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Table 1—Patient data
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patients, with no recollection of obvious injury to the
palm or wrist did heavy manual work as either a
woodcutter or a farmer.

Radiographic examination of the wrist included
posteroanterior and lateral views in all patients, but
none was diagnosed with non-union of the hook of the
hamate based upon these radiographs. Radiography in
an oblique lateral view in supination was performed in
four patients, providing a diagnosis of non-union in
two. Radiography in a carpal tunnel view, performed
in five patients, was diagnostic in all five; the same was
true for computed tomography (CT). Conventional
tomography was diagnostic in three of four patients so
examined; the same was true for magnetic resonance
imaging (MRI). In all patients the fragment had a
smooth, round surface at the non-union, associated with
marginal sclerosis (Figs 1-3). The fragment varied in
size, but, in all instances, it was at least 1 mm away from
the body of the hook. The fragment was displaced into
the carpal tunnel in one patient (case 2). The hook
fractures were located on the middle part of the hook in
four patients, on the tip in one and on the base in one
patient (Stark et al., 1989).

Tendon reconstruction was performed at an average
of 13 weeks after tendon rupture. In all patients, a
curved and zigzag incision was made on the palm
between the distal palmar crease and the wrist. All
patients underwent release of the carpal tunnel for
exposure of the hook of the hamate, the tendon stump
and the pisotriquetral joint. In all patients, the ruptured
tendons were identified at surgery. In four of six
patients, only the flexor digitorum profundus (FDP)
tendon of the little finger was ruptured and the flexor
digitorum superficialis (FDS) tendons were intact. In
one patient, the FDP tendon of the little finger was
ruptured and the FDS tendon of the ring finger was
partially frayed. In the remaining patient, both fiexor
tendons of the little finger were ruptured. The proximal
stumps of the ruptured tendons were in the carpal tunnel
and the distal stumps were found proximal to the Al
pulley. No tenosynovitis was apparent around either
end of any of the tendons. A free tendon graft, using
the palmaris longus tendon in three patients and the
plantaris tendon in two, was interposed between the
proximal and distal stumps in five patients. Tendon
transfer of the FDS tendon of the ring finger, with distal
attachment to the FDP tendon of the little finger, was
performed in the patient with rupture of both FDP and
FDS tendons. In each case, the ends of the ruptured
tendon were dissected free of adhesions, and the
interpositional graft or tendon transfer tendon was
sutured to the freshened stump(s) using the interlacing
suture method. The junctions of the grafts with the
stumps were placed away from the carpal area. The
mean length of the interpositional grafts was 66 (range
45-100) mm. Operative findings included loss of perios-
teum of the hook of the hamate, which is an important
structural component of the ulnar side of the carpal
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Fig 1 Non-union of the tip of the hook of the hamate bone: (a) on carpal tunnel view X-ray, (b) on tomography, and (c) on CT scan (case 2).

Fig 2 Non-union of the middle part of the hook of the hamate bone: (a) on carpal tunnel view X-ray (case 3), (b) on tomography (case 5), (c) on CT
scan (case 1) and (d) on MRI (case 6).
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Fig 3 Non-union of the base of the hook of the hamate bone: (a) on carpal tunnel view X-ray, (b) on CT scan and (c) on MRI (case 4).

tunnel. The cortical surface of both the fragment and the
basal part of the hook were exposed. The fragments,
clearly mobile at the non-union, were removed in all
patients. After tendon reconstruction, modified Kleinert
mobilization was used for 3—4 weeks. In one patient,
tenolysis was performed 14 months after the tendon
graft. Follow-up was maintained for an average of 7
years and 2 months (range 1 year and 2 months—13 years
and 6 months).

At follow-up, the ranges of active metacarpophalan-
geal (MCP), proximal interphalangeal (PIP), and distal
interphalangeal (DIP) joint motion were measured in ali
patients and total active range of motion (TAM) was
calculated. These findings were also graded according to
Strickland’s criteria (Strickland and Glogovac, 1980).
Grip strength was measured by Smedley’s Hand
Dynamometer (Sakai Co, Tokyo, Japan) in both hands
and grip strength in the affected hand, relative to the
contralateral hand, was calculatéd as a percentage.

RESULTS

Total active range of motion, including MCP, PIP and
DIP ranges of motion, averaged 218° (range 185-265°).
In full finger extension, the extension deficit at the MCP,
PIP and DIP joints averaged 21° (range 5-40°). On
average, final grip strength was 86% of the strength of
the contralateral hand (range 63-126%). Outcome, as
measured by the Strickland’s criteria, was excellent in
one patient, good in three, and fair in two (Table 2).
All patients were satisfied with the result of tendon
reconstruction and all could use the little finger in
carrying out activities of daily living, manual labour

or sports. All patients returned to their original
employment.

DISCUSSION

In all of the patients in our series, symptoms at the wrist
from the original fracture had become nil or very mild,
until the closed flexor tendon rupture(s) of the little
finger occurred. Accordingly, closed flexor tendon injury
of the little finger should raise suspicion of non-union of
the hook of the hamate. Other causes of tendon injury
such as osteoarthritis of the pisotriquetral joint (Saitoh
et al., 1997) should be differentiated from non-union of
the hook of the hamate by seeking the latter in
radiographs from oblique and carpal tunnel views of
the wrist, conventional tomography (Murray et al,,
1979) or CT (Stark et al., 1989). In three of our patients,
MRI was also useful to diagnose non-union of the hook
of the hamate.

