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Fig. 4. IL-1B overcame neurite outgrowth inhibition via p38 MAPK pathway. (A and B) Axonal lengths were measured in DRG neuron culture (A) and
CGN culture (B) using DMSO, SB203580, Y27632, or IL-1B. (C and D) Rho pull-down assay was performed (C) and intensities were measured (D). .
CGNs were cultured with DMSO, SB203580, or IL-1B for 15 min before lysed. Relative activities were quantified compared to the DMSO group. Error
bars indicate the means 3 SEM. "p < 0.05 and 'p < 0.01. Results are representative of three independent experiments.

tion of SB203580 increased RhoA activity to 2.1-fold com-
pared with DMSO in CGNs (Fig. 4C and D). Moreover
this was confirmed by the finding that Y27632 in addition
to SB203580 increased axonal length (197.2 & 18.2 pm in
DRG neurons, 317.2 + 16.1 pm in CGNs) compared with
SB203580 (Fig. 4A and B). In contrast, IL-1B with
SB203580 did not enhance axonal outgrowth
(153.5%10.5pm in DRG neurons, 252.1 +13.8 ym in
CGNs) and did not change RhoA activity (2.2-fold com-
pared with DMSO) compared with SB203580 (Fig. 4A-
D). These findings suggest that IL-1B overcame neurite
outgrowth inhibition by deactivating RhoA via the p38
MAPK pathway. This is compatible with the previous
report that IL-1B signal is mediated by p38 MAPK, and
not by NF-xB in neurons [27]. Several studies using
SB203580 or a dominant negative form of p38 MAPK indi-
cate that p38 MAPK is essential for neurite outgrowth and
growth cone formation [28,29]. p38 MAPK may thus be
essential for nerve regeneration.

Sciatic nerve injury induces neuronal apoptosis in the
spinal cord [30], and IL-1P may inhibit it as reported in ret-
ina [6]. During Wallerian degeneration, Schwann cells must
proliferate to form bands of Biingner, and IL-1f may help
this process [4]. These effects of IL-1pB, promoting neuron
survival, Schwann cell proliferation, and of course axonal
elongation under myelin-derived inhibitory environment,
help nerve regeneration. IL-1B is often considered a thera-
peutic target, due to its inflammatory effect, such as neu-
tralizing antibody to IL-1B, interleukin-1 receptor
antagonist, and inhibition of caspase-1, which converts
pro-IL-1p into mature IL-1B [3]. On the other hand, bene-
ficial effects have also been reported as noted above. More-
over, interleukin-1 receptor antagonist-releasing tubes
delay sciatic nerve regeneration [31]. Thus, IL-1B is a “dou-
ble-edged sword™ with respect to nerve regeneration [32].

These opposing outcomes may be related to the degree
and timing of inflammation. Since excess or untimely
inflammation induces neuronal death, bringing about nerve
degeneration [24], IL-18 may be useful as a therapeutic tar-
get. On the other hand, if inflammation is moderate and
timely, it may aid nerve regeneration. It is thus important
to control inflammation in appropriate degree and at the
correct time, and IL-1p may play an essential role in this
process in the nervous system.

Conclusion

Observations in the present study reveal that IL-1p over-
comes neurite outgrowth inhibition by deactivating RhoA.
Both p38 MAPK and NF-xB promote neurite outgrowth
by inhibiting RhoA activity, and p38 MAPK, but not

. NF-kB, mediated IL-1p-induced neurite extension. Thus,

IL-1B may contribute to nerve regeneration by overcoming
MAG-induced neurite outgrowth inhibition after nerve

injury.
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Analysis of Radiocarpal and Midcarpal Motion in Stable

and Unstable Rheumatoid Wrists Using 3-Dimensional

Computed Tomography

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

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

Methods We acquired in vivo kinematic data on 30 wrists with RA by three-dimensional computed tomography
with the wrist in 3 positions: neutral, maximum flexion, and maximum extension. All cases were radiographically
dassified into 1 of 2 subtypes, the stable form or unstable form, according to the classification by Flury etal. We

evaluated the precise range of radiocarpal and midcarpal motion using a markerless bone registration techniqueand

calculated the individual contributions to the total amount of wrist motion in the flexion-extension plane in the
different radiographic subtypes of RA.

