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Fig. 3 a Dynamic lateral view
X-ray images of a 63-year-old
female (case 5) indicates
osseous integration, 2 years
postoperative.

b Reconstruction CT
indicates bony fusion, 2 years
postoperative

Fig. 4 a Case 9: a 54-year-old
man during atlanto-axial
fixation. The reference frame
is placed on the C2 spinous
process and a navigatable
guide is inserted, in an
incision separate from that of
the reference frame. b Lateral
view from image intensifier
during surgery. ¢ Magerl’s and
Brooks’ procedures were
performed using
SecureStrand sublaminar
cables. d Main skin incision
and two small incisions
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Fig. 5 a Preoperative flexion
lateral X-ray in case 9
indicates atlanto-axial
subluxation. b Postoperative
lateral X-ray. ¢ Postoperative
antero-posterior X-ray. d & e
Postoperative reconstructive
CT shows transarticular
screws correctly passing
through the pedicle of C2 and
C1/2 joints

authors judged that it was not possible to insert the
pedicle screw into the C2, C4, and, C5 (hemilateral)
pedicles. The following procedures were performed
using the navigation system: C1 laminectomy, insertion
of bilateral C3 and hemi lateral C5 pedicle screw (RRS
Loop Spinal System; Robert Leid, Tokyo, Japan),
sublaminar cable fixation from C2 to C5 (using
SecureStrand sublaminar cables), and insertion of
occipital screw. Posterior bone graft from CO to C5 was
performed after instrumentation. Neurological deficits
and occipital pain had resolved, and surgery enabled
the patient to walk again. The postoperative CT scan
(C3 level) shows accurate placement of the pedicle
screws, which were inserted into extremely narrow
pedicles (Fig. 6). After 48 months post-surgery, the
patients showed improvement from 3B (preopera-
tively) to 3A according to Ranawat’s classification.

Discussion

Cervical reconstruction surgery should be considered
to maintain the quality of life and daily activities in RA
patients with severe cervical involvements. A recent
study indicated that the natural course of RA patients
with myelopathy managed by conservative treatments

is poor [25]. In their study, all patients did not recover
and were bedridden. Furthermore, all patients had died
within 3 years [25]. Casey [5] reported that no benefit
was obtained except pain relief by surgical treatment of
patients of Ranawat’s class 3B. In contrast, the current
study showed the potential importance of surgery for
class 3B patients, which provided excellent clinical
results.

One of the main goals of cervical reconstruction
surgery in RA patients is to eliminate instability by
achieving immediate and long-term stability. Pedicle
screw fixation and C1/2 transarticular screw fixation
are biomechanically superior to other conventional
procedures using wiring or clamping [1, 9, 14, 17].
Furthermore, pedicle screw fixation is a useful tech-
nique because laminectomy or laminoplasty can be
performed simultaneously. _

Conventional screw insertion techniques for both
C1/2 screw and pedicle screw placement in the subaxial
cervical spine rely on anatomical landmarks and in-
traoperative fluoroscopy. However, in RA patients,
several specific illness-related problems of the cervical
spine make surgical treatment extremely difficult. The
use of corticosteroid medication for several years and
immobilization of the spine caused by multiple mus-
culoskeletal deformities and dysfunctions lead to
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Fig. 6 a Preoperative flexion lateral X-ray in a 62-year-old
female (case 10) indicates atlanto-axial subluxation and vertical
subluxation. b Preoperative sagittal T2-WI MRI shows cord

considerable osteoporosis. Moreover, due to erosion of
the anatomical structures, bony landmarks are not al-
ways reliable. Especially when the vertebral artery runs
an abnormal course, screw placement has a potential
risk of neurovascular injury, and vertebral artery injury
on the dominant side can cause cerebellar infarction
and possibly fetal sequelae [2, 22, 23]. Moreover, due
to severe spinal deformity and small anatomical size of
the vertebra (the lateral mass and pedicle) in the most
RA cervical lesions, screw placement procedures are
highly technically demanding and pose the potential
risk of neurovascular injuries even though intraopera-
tive fluoroscopy is used. The current study clearly
shows from clinical results that computer-assisted
screw insertion in the rheumatoid cervical spine
enables a significant reduction in the screw malplace-
ment rates (1/48; 2.1%) as compared to conventional
insertion techniques, using image intensifier (5.3%;
Abumi K et al. [1]). There are currently no published
reports on perforation rates with cervical pedicle
screws in rheumatoid cervical spine lesions. All pro-
cedures performed at this facility were performed
using a navigation system, therefore no control data is

&) Springer
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compression due to Cl1 laminae. ¢ Computer display shown at
surgery. d, e Postoperative X-ray. f Postoperative CT scan (C3
level) shows pedicle screw was inserted accurately

available. Borm et al. [4] reported that transarticular
C1-C2 screw fixation was performed in 14 cases using
computer navigation (STN 4.0; Zeiss Company,
Oberkochen Germany). In this study, there was one
medial perforation of a C2 pedicle wall and one mal-
position of the screw in C2 without reaching the lateral
mass of Cl (2/28; 7.1%). In contrast, there were no
malpositions of the transarticular Ci—C2 screw fixation
among our cases. Regarding C1-2 transarticular screw
fixation, it is very easy to navigate at C2 levels using
image-guidance systems. However, C1 is easily moved
in the prone position even if a Halo-vest apparatus is
adapted for patients with atlantoaxial subluxation. In
such a case, it is difficult to navigate the screw in the
lateral mass of the atlas, and a two-dimensional image
intensifier during surgery should be employed. How-
ever, this type of image intensifier was not used in
pedicle screw insertion in this study. When pedicle
perforation was suspected, it was investigated on X-ray
image using a marker. Importantly, although the risk of
screw perforation can be reduced using a navigation
system, its incidence does not disappear completely.
Due to the fragile bone quality of the RA cervical
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spine, care must be taken during rod or plate applica-
tion procedures and reduction maneuvers which may
cause cut-out and displacement of the screw from its
original position. To prevent these injuries, preopera-
tive evaluation of the vertebral artery and planning of
screw insertion are indispensable. Generally, insertion
of screws into the pedicle of less than 3.5 mm in
diameter should be avoided even with navigation
assistance.