Stark et al. (1977) reported that 20 of their 62 cases
had displaced fragments, fractures having occurred at the
base of the hook in 47 cases, in the middle part in eight
and at the tip in seven cases. Of 26 cases of closed rupture
of the flexor tendon in association with hook of the
hamate non-union reported in other papers, the location
of the hook fracture was either described, or shown on
X-ray, in nine cases, as being at the base in eight cases or
in the middle part in one (Foucher et al., 1985; Hartford
and Murphy, 1996; Milek and Boulas, 1990; Minami
et al., 1985; Takami et al., 1983; Yang et al., 1996). Our
cases had fractures at all three sites. The site of non-
union appears to have no apparent relationship with the
occurrence of flexor tendon rupture.
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Murray et al. (1979) pointed out that the ligaments
attached to the hook of the hamate transmit intermittent
forces that contribute to non-union and irregularity of
the fracture margins. From our experience at surgery for
painful non-union of the hook of the hamate, the
margins of the fragment are sharp and near the basal
part of the hook; in contrast, in the present series, the
fragments were rounded and fairly distant from the
basal portion of the hook, while showing marginal
sclerosis at the non-union. This suggests that the tendon
abrasion leading to rupture was not caused by a sharp
fragment edge at the non-union but by an exposed
cortical surface of the non-union that lacked perios-
teum.

Milek and Boulas (1990) reported surgical results in
four patients, three of whom were treated by tendon
transfer and one by tendon graft. They attributed
variation in quality of the results, largely, to patients’
age differences and recommended end-to-side tendon
transfer using the FDP tendon of the ring finger. In our
series, the mean patient age was 59 years. Although this
was relatively high, results were satisfactory and out-
come did not depend on patient age or on the interval
between tendon rupture and reconstruction. We only
had data to show the effectiveness of tendon graft or
transfer on grip strength in three patients. To our
knowledge, this has not been reported previously. In
these three patients (cases 2, 5, and 6) the percentage of
the strength of the contralateral hand was 87%, 71%,
and 90% pre-operatively and 63%, 79%, and 126%
postoperatively. These figures would suggest that
tendon reconstruction does not improve grip strength
in this situation. This may be because of the presence of
an intact FDS tendon in the little finger in five of six of
our cases and/or the relatively small contribution of the
little finger FDP tendon to entire grip strength, The
remaining fully functional fingers of these hands may
also have compensated in part for the loss of little finger
strength. Use of the FDS tendon of the ring finger as a
tendon transfer would seem more likely to compromise
not only the function of the ring finger, per se, but also
the ability of the hand, as a whole, to compensate for
any residual disability of little finger function than
restoration of the function of the little finger profundus
tendon. Therefore, we believe that free tendon grafting
followed by early controlled mobilization is the treat-
ment of first choice for these patients.
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TECHNICAL NOTE

FEASIBILITY OF USING A MAGNETIC TRACKING DEVICE
FOR MEASURING CARPAL KINEMATICS

Jun-ichi Ishikawa,t Glen L. Niebur,} Shigeharu Uchiyama,} Ronald L. Linscheid,} Akio Minami,}
Kiyoshi Kanedaf and Kai-Nan An*t

t Biomechanics Laboratory, Department of Orthopedics, Mayo Clinic and Mayo Foundation, Rochester,
MN 55905, U.S.A.; and { Hokkaido University Schoo!l of Medicine, Sapporo, Japan

Abstract—While several different methods have been used to measure carpal kinematics, biplanar radiography is
generally considered to be the most accurate and popular one. However, biplanar radiography is tedious and so
only psendo-dynamic kinematics can be measured. Recently, magnetic tracking system has been developed for the
measurement of joint kinematics which is versatile and easy to use and so the possibility of measuring motions
dynamically. In this study, the capability of a magnetic tracking device to accurately measure carpal kinematics
was investigated by comparing it with biplanar radiography. The kinematics of the third metacarpal, scaphoid, and
lunate in five fresh cadaveric specimens were measured using both methods as the wrists were placed in eight
positions. The finite screw rotation of each bone with respect to the distal radius during selecting the seven wrist
motions was calculated for both measuring techniques and compared. In general, the kinematics for all three bones
measured by using either magnetic tracking device or biplanar radiography was identical and showed no statistical
difference. The averaged differences ranged from 0.0 to 2.0°. These differences were due to the potential effect of the
weight of the sensors and the interference of the attaching rod to the surrounding tissue. It is concluded that the
application of the magnetic tracking device to carpal kinematics is warranted, if proper technical procedures as

suggested are followed. © 1997 Elsevier Science Ltd. All rights reserved

Keywords: Magnetic tracking; Biplanar radiography; Wrist; Kinematics; Accuracy.