Results The average range of mation of radiocarpal and midcarpal joint was 27° = 15and 32° == 17, respectively. The
average contribution of midcarpal mation to the total amount of wrist motion was 54%. The average contribution of
midcarpal motion in the unstable form was 6796, which was significantly higher than 47% (p << 05) in the stable form.
Conclusions Midcarpal motion of heumatoid wrists in the flexion-extensian plane was better preserved than previously
thought. The contribution of midcarpal motion to the total amount of wrist motion was significantly greater (p << .05)inthe
unstable form than in the stable form of RA. {/ Hand Surg 2008;33A:189— 197. Capyright © 2008 by the American Sodety for

Surgery of the Hand.)

Key words Kinematics, rheumatoid arthritis, three-dimensional, wrist.

Additional material
X))/ is available online.

HE INVOLVEMENT OF THE WRIST in rheumatoid

arthritis (RA) is common, and surgical treatment is

often required to alleviate persistent wrist pain. The
natural course of destruction in a rheumatoid wrist has been
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classified into 3 types by Simmen and Huber": type I, the
ankylosis type; type 11, the osteoarthritis type; and type 11,
the disintegrating type. Based on their radiologic analysis,
type I has a spontaneous tendency to progress into ankylosis,
type II resembles secondary osteoarthritic changes as
destruction progresses, and type III has progressive
destruction, loss of alignment, and finally complete collapse
of the wrist.! In addition, Flury et al’ proposed the
classification of wrists with RA into a stable form of the
disease (types I and II) and an unstable form of disease (type
TII) to make the choice and timing of surgical intervention
easier (Table 1 and Fig. 1). It has generally been thought
that the deterioration of midcarpal joint is more severe in
the unstable form than in the stable form.> Therefore, the
partial arthrodesis technique, like radiolunate (RL)
arthrodesis, has been applicable to the stable form, whereas
the unstable form has been better treated by total arthrodesis
of the wrist.?

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

© 2008 ASSH « Published by Elsevier, Inc.+ 189
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theumnatoid patients whose disease had left the midcarpal
joints relatively unaffected as seen on the radiograph.’
However, the preoperative evaluation of the midcarpal joint
on the radiograph has been difficult because of the
complicated and overapping shapes of the carpal bones in
RA deformities. Recently, researchers have been able to
measure in vivo and three-dimensional (3-D) kinematics of
the human joint using a markeress bone registration
technique, which is a method for evaluating the precise
motions by determining relative positions of bones in
different volume images.’*'® We thought it would be
possible to evaluate the kinematics of the carpal motion and
quantify the midcarpal motion preoperatively in cases of RA
with this 3-D technique.

The kinematic behavior of the carpal bones in
theumnatoid wrist 1s not well-known, espedially in relation to
the RA subtypes. The purpose of this study was to evaluate
the amount of radiocarpal and midcarpal motion in the
flexion-extension plane in both stable and unstable
rheumatoid wrists using 3-D computed tomography (3-D
CT). We calculated the individual contributions of
radiocarpal and midcarpal motion to the total amount of
wrist motion to determine which radiographic subtype of

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

MATERIALS AND METHODS
Subjects

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

Radiographic Evaluation

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

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

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

Image Acquisition

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

14-19

Segmentation and Construction of a 3-D Surface
Bone Model

Segmentation was defined as extracting bone regions
individually. The anatomic structure or region of interest
must be delineated and separated so that it can be viewed
individually and 3-D bone models can be reconstructed.
Regions of individual bones were segmented
serniautomnatically using a software program for image
analysis (Virtual Place-M; AZE, Ltd., Tokyo, Japan). The
software generated 3-D surface bone models using the
marching cubes technique.!**>2°

Registration

We created 3-D bone models and quandtatively evaluated
the motion of the midcarpal joint using a markerless
volume-based registration technique. The kinematic
variables were calculated by registering the bone, obtained
by segmentation, from one position to another. The
accuracy of volume-based registradon has been discussed
previously,'*'> the mean rotation error was 1° % 1, and the
mean translation error was 0.21 mm * 0.25.