Preoperative vertebral artery evaluation by MR
angiography revealed unilateral stenosis or occlusion in
23.8% of patients, all of whom were complicated with
VS. Abnormality of vertebral artery is highly likely in
RA patients because of cervical deformity. Tumialan
et al. [26] reported cerebral and cerebellar infarction in
rheumatoid cervical spine patients caused by vertebral
artery injury, observed during anterior corpectomy. In
consideration of that report, in case of vertebral artery
occlusion or stenosis, no pedicle screws were used on
the artery-dominant side to avoid vertebrobasilar
ischaemia and concurrent stroke if pedicle diameter
was narrow. This approach shows significant benefits of
preoperative planning using the navigation system.

The accuracy of a computer-assisted image-guidance
system for correct pedicle screw fixation of the cervical
spine has been confirmed in laboratory tests [12], but its
clinical results in RA patients have not been clarified.
Although the current study was not large in number of
patients, the results of surgery under the image-guid-

" ance system were encouraging. Use of this system in
cervical instrumentation surgery for RA patients can
aid in reducing the risk of screw misplacement.

Conclusion

In this study, the authors demonstrated that image-
guidance systems can be applied safely to the cervical
lesions caused by RA. Image-guidance systems are
useful tools in preoperative planning and in transpe-
dicular screw placement in the cervical spine of RA
patients. However, incidence of screw perforation does
not disappear completely. Due to the fragile bone
quality of RA cervical spine, care must be taken during
rod or plate application procedures and reduction
maneuvers.
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IN Vivo THREE-DIMENSIONAL
KINEMATICS OF THE
MIDCARPAL JOINT OF THE WRIST

BY HiSAO MORITOMO, MD, TSUYOSHI MURASE, MD, AKIRA GOTO, MD,
KUNIHIRO OKA, MD, KAZUOMI SUGAMOTO, MD, AND HIDEKI YOSHIKAWA, MD, PHD

Investigation performed at the Department of Orthopaedic Surgery, Osaka University, Osaka, Japan

Background: The human carpus is a complex joint system. Many problems that arise in the wrist are the result of an
alteration of intercarpal motion. Although the midcarpal joint is a major component of the wrist joint, the global kine-
matics of the midcarpal joint have not been described. The purpose of this study was to provide a simplified descrip-
tion of the motion and function of the midcarpal joint.

Methods: We studied the in vivo three-dimensional kinematics of the midcarpal joint with use of a markerless bone-
registration technique. Magnetic resonance images of the wrists of twenty-four healthy volunteers were acquired dur-
ing a dartthrowing motion or flexion-extension motion of the wrist. Three-dimensional animations of the isolated mid-
carpal joint were created. Relative midcarpal motions were investigated qualitatively and quantitatively.

Results: The direction of the capitate motion relative to the scaphoid was aiways similar: it was oblique and it extended
from radiodorsal to ulropalmar in radioulnar deviation, in the dartthrowing motion, and in the flexion-extension motion.
The directions of the capitate motions relative to the lunate and triquetrum inclined in a similar way, while the ranges of
motion were almost unchanged. As the wrist motion changed from radioulnar deviation to fiexion-extension motion, the
range of the capitate rotation relative to the scaphoid decreased while the range of the lunate rotation relative to the
scaphoid increased. Regardless of the type of wrist motion, the loci of the displacement of all of the joint surfaces of
the midcarpal joint were located within a midcarpal ovoid space, and a line connecting the centers of the joint surfaces
of the midcarpal joint could be schematized as a letter “C” entwining the midcarpal ovoid.

Conclusions: Midcarpal motion is essentially the combined motion of three types of joint systems: (1) the uniaxial
joint between the scaphoid and the distal row; (2) the biaxial joint between the lunate and triguetrum and the distal
row; and (3) the intercarpal joints of the proximal row, which have an adaptive mechanism that accommodates the
above-mentioned two types of joint systems in the midcarpal joint.

Clinical Relevance: We advocate use of the “ovoid/C” concept to describe the function of the midcarpal joint that
contributes to both the stability and the mobility of the wrist, to assist clinicians in achieving a better understanding
of the kinematics of the wrist joint.

between the forearm and the hand. Knowledge of inter-
carpal kinematics should be of value both from a basjc-
science perspective and from a clinical point of view because
many problems that arise in the wrist are the result of an alter-
ation of intercarpal motion’. There is little relative motion
between the four bones of the distal row (the trapezinm, trape-
zoid, capitate, and hamate)™*, whereas there is greater relative
motion between the three bones of the proximal row (the
scaphoid, lunate, and triqguetrum)™*. Although the midcarpal
joint is a major component of the wrist joint, the global kine-
matics of this joint have not been described, to our knowledge.
In a previous study’, we investigated the kinematics of

T he human carpus is a complex joint system interposed

the midcarpal joint during radioulnar deviation of the wrist
and found that the midcarpal motion is more synchronous
than had been previously reported. The axes of the rotations
of the capitate relative to the scaphoid, lunate, and triquetrum
during radioulnar deviation were found to be located closely
in space. The isolated midcarpal motions during radioulnar
deviation were found to be rotations in the dart-throwing
plane of the wrist, extending from radiodorsal to ulnopalmar.
The current study is a continuation of the previous in-
vestigation of radioulnar deviation’s it was designed to exam-
ine midcarpal kinematics during the dart-throwing motion
and flexion-extension motion of the wrist and to compare
them with midcarpal kinematics during radioulnar deviation.
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The purpose of this study was to provide a simplified descrip-
tion of the motion and function of the midcarpal joint.

Materials and Methods

he in vivo three-dimensional kinematics of the midcarpal

joint in the right wrists of twenty-four healthy volunteers
was studied with a markerless bone-registration technique. We
separately investigated the kinematics during the dart-throwing
motion in twelve volunteers and the kinematics during the
flexion-extension motion in the other twelve. The average age
was twenty-six years (range, twenty to thirty-two years) for the
volunteers included in the analysis of the dart-throwing motion
and twenty-five years (range, twenty to thirty-two years) for
those included in the analysis of the flexion-extension motion.
Nine men and three women participated in the study of the
dart-throwing motion, and eight men and four women partici-
pated in the study of the flexion-extension motion. All volun-
teers consented to be included in the study.

Magnetic resonance images were acquired with the same
method as was used in our previous studies™. To immobilize
the elbow and the wrist at a specific angle during the dart-
throwing and flexion-extension motions, a special posture de-
vice with a grip bar and goniometers was used’. This device has
three motion axes, which all cross perpendicularly at the wrist
joint and enable the wrist to move along any specific plane.

