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The in Vivo Isometric Point of the
Lateral Ligament of the Elbow
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Background: Many reports have discussed reconstruction of the lateral uinar collateral ligament for the treatment of
posterolateral rotatory instability of the elbow, but information regarding the isometric point of the lateral ligament of
the elbow is limited. The purposes of the present study were to investigate the in vivo and three-dimensional length
changes of the lateral ulnar collateral ligament and the radial collateral ligament during elbow flexion in order to clar-
ify the role of these ligaments as well as to identify the isometric point for the reconstructed lateral ulnar collateral
ligament on the humerus where the grafted tendon should be anchored.

Methods: We studied in vivo and three-dimensional kinematics of the normal elbow joint with use of a markerless
bone-registration technique. Magnetic resonance images of the right elbows of seven healthy volunteers were ac-
quired in six positions between 0° and 135° of flexion. We created three-dimensional models of the elbow bones, the
lateral ulnar collateral ligament, and the radial collateral ligament. The ligament models were based on the shortest
calculated paths between each origin and insertion in three-dimensional space with the bone as obstacles. We calcu-
lated two types of three-dimensional distances for the ligament paths with each flexion position: (1) between the cen-
ter of the capitellum and the distal insertions of the ligaments (to investigate the physiological change in ligament
length) and (2) between eight different humeral origins and the one typical insertion of the lateral ulnar collateral liga-
ment (to identify the isometric point of the reconstructed lateral ulnar collateral ligament).

Results: The three-dimensional distance for the lateral ulnar collateral ligament was found to increase during elbow
flexion, whereas that for the radial collateral ligament changed little. The path of the lateral ulnar collateral ligament
gradually developed a detour because of the osseous protrusion of the lateral condyle with flexion. The most isomet-
ric point for the reconstructed lateral ulnar collateral ligament was calculated to be at a point 2 mm proximal to the
center of the capitellum.

Conclusions: The radial collateral ligament is essentially isometric, but the lateral ulnar collateral ligament is not.
The lateral ulnar collateral ligament is loose in elbow extension and becomes tight with elbow fiexion.

Clinical Relevance: The present study suggests that the isometric point for the lateral ulnar collateral ligament graft
origin is approximately 2 mm proximal to the center of the capitellum.

been primarily investigated by the application of ten-
sile forces with valgus, varus, or rotational stresses ap-
plied to the dissected ligament'®. The current paradigm that
deals with the change of length of the lateral ligament depends
almost exclusively on the classic paper by Morrey and An,

T he function of the lateral ligament of the elbow has

which was published in 1985*. Those authors investigated the
three-dimensional distance between the origin and insertion
of the lateral collateral ligament complex and reported that
the length of the lateral collateral ligament changed little dur-
ing elbow flexion. This finding was consistent with the obser-
vation that the axis of rotation of the elbow passes through the
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center of the capitellum*®. However, in that study, Morrey and
An did not distinguish the lateral ulnar collateral ligament
from the lateral collateral ligament complex. To our knowl-
edge, there have been no reports of studies specifically deal-
ing with the change in length of the lateral ulnar collateral
ligament.

Furthermore, all of the current information dealing
with the function of the elbow ligaments has been acquired in
cadaver studies involving invasive procedures. Such in vitro
experiments cannot completely reproduce the muscular force
that is exerted across the elbow in vivo. This limitation could
alter the normal in vivo kinematics of the ligaments. Recently,
researchers have been able to measure in vivo kinematics of
the human joint with use of a noninvasive technique™, and
Marai et al. reported a novel method for calculating ligament
length noninvasively in three-dimensional space with bone
obstacles (osseous protrusions that deflect a ligament path by
ligament-bone impingement)*.

Posterolateral rotatory instability following disruption
of the lateral collateral ligament is the most common form of
recurrent posttraumatic instability of the elbow". It has been
theorized that disruption of the lateral ulnar collateral liga-
ment has a crucial role in the development of posterolateral
rotatory instability'"”. However, some biomechanical studies

THE IN VIVO ISOMETRIC POINT OF THE
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have cast doubt on this theory™”. Dunning et al,, in a study of
sequential sectioning of the lateral ulnar elbow ligament, re-
ported that, compared with the intact elbow, no differences in
the magnitude of laxity of the ulna were detected with only the
radial collateral ligament intact’. Many reports dealing with
lateral ulnar collateral ligament reconstruction for the treat-
ment of posterolateral rotatory instability of the elbow have
been published”™. In addition, information is limited regard-
ing the in vivo isometric point of the lateral ulnar collateral
ligament of the elbow. The purposes of the present study were
to investigate the in vivo and three-dimensional length
changes of the lateral ulnar collateral ligament and the radial
collateral ligament during elbow flexion in order to clarify the
role of these ligaments as well as to identify the isometric
point for the reconstructed lateral ulnar collateral ligament on
the humerus where the grafted tendon should be anchored.

Materials and Methods

We studied the right elbow joints of seven healthy volun-
teers during elbow flexion with use of a noninvasive, in

vivo, three-dimensional motion-analysis system. The patients

included five men and two women with a mean age of 28.3

years (range, twenty-four to thirty-three years). All patients

consented to be included in the study. The steps in this analysis

Fig. 1
The paths of the lateral ulnar collateral ligament (LUCL) and the radial collateral ligament
(RCL) of the right elbow of a representative case.



2013

THE JOURNAL OF BONE & JOINT SURGERY - JBJS.ORG
VOLUME 89-A - NUMBER 9 - SEPTEMBER 2007

included image acquisition, segmentation, and registration.
A mathematical description of the motion of the individual
bones and their relative motion was derived by computing
the rigid transformation required to match the volume data
of the models.

Magnetic resonance images of the right elbow of each
volunteer were acquired in six positions of elbow flexion (0°,
30°, 60°, 90°, 120°, and 135°) with the same method as was
used in our previous study’. During this elbow flexion study,
the forearm was fixed in the neutral position. Regions of indi-
vidual bones were semi-automatically segmented from mag-
netic resonance volume images with use of a software program
(Virtual Place-M; AZE, Tokyo, Japan). The software generated
three-dimensional surface bone models with use of the
marching cubes technique'. Volume-based registration was
done to determine relative positions between volume images
represented at different coordinates’. Visualization of the geo-
metrical models of each elbow was obtained with a software
program that was developed in our laboratory (Orthopedics
Viewer; Osaka University, Osaka, Japan).

Ligament Paths

We created three-dimensional models of the ligament paths
that approximated the lateral ulnar collateral ligament and
the radial collateral ligament. The ligament models were cal-
culated as the shortest paths in three-dimensional space with
bone obstacles on the basis of the method proposed by Marai
et al.”. In this program, the paths can be detoured by osseous
protrusions to avoid bone penetration. The structural and
material properties of the ligaments are not taken into ac-
count in this program.

The origins and insertions of the ligament models that
are reported in the present study were based solely on the os-
seous geometry of the elbow. We used anatomical landmarks
to identify the origin and insertion points of the ligaments on
the bone surfaces.