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

Three-Dimensional Quantification of the Range of

Motion

To quantfy the 3-D range of motion of the midcarpal joint,
we defined the grid for the radius, which was the
orthogonal reference system advocated by Belsole et al (Fig.
2).'52122 The total amount of wrist motion in the flexion-
extension plane was defined as the total range of motion of
the radiocarpal and midcarpal joint in the flexion-extension
plane, which was evaluated by assessing the range of capitate
motion relative to the reference system established on the
radius. The range of radiocarpal motion in the flexion-
extension plane was investigated by that of the lunate
motion. Then the range of the midcarpal motion in the
flexion-extension plane could be quantfied as the difference
between the total amount of wrist motion and the range of
radiocarpal motion.

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

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

JHS + Vol 33A, February 2008
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deviadon (Fig. 2). We defined the rotating angle of the
carpus around each of the 3 axes as the range of wrist
motion.

Evaluation of the Contribution Ratio

We also evaluated the individual contributions of radiocarpal
and midcarpal motion to the total amount of wrist motion.
We defined contribution ratio as the percentage of the range
of radiocarpal motion or midcarpal motion relative to the
total amount of wrist motion. In this study, the contribution
ratio was investigated only in the flexion-extension plane.

Statistical Analysis

All data were expressed as the mean with the standard
deviadon. Quantitative comparison of results between the
control group and the RA group was performed using
standard statistical formulas based on the Mann-Whitney U
test. Results were deemed to be significant if p < .05.

RESULTS
Rheumatoid Arthritis Versus Normal

In the rheumatoid wrists, the average of total amount of
wrist motion in the flexion-extension plane was 59° * 20.
The average range of radiocarpal motion in the flexion-
extension plane was 27° * 15 and that of midcarpal motion
was 32° £ 17. In the normal wrists, the average of total
amount of wrist motion in the flexion-extension plane was
111° £ 15. The average range of radiocarpal motion in the
flexion-extension plane was 63° * 14° and that of
midcarpal motion was 47° * 8. The ranges of radiocarpal
motion (p < .01) and midcarpal motion (p < .01) in the
flexion-extension plane in RA wrists were significantly less
than normal as expected (Table 2). The average
contribution ratios of radiocarpal and midcarpal joint in the
flexion-extension plane were 46% and 54%, respectively, in
RA wrists and 57% and 43%, respectively, in normal wrists
(Fig. 3). On average, the midcarpal joint tended to have a
greater contribution in the flexion-extension plane in RA
wrists compared with normal wrists, even though the
difference was not significant (p = .179).

Regarding the out of the plane motion of the wrists, the
average of total amount of out of the plane motion (P/S) in
RA was 8° * 11 in supination during flexion motion of the
wrist. The average range of out of the plane motion (P/S)
in the radiocarpal joint was 5° * 7 and that in the
midcarpal joint was 2° £ 8 in supination during flexion
motion of the wrists. In the normal wrists, the average of
total amount of out of the plane motion (P/S) was 8° * 13
in pronation during flexion motion of the wrists. The
average range of out of the plane motion (P/S) in the
radiocarpal joint was 3° & 6 and that in the midcarpal joint
was 4° = 9 in pronation during flexion motion of the
wrists. Consequently, during flexion motion of the wrists,
the radiocarpal joint (p < .01) and the whole wrist joint,
that is, the total for the radiocarpal and midcarpal joints (p
< .01), significantly supinated in RA wrists compared with
normal (Table 2).

The average of total amount of out of the plane motion
(RD/UD) in RA was 5° * 8 in ulnar deviation during
flexion motion of the wrists. The average of out of the
plane moton (RD/UD) in the radiocarpal joint was 1° * 7
and that in the midcarpal joint was 4° % 8 in ulnar
deviation during flexion motion of the wrists. In the normal
wrists, the average of total amount of out of the plane
motion (RD/UD) was 8° * 13 in radial deviation during
flexion motion of the wrists. The average range of out of
the plane motion (RD/UD) in the radiocarpal joint was 4°
* 8 and that in the midcarpal joint was 4° £ 8 in radial
deviation during flexion motion of the wrists. Consequently,
during flexion motion of the wrists, the midcarpal joint
(p < .05) and the whole wrist joint, that is, the total for the
radiocarpal and midcarpal joints (p < .01), significantly deviated
ulnarly in RA wrists compared with normal (Table 2).