INTRODUCTION

Biplanar radiography has been used in our laboratory previously to
measure the motions of the carpal bones. This technique has been
proven to be accurate in several earlier kinematic studies (Garcia-Elias
et al., 1989; Horii et al,, 1991; Kobayashi et al,, 1997, Trocmé et al.,
1990), but the technique has two primary drawbacks. First, the method
can be quite time-consuming and technically challenging. Second, only
static measurements are possible, thereby limiting its usefulness in
studies involving dynamic motion of the wrist.

A magnetic tracking device (3Space Tracker, Polhemus, Colchester,
VT) has been used in our laboratory to measure joint kinematics both
in vitro and in vivo, and its capabilities and limitations have been
reported (Imaeda et al., 1994; [toi et al,, 1992; Jantea et al., 1994). This
device uses magnetic field technology to measure the position and
orientation of a sensor in relation to a magnetic source up to 60 Hz.
This capability to perform dynamic measurements makes this an at-
tractive method to perform studies of joint motion.

Previous studies have shown magnetic tracking to be a viable
method for measuring joint kinematics (An et al., 1988; Imaeda et al.,
1994; Itoi et al., 1992; Jantea et al., 1994; Luo et al.,, 1996). In an ideal
environment, this magnetic tracking system would have the accuracy of
0.2 mm and 0.5°. However, it has not yet been validated for use in the
wrist (Jantea et ul., 1994). Joint kinematics are measured by attaching
a sensor to the bones of interest, and moving the joint throughout
a normal range of motion. Because of the small size of the carpal bones
and the highly congruent nature of the wrist joint, it is important to
verify that the sensor and associated mounting hardware do not signifi-
cantly alter the position or normal motion of the bones.

In order to verify that carpal kinematics can be accurately measured
by the 3Space. the kinematics of five wrist joints were measured using

Received in final form 18 July 1997.

* Address correspondence to: K. N. An, Mayo Clinic/Mayo Founda-
tion, Orthopedic Biomechanics Laboratory, Rochester, MN 55905,
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both the 3Space and biplanar radiography. The measurements by
biplanar radiography were considered as the true value for comparison.
The results of the two methods were compared by comparing the finite
screw rotations and displacements as measured by each method during
simulated wrist motions.

MATERIALS AND METHODS

Five fresh frozen cadaveric wrist specimens with a mean age of 76 yr
including one pair of wrists were obtained from two males and two
females. There were two left and three right-sided specimens. No radio-
graphic evidence of significant degenerative changes was present in any
specimens; however, a degenerative tear of the scapho-lunate interos-
seous ligament (SLIL) was noted in two specimens. The specimens were
thawed overnight at room temperature, and were irrigated regularly
with saline to prevent drying during the experiment. The protocol of
human cadaveric specimens was approved by the institutional review
board.

The radius and ulna were fixed in neutral rotation using a Steinmann
pin, and the proximal 2/3 were amputated. A longitudinal incision was
made over the dorsal side of the wrist, and the extensor retinacujum was
cut between the third and fourth compartment. The dorsal radiolunot-
riquetral ligament was identified, and a small paralle] arthrotomy was
created through which the lunate and the proximal pole of the scaphoid
could be approached. A second incision was created over the anatomic
snuff box, where the distal half of the scaphoid could be approached
from between the abductor pollicis longus and extensor pollicis longus
tendons. .

Magnetic sensors were attached to the bones using fiberglass rods
press fitted into 2.2 mm drill holes. One rod was inserted into the lunate
through the small dorsal arthrotomy and oriented palmarly and 20-30°
proximally from the axial plane to prevent impingement between the
rod and the dorsal rim of the distal radius during extension of the wrist.
The second rod was inserted into the scaphoid through the incision
over the snuff box. A third rod was inserted into the shaft of the third
metacarpal obliquely so as not to hit the rod inserted into the lunate
during extension. Small plastic mounts were attached to the ends of the
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Fig. 1. Experimental setup by using magnetic tracking device and biplanar radiography. (A) magnetic
tracking device. (B) biplanar radiography. In both methods the same jig was used to simulate the same eight
wrist positions.

rods and sensors were fixed to the mounts with plastic screws. The
magnetic source was fixed 1o the experimental table.

Four small spherical markers for biplanar radiography were embed-
ded into the lunate, the scaphoid and the third metacarpal, as has been
described previously {Garcia-Elias et al., 1989; Horii et al, 1991;
Kobayashi et al.. 1997). Fingers were disarticulated at the metacarpo-
phalangeal joint and a pin for guiding wrist motions was inserted into
the third metacarpal.

The specimen was fixed to the experimental table, along with
a specially developed jig for positioning the wrist (Fig. 1). The jig allows
the wrist to be placed and held in eight positions by fixing the pin
inserted into the third metacarpal to a notch in the jig at neutral, 30,
and 60 of fiexion, 15 and 307 of extension, 15° of radial deviation, and
15 and 30" of ulnar deviation. In this study no loads were applied to the
wrist tendons.

Data were collected using the 3Space Tracker with the wrist fixed in
each position by the jig. Ten data points were collected at each position
and averaged. After collecting the data from the 3Space method, bi-
planar radiographs were then taken with the wrist fixed in the same
positions while using the same jig. The positions of the markers on the
radiographs were digitized on au electronic digitizer.