Normal Length Changes of the Ligaments
We created the ligament paths between the center of the capitel-
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lum and the distal insertions of the lateral ulnar collateral liga-
ment and the radial collateral ligament to investigate the
normal length changes of the ligaments. In the present study,
the origins of both the lateral ulnar collateral ligament and the
radial collateral ligament were located at the center of the
capitellum®, which was determined as the center of a circle that
fit the curvature of the capitellum on the lateral view (Fig. 1).
The insertion of the radial collateral ligament was placed at the
most lateral point of the radial head at a level 5 mm distal to the
proximal surface of the radial head. A previous anatomic study
demonstrated that the lateral ulnar collateral ligament and the
anular ligament form a broad conjoint insertion measuring ap-
proximately 2 cm in width". On the basis of that study, three
insertion points of the lateral ulnar collateral ligament, lo-
cated 5, 15, and 25 mm distal to the proximal margin of the
radial head, were placed on the supinator crest of the ulna.
We calculated the three-dimensional distances of the paths
of the lateral ulnar collateral ligament and radial collateral
ligament between the origin and insertion of each ligament
in six positions of flexion (0°, 30°, 60°, 90°, 120°, and 135°).

Length Changes of the Reconstructed

Lateral Ulnar Collateral Ligament

Our goal was to find the isometric point of the reconstructed
lateral ulnar collateral ligament at which the ligament’s length
change would be minimized during elbow flexion. We calcu-
lated the length changes of eight possible ligament paths of the
reconstructed lateral ulnar collateral ligament on the basis of
the eight different humeral origins other than the center of the
capitellum and the one typical insertion of the lateral ulnar
collateral ligament. The eight different possible origins were
defined on the basis of their proximal and anterior locations
from the center of the capitellum (Fig. 2, A) and were located
at 2-mm intervals. These origins were located on the intersec-
tion of a grid whose lines were parallel or perpendicular to the
longitudinal axis of the humerus. We first calculated the
length changes of each possible ligament path between 0° and
135° of flexion (Figs. 2, B and 2, C) and determined the most
isometric point of the reconstructed lateral ulnar collateral lig-

Fig. 2

0

136

A: The nine humeral origins of the reconstructed lateral ulnar collateral ligament, separated by 2-mm intervals
on the capitellum. B and C: The ligament paths at 0° (B) and 135° of flexion (C) in a representative case.
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TABLE | Data on the Ligament Length for Each of the Seven Elbows* b

Length Change of Normal Ligaments
from 0° to 135° of Flexiont (mm)

Case Age (yr) Gender RCL Luct1 LucL-2 LUCL-3
1 30 M 1.6 2.8 3.0 2.6
2 33 M 1.1 4.0 3.4 2.4
3 25 M -0.5 4.3 2.2 1.5
4 24 M 0.3 4.0 2.7 2.0
5 25 F -1.3 2.9 2.5 2.0
6 30 F 0.8 2.8 1.9 1.3
7 31 M 0.1 3.7 2.0 1.2
Average 28.3 0.3 3.5 2.5 1.9
Standard Deviation 1.0 0.7 0.5 0.5

*RCL = radial collateral ligament, and LUCL = lateral ulnar collateral ligament. TThe ulnar insertion points of LUCL-1, 2, and 3 are 5, 15, and
25 mm distal to the radial head, respectively. $The first value for each humeral origin indicates the anterior distance from the humeral origin
to the center of the capitellum, and the second value indicates the proximal distance from the humeral origin to the center of the capitelium.

ament at which the ligament’s length change was the smallest.
Then, at six flexion positions (0°, 30°, 60°, 90°, 120° and
135°), we calculated the length change of the reconstructed
ligament that had its origin at the isometric point. We defined
the insertion point on the ulna to be 15 mm distal from the
proximal margin of the radial head.

Statistical Analysis

All data were expressed as the mean and the standard devi-
ation. Statistical analysis of differences was performed with
use of the student t test. The level of significance was set at
p < 0.05. Statistical analysis of differences of the length of

Fig. 3

the reconstructed ligament that had its origin at the iso-
metric point was performed with use of repeated-measures
analysis of variance.

Results

Normal Length Changes of the Ligaments

Lateral Ulnar Collateral Ligament

The three-dimensional animations of the elbow joint showed
that all three paths of the lateral ulnar collateral ligament

gradually detoured to the lateral side during flexion because of

the osseous protrusion of the lateral condyle (Fig. 3). The

lateral ulnar collateral ligament was not constrained by the

The ligament paths of the lateral ulnar collateral ligament (LUCL) and the radiai collateral ligament (RCL) at
30° (A), 90° (B), and 135° (C) of flexion in a representative case. The right elbows are seen from a posterolat-
eral view. Note that the lateral ulnar collateral ligament paths detour around the osseous protrusion of the lat-

eral condyle at 90° and 135° flexion (arrows).
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TABLE | (Continued)

Length Change of Reconstructed LUCL from 0° to 135° of Flexion (mm)
Humeral Origin¥
- Average Length of
cAe?utterlo(;ntr?) ) 0 0 2 2 2 4 4 4 R:f%”ﬁ;‘ﬁ;fo‘)‘d‘#ﬁ
Proximal to to Center and 0 mm
Center (mm) 2 4 [¢] 2 4 [¢] 2 4 Anterior to Center (mm)
-0.1 -0.2 -0.6 -4.2 -3.0 -3.8 -4.0 -5.1 43.1+0.9
-0.1 -1.8 -1.6 -3.0 -4.3 -5.3 -6.3 -7.3 38.6 +0.6
-1.0 -2.3 -2.2 -3.9 -5.2 -5.1 -6.5 -8.3 40.6+0.7
-1.2 -1.8 -1.6 -2.7 -3.4 -4.2 -3.9 -6.7 38.6+0.7
-0.3 ~2.5 -1.4 -3.1 -4.8 -4.7 -6.1 -7.6 36.1+04
-1.1 ~0.3 -1.6 -2.0 -2.9 -4.7 -5.3 -5.7 38.8+ 0.6
-1.4 -1.3 -0.1 -0.9 -1.9 ~4.0 -3.5 -4.8 39.9+0.8
-0.7 -1.4 -1.3 -2.8 -3.6 -4.5 -5.1 -6.5
0.6 1.0 0.8 1.1 1.2 0.6 1.3 1.3

lateral condyle in full extension. However, at about 30° of flex-
ion, the lateral ulnar collateral ligament made contact with
the posterolateral edge of the lateral condyle at approximately
one-fifth of the ligament length on the proximal side of the
ligament; then, with further elbow flexion, the lateral ulnar
collateral ligament started to detour to the lateral side (Fig. 4)
(see Appendix). These findings were true for all seven volun-
teers in the study.

2

 lateral condyle

o

Fig. 4

The three-dimensional distances between the center of
the capitellum and the three insertions of the lateral ulnar col-
lateral ligament were found to increase during elbow flexion.
The average length change for the three lateral ulnar collateral
ligament paths was 2.6 + 0.9 mm. The increase in length when
the insertion point was 5, 15, and 25 mm distal to the radial
head was 3.5 £ 0.7 mm, 2.5 + 0.5 mm, and 1.9 * 0.5 mm, re-
spectively (Table I).

The typical paths of the lateral ulnar collateral ligament (LUCL) of the right elbow from an anterior view during flexion in a representative case. The
ulna is fixed, and the humerus moves; the radius is not seen in these views. Note that, with the elbow flexing, the lateral ulnar coliateral ligament

paths are gradually detoured by the lateral condyle.
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Radial Collateral Ligament

The three-dimensional animations of the elbow joint demon-
strated that the radial collateral ligament was not constrained
by the lateral condyle in any position of elbow flexion in any of
the seven volunteers (Fig. 3). The three-dimensional distance
between the center of the capitellum and the radial head in-
creased by 0.3 + 1.0 mm during flexion (Table I). The increase
in the length of the radial collateral ligament was significantly
less than that of the lateral ulnar collateral ligament when the
insertion point was 5 mm (p < 0.00005), 15 mm (p < 0.0005),
and 25 mm (p < 0.005).