Stable Form Versus Unstable Form of RA

We classified the 30 rhéumatoid wrists into 19 cases of
stable form of disease and 11 cases of unstable form. The
average of total ulnar translocation after onset of RA was 4.1
mm in the stable form and 10.7 mm in the unstable form;
these values are consistent with the radiographic parameters
described by Simmen and Huber (Table 1).' The average of
total loss of carpal height ratio after onset of RA was 0.12 in
the stable form and 0.28 in the unstable form; these values
are also consistent with the radiographic parameters .
described by Simmen and Huber (Table 1)." Among the 11
wrists in the unstable form of disease, 7 showed S-L
dissociation. In contrast, S-L dissociation was not found
among the 19 wrists in the stable form of disease.

The range of radiocarpal and midcarpal motions in the
flexion-extension plane varied greatly among cases in the
stable form of disease (Fig. 4). In contrast, the range in cases
of the unstable form was relatively constant; in 8 of the 11
wrists in unstable form, the midcarpal motion in the flexion-
extension plane was greater than radiocarpal motion (Figs. 4,
5). Only 3 cases of the unstable form had greater motion in
the radiocarpal joint than in the midcarpal joint (Fig. 4).

The average ranges of radiocarpal and midcarpal motion in
the flexion-extension plane were 31° * 16 and 28° * 15,
respectively, in the stable form, and 20° * 12 and 38° *
19, respectively, in the unstable form. In the radiocarpal
joint, the range of motion of the unstable form in the
flexion-extension plane was significantly less than that of the
stable form (p < .05), whereas in the midcarpal joint, there -
was no significant difference (p < .05) between the 2
groups (Table 3). The average contribution ratios of
radiocarpal and midcarpal joint in the flexion-extension
plane were 53% and 47%, respectively, in the stable form
and 33% and 67%, respectively, in the unstable form (Fig.
6). In the midcarpal joint, the contribution ratio of the
unstable-form group in the flexion-extension plane was
significantly greater than that of the stable-form group

(p < .05).

Regarding out of the plane motion (P/S) of the
rheumatoid wrists, during flexion motion of the wrists, the
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Range of motion (*)

Contibution ratio(%)

120 normal
100
80
(n=10)
60
“ 3°
20 .
270 .
0
normal RA (n=30)

[D Radiocarpal joint B Midcarpal joint |

FIGURE 3: Average range of motion and contriburion ratios of the
radiocarpal and midcarpal joint in the flexion-extension plane in
normal and RA wrists. The contribution ratio is the percentage
contribution of radiocarpal or midcarpal motion relative to the toral
amount of wrist motion.
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FIGURE 4: Scattering diagram of the range of the radiocarpal and
midcarpal motion in the flexion-extension plane in stable and
unstable forms of RA wrists and in normal wrists: @, stable form of
RA (19 cases); 4, unstable form of RA (11 cases); %, average range
of motion in 10 normal wrists (63° in the radiocarpal joint and 47° in
the midcarpal joint).

midcarpal joint (p < .05) and the whole wrist joint, that is,
the total for the radiocarpal and midcarpal joints (p < .01),
significantly supinated in the unstable-form group compared
with the stable-form group. Regarding out of the plane
motion (RD/UD), we found no significant difference (p <
.05) between the 2 groups (Table 3).

DISCUSSION

Kinematic evaluation of rheumatoid wrists by x-ray has
been difficult because of the complicated and overlapping
shapes of the carpal bones. In the current study, we

A

FiGURE 5: Flexion-extension motions of the lunate and capirate
relative to the radius in the scable and unstable forms of RA wrists,
viewed from the ulnar side. B Representative case of the stable form
of RA, shown in Figure 1A, in which the range of motion in the
flexion-extension plane was 40° in the radiocarpal joint and 5° in the
midcarpal joint (Video 1, a 3-dimensional animartion of a
representative case of the stable form of RA wrist, may be viewed at
the Journal's Web site, www.jhandsurg.org). ii}l Representative case
of the unstable form of RA, shown in Figure 1B, in which the range
of motion in the flexion-extension plane was 37° in the radiocarpal
joint and 83° in the midcarpal joint (Video 2, a 3-dimensional
animation of a representative case of the unstable form of RA wrist,
may be viewed at the Journal's Web site, www jhandsurg.org).