For five of the twelve wrists in the group performing the
dart-throwing motion, magnetic resonance images were ac-
quired in six positions from 60° of radial deviation/extension
to 40° of ulnar deviation/flexion in 20° increments in the dart-
throwing plane. For five of the twelve wrists in the group per-
forming the flexion-extension motion, magnetic resonance
images were acquired in seven positions from 60° of extension
to 60° of flexion in 20° increments in the sagittal plane. For the
other seven patients in each group, magnetic resonance im-
ages were acquired in three positions (a neutral position and
two extreme positions). We set the dart-throwing motion as
an oblique wrist motion relative to the sagittal plane of the
wrist in an attempt to reproduce the motion of the throwing
of a dart or the hammering of a nail.

The contours of each bone were mapped from mag-
netic resonance volume images, and three-dimensional sur-
face models of the bones were constructed with use of a
software program (Virtual Place-M; Aze, Tokyo, Japan)’. The
kinematic variables were calculated by registering the bone in
one position and comparing it with another. The volume reg-
istration technique employed in this study was performed
with use of the same software program.

The radius and all of the carpal bones except the pisi-
form were registered, and the relative motion of each bone
was calculated. Three-dimensional animations of the relative
motions were created by gradually rotating bones around
their own axis of rotation between two adjacent positions and
connecting them with use of originally developed software
(Orthopedics Viewer; Osaka University, Osaka, Japan). We
created animations of all twenty-four wrists and compared the
animations of the ten wrists subjected to incremental motion

IN VivOo THREE-DIMENSIONAL KINEMATICS
OF THE MIDCARPAL JOINT OF THE WRIST

analysis with the animations of the fourteen wrists that were
studied in only three positions. We observed a marked simi-
larity between them; thus, we calculated the kinematic vari-
ables from the combined data of all wrists.

The coordinate system was constructed with use of os-
seous landmarks with the wrist in neutral position. The z axis
(the supination-pronation axis) was defined as the long axis of
the distal part of the radius. The x axis (the flexion-extension
axis) was defined as a line passing through the center of the cap-
itate body at a right angle to the z axis and parallel to a line con-
necting the radial and ulnar styloids. The y axis (radioulnar
deviation axis) was defined as a line perpendicular to the other
two axes. In our definition of the anatomical planes, we consid-
ered the sagittal plane to equal the flexion-extension plane, the
coronal plane to equal the radioulnar deviation plane, and the
axial plane to equal the supination-pronation plane.

Direction of Global Wrist Motion

The direction of global wrist motion was defined as a line con-
necting two centroids of the capitate at the two extreme wrist
positions on the basis of the assumption that there is little mo-
tion between the third metacarpal and the capitate”. The angle
between the direction of global wrist motion and the x axis of
the coordinate system was calculated as viewed in the axial plane.

Midcarpal Motion

Midcarpal motion was investigated by assessing capitate mo-
tion relative to the scaphoid, lunate, and triquetrum as well as
by analyzing scaphoid, lunate, and triguetrum motions rela-
tive to the capitate. If the capitate is used as a reference to de-
termine the kinematics of the proximal row, one can observe
all of the relative motions in the midcarpal joint at the same
time because there is very little motion between the four
bones of the distal row™. The axes of rotations' between the
two extreme positions of the capitate relative to the scaphoid,
lunate, and trignetrum were the only ones calculated. The
range of motion of the capitate was calculated as an angle of
rotation around each axis of rotation.

Motion Between the Scaphoid and Lunate

and Between the Lunate and Triquetrum

The ranges of motion of the scaphoid and triquetrum relative
to the lunate were also calculated as an angle of rotation
around each axis of rotation relative to the lunate. The angle
was defined as positive when the scaphoid or triquetrum ro-
tated palmarly relative to the lunate in the wrist motion from
radial deviation/extension to ulnar deviation/flexion or from
extension to flexion.

Relationship Between the Midcarpal Kinematics

and the Radiocarpal Kinematics

To compare the midcarpal kinematics with the radiocarpal ki-
nematics, the axes of rotations of the scaphoid and lunate rela-
tive to the radius were also investigated. Relationships between
the axes of rotations of the midcarpal and radiocarpal joints
were analyzed by comparing the location of the axes of rota-
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tions of the radiocarpal joint with the primary axis of rotation
of the midcarpal joint at the neutral position of the wrist.

Statistical Analysis

All data were expressed as the mean and standard deviation.
Statistical analysis of differences was performed with use of
the Student t test, with p < 0.05 considered to be significant.

Radial Deviation

Ulnar Deviation

C. DTM-inclined-FEM

Fig.1

fargest capitate
motion

-7 least lunste
motion

largest capitate motion
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Resulis

Direction of Global Wrist Motion

T he angles between the direction of the global wrist motion
and the wrist flexion-extension axis in the axial plane were

59° + 9° in the dart-throwing motion and 91° + 8° in the flexion-

extension motion. Of the twelve wrists studied in flexion-

extension motion, four showed an angle of <90° (mean, 82° + 4

Ulnar Deviation!
Flezion

Radial Deviationf
Extension

capitate

B. DTM

Extension Flexlon

" frgest e
lunate muuun@ §

! E R S |
LS 7 S |

ieast capitate motion
AOR was not detectable

D. opposite-DTM-inclined-FEM

Dorsal and distal views of the scaphoid-based motions of the right wiist and the axes of rotation (AOR) of the
capitate relative to the scaphoid. A: Radioulnar deviation (RUD). B: Dart-throwing motion (DTM). C: Dart-throwing-
motion-inclined fiexion-extension motion (FEM), and D: opposite-dart-throwing-motion-inclined flexion-extension
motion. The amount of motion is related to the length of the arrows. S = scaphoid, L = lunate, Tq = triquetrum,
Tm = trapezium, Td = trapezoid, C = capitate, and H = hamate. {See Appendix for accompanying video.)
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Angle to Axis for Wrist Flexion and Extension (deg)

Directionof  Axisof Rotation  AxisofRotation  Axisof Rotation  Axis of Rotation  Axis of Rotation
Global Wrist of Capitate of Capitate of Capitate of Scaphoid of Lunate
Case Age (yr)  Gender Motion to Scaphoid to Lunate to Triquetrum to Radius to Radius
1 26 M 55 33 23 21 20 68
2 30 M 56 45 38 35 49 81
3 27 M 57 61 32 43 14 18
4 25 F 58 32 20 21 2 8
5 30 M 69 29 20 6 32 54
6 24 M 69 37 26 27 (5} 13
7 32 M 66 35 17 17 21 32
8 25 M 73 33 13 14 3 20
9 32 M 43 23 6 12 36 65
10 21 F a7 37 36 24 59 80
11 25 M 56 42 18 8 24 63
12 20 F 62 48 35 13 8 24
Average 59 38 23 20 23 44
Stand. dev. 9 10 10 11 18 27