Length Changes of the

Reconstructed Lateral

Ulnar Collateral Ligament

The length changes of the ligament paths for the eight differ-
ent humeral origins were calculated (Table I). The most iso-
metric point of the reconstructed lateral ulnar collateral
ligament was found to be located 2 mm proximal (and 0 mm
anterior) to the center of the capitellum; at this point, the av-
erage length change was —0.7 = 0.6 mm. The second most iso-
metric point was 2 mm anterior (and 0 mm proximal) to the
center of the capitellum, with an average length change of
—1.3 + 0.8 mm, and the third most isometric point was 4 mm
proximal (and 0 mm anterior) to the center of the capitellum,
with an average length change of —1.4 + 1.0 mm. The length of
the reconstructed ligament that had its origin at a point 2 mm
proximal (and 0 mm anterior) to the capitellar center was
constant and did not change significantly through the six el-
bow flexion positions (Table I).

Discussion

n the present study, the three-dimensional distance of the

lateral ulnar collateral ligament, which was defined as the
distance between the center of the capitellum and the supina-
tor crest of the ulna, was found to increase gradually during
elbow flexion, whereas that of the radial collateral ligament
changed little. The path of the lateral ulnar collateral ligament
detoured around the osseous protrusion of the lateral condyle
with elbow flexion, whereas the radial collateral ligament was
not constrained by the lateral condyle in any position of elbow
flexion. These results suggest that the lateral ulnar collateral
ligament is not isometric; that is, it is loose in elbow extension
and becomes tight with elbow flexion. Our data also suggest
that the radial collateral ligament is essentially isometric and
can provide stability throughout the range of elbow flexion.
Therefore, in terms of elbow stability, we consider the radial
collateral ligament to be more important than the lateral ulnar
collateral ligament.

Some authors have attributed the cause of posterolateral
rotatory instability to the lateral ulnar collateral ligament'".
However, some recent anatomical studies have indicated that
more than half of the cadavers lacked an obvious and thick lat-
eral ulnar collateral ligament”. Also, some biomechanical
studies have shown that the lateral ulnar collateral ligament
can be transected without inducing posterolateral rotatory in-

THE IN VIVO ISOMETRIC POINT OF THE
LATERAL LIGAMENT OF THE ELBOW

stability of the elbow'”. The results of the present in vivo study
are in agreement with those findings, which cast doubt on the
theory that the lateral ulnar collateral ligament is crucial to el-
bow stability. We speculate that the lateral ulnar collateral liga-
ment may be a secondary stabilizer of the lateral collateral
ligamentous complex.

Nevertheless, the lateral ulnar collateral ligament re-
construction procedure that is performed for the treatment
of posterolateral rotatory instability has been reported to be
a successful and effective procedure™”. At the time of the
ligament reconstruction, knowledge of the isometric point
of the lateral ulnar collateral ligament is important because
stability throughout the range of elbow motion cannot be
achieved without the reconstructed ligaments being fixed to
the isometric point. The isometric point of the lateral ulnar
collateral ligament has been thought to be identical to the
axis of rotation and to be located at the center of the capitel-
lum, and, therefore, clinically, a drill-hole has been placed at
that location™”. However, on several occasions, we have
found during surgery that the reconstructed ligament be-
came loose upon elbow extension whereas it was tight with
elbow flexion. Therefore, we have often added a side-to-side
suture for the reconstructed lateral ulnar collateral ligament
to the remnant of the radial collateral ligament and the anu-
lar ligament. Doing so bends the path of the lateral ulnar
collateral ligament slightly anteriorly, which approximates
its path to being almost the same as that of the normal
course of the radial collateral ligament and the anular liga-
ment. This bending of the reconstructed ligament anteri-
orly may be one reason why this type of lateral ulnar
collateral ligament reconstruction has been reported to be
successful and effective.

In the present study, we found that the isometric point
of the reconstructed lateral ulnar collateral ligament was not
located at the center of the capitellum but was located 2 mm
proximal to it. Therefore, to obtain more stability with use of
a single graft during reconstruction of the lateral ulnar col-
lateral ligament, we recommend that a proximal drill hole be
located 2 mm proximal to the center of the capitellum. Even
though the resultant ligament path is not the anatomic path,
empirically it should result in stability throughout the range
of elbow flexion.

The present study had some limitations. The origin
and insertion of the ligaments were determined only on the
basis of general anatomic information; individual variances
in ligamentous and skeletal anatomy were not taken into ac-
count. Our findings are only theoretical and have not been
tested surgically. However, the paths that we generated pro-
vide useful visual information about the ligaments and help
to identify potential joint mobility constraints imposed by
the ligaments.

Appendix

A video demonstrating the course of the simulated
lateral ulnar collateral ligament with elbow motion is
available with the electronic versions of this article, on our
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web site at jbjs.org (go to the article citation and click on
“Supplementary Material”) and on our quarterly CD-ROM
(call our subscription department, at 781-449-9780, to or-
der the CD-ROM). =

Note: The authors thank Takehiro Arimura, RT, of the Department of Radiology, and Ryoji Na-
kao, MEng, of the Department of Orthopaedics, Osaka University Graduate School of Medi-
cine, for their assistance during parts of the experimental procedures.
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A three-dimensional quantitative analysis of
carpal deformity in rheumatoid wrists

We have measured the three-dimensional patterns of carpal deformity in 20 wrists in 20
rheumatoid patients in which the carpal bones were shifted ulnarwards on plain
radiography. Three-dimensional bone models of the carpus and radius were created by
computerised tomography with the wrist in the neutral position. The location of the
centroids and rotational angle of each carpal bone relative to the radius were calculated
and compared with those of ten normal wrists.

In the radiocarpal joint, the proximal row was flexed and the centroids of all carpal bones
translocated in an ulnar, proximal and volar direction with loss of congruity. In the
midcarpal joint, the distal row was extended and congruity generally well preserved. These
findings may facilitate more positive use of radiocarpal fusion alone for the deformed

rheumatoid wrist.

The most common deformity of the wrist in
rheumatoid arthritis (RA) has been described
as carpal supination with ulnar translocation’
and many reports have attempted to evaluate
this deformity.”® However, they have been
two-dimensional studies based generally on
radiological assessment, the value of which is
limited because the complex, overlapping
appearance makes measurement difficult, espe-
cially in wrists with severe deformity. We have
therefore undertaken an analysis of such defor-
mities using a new three-dimensional (3D)
technique.

Patients and Methods

We studied 20 wrists in 20 rheumatoid patients
in which there was ulnar translocation on the
anteroposterior radiograph. We chose wrists
with a carpal-ulnar distance ratio below 0.27°
and in which the shape of each bone was easily
recognisable (Fig. 1). There were 19 women
and one man with a mean age of 61 years (21
to 80). The mean duration of the disease was
15 years (6 to 38). A total of 18 patients had
the more erosive subset of the disease, one the
least erosive'® and one juvenile RA. For com-
parison, we also chose a control group of ten
normal wrists in ten men with a mean age of
41.4 years (18 to 76).

Imaging. Computerised tomography (CT) with
a slice thickness of 0.625 mm was undertaken
on a clinical helical-type scanner (LightSpeed
Ultral6;  General  Electric, Maukesha,

Wisconsin). During image acquisition, the
wrists were in the neutral position with the
axes of the third metacarpal and forearm
aligned. The data were saved in a standard for-
mat (DICOM; Digital Imaging and Communi-
cations in Medicine).