quantitatively evaluated the amount of radiocarpal and
midcarpal motion in the flexion-extension plane of the
rheumatoid wrists using 3-D CT. We also elucidated the
relationship between the contribution of midcarpal motion
to the total amount of wrist motion in the flexion-extension
plane and the radiographic subtypes of RA.

‘We found that the contribution of midcarpal motion to
the total amount of wrist motion in the flexion-extension
plane was significantly greater in the unstable form than in
the stable form of RA (Table 3 and Fig. 6). This result may
seem counterintuitive because of the radiographic
appearance of the unstable form of RA in which all parts of
the wrist joints are severely damaged. We speculate that our
results can be accounted for mainly by stronger skeletal
constraints in the midcarpal joint than in the radiocarpal
joint. The midcarpal joint has its own self-stabilizing
mechanism; when the trapezium is axially loaded against the
scaphoid, the flexion moment by the scaphoid is constrained
by the extension moment experienced by the triquetrum,
and stable equilibrium is achieved.!® Moreover, the
midcarpal joint is proved to have an adaptive mechanism
whereby the concave and convex joint sutfaces allow
preservation of articular congruity.'® On the other hand, the
stability of the radiocarpal joint depends on ligamentous
constraints. In the radiocarpal joint, the carpal bones tend to
slide ulno-palmarward on the sloping plane of the distal
radius, and the displacement is resisted by the palmar and
dorsal radiotriquetral and palmar RL ligaments.? It is likely
that the radiocarpal joint in which joint stability depends on
ligamentous constraints easily loses its stability, particularly in
the unstable form of RA.

Scapholunate dissociation can be associated with RA
wrist by the muldiple laxities of ligaments including the
dorsal scapholunate ligament, especially in the unstable form
of RA. In the current study, S-L dissociaton occurred in 7
of 11 wrists in the unstable form of RA; however, it did not
occur in any of the 19 wrists in the stable form. This may
have the relationship to our results that the range of
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Range of motion (*) Contribution ratio (%)

70

Stable form

Unstable form

20 310 [T
10 = — 20°

Stable form Unstable form (n=11)

[D Radiocarpat joint @ Midcarpal joint

FIGURE 6: Average range of motion and the contribution ratios of
the radiocarpal and midcarpal joints in the flexion-extension plane in
the stable and unstable forms of RA wrists. The contribution rario is
the percentage of the contribution of the radiocarpal motion or
midcarpal motion relarive ro the rotal amount of wrist motion.

radiocarpal motion in the unstable form in the flexion-
extension plane was significantly less than that in the stable
form. In the normal wrists, if the interosseous ligament
between scaphoid and lunate is disrupted, the scaphoid tends
to flex and the lunate tends to extend and the congruity of
the radiocarpal joint is lost.?> These tendencies may lead to
the loss of the range of radiocarpal motion.

Regarding the motion of the wrists outside the flexion-
extension plane, we found RA wrists significantly deviated
ulnary during flexion motion compared with normal (Table
2). This may be related to the unique motion patterns of the
midcarpal joint. It has been reported that the essential plane
of motion of the midcarpal joint is oblique to the anatomic
planes, which corresponds with extension with radial
deviation and flexion with ulnar deviation—the so-called
dart-throwing motion."” Under the severe destruction of the
radiocarpal joint in RA, especially in the unstable form, it is
possible that the preserved midcarpal function facilitates the
dart-throwing motion rather than the pure flexion-extension
motion. This dart-throwing motion seems to be helpful for
padents with RA because the oblique motion is used in
performing many tasks of daily living such as hair combing,
washcloth wringing, shoe tying, and can-opening,®**