DTM

AOR to scaphoid was not detectable

DTM-inclined-FEM opposite-DTM-inclined-FEM
Fig.2
Proximal view of the distal row of the right wrist and the axes of rotation (AOR) of the capitate refative to the
scaphoid (8), lunate (L), and triquetrum {Tq) during radioulnar deviation (RUD), the dart-throwing motion (DTM),
the dart-throwingmotion-inclined flexion-extension motion (FEM), and opposite-dart-throwing-motion-inclined
flexion-extension motion. Tm = trapezium, Td = trapezoid, C = capitate, and H = hamate.
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Range of Motion Around Axis of Rotation (deg)
Capitate Capitate Capitate to Scaphoid Triquetrum Scaphoid Lunate
to Scaphoid to Lunate Triquetrum to Lunate to Lunate to Radius to Radius
59 76 60 20 19 26 12
37 48 40 12 11 28 20
29 35 27 15 9 65 51
27 74 66 47 8 75 27
30 46 30 17 18 33 25
31 40 33 11 8 26 15
40 44 44 18 11 37 30
39 66 55 32 11 54 27
42 67 53 30 15 63 38
28 37 37 ] 9 19 11
35 61 46 32 i8 a7 25
50 58 41 14 26 33 21
37 54 44 21 14 42 25
10 14 12 11 6 18 11

range, 78° to 87°), which means that the plane of global wrist
motion inclined slightly toward a dart-throwing-motion plane
(the dart-throwing-motion-inclined flexion-extension-motion
group). The other eight wrists showed an angle of >90° (1mean,
96° + 4° range, 91° to 103°), which means that the plane of
global wrist motion inclined slightly toward an opposite-dart-
throwing-motion plane (the opposite-dart-throwing-motion-
inclined flexion-extension-motion group).

Midcarpal Motion

Motion of the Distal Row Relative to the Scaphoid

The scaphoid-based animation showed the direction of capi-
tate motion relative to the scaphoid to be always similar: it was
oblique and it extended from radiodorsal to ulnopalmar in
radioulnar deviation, in the dart-throwing motion, and in
the dart-throwing-motion-inclined flexion-extension motion.
From wrist radial deviation, radial deviation/extension, or ex-
tension to wrist ulnar deviation, ulnar deviation/flexion, or
flexion, respectively, the capitate always moved from radio-
dorsal to ulnopalmar (Fig. 1, A, B, and C; see Appendix for
videos).

The axes of rotation between the scaphoid and capitate
in radioulnar deviation, in the dart-throwing motion, and in
the dart-throwing-motion-inclined flexion-extension motion
were located closely in space and obliquely penetrated the
neck of the capitate from a radiopalmar to an ulnodorsal di-
rection. In the axial plane, the axes of rotation of the capitate
relative to the scaphoid in radioulnar deviation, in the dart-
throwing motion, and in the dart-throwing-motion-inclined
flexion-extension motion formed a radially and palmarly
opening angle of 43° &+ 7° (as previously reported’), 38° + 10°,

and 31° £ 9°, respectively, with the wrist flexion-extension axis
(Tables I and H). There were no significant differences be-
tween these angles.

In the opposite-dart-throwing-motion-inclined flexion-
extension motion, the capitate seldom moved and the scapho-
trapeziotrapezoid joint appeared to be “locked” (Fig. 1, D; see
Appendix for videos). The axes of rotation between the
scaphoid and capitate in the opposite-dart-throwing-motion-
inclined flexion-extension motion varied considerably (mean
angle with the wrist flexion-extension axis, 5° & 53°) so thata
consistent pattern of the axis of rotation was not detectable. In
some wrists {Cases 20 and 24), the intercarpal joints between
the trapezium, trapezoid, and capitate showed irregular mo-
tions; the trapezium and trapezoid translated distalward rela-
tive to the trapezoid and capitate, respectively, when the wrist
moved from extension to flexion.

As the global wrist motion changed from radioulnar
deviation to the opposite-dart-throwing-motion-inclined
flexion-extension motion, the range of the capitate rotation
relative to the scaphoid gradually decreased. The ranges of ro-
tation of the capitates around their own axes of rotation were
41° + 10° in radioulnar deviation (as previously reported’),
37° + 10° in the dart-throwing motion, 27° + 5° in the dart-
throwing-motion-inclined flexion-extension motion, and 9°
15° in the opposite-dart-throwing-motion-inclined flexion-
extension motion (Tables I and II). There were significant dif-
ferences between the values in radioulnar deviation and the
dart-throwing-motion-inclined flexion-extension motion (p <
0.05), between those in the dart-throwing motion and the dart-
throwing-motion-inclined flexion-extension motion (p < 0.05),
and between those in the dart-throwing-motion-inclined
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Angle to Axis for Wrist Flexion and Extension (deg)
Axis of Axis of Axis of Axis of Axis of
Direction Rotation Rotation Rotation Rotation Rotation
Wrist of Global of Capitate of Capitate of Capitate of Scaphoid  of Lunate
Motion/Case Age {yr) Gender Wrist Motion  to Scaphoid to Lunate to Triquetrum to Radius to Radius
Dart-throwing-motion-inclined
flexion-extension motion
13 30 M 78 21 18 11 6 5
14 24 M 80 40 16 18 1 -3
15 27 M 87 25 2 0 -8 1
16 24 F 84 38 17 28 ~2 -1
Average 82 31 13 14 -1 1
Stand. dev. 4 9 7 12 6 3
Opposite-dartthrowing-
motion-inclined flexion-
extension motion
17 25 F 92 -14 -1 -13 8 12
18 26 M a5 -25 -15 3 [¢] 1
19 30 M 99 -54 -19 -20 -5 ~12
20 24 M 103 87 -59 -31 -8 2
21 32 M o1 -2 -3 0 0 0
22 20 F 92 —~48 -16 —22 -8 -8
23 21 F 96 16 -12 -22 -2 -5
24 25 M 08 78 -22 -24 0 -2
Average 26 5 -18 -16 -2 -2
Stand. dev. 4 53 18 12 5 7
Total average 91 14 -8 -8 -2 -1
Stand. dev. for total average 8 45 21 19 5 6

flexion-extension motion and the opposite-dart-throwing-
motion-inclined flexion-extension motion (p < 0.05).