In order to eliminate coordinate system dependence in the kinematic
calculations, finite screw displacements (Spoor and Veldpaus, 1980;
Woltring, 1994) were used to compare the measurements. Both sets of
data were used to calculate the screw axes for the following motions:
neutral to 30. and 30-60° of flexion; neutral to 15, and 15-30% of
extension; neutral to 15 of radial deviation; and neutral to 15, and
15-30" of ulnar deviation. The measurement based on biplanar radio-
graphy was treated as true motion for comparison.

The effect of the wrist position on the error was determined using
repeated measurements of one-way analysis of variance (ANOVA).
A post-hoc two-tailed t-test with Fisher PLSD was used to compare

between each wrist position. P values less than 0.05 were considercd
significant.

RESULTS

The results of bony movement as measured by these two methods
are shown in Fig 2. In general, the linear relationships were observed.
For the third metacarpal, the difference error was 0.1°, ranging
from -3 to 59°. The difference between the two measurement
techniques was not statistically significant for any of the calculated
motions (Table 1).

The difference in the measurements of the lunate rotation using two
techniques ranged from —4.3 t0 4.2°, and averaged 0.3°. For most of the
wrist positions the difference was small and showed no statistical
difference. However, in moving the wrist from neutral to 15° of exten-
sion the mean difference for the five specimens was 2. This difference
was statistically significant with p equal to 0.037. From 15 to 30° of
ulnar deviation, the mean difference was 1.6°. This was also significant
with p equal to 0.027. The difference in the lunate rotation also showed
a dependence on the direction of the wrist motion, with the 3Space
overestimating the rotation in radial deviation, and underestimating
the rotation in ulnar deviation (Table 1).

The difference in the scaphoid measurements based on the two
methods ranged from —4.1 to 7.2° which is a much larger range than
for the lunate and the third metacarpal. The difference was only found
to be statistically significant when the wrist was moved from the neutral
position to 15° of extension (p = 0.046) (Table 1).

The orientations of the screw displacement axes based on the two
methods of measurement are almost the same for most of the motions
(Table 2).
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Fig. 2. Rotation of third metacarpal, lunate, and scaphoid, as measured by using magnetic tracking system
and bi-planar radiography.

Table 1. Differences of rotation around screw axis between 3Space and biplanar radiographic

method
Metacarpal Lunate Scaphoid

M S.D. M S.D. M S.D.
E15-30 04 09 —L1 1.8 ~1.6 1.6
N-E15 —04 1.5 —-20* 1.5 -~2.0% 1.6
N-F30 0.3 1.9 00 32 -0.7 20
F30-60 1.2 29 0.3 25 -0.5 5.1
N-RD15 ~0.1 24 20 22 19 33
N-UDI5 —0.3 0.6 0.2 0.8 —0.1 1.6
UD15-30 -0.6 0.7 —1.6* 1.1 -0.7 1.3

*Significance difference between methods of measurement, p < 0.05

Note: Wrist motion: E15-30 = 15-30° of extension; N-E15 = neutral to 15° of extension. N-
F30 = neutral to 30° of flexion; F30-60 = 30-60° of flexion. N-RD15 = neutral to 15° of radial
deviation. N-UDI15 = neutral to 15° of ulnar deviation; UD15-30 = 15-30" of ulnar deviation

M = Mean; S.D. = Standard deviation.

DISCUSSION

Normal kinematics of the wrist were first investigated by Bryce in
1896 (Andrews and Youm, 1979). Since then, numerous investigators
using several methods have attempted to determine carpal bone motion
as a function of wrist motion. Abnormal carpal kinematics as related to
normal kinematics received increased attention after the introduction
of the concept of carpal instability (Linscheid et al., 1972).

While several different methods have been used to measure carpal
kinematics {(Andrews and Youm, 1979; Berger et al., 1982; Youm and
Yoon, 1979; Youm et al, 1978), biplanar radiography is generally
considered to be the most accurate and popular one. In addition, the
technique can be used in a relatively non-invasive manner, resulting in
minimal alteration of the carpal kinematics. However, the major draw-
back for biplanar radiography is that the implantation and digitization
of the markers is tedious and time-consuming. Therefore, only static
positions can be measured, and pseudo-dynamic kinematics can be
determined.

Magnetic tracking has become widely accepted for the measurement
of joint kinematics, (Imaeda et al., 1994; Itoi et al., 1992; Jantea et al.,
1994). The technique is versatile and easy to use with the capability of
measuring motions dynamically.

The difference of rotations of three bones between the two methods
was small, and application of the magnetic tracking device to carpal
kinematics is warranted by this study. This difference may be due to two
factors. The weight of the sensor (17 g) in conjunction with the moment
arm provided by the rod may cause some alteration of the kinematics.
In addition, the rod itself might interfere with tendons or ligaments
during movement, thereby altering the kinematics.

The primary drawback of this experiment was that the measurements
were not taken simultaneously for both measurement devices. How-
ever, a specially designed jig was used to position the wrist for both
measurement techniques, and the wrist remained fixed to the jig in
between the data collections. A second drawback was the lack of
tendon loading in the experiment. Because there was no tendon load-
ing, there may have been more than the normal amount of wrist laxity
during the experiments. This may have caused the sensors to induce
more motion in the carpal bones, such that their effect on the kin-
ematics may have been exaggerated.