Segmentation and construction of three-dimen-
sional surface bone models. Segmentation is the
extraction of individual bony regions. The anat-
omy or region of interest must be delineated and
separated so that it can be viewed individually
and 3D models reconstructed. Regions of indi-
vidual bones were segmented semi-automati-
cally using a software program for image
analysis (Virtual Place-M; AZE Ltd, Tokyo,
Japan). Surface models of the radius and each
carpal bone were obtained by 3D surface gener-
ation of the bone cortex,!"13

Measurement of centroid translocation and
carpal rotation. First, the position of the vol-
ume centroid of any bone was calculated from
the CT files.' In order to measure the trans-
location, we defined the grid for the lower
radius and each carpal bone within it. This was
the orthogonal reference system originally
advocated by Belsole et al's (Figs 2 and 3). For
the radius this was determined as follows: The
Y axis was the longitudinal radial axis and
indicated the proximal (+)/distal (-) direction;
the Z axis was the line through the styloid per-
pendicular to the Y axis and indicated radial
(+)/ulnar (-) displacement; the X axis was the
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Fig. 1

Radiograph showing measurement of the carpal-ulnar
distance ratio. It is caiculated as L3/L1 where L3 is the
distance between the centre of the capitate and the bony
axis of the ulna and L1 the length of the third metacarpal.
The normal ratio is 0.3 sD 0.03.

line perpendicular to the YZ plane and indicated palmar
(+)/dorsal (-} displacement. Rotation around the Z axis
produced flexion (+)/extension (-); that around the Y axis
pronation (+)/supination (-) and that around the X axis
indicated ulnar (+)/radial (-) deviation (Fig. 2). Thus, we
calculated as a 3D vector the translocation of each carpal
bone relative to the reference system determined for the
radius.!313

Next, using the anatomical feature as described by Bel-
sole et al'# the local co-ordinate system for the scaphoid,
lunate, and capitate was established to characterise car-
pal direction (Fig. 3). The X axis of the scaphoid was
defined as its principal axis, calculated as the line on
which the moment of inertia was smallest and which ran
through the centroid. The Z axis was defined as the line
running through the dorsal ridge of the scaphoid in the
plane perpendicular to the X axis and the Y axis was the
line perpendicular to the XZ plane. The X axis of the
lunate was defined as the line through the palmar and
dorsal poles, the Y axis as the line through the centroid,
perpendicular to the X axis and the Z axis as the line per-
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Fig. 2

A three-dimensional model showing details of the orthogonal reference
system established in the radius as advocated by Belsole et al."® The Y
axis was the longitudinal radial axis and indicated the proximal (+)/distal
(-} direction; the Z axis was the line through the styloid perpendicular to
the Y axis and indicated radial (+)/ulnar {-) displacement; the Y axis
was the line perpendicular to the YZ plane and indicated palmar (+)/dor-
sal {-) displacement. Rotation around the Z axis produced flexion (+)/
extension (-); that around the Y axis pronation (+)/supination (-) and that
around the X axis indicated ulnar (+)/radial (-} deviation.

pendicular to the XY plane. The Y axis of the capitate was
defined as its principal axis'* and the Z axis as the line
through the dorsal joint ridge of the capitate-hamate joint
perpendicular to the Y axis, rotated +90° around the Y axis.
The X axis was the line perpendicular to the YZ plane.
From these planes the 3D vector of a carpus relative to the
radius was calculated with six degrees of freedom using the
Euler angle'? method. This quantified the direction and
rotation of each carpal bone in the RA wrist relative to the
radius and compared their positions with those of a normal
wrist.

With regard to evaluating the translocation of location
of the centroid, the variation in size of each carpal bone
needed to be considered, and the translocation index was
used for the purpose. It was calculated by dividing each of
the three components of the vector of the centroids of the
carpal bones by the square root of the cross-section of the
radius at a plane perpendicular to its longitudinal axis and
passing through Lister’s tubercle!® (Fig. 4).

The translocation index was as follows:

(Tx, Ty, Tz) = x/VS, y/VS, zVS),
where x, y and z represent the vectors of the centroid of the
carpal bone, relative to the origin of the reference of the
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Fig. 3a Fig. 3b

Fig. 3¢

Diagram showing the orthogonal system as applied to a) the scaphoid,
b} the lunate and c) the capitate according to Belsole et al."* The X axis
of the scaphoid was defined as its principal axis, calculated as the line
on which the moment of inertia was smallest and which ran through the
centroid. The Z axis was defined as the line running through the dorsal
ridge of the scaphoid in the plane perpendicular to the X axis, and the Y
axis was the line perpendicular to the XZ plane. The X axis of the lunate
was defined as the line through the palmar and dorsal poles, the Y axis
as the line through the centroid, perpendicular to the X axis, and the Z
axis as the line perpendicular to the XY plane. The Y axis of the capitate
was defined as its principal axis and the Z axis as the line through the
dorsal joint ridge of the capitate-hamate joint perpendicular to the Y
axis, rotated +90° around the Y axis. The X axis was the line perpendic-
ular to the YZ plane.

radius (mm) and S was the cross-sectional area of the radius
(mm?), at a plane perpendicular to its longitudinal axis at
the level of Lister’s tubercle (Fig. 4).

Statistical analysis. The left hand was converted to the
orientation of the right and comparison of the results
between the control and RA groups performed using stan-
dard statistical formulae based on the Mann-Whitney U-
test. The results were deemed to be significant if p < 0.05.

Results

Centroid translocation. Three-dimensional images of the
carpal bones showed that all centroids translocated not just
in an ulnar direction, but also in the ulnar, proximal and
volar direction, along the slope of the surface of the distal
radius (Figs 5 and 6). Contacts between the radius and the
scaphoid and the radius and the lunate were translocated
ulnopalmarly and were incongruent in most cases. In the
midcarpal joint, congruity was relatively well preserved com-
pared with that of the radiocarpal joint in most cases (Fig. 7)
while their radiographs showed joint narrowing (Fig. 1).

In the radioulnar deviation plane, the capitate
{p =0.0011) hamate, (p = 0.0013), lunate (p < 0.0001),
scaphoid (p = 0.0003), triquetrum (p < 0.0001) and trape-
zoid (p = 0.0197), in RA wrists were significantly trans-
located to the ulnar side by a mean of 6.28, 4.68, 5.07,
7.10, 3.85 and 6.12 mm, respectively (Table I}. In the flex-
ion-extension plane all the centroids translocated in the pal-
mar and proximal directions relative to the radius. The
capitate (p = 0.0083), hamate (p = 0.0037) and scaphoid
(p = 0.0064) in RA wrists were significantly translocated in
the palmar direction by a mean of 3.21, 2.99 and 2.04 mm,
respectively (Table I). The capitate {(p < 0.0001), hamate

Fig. 4

Diagram showing the cross-section of the radius through Lister’s tuber-
cle, perpendicular to the longitudinal axis, S was the cross-sectional
area of the radius (mm?),

{p = 0.0037), lunate (p < 0.0001), scaphoid (p < 0.0001) tri-
quetrum (p = 0.0011), trapezium (p < 0.0001) and trape-
zoid (p < 0.0001) in RA wrists were significantly
translocated proximally by a mean of 10.70, 9.41, 8.68,
6.90, 9.89, 11.37 and 13.30 mm, respectively (Table I).
Carpal rotation. The proximal row of RA wrists was flexed
significantly compared with the normal wrists (Fig. 7b), the
scaphoid at 25° (p = 0.0003) and the lunate at 10°
{p = 0.0311) more than normal. In the pronation/supina-
tion plane, the scaphoid, lunate, and capitate did not supi-
nate but were pronated 12°, 7° and 6°, respectively (p =
0.053, 0.147 and 0.356). The distal row was extended dor-
sally (Fig. 7c), as was the capitate by 12° (p = 0.0387) more
than normal. The 3D images showed that the dorsally
extended distal row corrected the hand to almost normal
relative to the radius, by counteracting the flexion defor-
mity of the proximal row.