Motion of the Distal Row Relative

to the Lunate and Triquetrum

‘When the global wrist motion changed from radioulnar devia-
tion to the opposite-dart-throwing-motion flexion-extension
motion, the directions of the capitate motions relative to the lu-
nate and triquetrum inclined in a similar way, which was clearly
different from the capitate motion relative to the scaphoid. The
capitate motions relative to the lunate and triquetrum in the
midcarpal joint were essentially similar and synchronous with
each other regardless of the type of wrist motion.

The axes of rotation of the capitate relative to the lunate
and triquetrum in the dart-throwing motion and flexion-
extension motion ran more transversely in the axial plane than
did those during radioulnar deviation (Fig. 2). The axes of ro-
tation of the capitate relative to the lunate and triquetrum
formed, with the wrist flexion-extension axis, a radially and
palmarly opening angle of 41° + 11° and 42° + 14°, respectively,
in radioulnar deviation (previously reported’), 23° + 10° and
20° £ 11° in the dari-throwing motion, 13° + 7° and 14° + 12°
in the dart-throwing-motion-inclined flexion-extension mo-

tion, and —18° +18° and —-16° % 12° in the opposite-dart-
throwing-motion-inclined flexion-extension motion (Tables I
and II). There were significant differences in the values be-
tween radioulnar deviation and the dart-throwing motion (p <
0.0005), between radioulnar deviation and the dart-throwing-
motion-inclined flexion-extension motion (p < 0.0005), and
between the dart-throwing-motion-inclined flexion-extension
motion and the opposite-dart-throwing-motion-inclined flexion-
extension motion (p < 0.005).

The ranges of motion of the capitate relative to the lu-
nate and triquetrum around their own axes of rotations were
44° £ 10° and 33° * 6°, respectively, in radioulnar deviation
(as previously reported’), 54° £ 14° and 44° + 12° in the dart-
throwing motion, 48° + 7° and 33° + 8° in the dart-throwing-
motion-inclined flexion-extension motion, and 41° % 12° and
38° % 9° in the opposite-dart-throwing-motion-inclined flexion-
extension motion (Tables I and II). The values did not differ
significantly among the different types of wrist motion.

Global Capitate-Based Midcarpal Motion

Regardless of the type of wrist motion, the animation of the
capitate-based midcarpal motion showed that the loci of the
displacement of all of the joint surfaces of the midcarpal joint
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Range of Motion Around Axis of Rotation (deg)
Capitate Capitate Capitate to Scaphoid Triquetrum Scaphoid Lunate
to Scaphoid to Lunate Triquetrum to Lunate to Lunate to Radius to Radius

26 55 43 30 13 77 47
22 39 25 21 15 77 56
34 51 34 26 21 o1 68
27 47 29 24 19 84 60
27 48 33 25 17 82 58
5 7 8 4 4 7 Q
17 61 54 45 13 83 38
21 47 41 26 13 69 43
20 37 40 23 8 80 58
-12 23 28 16 17 61 47
18 47 38 33 15 99 70
15 44 42 33 11 124 75
5 29 24 24 16 76 53
~16 38 38 33 9 86 53
9 41 38 29 13 84.75 55
15 12 9 9 3 19 i3
15 43 36 28 14 84 56
15 11 9 8 4 16 1

were located within a midcarpal ovoid space whose major axis
coincided with the typical axis of rotation of the scaphoid, run-
ning from a radiopalmar to an ulnodorsal direction (Figs. 3 and
4; see Appendix for videos). A line connecting the centers of the
joint surfaces of the midcarpal joint could be schematized as a
letter “C” entwining the midcarpal ovoid (PFigs. 3, B, and 5, A).
We also found a specific pattern of midcarpal motion
for each wrist motion (Fig. 4). We previously showed that the
directions and ranges of motion of the lunate and triquetrum
were not significantly different from those of the scaphoid in
radioulnar deviation’. In the dart-throwing motion, the direc-
tions of the lunate and triquetrum slightly inclined toward a
wrist flexion-extension-motion plane and the ranges of mo-
tion did not change significantly compared with those in radi-
oulnar deviation, while the direction of the scaphoid motion
was not significantly different from that in radioulnar devia-
tion but the range of scaphoid motion decreased. When the
wrist was moved in a dart-throwing-motion-inclined flexion-
extension-motion plane, these tendencies became more pro-
nounced: the directions of the lunate and triquetrum inclined
more, while the range of scaphoid motion decreased more.
Finally, when the wrist was moved in an opposite-dart-
throwing-motion-inclined flexion-extension-motion plane,

the scaphoid seldom moved but the lunate and triguetrum

 moved along the plane of the scapholunate joint, with the

range of motion not significantly changing. The lunate and
triquetrum always moved separately, but the directions of the
motions of the lunocapitate and triquetrobamate joints were
not significantly different from each other.

In summary, as the global wrist motion changed from ra-
dioulnar deviation to the opposite-dart-throwing-motion flex-
ion-extension motion, the range of motion of the scaphoid in the
midcarpal joint gradually decreased without the direction chang-
ing significantly and the ranges of motion of the lunate and tri-
quetrum did not significantly change but the direction gradually
inclined from a dart-throwing-motion plane to an opposite-dart-
throwing-motion-inclined flexion-extension-motion plane.

Motion Between the Scaphoid and Lunate

and Between the Lunate and Triquetrum

The scaphoid-based animation showed that as the wrist moved
from radial deviation, radial deviation/extension, or exten-
sion to ulnar deviation, ulnar deviation/flexion, or flexion,
respectively, the lunate always rotated dorsally relative to the
scaphoid; the relative position between the scaphoid and lu-
nate was similar to the dorsiflexed intercalated segment insta-
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bility posture (Fig. 1; see Appendix for videos).

As the global wrist motion changed from radioulnar de-
viation to the opposite-dart-throwing-motion-inclined flexion-
extension motion, the range of rotation of the lunate relative to
the scaphoid gradually increased, averaging 8° * 6° in radi-
oulnar deviation (as previously reported’), 21° + 11° in the
dart-throwing motion, 25° £ 4° in the dart-throwing-motion-
inclined flexion-extension motion, and 29° + 9° in the opposite-
dart-throwing-motion-inclined flexion-extension motion (Ta-
bles 1 and I1). There was a significant difference in the values be-
tween radioulnar deviation and the dart-throwing motion (p <
0.001), radioulnar deviation and the dart-throwing-motion-
inclined flexion-extension motion (p < 0.0001), and radioul-
nar deviation and the opposite-dart-throwing-motion-inclined
flexion-extension motion (p < 0.0001).