The measurements of carpal kinematics by using a magnetic tracking
device and biplanar radiography were found to be nearly identical.
Using a magnetic tracking device for measuring carpal bone kinematics
on the basis of this study is reasonable, but some caution must be
exercised. The sensors must be attached to the bones in such a way that
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Table 2. Unit vector describing the orientation of the screw displacement axis during wrist flexion - extension

E15-30 N-E15 N-F30 F30-60
X ¥ z X ¥ z X ¥ : X ¥ H

Third Metucarpal

3Space -0.030 0999 0010 -0.102 -0995 0010 0.061 0997 —0041 —0.072 0988 w134

Biplanar 0 -0.999 -0030 -0081 —09% -0031 -~0.080 0.996 0.040 —0.141 0980  0.140
Lunate

3Space 0 ~0.999 -0032 -0.143 ~099%0 © 0 0.995 0.104 —0.168 0905  0.3%

Biplanar —0.116 0976 -0.186  -0.100 —0.994 -0.040 0.112 0.927 0357 0139 0.864 0478
Scaphoid

3Space -0.133 0985 0.113 -0.162 —0975 0.152 0.061 0.998 0 -0.277 0882  0.381

Biplanar -0.133 0990  0.051 ~0.010 —-0999 0051 -0.148 0.985 0.085 -—0246 0870 0427

Note: Direction: x = proximal; y = radial; z = palmar.

they will have a minimal effect on the kinematics. The rods inserted into
the bones should be as small and as short as possible so as to avoid
impingement of the rod and to minimize the moment generated by the
sensor. At the same time the rods must be placed so as to avoid
interference with one another during normal wrist motion. The ability
to make continuous measurements of the carpal bones, rather than
discrete position measurements, is a distinct advantage.
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The Effects of Wrist Distraction on
Carpal Kinematics

Jun-ichi Ishikawa, MD, William P. Cooney 11, MD, Glen Niebur, BSME,
Kai-Nan An, PhD, Rochester, MN, Akio Minami, MD,
Kiyoshi Kaneda, MD, Sapporo, Japan

Changes in carpal kinematics under wrist distraction were studied in fresk: cadaveric speci-
mens. A magnetic tracking device measured kinematic motions of the scaphoid, lunate, and
third metacarpal relative to the fixed radius in 3 planes of passive motion (coronal, sagittal,
and “dart throwers”) under progressive distraction loads. The change in percent contribution
of the radiocarpal and midcarpal joints was calculated. Radiocarpal motior during extension
was decreased as increasing traction was applied, but it increased with flexion. Motion of the
scaphoid relative to the lunate was smaller in the oblique plane, resulting in less radiocarpal
motion than in the sagittal plane. In the coronal plane, traction had little effect on radial
deviation, but ulnar angulation of the scaphoid was greater with ulnar deviation of the wrist.
These results suggest that different degrees of tension exist in the palmar and dorsal ligaments
with the wrist under traction and during different planes of wrist motion. If wrist motion is
desired during fixed traction, such as used clinically with external fixation, the dart-throwers
motion {wrist extension with radial deviation and wrist flexion with ulnar deviation) appears
to have the least impact on radiocarpal motion. If greater radiocarpal motion is desired,
however, such as during postoperative mobilization, flexion-extension and radioulnar devi-
ation will create more radiocarpal motion than the dart-thrower’s motion. (J Hand Surg
1999;24A:113-120. Copyright © 1999 by the American Society for Surgery of the Hand.)

Normal and pathologic carpal kinematics have re-
ceived much interest in recent years.'™’ The relative
contributions of articular constraint and ligamentous
stability to the control of carpal kinematics are dif-
ficult to quantify and evaluate. Detailed studies of the
material properties of individual human wrist liga-
ments have been reported.® ' Savelberg et al® stud-
ied the forces and strains in individual carpal liga-
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ments during wrist motions and concluded that
carpal kinematics are controlled by articular geome-
try more than by ligamentous constraints. It is widely
accepted, however, that the tension of carpal liga-
ments varies with wrist motion and plays a role in
stabilizing the wrist joint.*?

It has become increasingly apparent that early
motion facilitates joint recovery following fracture
but that it may be harmful to fracture healing.'" Early
wrist motion has been suggested in the treatment of
intra-articular distal radius fractures and after inter-
nal compression screw fixation of scaphoid fractures
and nonunions.'? Distraction of the wrist to reduce
loads across the articular cartilage and to prevent
load across the fracture fragments is proposed for
treatment of many of these conditions.'*'* The effect
of distraction on carpal kinematics is unknown, how-
ever, and the effect of continued distraction on treat-
ment programs has only recently been studied.'*?

The journal of Hand Surgery 113
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Distraction reduction of distal radial fractures is ac-
complished through ligamentotaxis, which of neces-
sity must alter the articular and ligamentous con-
straints that act to stabilize the wrist. No reports have
addressed kinematic changes of the wrist that occur
under traction.