Most clinical reports have asserted that osseous
procedures such as partial fusions of compartments of the
joint are recommended to stabilize wrists with RA." It has
been suggested that RL arthrodesis is indicated only in the
middle stage of the osteoarthritis type of RA and thac other
types such as the unstable form of RA may be better treated
by total wrist arthrodesis.> However, reconsideration is
needed because total wrist arthrodesis involves considerable
loss of wrist function. Borisch and Haussmann'® reported
that the RL arthrodesis was able to reestablish the midcarpal
joint and that the carpus showed an amazing capacity of
adaptation. Ishikawa et al'' suggested that radiocarpal fusion
resulted in good stability with preservation of motion despite
radiographic progression of the disease. Our results showing
that the midcarpal motion in the unstable form of RA was

better preserved than previously thought may support more
positive application of RL arthrodesis in certain cases with
the unstable form of RA. However, our results do not
predict wrist function perfectly after RL arthrodesis in
ongoing disease, because previous researchers reported that
although the midcarpal joint space was generally preserved
after radiocarpal arthrodesis, some wrists lost the joint space
and became stiff >"!

The current study has some limitations. The most
important limitation is that we compared data on patients
with RA based on CT images with data on normal
volunteers based on MRI. However, we quantified the
range of joint motion as the rotational angle of the carpus
relative to a reference system established in the radius. The
way in which the images are acquired may not affect the
overall results if it is under the accuracy of volume-based
registration. A second limitation of this study is that the
patients with RA wrists were not fully matched for age and
gender with the normal-wrist volunteers. The results might
have been different if these demographic parameters of the’
study groups were identical. A further limitation is that
during image acquisition, we were unable to use the
position-holding device in the RA patients to maintain the
neutral, maximum flexion, and extension positions because
of symptomatic pain and wrist deformity. Because the
patients used their own muscle power to hold their wrists in
position, the positions recorded may not have been precisely .
maximum flexion and maximum extension.

Nevertheless, the results of this study may be useful in
establishing a treatment plan in advanced cases of RA. Even
some cases in the stable form of RA wrist may be treated by
RI fusion, particularly the cases in which the midcarpal
joint space is not visible on x-ray but the midcarpal motion
is preserved under the 3-D investigation. Based on our
findings of the preservation of a great amount of motion at
the midcarpal joint in rheumatoid patients with symptomatic
wrists, we believe that our study rationally supports the
application of RL arthrodesis rather than total wrist
arthrodesis as treatment in appropriate RA patients.
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Numerical analysis of cooperative abduction muscle forces

in a human shoulder joint

Naomi Oizumi, MD,® Shigeru Tadano, PhD,® Youichi Narita, ME,® Naoki Suenaga, MD,°
Norimasa Iwasaki, MD,® and Akio Minami, MD,® Sapporo, Japan

Because some shoulder muscles originate from a wide
area, the modeling of such muscles has been a signifi-
cant problem in a computer simulation. We demon-
strated a new method of determining a vector for each
of the muscles originating from a wide area. A 3-di-
mensional musculoskeletal model of a human shoulder
was constructed from computed tomography data of a
normal volunteer. Numerical analysis of 11 muscle
forces and the joint reaction force during shoulder ab-
duction from 10° to 150° was performed from the
static equilibrium equations. An optimal origin point
for the vector of the muscle with a wide origin area
was determined in every analyzed position. Electro-
myography was carried out fo validate the results of
the simulation, and a significant correlation with the
analyzed force was obtained in each muscle. The ana-
tomic biomechanical model with the new muscle mod-
eling method led fo the results reflecting the actual
muscle activities in a living body. {J Shoulder Elbow
Surg 2006,15:331-338.)

T o evaluate activities of muscles surrounding a shoul-
der joint, electromyograﬁphx (EMG) has been widely
useJ for a long period.?814'5 However, EMG has
several disadvantages: it is invasive, it is difficult to
insert a needle into the proper position in some mus-
cles, and- most importantly, it is unable to quantify
individual muscle forces. Cadaveric models have also
been used to simulate joint motions in various condi-
tions.'2 However, it is difficult to reproduce 3-dimen-
sional motions of the scapula and humerus because
they have fo be fixed on a device. Therefore, the
experimental analyses are often limited to the gleno-
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humeral joint, and muscles originating from the tho-
rax are excluded from the examination. For these
reasons, computer simulation has come to be a valu-
able method in the analysis of shoulder muscle
forces.>711:17