Discussion

In the RA wrist, ligamentous laxity is probably the major
cause of collapse and instability.! There are many reports
which have attempted to measure the deformity radio-
logically,>*¢® but two-dimensional evaluation is of limited
value. In our study, 3D imaging showed clearly that the
rheumatoid carpus translocated obliquely in an ulnag
proximal and volar direction (Fig. 6). This quantitative
technique allowed an easier understanding of this complex
deformity. The direction of carpal translocation followed
the natural slope of the joint surface of the distal radius
which had a mean inclination of 24° in the coronal and 11°
in the sagittal plane.’®” In normal wrists, displacement of
the carpus was resisted mainly by the palmar and dorsal
radiotriquetral and palmar radiolunate ligaments.1%1°
Their laxity probably allowed the 3D oblique transloca-
tion.

Rotational deformity, one of the most common deform-
ities in RA, has been described qualitatively as carpal
supination. Our 3D study, however, showed quantitatively
that the main rotational deformity of the proximal row was
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Fig. ba

Fig. 5b

Fig. bc Fig. 5d

Diagrams showing centroid translocation from a) a dorsal view, b) ulnar view, c) distal view and d) radiopalmar view. All the centroids translocated
in an ulnar, proximal and volar direction. The trapezium translated slightly in a dorsal direction according to the X component but, overall, translocated
in a palmar direction {Tm, trapezium; Td, trapezoid; C, capitate; H, hamate; S, scaphoid; L, lunate; and T, triquetrum).

Fig. 6b

Fig. 6a

Three-dimensional radiopalmar view of the translation of the carpus in
a) a normal wrist and b) rheumatoid arthritis. The carpus translocates
along the direction of the slope of the joint surface of the distal radius.

palmar flexion with no significant rotation. Accurate esti-
mation of carpal supination by plain radiography may not
be easy since palmar subluxation of the distal radius in rela-
tion to the ulna makes it difficult to obtain a true lateral
view for measurement of carpal rotation in the transverse
plane.

We also noticed a different pattern of rotational
deformity between the radiocarpal and midcarpal joints.
Our 3D study showed that the proximal row as flexed at
the radiocarpal joint and the distal row extended at the
midcarpal joint (Fig. 7). While flexion of the proximal row
was associated with translocation, the extension of the
distal row was associated only with minor translocation.
Although our patients had joint narrowing throughout the
carpus, the congruity and function of the midcarpal joint
were better preserved even in deformed RA wrists than at
the radiocarpal joint.

Moritomo et al? proposed a self-stabilising mechanism
which is stronger in the midcarpal than in the radiocarpal
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Fig. 7¢c

Fig. 7a Fig. 7b

A three-dimensional view showing carpal rotation and joint congruity.
Figure 7a — The normal wrist. Figure 7b - The radiocarpal joint is incon-
gruent {arrow). Figure 7c — Joint congruity is relatively well-preserved in
the midcarpal joint {arrowheads). In the sagittal plane, the scaphoid and
lunate are flexed as in b) and the capitate is extended as in c).

joint. A scaphoid under axial load against the trapezium
tends to rotate in a flexion/ulnar direction. This turning
effect is constrained by the extension/radial deviation
moment of the triquetrum, leading to a stable equilibrium
provided that the interosseous ligaments in the proximal
row are intact. We speculated that, with loosening of
many carpal ligaments, the radiocarpal joint may easily
lose congruity. Whereas the deformity in this joint
included translational and rotational elements, in the mid-
carpal joint the deformity was predominantly rotational.
We considered the radiocarpal joint to be more incongru-
ent and thereby more prone to cartilaginous damage.
Our study has limitations, the most important of which
is that it was based on selected cases in which the whole
carpal bones were shifted to the ulnar side, but the shapes
were relatively recognisable on plain radiography. The
other limitation was that age and gender were not fully
matched between the RA and control wrists. It is possible
that calculation of centroids and angles of rotation are
influenced by erosion of the carpal bones with a subse-
quent alteration of shape. Our quantitative information,
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Table I. Details of translocation in the carpal bones

S. ARIMITSU, T. MURASE, J. HASHIMOTO, K. OKA, K. SUGAMOTO, H. YOSHIKAWA, H. MORITOMO

Centroid translocation

Capitate Hamate Lunate Scaphoid Triquetrum Trapezium Trapezoid
* AD AD AD AD AD AD

Direction (mm) TI' SD {mm) TI sp (mm) TI sp {mm) Tl sb (mm)Tl spb (mm)T sp {mm)Tl sb
Paimar

Normal 321 0.01 0.1 299 007 0.11 108 0.23 0.05 2.04 023 0.07 052 0.150.08 0.22 0.47 0.18 0.33 0.04 0.16

RA? 0.17 0.16 0.22 0.21 0.33 0.18 0.37 0.16 0.20 0.21 0.54 0.16 0.07 0.17
Proximal

Normal 10.70 -0.57 0.14 9.41 -0.61 0.24 8.68 0.05 0.14 690 -0.20 0.06 9.89 -0.190.24 11.37 -0.830.16 13.30-0.820.16

RA -0.15  0.20 -0.26 0.20 0.48 0.27 0.10 0.15 0.25 0.27 -0.42 0.16 -0.320.17
Ulnar

Normal 6.28 0.18 0.19 468 070 0.19 5.07 0.35 0.09 7.10 -0.24 0.14 3.85 0.840.10 6.42 -0.490.26 6.12-0.240.25

RA 0.52 0.18 1.04 0.23 0.66 0.14 0.05 0.14 1.17 0.16 -0.27 0.18 0.00 0.17

* AD, the absolute value of the difference of the mean translation {mm)
1 T, translocation index
1 RA, rheumatoid arthritis

however, allowed early identification of the rheumatoid
deformity and should be a guide to treatment, in particu-
lar in the decision as to whether to undertake radiocarpal
fusion alone or to include the midcarpal joint.

Supplementary Material
XXM A further opinion by Dr Klemens Trieb is available
with the electronic version of this article on our

website at www.jbjs.org.uk

No benefits in any form have been received or will be received from a com-
mercial party related directly or indirectly to the subject of this article.
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Abstract Knowledge of the pattern of joint destruction is
important for planning the therapeutic approach to theu-
matoid arthritis (RA) of the elbow. Accordingly, we carried
out a large-scale radiographic study with the objective of
elucidating the joint destruction pattern in rheumatoid
elbows. From 2001 through 2003, we examined and took
plain X-rays of both elbows of 193 RA patients (i.e., 386
elbows), consisting of 18 men and 175 women, with a
mean age of 57.0 years. Radiographic images of the elbow
joints were used to classify the degree of bone loss in
various zones on the elbow joint surface into four grades of
severity, and joint destruction was compared between the
left and right elbows. In addition, correlation in the extent
of bone loss between each of the zones of the same elbow
and differences in the extent of bone loss were analyzed
statistically. The results showed direct correlations for
destruction of the elbow joint surface among the zones for
the left and right elbow joints and in the same elbow joint.
However, more severe destruction was observed on the
radial side of the humeral trochlea, and it was surmised that
destruction of the elbow joint must begin at that site and
gradually spread mediolaterally. In addition, in the same
elbow joint, the correlation in the degree of bone loss
between the trochlea of humerus and the trochlear notch
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was especially strong, indicating that the bone destruction
at both sites represented mirror lesions. We conclude that
when performing radiographic diagnosis of the joint
damage in the rheumatoid elbow, knowledge of this pattern
of joint destruction will be useful for assessing whether
there is joint destruction in the initial stage and for deciding
the therapeutic approach.