The purpose of this study was to examine wrist
kinematic changes under various amounts of traction
with varying loads and to determine whether motions
of sagittal flexion-extension, radial-ulnar motion, and
“dart-throwers™ motion could be initiated during the
early phase of wrist rehabilitation. The dart-throw-
er’s motion (wrist extension and radial deviation to
wrist flexion and ulnar deviation) is used in many
activities of daily living. In this study we were in-
terested in determining whether the dart-throwers
motion could be the preferred method of early mo-
bilization of the wrist. As an aside, we wished to
examine the potential of early wrist motion associ-
ated with external fixation of severe wrist injuries
(complex distal radius fractures and wrist fracture
dislocations) to determine whether distraction plus
motion were mutually compatible.

Materials and Methods

Ten fresh-frozen cadaveric specimens with a mean
age of 57 years were used in this experiment. No

specimens showed significant degenerative changes
on radiographic examination.

The specimens were allowed to thaw at room
temperature overnight in preparation. The skin of the
forearm was excised circumferentially 5 to 6 cm
proximal to the wrist. The tendons of the extensor
carpi radialis longus and brevis, extensor carpi ul-
naris, flexor carpi radialis, flexor carpi ulnaris, and
abductor pollicis longus were identified and sec-
tioned proximal to the skin incision. A heavy suture
was secured to each tendon for application of load.
The radius and ulna were transfixed with a Stein-
mann pin in neutral forearm rotation and were then
transected 15 cm proximal to the capitate head.

A magnetic tracking device (3Space Tracker Sys-
tem, Polhemus, Colchester, VT) was used to record
the kinematics (Fig. 1)."'"'® This system, with 6° of
freedom, allows accurate tracking of the 3-dimen-
tional position and orientation of a sensor in relation
to a source. The sensor represents the moving object
and the source represents the fixed reference. Al-
though this system may be affected by metallic ob-
jects, its accuracy has proved to be high in previous
kinematic studies, which was confirmed by compar-
ing it with a biplanar radiographic method in our
previous study.'®

To attach the 3Space sensors, incisions were made

Figure 1. The experiment setup. A magnetic tracking device was used to analyze the carpal kinematics. Traction {orce was

applied through the neck of the third metacarpal.
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over the lunate, scaphoid, third metacarpal, and distal
radius. The lunate was approached through a longi-
tudinal skin incision over the dorsal side of the wrist.
The extensor retinaculum was cut between the third
and fourth compartment and the dorsal radiolunotri-
quetral ligament was identified. A small arthrotomy
along the distal edge of this ligament was used to
approach the lunate. The condition of the scapholu-
nate interosseous ligament was examined to ensure
the ligament was intact. A second small incision was
added over the anatomic snuff box and the scaphoid
was approached between the abductor pollicis longus
and the extensor pollicis longus tendon.

A third incision was made over the distal radius
directly over the site for the induced radius fracture.
A 0.045-inch (l.1-mm) K-wire was inserted into
each bone and its position was confirmed with an-
teroposterior and lateral x-rays. The K-wires were
removed and the drill hole enlarged to 2.2 mm in
each bone. Nonmagnetic plexiglass rods were used
to mount the sensors. Care was taken not to penetrate
the opposite cortex. Small plastic mounts were at-
tached at the end of each rod and the sensors were
fixed by plastic screws. A third metacarpal sensor
was attached in a similar fashion. Movement of the
third metacarpal was used to represent gross (total)
motion of the wrist. A rod for guiding wrist motions
was inserted longitudinally into the third metacarpal
shaft.

All capsular and retinacular incisions were closed
with interrupted sutures. Specimens were securely
mounted in a special holding device with polymethyl
methacrylate. A custom-designed protractor to which
the source was fixed was bolted on the experimental
table. The different planes of wrist motion were
constrained by rotating this protractor. Passive wrist
motion was simulated by sliding the pulley attached
to the protractor with the third metacarpal rod as a
guide.

The planes of wrist motion were sagittal (flexion-
extension), coronal (radial-ulnar deviation), and dart-
throwers (radial extension-palmar flexion) planes.
The latter was at an angle of 23° to the sagittal plane.
In these 3 planes, the global flexion-extension and
radial-ulnar deviation were constrained by the sys-
tem, but adjunct pronation-supination motion of the
wrist was allowed.

A 10-kg load approportioned to each muscle-
tendon unit physiologic cross-sectional area was
applied as a preload.?®~2* The preload was used to
simulate normal compression across the wrist re-
lated to muscle tone. The data were obtained con-

tinuously during neutral to 50° of extension, 50° of
fiexion, 15° of radial deviation, 30° of ulnar devi-
ation, 50° of dart-throwers extension, and 50° of
dart throwers flexion,

The data of the relative position and motion of the
sensors to the source were calculated as the screw
displacement axis.® The relative displacement of a
moving segment from one position to ‘another can be
described in terms of a rotation around and transla-
tion along this axis. The coordinate system was con-
structed on the radius. The x-axis is defined along the
longitudinal axis of the radius (pronation-supination)
and the y-axis lies in the coronal plane perpendicular
to the x-axis (radioulnar deviation). The z-axis was
perpendicular to both the x-axis and the y-axis (ex-
tension-flexion).