The combined motion of 3 joints (glenohumeral,
acromioclavicular, and sternoclavicular ioints) allows
the shoulder joint to have the widest range of. motion
among all joints in the human body. Bony stability of
the glenohumeral joint is minimal so that soft tissues,
including ligaments, capsule, and muscles, that sur-
round the joint play an important role in stabilization.
Unlike other joints that have more bony stability, such
as the hip joint, shoulder joint muscles act during any
shoulder motion not only as a source of force but also
as a stabilizer. In fact, more than 20 muscles (and
their separate parts} act cooperatively during shoul-
der motion. Because of these anatomic features, it is
important to build an anatomically accurate geomet-
ric model for a precise computer simulation of shoul-
der muscles. Some of the shoulder muscles, such as
the deltoid, supraspinatus, infraspinatus, subscapu-
laris, and so on, originate from a wide area, and
modeling should be taken into consideration espe-
cially for these muscles. Modeling of muscles with a
wide area of origin has been a significant subject of
discussion, and various procedures were proposed in
previous muscle force analyses. ¢ In this study, we
infroduce a new modeling method for muscles with a
wide origin area using computed tomography (CT)
data of a shoulder joint in a normal volunteer. We
created a 3-dimensional biomechanical model for
analyzing muscle forces and validated the analyzed
forces by comparing them with the EMG valves.

MATERIALS AND METHODS
Biomechanical model

CT data of a shoulder in a normal volunteer (23-year-old
man; body weight, 65 kg; length between shoulder and
wrist joint, 55 cm) were prepared fo create a 3-dimensional
musculoskeletal model. The volunteer had neither a history
of trauma nor any symptoms in his shoulder. Informed
consent for participating in this study was obtained from the
volunteer. Axial CT images of the shoulder, elbow, and
forearm were scanned by a high-resolution helical scanner
{CT Highspeed Advantage; GE Medical System, Milwau-
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Figure 1 Three-dimensional coordinate system of model. Origin,
Center of humeral head; x-axis, perpendicular to'scapular plane;
y-axis, horizontal on scapular plane; z-axis, vertical.

kee, WI). The slice thickness and interval were set at 1 mm
and the table speed at 1 mm/s. The upper exiremity was
placed at the side of the trunk, the shoulder joint was
positioned in neutral rotation, and the elbow joint was
positioned in full extension during imaging. The obtained
images were fransferred to a computer, and a 3-dimen-
sional image was created by use of the medical image-
analyzing software Analyze 3.0 {Biomechanical Imaging
Resource, Rochester, MN). A 3-dimensional coordinate sys-
tem was determined, with the center of the humeral head
being considered as the origin (Figure 1). Each axis was
determined as follows: x-axis, perpendicular to the scapular
Elcne {a vertical plane O° from a frontal plane); y-axis,

orizontal on the scapular plane; and z-axis, vertical. Three-
dimensional coordinates of the origin and insertion of each
muscle were manually determined from muscle contours or
anatomic bony landmarks {or both) on the 3 directional
{coronal, sagittal, and axial) cross-sectional images. Every
coordinate point was automatically placed on the surface of
the bone. Eleven muscles that originate from the scapula
and insert on the upper extremity ﬂwmerus, radius, and
vina} were included in this study. Those muscles were as
follows: anterior fiber of deltoid {F1), middle fiber of deltoid
(F2), posterior fiber of deltoid (F3), supraspinatus {F4),
infraspinatus (F5), subscapularis {F6), teres minor {F7), teres
maijor (F8), long head of biceps (F9), short head of biceps
(F10), and long head of triceps {F11). The muscles were
basically defined as a straight-line vector from the insertion
to the origin. However, in muscles that originate from a
wide areq, it is quite unlikely that all muscle ?ibers transmit
the force to the insertion equally during various movements.
The most active muscle fibers should change as the joint
position changes. Therefore, if these muscles are repre-
sented as a fixed straight-line vector, considerable errors
may result in the analysis. For these reasons, we assumed
that the primary active muscle fibers were approximated to
a straight-line vector, which changed its direction in each
abduction angle. On the basis of this assumption, we
developed the following procedure. An origin line was
determined on the edge of the origin area that was farthest