Keywords Elbow joint - Radiography - Rheumatoid
arthritis

Introduction

The elbow joint is a common site for the development of
rheumatoid arthritis (RA), and it is one of the most
important joints in the upper limb as it controls the reach of
the hand [1—4]. For this reason, disorders of the elbow joint
can seriously interfere with activities of daily living (ADL)
of RA patients. In general, when arthropathy is mild,
therapy consists of conservative treatments such as drug
administration and/or intraarticular injection of steroid. In
severe disease, surgical treatments such as synovectomy
and artificial elbow joint replacement may be performed
[1—4]. For treatment selection and planning, it is very
important for the physician to have a good understanding
of the pattern of destruction that has occurred in the RA
elbow joint. However, it is unfortunate that to date very few
reports of analysis of the pattern of bone destruction in RA
elbow joints have been published.

We therefore carried out a large-scale radiographic study
with the objective of elucidating the pattern of RA elbow
joint bone destruction.

Subjects

From 2001 to 2003, we examined plain X-rays of both
elbow joints of 233 patients who satisfied the ARA
diagnostic criteria. Forty of these patients were excluded
from the present study due to previous synovectomy or
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artificial elbow joint replacement (33 patients) or because
the X-rays were unreadable (seven patients). The remain-
ing 193 RA patients, i.e., 386 elbows, were the subjects of
this study. They consisted of 18 men and 175 women, with
an age range of 23~84 years (mean 57.0 years). History of
drug administration, including steroids, and duration of RA
were unclear.

Methods

Radiographic classification of the severity of RA was
performed on the basis of plain X-ray anteroposterior
images and lateral images of the bilateral elbow joints that
were obtained for each patient at the time of final
examination. X-rays were taken with the patient in a
sitting position. Frontal views were obtained with the
elbow joint extended and the forearm in the supine
position, while lateral views were obtained with the
elbow joint flexed at 90° and the forearm in the interme-
diate position. The frontal images were divided into three
zones: the capitulum of the humerus (zone A), the radial
side of the humeral trochlea (zone B), and the ulnar side of
the humeral trochlea (zone C). The extent of destruction of
the joint surface was determined for each of these zones. In
addition, from the lateral view, the extent of joint surface
destruction was determined for the olecranon (zone D).

Extent of joint destruction was assessed by reference to a
template of the normal elbow joint that had been prepared
in advance. The ratings used were grade 0, no bone loss;
grade 1, less than 3 mm of bone loss from the joint surface;
grade 2, bone loss of 3 to less than 6 mm; and grade 3, bone
loss of 6 or more mm (Figs. 1 and 2).

We investigated the extent of bone destruction observed in
each of the joint zones, and also investigated whether there
was any correlation in destruction among the zones. In
practice, we first investigated the correlation in the extent of
bone loss in the same zone in both elbows of the same
patient, and then compared joint destruction in the left and

zone A  zoneB zone C
Capitulum Radial side  Ulnar side of trochlea
of trochlea

Fig. 1 Radiographic classification (zones 4, B, and C)

zone D
QOlecranon

Fig. 2 Radiographic classification (zone D)

right elbows, In addition, the correlation in the extent of bone
loss among each zone of the same elbow and differences in
the extent of bone loss were analyzed statistically.

Spearman’s ranked correlation coefficients were used for
statistical analyses of correlations, while one-way analysis
of variance (ANOVA) and Fisher’s least significant
difference (I.SD) test were used to analyze differences in
extent of bone loss.

Results

The extent of bone loss in each zone of the joint as seen on
frontal X-ray images was as follows: zone A, 26.2% grade
0, 62.1% grade 1, 8.8% grade 2, and 2.8% grade 3; zone B,
26.2% grade 0, 37.0% grade 1, 26.9% grade 2, and 9.8%
grade 3; and zone C, 26.9% grade 0, 62.1% grade 1, 2.6%
grade 2, and 8.3% grade 3. The extent of bone loss was
therefore similar in zone A and zone C, whereas zone B
exhibited a lower percentage rated as grade 2 and a higher
percentage rated as grade 3 compared with the other two
zones. The extent of bone loss seen on lateral X-ray images
(zone D) was grade 0 in 27.2%, grade 1 in 61.1%, grade 2
in 8.3%, and grade 3 in 3.4% (Table 1).

A significant correlation was found for the extent of bone
loss in the same zone between the left and right elbows, and
correlation was found for bilateral elbow joint destruction
(zone A r=0.833, p<0.001; zone B +=0.804, p<0.001; zone C
7=0.881, p<0.001; and zone D r=0.887, p<0.001).

In addition, statistically significant correlations were
also found for the extent of bone loss among zones in the
same elbow (=0.789~0.951, p<0.001) (Fig. 3). A
particularly strong correlation was demonstrated between
zone C and zone D (=0.951, p<0.001).

On the other hand, the extent of bone loss was
significantly greater in zone B compared with zone A
and zone C (p<0.05), indicating that joint surface

—100—
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Table 1 Radiographic classification of severity of joint destruction in the elbow (#=193)

Grade Zone A Zone B Zone C Zone D

R/L Total(%) R/L Total(%) R/L Total(%) R/IL Total(%)
0 50/51 26.2 49/52 26.2 51/53 26.9 51/54 27.2
1 123/117 62.2 73/70 37.1 120/120 62.2 117/119 61.1
2 14/20 8.8 54/50 26.9 7/3 2.6 16/16 8.3
3 6/5 2.8 17/21 9.8 15117 8.3 9/4 34
Total 193/193 100 193/193 100 193/193 100 193/193 100
destruction was more advanced in the central part of distal In addition, bone destruction of the humeral trochlea that
humerus articular surface than at other sites (Fig. 4). extended to the olecranon fossa, i.e., a so-called Y-shaped
Fig. 3 Correlation of joint zone A-B zone C-B

destruction among zonesA, B, C,
and D (386 joints)

R=0.789 P<0.001 R=0.848 P<0.001

zone C-A zone A-D

¢

R=0.876 P<0.001 R=0.882 P<0.001

B-D C-D

R=0.868 P<0.001 R=0.951 P<0.001

—101—
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Fig. 4 Distribution of joint destruction grade (zones 4, B, and C)

deformity, was observed in six of the patients, although this
was bilateral in only two patients.

Discussion

Larsen’s classification, based on the radiological findings for
each joint, is widely used as an index of progression of RA
disease stage. However, this classification has only two
assessment criteria, i.e., the presence/absence of joint space
narrowing and the presence/absence of joint surface erosion;
the extent of bone loss is not assessed. Accordingly, this
classification is said to have poor sensitivity for assessing the
extent of joint destruction [5—7]. Lehtinen et al. [7] reported
that joint space narrowing in the RA elbow differs from that
in weight-bearing joints in that it occurs only subsequent to
erosive destruction. They also stated that caution is necessary
when using Larsen’s classification to assess bone destruction
in the elbow because it is a nonweight-bearing joint. In
addition, joint destruction in RA is reported to generally
show lefi-—right symmetry [5-7]. However, that conclusion
has been based only on simple bilateral comparison of the
presence/absence of joint destruction, and, to date, there
have been no reports of statistical analysis of site and extent
of joint destruction. Accordingly, we carried out the present
large-scale radiographic study with the objective of
elucidating the pattern of bone destruction in the RA
elbow joint. To achieve this, we used our own classification
system to assess the extent of bone loss in various zones on
the elbow joint surface, and joint destruction was compared

between the left and right elbows. We then performed
statistical analyses to determine whether there were any
correlations in the extent of bone loss among each of the
zones in the bilateral elbows and in the same elbow.