Wrist Motion Measurements

The radiocarpal and midcarpal motions were cal-
culated as the relative motion of the lunate to the
distal radius and of the lunate to the capitate and third
metacarpal, respectively. The percent contribution at
the radiocarpal and midcarpal joints was calculated
during motion in each plane. Relative motion of the
scaphoid with respect to the lunate was also calcu-
lated.

Traction forces of 0 kg, 5 kg, 10 kg, and 15 kg
were applied to the K-wire penetrating the neck of
the third metacarpal by 2 strong cords tied at either
end of the wire. The cords passed around a roller and
came down both sides of the table through another
pulley system fixed at the ends of the protractor. This
allowed the traction force to be applied in line with
the third metacarpal during each sequence of wrist
motion (Fig. 1). These waction forces represent types
of clinically applied wrist distraction that might be
used in the reduction of distal radius fractures or
carpal dislocations.

The specimens were preconditioned by repeating
the motion 5 times before collecting data for each
traction force sequence. The change in percent con-
tribution at the radiocarpal and midcarpal joints and
the relative motion of the scaphoid to the lunate were
statistically analyzed by repeated measurement of
ANOVA.

Results

The results are expressed as a percent change in
global wrist motion and in the differences of motion
between the scaphoid and lunate bones of the prox-
imal row, both as a consequence of wrist distraction.
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Figure 2. The percent contribution at the radivcarpal
(topy and midcarpal (bottom} joints during wrist extension.

Change of the Percent Contribution of the
Radiocarpal and Midcarpal Joints to Global
Motion of the Wrist

Wrist extension. The percent contribution to wrist
extension of the radiocarpal joint decreased; that of
the midcarpal increased significantly during wrist
distraction. Radiocarpal motion was also smaller and
midcarpal motion was larger during dart-throwers
extension compared with sagittal extension (Fig. 2).
Wrist flexion. The percent contribution of the ra-
diocarpal joint increased and that of the midcarpal
decreased significantly during wrist distraction. Ra-
diocarpal motion was smaller and midcarpal motion
was larger during wrist flexion with the dart-throwers
motion compared with sagittal plane motion (Fig. 3).
During both flexion and extension, the smallest
amount of radiocarpal motion occurred with the dart-
throwers motion.

Wrist radial-ulnar deviation. The percent contri-
bution of the radiocarpal joint increased and that of
the midcarpal decreased significantly under distrac-
tion during ulnar deviation motion. There was no
important change, however, regarding the percent
contribution during radial deviation. Radiocarpal
motion was smaller and midcarpal motion was larger
during radial deviation in comparison to ulnar devi-
ation during wrist distraction (Fig. 4).

The Change of the Relative Motion of the
Scaphoid to the Lunate During Global Motion
of the Wrist

Extension-flexion of the wrist. The scaphoid ex-
tended relative to the lunate during wrist extension.
This motion decreased with traction. The scaphoid
flexed more relative to the lunate during wrist flex-

% contribution

6N ES;s 10N 15N
Traction

% contribution

N AN 10N 1EN

Traction

B sagital flexion Traction cffect:

{3 dart throwers flexion sagittal. dart: p<d.0f

Figure 3. The percent contribution at the radiocarpal
(top) and midearpal (bottom) joints during wrist flexion.
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ttop) and midearpal {(bottom) joints during wrist radial
ulpar deviation.

ion. This motion increased with traction. The relative
motion of the scaphoid with respect to the lunate was
smaller in the dart-throwers plane compared with the
sagittal plane (Fig. 5).

Radial-ulnar deviation. The relative motion of the
scaphoid with respect to the lunate changed under trac-
tion during wrist ulnar deviation. During radial devia-
tion, however, the relative motion of the scaphoid
showed no important change (Fig. 6).

Discussion

Several reports using different investigative meth-
ods have shown that tension in individual wrist lig-
aments change during wrist motions.*~'® Whether
these changes in tension control carpal kinematics is
not well-known. The distal carpal row is controlled
by the extrinsic flexor and extensor wrist tendons,

which intiate motion at the midcarpal joint level. The
proximal carpal row is considered an intercalated
segment whose motion is induced by the distal carpal
row and stabilized by the radiocarpal ligaments as
well as the geometric constraint of the joint architec-
ture.?! The scaphoid is considered a mechanical link
between the rows.>*

The main ligaments on the palmar side of the wrist
are the radioscaphocapitate, long and short radiolu-
nate, and ulnocarpal ligaments. These ligaments be-
come tense during wrist extension and vary in dif-
ferential tension during radial and ulnar deviation.**?
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Figure 5. The relative motion of the scaphoid with re-
spect to the lunate during wrist extension (top) and flexion
{bottom).

—190—



118 Ishikawa et al / Wrist Distraction/Effects on Carpal Kinematics

up
1%3
3
5
L~
RD .3
N AN 10N 1SN
Traction

8 Radial Deviation

E] Ulnar Deviation

Traction effect:

R]D: no significance

UD: p<0.01
Figare 6. The relative motion of the scaphoid with re-
spect to the lupate during wrist radial-ulnar deviation,

The percent contribution of the radiocarpal joint to
global wrist motion decreased during wrist extension
during distraction (traction); that of the midcarpal
joint increased. The differences were statistically sig-
nificant. These findings suggest a greater effect of
traction on the proximal (radiocarpal) palmar liga-
ments than on the distal (midcarpal) palmar liga-
ments. The scaphoid extended relative to the lunate
during wrist extension, but the degree of scapholu-
nate motion decreased with traction. This observa-
tion further suggests that the strong volar radiocarpal
ligaments restrict radiocarpal motion more than mid-
carpal motion with the wrist under traction and that
the palmar radioscaphocapitate ligament restricts ex-
tension of the scaphoid more than the long and short
radiolunate ligaments restrict the lunate.