The lunotriquetral joint also moved in all types of wrist
motion; however, we did not find a significant difference in
the range of motion of the triquetrum relative to the lunate
between radioulnar deviation, dart-throwing motion, and
flexion-extension motion (Tables I and 1I).

Relationship Between Midcarpal

and Radiocarpal Kinematics

The axes of rotation of the scaphoid and lunate relative to the
radius were almost parallel to each other and passed through

A

dorsal view

proximal view

IN Vivo THREE-DIMENSIONAL KINEMATICS
OF THE MIDCARPAL JOINT OF THE WRIST

the neck of the capitate in all types of wrist motion. The rela-
tionship between the major axis of the midcarpal ovoid and
the wrist flexion-extension axis was opposite the relationship
between the axes of the radiocarpal joint and the wrist flexion-
extension axis in radioulnar deviation, the relationships were
similar in the dart-throwing motion, and the relationships
were midway between those in radioulnar deviation and the
dart-throwing motion in the flexion-extension motion.

In the axial plane, the axes of rotation of the scaphoid
and lunate relative to the radius formed radially and palmarly
opening angles with the wrist flexion-extension axis of —43° +
20° and —-39° 1 14°, respectively, in radioulnar deviation (as
previously reported’); 23° £ 18° and 44° % 27° in the dart-
throwing motion; —1° + 6° and 1° % 3° in the dart-throwing-
motion-inclined flexion-extension motion; and —2° * 5° and
~2° & 7° in the opposite-dart-throwing-motion-inclined flex-
jon-extension motion (Tables I and II). There were significant
differences in these values between radioulnar deviation and
the dart-throwing motion (p < 0.0001) and between the dart-
throwing motion and the dart-throwing-motion-inclined
flexion-extension motion (p < 0.05).

Discussion
We previously investigated the scaphotrapeziotrapezoid

joint in cadavers both anatomically” and kinemati-

ulnodorsal view

Fig.3

A: Dorsal, proximal, and ulnodorsal views of the right carpus and a superimposed midcarpal ovoid, the major
axis of which coincides with the typical axis of rotation of the scaphoid relative to the capitate. S = scaphoid,
L = lunate, and Tq = triquetrum. B: A schematic of the dorsodistal view of the midcarpal ovoid with which the
scaphotrapeziotrapezoid (STT), lunocapitate (LC), and triquetrohamate (TgH) joints come into contact. The

scaphocapitate (SC) joint comes into contact with a smaller ovoid, the axis of which coincides with the major

axis of the midcarpal ovoid.
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scaphoid
motion
Fig. 4

IN VivOo THREE-DIMENSIONAL KINEMATICS
OF THE MIDCARPAL JOINT OF THE WRIST

global wrist motion plane

motions of lunate
and triquetrum

Proximal view of the right carpus, showing the direction and range of motions of the scaphoid (S),
lunate (L), and triquetrum (T) relative to the capitate in radioulnar deviation (RUD), the dartthrowing
motion (DTM), the dartthrowing-motion-inclined flexion-extension motion (FEM) (d), and the opposite-
dart-throwing-motion-inclined flexion-extension motion {o). The amount of motion is related to the length
of the arrows. (See Appendix for accompanying video.)

cally®, and those studies suggested that the scaphotrapezi-
otrapezoid joint has essentially a single degree of freedom, or
is a uniaxial joint. The results of this current in vivo kine-
matic study further revealed that the range of motion of the
scaphoid in the midcarpal joint gradually decreases as the glo-
bal wrist motion changes from radioulnar deviation to flexion-
extension motion. We noticed that the convex joint surfaces of
the scaphoid articulating with the trapezium and the trape-
zoid can approximate an ovoid whose major axis runs from a
radiopalmar to an uinodorsal direction and coincides with the
axis of rotation of the capitate relative io the scaphoid. More-
over, the concave joint surface of the scaphoid articulating
with the capitate can also be a part of a smaller ovoid whose
axis is the same as the major axis of the midcarpal ovoid (Fig.
3, B). Actually, the axis of rotation of the joint between the
scaphoid and the distal carpal row is not rigid, probably be-
cause of minor mobility occurring among the trapezium,
trapezoid, and capitate and a lack of ligamentous constraint
between the proximal part of the scaphoid and the capitate.
Thus, this joint is essentially uniaxial, but it also has an adaptive
mechanism that allows preservation of articular congruity of
the midcarpal joint when distortional force is applied.

We have also found that the skeletal constraint of the tri-
quetrohamate joint is relatively weak because the joint is es-
sentially an ellipsoidal joint with two degrees of freedom, or is
a biaxial joint". The current study further revealed that the
motion of the lunate was always similar to that of the tri-
quetrum. Our three-dimensional analysis showed that most of
the joint surfaces of the lunocapitate and triquetrohamate

joints are also part of the midcarpal ovoid whose major axis
runs in a radiopalmar to an ulnodorsal direction (Fig. 3, B).
Thus, most of the joint surfaces in the midcarpal joint are con-
tained within a midcarpal ovoid; the carpal bones might be
moving within this volume, but they still have distinct mo-
tions relative to each other within it.

We consider midcarpal motion to be essentially the
combined motion of three types of joint systems: (1) the
uniaxial joint between the scaphoid and the distal row, the
axis of which runs in a radiopalmar to an ulnodorsal direc-
tion; (2) the biaxial and ellipsoidal joint between the lunate
and triquetrum and the distal row; and (3) the intercarpal
joints of the proximal row, which have an adaptive mecha-
nism that accommodates the above-mentioned two types of
joint systems in the midcarpal joint. We believe that the pri-
mary motion plane in the midcarpal joint is a dart-throwing
plane, which is defined by anatomical constraints of the joint
between the scaphoid and the distal row; however, adaptive
intercarpal motions, mainly in the scapholunate joint, and
relatively weak constraints of the lunocapitate and triquetro-
hamate joints allow the global midcarpal joint to move in the
flexion-extension or even the opposite-dart-throwing-motion-
inclined flexion-extension-motion planes as well.