Our patients showed positive correlations among each of
the zones for the extent of bone loss in the same elbow joint,
and positive correlations were also found for the extent of
joint surface bone loss in the same zones in the bilateral
elbows. On the other hand, when we investigated the extent
of bone loss in each zone in the same joint, we found it to be
significantly greater on the radial side of the humeral
trochlea compared with the ulnar side of the trochlea and the
capitulum. We therefore surmised that the joint destruction
must begin at the radial side of the humeral trochlea and
gradually spread mediolaterally. In addition, in the same
elbow joint, the correlation in the degree of bone loss
between the ulnar side of the trochlea and the olecranon was
particularly strong, indicating that the bone destruction at
both sites represented symmetrical lesions.

Two theories have been proposed in an attempt to
explain the underlying mechanism of the destruction
observed in upper limb joints with RA. In the first, the
principal cause is considered to be destruction and
absorption of cartilage and bone as a result of the actions
of cytokines released from the synovial tissue [8, 9]. The
second theory holds that the major effects arise from
anatomical and/or mechanical factors [10]. Ochi et al. [11]
reported that even in the same joint the mechanism of
destruction varies widely depending on the disease type.
That is, they found that in the type involving damage to the
smaller joints, the main bone destruction consisted of
erosion of the joint surface due to proliferation of synovitis.
Whereas with the mutilating type of arthritis, the main
cause of bone destruction was crushing of bone that had
become highly osteoporotic because of severe joint
instability due to joint laxity.

1t is possible that the level of stress applied to the elbow
joints differs between the dominant and nondominant arm.
However, in the present study, we found no clear left-right
difference in the extent of joint destruction, suggesting that
the effects of mechanical factors on bone destruction in the
RA elbow are slight. Even so, consideration must be given
to the fact that most of the patients in our present series
were at an earlier stage of the disease, showing a milder
degree of joint destruction. Conversely, however, some
patients with severe joint destruction, such as is likely to
cause the so-called Y-shaped deformity, exhibited clear
lefti~right differences in the extent of damage. Therefore,
we cannot rule out the possibility that mechanical factors
play a larger role than immunological factors in the
advanced stages of joint destruction.

Application of axial compression in the direction of the
long axis of the forearm reportedly results in almost equal
transmission of the force to the radial joint and the ulnar
joint, or slightly greater transmission to the radial joint
[12-14]. The surface of the radial side of the humeral
trochlea becomes the varus—valgus pivot point of the
elbow [15], and for this reason it is possible that when
joint laxity occurs due to synovitis, forces are concen-
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trated in that area and this leads to the progression of joint
destruction.

Our present results indicated the possibility that joint
destruction in the RA elbow begins on the radial side of the
humeral trochlea and gradually spreads mediolaterally. If
we accept the validity of this pattern of destruction of the
elbow joint, then when analyzing X-rays taken in the early
stage of RA elbow joint damage, it should be possible to
focus on the radial side of the humeral trochlea and
determine whether joint destruction had already begun. In
addition, if bone destruction on the radial side of the
trochlea were mild, we would be able to conclude that the
joint destruction was at an early stage and that a minimally
invasive therapy such as synovectomy was indicated.

The progression of joint destruction can be considered
influenced by various factors, such as medication (includ-
ing NSAIDs, DMARD:s, and steroids), disease duration,
and progression of joint deformation due to aging or
osteoporosis [16—19]. A limitation of the present study was
that we were unable to discuss the possible effects of drug
treatments, disease duration, and aging in our patient series.
However, this is the first report of a statistical analysis of
the pattern of joint destruction in the rheumatoid elbow,
and we think that our findings will make a significant
contribution to decision making regarding therapeutic
approaches to RA of the elbow.
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Analysis of Radiocarpal and Midcarpal Motion in Stable

and Unstable Rheumatoid Wrists Using 3-Dimensional

Computed Tomography

Sayuri Arimitsu, MD, Kazuomi Sugamoto, MD, PhD, Jun Hashimoto, MD, PhD,
Tsuyoshi Murase, MD, PhD, Hideki Yoshikawa, MD, PhD, Hisao Moritomo, MD, PhD

Purpose The kinematic evaluation of carpal motion, especially midcarpal motion, in rheumatoid arthritis (RA) has
been extremely difficult because of limited imaging techniques previously available. The purpose of this study was to
evaluate the amount of radiocarpal and midcarpal motion in the flexion-extension plane in both stable and unstable
rheumatoid wrists using three-dimensional computed tomography.

Methods We acquired in vivo kinematic data on 30 wrists with RA by three-dimensional computed tomography
with the wrist in 3 positions: neutral, maximum flexion, and maximum extension. All cases were radiographically
dlassified into 1 of 2 subtypes, the stable form or unstable form, according to the classification by Flury et al. We
evaluated the precise range of radiocarpal and midcarpal motion using a markerless bone registration technique and
calculated the individual contributions to the total amount of wrist motion in the flexion-extension plane in the
different radiographic subtypes of RA.

Results The average range of motion of radiocarpal and midcarpal joint was 27° = 15and 32° == 17, respectively. The
average contribution of midcarpal motion to the total amount of wrist motion was 54%. The average contribution of
midcarpal motion in the unstable form was 67%, which was significantly higher than 47% (p << .05) in the stable form.
Conclusions Midcarpal motion of theumatoid wrists in the flexion-extension plane was better preserved than previously
thought. The contribution of midcarpal motion to the total amount of wrist motion was significantly greater (p <C .05) in the
unstable form than in the stable form of RA. (/ Hand Surg 2008:33A:189— 197 Copyright © 2008 by the American Society for

Surgery of the Hand )

Keywords Kinematics, theumatoid arthritis, three-dimensional, wrist.

o Additional material
)/ is available online.

T HE INVOLVEMENT OF THE WRIST in rheumatoid

arthritis (RA) is common, and surgical treatment is
often required to alleviate persistent wrist pain. The
natural course of destruction in a rheumatoid wrist has been
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classified into 3 types by Simmen and Huber': type I, the
ankylosis type; type II, the osteoarthritis type; and type III,
the disintegrating type. Based on their radiologic analysis,
type [ has a spontaneous tendency to progress into ankylosis,
type II resembles secondary osteoarthritic changes as
destruction progresses, and type III has progressive
destruction, loss of alignment, and finally complete collapse
of the wrist." In addition, Flury et al® proposed the
classification of wrists with RA into a stable form of the
disease (types I and II) and an unstable form of disease (type
III) to make the choice and timing of surgical intervention
easier (Table 1 and Fig. 1). It has generally been thought
that the deterioration of midcarpal joint is more severe in
the unstable form than in the stable form.? Therefore, the
partial arthrodesis technique, like radiolunate (RL)
arthrodesis, has been applicable to the stable form, whereas
the unstable form has been better treated by total arthrodesis
of the wrist.”

