distal view

Figure 4. Bone defect in proximal-type nonunion. (A) Lateral view of the scaphoid nonunion in the proximal type. Osteophyte
formation is observed on the dorsal ridge. () Configuration of the bone defect in the proximal type is a flat crescent shape.
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Figure 5. The relationship between the duration of nonunion
and the amount of bone defect.

Discussion

Previous studies have emphasized the importance of
fracture reduction, rigid fracture internal fixation, and
correction of humpback deformity in the treatment of
scaphoid nonunion.'*'* Amadio et al'® investigated
wrist function after scaphoid fracture and concluded
that malunited scaphoid fractures with remaining
humpback deformity show unsatisfactory clinical re-
sults and a predisposition toward degenerative arthri-
tis. In correcting deformities, acquisition of accurate
presurgical information regarding the deformity is
essential. Fernandez* described an anterior wedge-
shaped bone defect that was evaluated by comparison
with radiographic images of the contralateral normal
scaphoid. Cooney et al® calculated angulation of the
scaphoid using tomography. Sanders'® estimated
humpback deformity using CT along the true longi-
tudinal axis of the scaphoid. They emphasized the
importance of restoring anatomic length and config-
uration of the scaphoid. Belsole et al® calculated the
angular relationship of the fracture components and
the volume of the bone defect by superimposing the
computer images of normal and contralateral frac-
tured scaphoids and concluded that the proximal
fragment is extended, radially deviated, and supi-
nated in relation to the distal fragment. The amount
of scaphoid bone defect varied between 6% and 15%
and the configuration of missing bone was a triangu-
lar prism with its base facing palmarly. The 3D
technique we used is basically the same as that used
by Belsole et al. None of these articles, however,
reported correlations between deformity and fracture
Jocation. Nakamura et al® reported that patterns of
deformity in scaphoid nonunions could be catego-
rized into 2 types based on 3D CT modeling: (1)
fractures in which the distal fragment is displaced
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dorsally and (2) fractures involving volar displace-
ment. Moritomo et al’® evaluated these types of
displacement in terms of anatomic points. They mea-
sured fracture location based on the anatomic land-
mark of the dorsal apex of the scaphoid ridge.

In this study bone defects in scaphoid nonunion were
quantified based on fracture location. The shape and
amount of bone defect differ between the 2 fracture
types. In distal scaphoid fractures the scaphoid forms a
humpback deformity and the bone defects are large and
triangular. In proximal fractures the bone defects are
much smaller and a flat, crescent-shaped pattern is seen.
These results suggest that the location of the fracture
line relative to the dorsal apex of the scaphoid ridge
represents an important factor in the development of
deformity of scaphoid fragments and development of
bone defect. The location of the dorsal apex of the
scaphoid ridge coincides with the location of the prox-
imal part of the dorsal intercarpal ligament and the
dorsal component of the scapholunate interosseous lig-
ament, which are believed to play roles in the dorsal
stability of the scaphoid. In proximal fractures ligamen-
tous attachments remain on the distal fragment, possi-

Table 1. The Relati

ions of Period and Occupation
1o Bone Defect

Bone Defect (mm?3

Period (mo)

)

Proximal Fracture
1.0 i 53 9
2* ' 8 36
3 36 93

4 6 97

Distal fracture

B ; 150 3
2 v : 400 3
3* 17 3
4 - 500 3
5 243 4
6 132 6
7 149 6
8 321 7
9 118 9
10% . 362 13
11. v 225 19
12 ' 159 24
13* ‘ 593 62
14 273 88
15% 159 111
16* 153 192
17 420 240
18 138 240
19 483 245
20 286 480

*Manual labor.
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