This study raises concerns about a self-stabilizing mecha-
nism of the carpus under load. When the trapezium is axially
loaded against the scaphoid, the scaphoid tends to rotate into
flexion; this flexion moment is constrained by the extension
moment experienced by the triquetrum, and stable equilib-
rium is achieved™*. As a modification of this concept, we ad-
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vocate use of an “ovoid/C” concept to explain the carpal self-
stabilizing mechanism. The three-dimensional configuration
of a line connecting the centers of the joint surfaces of the
midcarpal joint can be schematized as a letter “C” entwining
a midcarpal ovoid (Figs. 3, B, and 5, A). On the radiograph of
a semisupinated wrist (Fig. 5, B), which is almost compatible
with an axial radiograph of the ovoid, the midcarpal joint
displays a C-shaped outline’. The ulnopalmar rotational mo-
ment of the scaphoid generated by the inclination of both the
scaphotrapeziotrapezoid and the scaphocapitate joint com-
petes and maintains balance with the radiodorsal rotational
moment of the triquetrum generated by the inclination of
the triquetrohamate joint (Fig. 5, B). Gilula and Weeks re-
ported that three fairly smooth radiographic arcs can be
drawn to define the normal carpal relationship, and disrup-
tion of any one of these lines may indicate a major carpal
derangement”. We believe that our C-shaped outline on the
radiograph of a semisupinated wrist could provide additional
information about carpal derangement because this view is

A midcarpal ovoid

Fig.5

semisupinated view of the left carpus

IN Vivo THREE-DIMENSIONAL KINEMATICS
OF THE MIDCARPAL JOINT OF THE WRIST

essentially a lateral view of the midcarpal joint.

In terms of the kinematic relationship between the mid-
carpal joint and the radiocarpal joint, the question arises of how
the oblique midcarpal motion accommodates itself to radiocar-
pal motion. It is well known that, during radioulnar deviation,
the three proximal carpal bones move synergistically relative to
the radius from a flexed and radially deviated position in wrist
radial deviation to an extended and ulnarly deviated position in
wrist ulnar deviation™**, This finding is consistent with our ob-
servation that the axes of rotation of the proximal row relative to
the radius run in a radiodorsal to an ulnopalmar direction. The
relationship between the primary axes of the midcarpal joint
and the radiocarpal joint during radioulnar deviation is recip-
rocal, effectively canceling rotation in the flexion-extension
plane of the hand on the forearm. During the dart-throwing
motion, the axes of the two joints are similar and synergistic
with each other, which may explain why the range of wrist mo-
tion achieved in this plane is greater than that achieved in radi-
oulnar deviation and why the dart-throwing plane is the usual

axial view

TaH

The “ovoid/C" concept. A: The three-dimensional configuration of a line connecting the centers of the joint
surfaces of the midcarpal joint can be schematized as a letter “C” entwining a midcarpa! ovoid. The “C”
clearly appears to form a three-quarter circle in the axial view of the ovoid. B: Semisupinated radiograph of
the left carpus, which is compatible with an axial view of the ovoid of the right carpus, and the tomograms at
the level of the scaphotrapeziotrapezoid (STT), scaphocapitate (SC), and triquetrohamate (TgH) joints. In this
piane, the midcarpal joint displays a C-shaped outline, and the ulnopalmar rotational moment of the scaphoid
generated by the inclination of the scaphotrapeziotrapezoid and scaphocapitate joints maintains balance with
the radiodorsal rotational moment of the triquetrum generated by the inclination of the triquetrohamate joint.
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plane of utilization of the wrist”’. During flexion-extension mo-
tion, the axis of the radjocarpal joint is almost the same as the
wrist flexion-extension axis and the axis of the midcarpal joint
is oblique, findings that are consistent with the fact that, nor-
mally, extension of the wrist is associated with radial deviation
and flexion is associated with ulnar deviation.

Our current kinematic technique has some limitations,
the greatest of which is that the study was based on static
three-dimensional views of the carpus in the limited number
of wrist positions examined. The static measurement does not
include any inertial or functional effects that might occur dur-
ing normal wrist motion. The angles of the axis of rotation
would not be fixed angles for the entire range of motion; they
would have varied if we had used more increments of motion.
It would be reasonable to perform dynamic studies to supple-
ment this study. We tried to establish the wrist dart-throwing
motion as an oblique wrist motion relative to the sagittal
plane, but there is no consensus about what constitutes the
true plane of the wrist dart-throwing motion®™. However, the
technique that we used in this study allowed us to obtain new
information on in vivo three-dimensional midcarpal kinemat-
ics without subjecting the volunteers to radioactive exposure.
Our findings suggest that the proximal carpal row with all its
related joints has a unique mechanism that contributes to
both the stability and the mobility of the wrist. Hopefully, this
new information on the ovoid/C-shape perspective of the
anatomy and the kinematics of the midcarpal joint will assist
clinicians in obtaining a better understanding of the wrist
joint and some of its disorders.

IN V1vO THREE-DIMENSIONAL KINEMATICS
OF THE MIDCARPAL JOINT OF THE WRIST

Appendix

Videos of the midcarpal motions (as supplements to Fig-
@ ures 1 and 4) are available on our web site at jbjs.org (go to
the article citation and click on “Supplementary Material”). &
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Abstract:

To examine the antiadhesive effect of an alginate solution following tendon sur-

gery, unilateral subtotal laceration of the flexor digitorum communis tendon was created in
one hind limb while the other side was left intact in 32 Japanese white rabbits. The lesion was
coated with alginate solution in 16 animals and not coated in the other 16. Degree of adhesion
formation was assessed histologically and biomechanically by measuring the flexion angle of
the first toe when the flexor digitorum tendon was pulled with a specified force at 4 weeks
postoperatively. When compared with the control group, the alginate-treated group demon-
strated significantly greater toe flexion, with less scar tissue formation at the repair site.
Histologically, complete tendon healing with longitudinal remodeling of collagen fibers was
observed in the alginate-treated group, while a random pattern of fibers was observed in the
control group. Reduction in adhesion formation using alginate solution represents a novel
strategy for the management of tendon injury and repair in the clinical setting. © 2006 Wiley

Periodicals. Inc. J Biomed Mater Res Part B: Appl Biomater 80B: 273-279, 2007

Keywords:

INTRODUCTION

Peritendinous adhesion is a major problem following tendon
surgery. Adhesions interfere with tendon gliding and restrict
tendon excursion, thereby causing poor functional results
after tendon repair. Until recently, many investigators con-
sidered the tendon to have the ability to heal itself (intrinsic
theory) and believed that the extrinsic mechanism, which is
an inflammatory response to injury, is not essential to the
healing process. A number of methods, most of which use
mechanical barriers, including synthetic materials,” * around
the repair site, have been applied in order to physically block
scar tissue intrusion, but no satisfactory approach has been
established to date. '

Correspondence 1o: 1 Namba {e-mudl: yonamba@ybb.ne.jp or hospital @maple city
minollg.ip)

© 2006 Wiley Periodicals. Tne.