Radiolunate arthrodesis is a well-established procedure
for the RA wrists, and several researchers have reported the
favorable clinical results of the procedure.>™'? It has been
suggested that RL arthrodesis is most useful in those

© 2008 ASSH + Published by Elsevier, Inc. » 189
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Simmen and Huber and Fluryetal

TaBLE 1: Classification by the Natural Course of the Rheumatmd Wrist and the Radlo gic Parameters Descrlbed by

Classification Radiologic Parameters
Simmen and ’ Ulnar Carpal Translocation* Loss of Carpal
Huber' Flury et al® (imm) Height Ratio*
Type I Ankylosis Stable form 3.7 (0-11) A0.14 (0.01-0.28)
Type I Osteoarthritis Stable form 3.8 (0-8) A0.16 (0.02-0.34)
Type 111 Disintegration Unstable form 9.5 (4-17) A0.30 (0.10-0.46)

#The radiologic parameters 10 to 20 years after onset of RA represented by Simmen and Huber' (n = 126).

rheumatoid patients whose disease had left the midcarpal
joints relatively unaffected as seen on the radiograph.’
However, the preoperative evaluadon of the midcarpal joint
on the radiograph has been difficult because of the
complicated and overlapping shapes of the carpal bones in
RA deformities. Recently, researchers have been able to
measure in vivo and three-dimensional (3-D) kinematics of
the human joint using a markerless bone registration
technique, which is a method for evaluating the precise
motions by determining relative positions of bones in
different volume images.'>'® We thought it would be
possible to evaluate the kinematics of the carpal motion and
quantify the midcarpal motion preoperatively in cases of RA
with this 3-D technique.

The kinematic behavior of the carpal bones in
rheumatoid wrist is not well-known, especially in relation to
the RA subtypes. The purpose of this study was to evaluate
the amount of radiocarpal and midcarpal motion in the
flexion-extension plane in both stable and unstable
rheumatoid wrists using 3-D computed tomography (3-D
CT). We calculated the individual contributions of
radiocarpal and midcarpal motion to the total amount of
wrist motion to determine which radiographic subtype of

A

RA had the greater contribution of midcarpal motion to the
total amount of wrist motion.

MATERIALS AND METHODS
Subjects

We randomly selected 30 wrists from 29 RA patients who
were regulatly treated with medication at our institution. All
of them had pain and instability of the wrists. One patient
was a man and 28 were women. The average age was 60
years (range, 21 to 80 years). The average duration of RA
was 13 years (range, 6 to 38 years). For comparison, we
investigated a control group of 10 normal wrists from 10
healthy volunteers comprising 8 men and 2 women whose
average age was 29 years (range, 22 to 36 years). All subjects
consented to be included in this study.

Radiographic Evaluation

To investigate the relationship between the contribution of
midcarpal motion to the total amount of wrist motion and
the radiographic appearance of RA, we classified 30 wrists
with RA into 1 of the 2 subtypes, the stable form or the
unstable form of the disease, by the natural course of the
rheumatoid wrist and the radiologic parameters (Table 1 and

FIGURE 1: The J[Y stable form and [Ji] unstable form of RA by the method of Flury et al.” J{§ Representative case of the stable form of RA,
which has a spontaneous tendency to progress into ankylosis (Video 1, a 3-dimensional animation of a representative case of the stable form of
RA wrist, may be viewed at the Journal’s Web site, www jhandsurg.org). [f] Representative case of the unstable form of RA in which there is
progressive destruction and loss of alignment. The carpal height is reduced and the carpal bones are dislocated ulno-palmarly with respect to the
case shown in [fY (arrows) (Video 2, a 3-dimensional animation of a representative case of the unstable form of RA wrist, may be viewed at the

Journal's Web site, www jhandsurg.org).
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Fig. 1)." The radiographic parameters we used for
classification were ulnar translocation and carpal height ratio
(Table 1).! In the current study, we also investigated our
cases with or without scaphoid-lunate (S-L) dissociation (the
gap between scaphoid and lunate is more than 2 mm'? on
the anteroposterior radiograph) in relation to the
radiographic subtypes of RA.

Image Acquisition

The technique we used for in vivo 3-D kinematic
evaluation has been described in detail previously.
For patients with RA, we performed 3-D CT on the
wrists using a clinical helical type scanner with an
image slice thickness of 0.625 mm (LightSpeed
Ultra16; General Electric, Waukesha, WI). For the
normal wrists of volunteers, magnetic resonance images
were obtained using a 1.5-T commercial magnetic
resonance imaging (MRI) system (Magnetom Vision
PlusR 1.5T MRI; Siemens, Munich, Germany) in
conjunction with a receive-only surface coil of 2.3
ms/33 ms, a flip angle of 45°, a 160-mm field of view,
and 0.5-mm-thick contiguous slices, with 0.6 X 0.8
mm pixels. For each wrist, we acquired image with
the wrist in 3 different positions: neutral (in which the
third metacarpal and the forearm axis were aligned),
maximum wrist flexion, and maximum wrist extension.
For normal volunteers, we used a custom-made device
to hold the position during image acquisition.
However, we could not use the device for RA patients
because of pain and deformity of the wrists. Data were
saved in a standard format (Digital Imaging and
Communications in Medicine [DICOM)]) that is used
commonly for transferring and storing medical images.

14-19

Segmentation and Construction of a 3-D Surface
Bone Model

Segmentation was defined as extracting bone regions
individually. The anatomic structure or region of interest
must be delineated and separated so that it can be viewed
individually and 3-D bone models can be reconstructed.
Regions of individual bones were segmented
semiautomatically using a software program for image
analysis (Virtual Place-M; AZE, Ltd., Tokyo, Japan). The
software generated 3-D surface bone models using the

marching cubes technique.'*'>%°

Registration

We created 3-D bone models and quantitatively evaluated
the motion of the midcarpal joint using a markerless
volume-based registration technique. The kinematic
variables were calculated by registering the bone, obtained
by segmentation, from one position to another. The
accuracy of volume-based registration has been discussed
previously,'*'®
mean translation error was 0.21 mm # 0.25.

the mean rotation error was 1° * 1, and the

FIGURE 2: A consistent orthogonal reference system established in
the radius.

Three-Dimensional Quantification of the Range of
Motion

To quantfy the 3-D range of motion of the midcarpal joint,
we defined the grid for the radius, which was the
orthogonal reference system advocated by Belsole et al (Fig.
2).1*2122 The total amount of wrist motion in the flexion-
extension plane was defined as the total range of motion of
the radiocarpal and midcarpal joint in the flexion-extension
plane, which was evaluated by assessing the range of capitate
motion relative to the reference system established on the
radius. The range of radiocarpal motion in the flexion-
extension plane was investigated by that of the lunate
motion. Then the range of the midcarpal motion in the
flexion-extension plane could be quantified as the difference
between the total amount of wrist motion and the range of
radiocarpal motion.

In the flexion-extension motion of the wrist, the
radiocarpal and midcarpal joints have motions in planes
other than the flexion-extension plane such as the
pronation/supination (P/S) plane and the radial/ulnar
deviation (RD/UD) plane. There are coupling motions
associated with wrist motion in the flexion-extension plane.
We defined the 2 motions in the other planes as out of the
plane motion (P/S) and out of the plane motion (RD/UD),
respectively. We quantified the amount of wrist motion in
the flexion-extension plane and out of the plane separately
for the radiocarpal and midcarpal joints.

A consistent orthogonal reference system was established
in the radius as follows.”® The y axis was defined as the
longitudinal radial axis and indicated the proximal (+)/distal
(-) direction. The z axis was defined as the line running
through the styloid process on the plane perpendicular to
the y axis and indicated the radial (+)/ulnar (=) direction.
The x axis was defined as the line perpendicular to the yz
plane and indicated the palmar (+)/dorsal (-) direction.
Rotation around the z axis produced flexion (+)/extension
(), rotation around the y axis was pronation (+)/supination
(), and rotation around the x axis was ulnar (+)/radial (-)
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