During wrist extension, we observed that the per-
cent contribution of the radiocarpal joint was smaller
and that of the midcarpal joint was larger during
dart-throwers extension than during sagittal exten-
sion. In addition, the relative motion of the scaphoid
with respect to the lunate was smaller during dart-
throwers extension than during sagittal extension.
These results demonstrate that during dart-throwers
motion there was less motion at the radioscaphoid
joint than was observed during sagittal plane wrist
motion. The proximal carpal row rotated more con-
centrically (in unison) with dart-throwers motion

than during sagittal plane wrist flexion and exten-
sion. As a consequence of these observations, dart-
throwers motion may represent a more physiologic
plane of motion.

Conversely, the percent contribution of the radio-
carpal and midcarpal joints to wrist flexion during
traction was opposite that of wrist extension. During
traction, radiocarpal flexion increased and midcarpal
joint flexion decreased. The main dorsal extrinsic
ligament of the radiocarpal joint is the dorsal radio-
lunotriquetral ligament. This ligament elongates in
wrist flexion. This increased tension, augmented by
traction, appears to have a definite effect on carpal
kinematics. Whether this ligament has sufficient
strength, however, to restrict radiocarpal flexion to
the same extent that the palmar ligaments restrict
radiocarpal extension during wrist extension is not
known. These findings are consistent with the results
from a cadaver study of Kaempffe et al,'® who stated
that dorsal capsular strain was 4-fold that of the volar
ligaments.

Scaphoid flexion relative to the lunate during wrist
flexion increased under traction. This suggests that
the dorsal radiolunotriquetral ligament constraints
radiolunate flexion more than the capsular structure
constrains radioscaphoid motion. Horii et al** noted
this fact during studies of lunotriquetral dissociation.
A palmar flexed lunate would occur only after divi-
sion of the lunotriquetral ligament and dorsal ra-
diotriguetral ligament. The percent contribution of
the radiocarpal joint was smaller and that of the
midcarpal was larger during dart-throwers flexion
than during sagittal plane wrist flexion. Again, the
scapholunate complex appears to be more unified in
motion with dart-throwers flexion-extension than
with sagittal plane flexion-extension. The flexion of
the scaphoid with respect to the lunate was also
smaller during dart-throwers wrist flexion. This in-
dicates that radioscaphoid motion induced by mid-
carpal motion was less. Lesser tension in the dorsal
radiolunotriquetral ligament in the dart-throwers
plane than in the sagittal plane of wrist flexion would
explain this result.

In the coronal plane of wrist motion (radial-ulnar
deviation), the percent contribution of the radiocar-
pal joint increased and that of the midcarpal de-
creased during wrist ulnar deviation. Ulnar deviation
of the scaphoid with respect to the lunate increased
under traction during ulnar deviation of the wrist.
These results suggest that midcarpal motion (scapho-
capitate, scaphotrapeziotrapezoidal joint) induced
the ulnar deviation of the scaphoid, especially under
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traction during wrist ulnar deviation. Increased ten-
sion in the radiocarpal ligaments increases more un-
der traction in ulnar deviation than in wrist radial
deviation. There were no significant changes in the
percent contribution under traction during radial de-
viation. The relative motion of the scaphoid to the
lunate showed no significant change under traction.
This might be explained by the fact that the induced
radioscaphoid motion was small during wrist radial
deviation, which results in lesser tension in the ra-
diocarpal ligaments compared with wrist ulnar devi-
ation under traction.

Evaluation of carpal kinematics under traction pro-
vides useful information about the mechanism of
carpal motion. Mayfield et al*® noted that the prox-
imal carpal row has more ligamentous stabilizers
than the distal row. In this study, we did not measure
the actual tensions of each carpal ligament. The
study clearly suggests, however, that the scaphoid
functions as a mechanical link between the distal and
proximal carpal rows and that there is an effective
change in tension in the radiocarpal ligaments when
under traction in different planes of wrist motion.

From a clinical perspective it appears that trac-
tion (distraction) changes normal carpal kinemat-
ics and that motion of the wrist combined with
traction induces abnormal patterns of motion. In
the treatment of distal radius fractures. traction
may be necessary for fracture reduction, but main-
taining excessive traction could affect carpal lig-
ament function and alter carpal kinematics.?® More
importantly, it appears that wrist distraction with
external fixation of distal radius fractures is not
compatible with wrist motion since the distraction
changes carpal kinematics at both the radiocarpal
and midcarpal joints.*”*° Lighter traction would
be more preferable to heavy traction'® and if mo-
tion is desired during traction, the dart-throwers
motion of wrist extension-radial deviation and
wrist flexion and ulnar deviation would effect nor-
mal carpal kinematics the least.
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