ST awiLey ]
. InterScience

alginate; tendon; adhesion; polysaccharide; tendon repair

Debate concerning tendon repair has continued and it is
now generally accepted that tendons heal by a combination of
both intrinsic and extrinsic mechanisms,*? although there
seems to be an imbalance between the two mechanisms
during the initial phase of tendon healing.® During this phase,
the extrinsic mechanism predominates over the intrinsic
mechanism, the onset of which is delayed. We hypothesized
that the best approach to reduce peritendinous adhesion is not
to prevent extrinsic mechanisms completely, but to modulate
the behavior of extrinsic-derived cells. That is to say, antiad-
hesive materials should be selectively permeable, allowing
permeation of low-molecular-weight nutritional substances,
which are essential for the intrinsic mechanism, but not
entities at the cell-size level such as fibroblasts and leuko-
cytes that migrate from the extrinsic field.

One such candidate is alginate, an intercellular polysac-
charide known to be widely distributed in brown seaweed.
Alginate is utilized in immobilizing living cells because of its
easy gelation, good biocompatibility, and low toxicity.” In
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Figure 1. The method of mechanical evaluation. The limb was placed
in a vertical position with its proximal tibia and calcaneus immobilized
by a clamp. The leg was observed from the medial side in front of a
white screen bearing radial lines representing a protractor. The first
metatarsophalangeal joint was positioned at the center of the pro-
tractor. The fiexion angle of the first foe was measured at the rest
position and when pulled with a 400-g force (measured with a spring-
type scale). The flexion range of motion was determined as the
difference between the rest position and the flexed position.

allo- and xenogeneic islet transplantation, the best resulls
have been obtained with alginate microcapsules; success in
this procedure was attained by enclosing gratts in a selec-
tively permeable alginate membrane.® The membrane only
allows the permeation of smaller molecules, such as oxygen,
glucose and insulin, preventing the penetration of immuno-
cytes and larger immune molecules.® We hypothesized that
the same cell immobilization effect would occur in the ap-
plication of alginate to injured tendon. The present study
investigated whether a beneficial antiadhesive effect could be
obtained using alginate solution on rabbit tendon injury.

MATERIALS AND METHODS

Experimental Animals

Thirty-two Japanese white rabbits weighing around 3000 g
were used. All rabbits were free of disease, and each exper-
imental procedure was approved by the Committee on the
Use and Care of Animals of Kuraray Co..

Preparation of Alginate Solution

Sodium alginate powder used in the experiment was derived
from Lassonia nigrescens (Kimitsu Chemical Industries, Ja-
pan). This substance had the following characteristics as
reported by the manufacturer: M/G (S3-p-mannuronic acid/a-
L-guluronic acid) ratio, 1.3; weight-average molecular
weight, M,, /10* = 54; and polydispersity index, M, /M, =
5.43. It had a purity of at Jeast 99% and was sterile, but was
not specified as being pyrogen-free. However, the Limulus

amebocyte lysate testing showed that the alginate’s endotoxin
concentration was less than 10 EU/g. When typical concen-
trations of sodium alginate solution and CaCl, solution are
used in cell encapsulation, sodium alginate rapidly forms a
hard gel that cannot be applied as a coatable or injectable
tendon adhesion barrier gel. To overcome this phenomenon,
very high concentrations of sodium alginate were utilized
without the crosslinking method. The alginate solution was
first adjusted to a concentration of 10% (by weight). Auto-
clave sterilization at 121°C for 20 min was then done to
depolymerize the alginate solution and to reduce the molec-
alar weight to 2.4-4.0 X 10° M,, (as measured by high-speed
liquid chromatography, Waters Alliance, Waters, Japan). Fi-
nal processed alginate solution remained 10% concentrated
and was adequately viscous for injection and coating.

Surgical Procedure
Full-thickness lacerations were used in a preliminary study;

however, when this was performed, tendons were ruptured or

TABLE I. Flexion Angle Percentage®
Animal Number

Flexion Angle (%)

Alginate-treated group

1 87.5
2 87.5
3 81.8
4 100

5 100

6 875
7 70

8 66.7
9 81.8
10 66.7
11 375
12 100
13 87.5
14 100
15 88.9
16 60
Control

17 70
18 70
19 63.6
20 77.8
21 50
22 80)
23 44 .4
24 55.6
25 75
26 54.5
27 77.8
28 63.6
29 28.6
30 100
31 50
32 70

* Caleulated by dividing operated side d angle by nonoperated side & angle (i.e. the
difference between resting toe flexion angle and toe flexion angle with force applied).
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(2)

(©)

(d)

Figure 2. (a) Appearance of the lesion site in the control group. Degree of scar formation at the
repaired tendon was greater (afrows) in the control group than in the alginate-treated group. (b)
Macroscopic appearance of the lesion site in the alginate-treated group. In the alginate-treated group,
the repaired tendon was surrounded by a transparent membrane (arrows). (c) Macroscopic appear-
ance of the lesion site. A yellowish gel thought o be undissolved alginate was seen in the intact part
of the sheath at week 4. (d) Macroscopic appearance of the lacerated tendon in the alginate-treated

group. Repair of the tendon appeared complete.

severe contractures occwrred in some animals and stable
adhesion was not possible in this rabbit model. We therefore
used partial lacerations in the present model to avoid the
variability inherent in full-thickness Jacerations.” '? Surgical
procedure was based on the model used in an earlier study.®

Rabbits were anesthetized with an intravenous infusion of
ketamine hydrochloride (0.5 mg/kg). After preparation of the
hind limb, the skin was incised and the tendon sheath of the
flexor digitorum communis muscle was exposed just above
the ankle. The sheath was opened transversely and the tendon
isolated. The toes were then maximally flexed and the intra-
synovial part of the tendon was drawn into the wound. Using
a scalpel blade, the tendon on the medial side was divided
transversely as distally as possible, with the resulting lacer-
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ation affecting ~50% of the volume of the structure. In 16
animals, the site of the lesion was coated with 1.0 g (by
weight) of alginate paste (10% solution) (alginate group),
while the remaining 16 received no such coating (control
group). After surgery, the toes were placed back into the
neutral position, allowing the injured portion of the tendon (o
slide distally to lie within an undisturbed part of the sheath.
The excised sheath was not repaired and the skin was closed
with 3-0 nylon. Postoperative immobilization was not ap-
plied.

Mechanical Evaluation

At 4 weeks postoperatively, the 16 animals in each group
were killed by anesthetic overdose. Both legs were disartic-