J Shoulder Elbow Surg
May/June 2006

Insertion
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Figure 2 In the infraspinatus muscle, 5 possible origin points were -
set on the edge of the origin arec at even intervals, and the
adequate point was selected in each abduction angle by use of the
optimization method.

from the insertion, and several possible origin points were
set on the line at even intervals (Figure 2). Three points were
set as possible origin points for each fiber of the deltoid and
supraspinatus, and five points were set for the infraspinatus
and subscapularis according to the approximate length of
the origin line of each muscle. The optimal point in each
abduction angle, which determined the direction of the
muscle vector, was selected among these points by use of
the optimization technique mentioned later. The insertion
remained fixed in every muscle. By this procedure, an
optiinol muscle vector was determined in every abduction
angle.

s::ll'he proximal part of the long head of the biceps shows
a unique mor, hoEgy that originates from the glenoid rim as
a tendon and runs along the surface of the humeral head.
We set the contact point at the upper end of the bicipital
groove and definecf the muscle vector as a straightline
vector from the insertion fo the contact point, as opposed to
defining the vector from the insertion to the origin.

The middle fiber of the deltoid muscle is in a curved
shape, wraps around the humeral head in small abduction
angles {Figure 3, A), and becomes a linear shape as the
arm abducts (Figure 3, B). Because the straight-line vector
from its insertion to the origin penetrates the humerus in
small abduction angles, we set the contact point on the

reater tuberosity and defined the muscle vector as a vector
?rom the insertion to the contact point as aforementioned. To
determine the range of the abduction angle where the
straightline vector peneirates the bone, we carried out the
following study: Magnetic resonance imaging data of the
shoulders in 10 normal volunteers (8 men and 2 women),
including the same volunteer whose CT data were used for
the musculoskeletal model, were prepared. The mean age
was 24.8 years (range, 24-39 years). All subjects had
neither a history of frauma nor any symptoms in the exam-
ined shoulders. Informed consent for participating in this
study was obtained. Oblique coronal (scapular-plane)
views of the shoulders were scanned via an open magnetic
resonance scanner (0.2-T Magnetom Open; Siemens, Er-
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Figure 3 A, In the middle fiber of deltoid, the straightline vector from the insertion point to the oriiin point
penefrates the bone (dotted arrow) at 60° gbduction and below; therefore, the muscle vector is established from
the insertion point to the contact point (solid arrow]. B, The muscle vector is determined from the insertion point to

the origin point.over 60° abduction {arrow)... . -

langen, Germany) with the arm positioned in 30°, 60°,
90°, 120°, and 150° abduction in a scapular plane. A
T,-weighted, 2-dimensional gradientecho sequence was
applied (repitition time [TR], 304.0 milliseconds; echo time
[TE], 25.9 milliseconds; flip angle, 60°; field of view [FOV],
220 mm?2; matrix, 192 X 256; slice thickness, 5 mm}. On
the image representing the midportion of the middle fiber of
the deltoid, a straight line connecting the insertion and the
origin was drawn by use of Analyze 3.0 software (Biome-
chanical Imaging Resource). The slice in which the straight
line penefrated ie humerus was then studied. As a result,
the straight line penetrated the humerus at 60° abduction
and below in 8 of 10 subjects, including the volunteer who
provided the CT data.

From this result, the muscle vector of the middle fiber of
the deltoid was established from the insertion to the contact
point at 60° abduction and below and from the insertion to
the origin over 60° abduction. Finally, the musculoskeletal
model was obtained as shown in Figure 4. A triangular
shape demonstrates the muscle with a wide origin area
(F1F6).

The analyzed motion was abduction of the shoulder joint
in the scapular plane ranging from 10° to 150°. During
abduction, the sﬁoulder joint was kept in neutral rotation,
the elbow joint in full extension, and the forearm in neutral
rotation. In this model, not only glenohumeral joint motion
but also scapulothoracic motion was considered. Motion of
the scapula was reproduced according to a previous in vivo
study,® and all of the coordinate points on the scapula and
upper arm were transformed as \‘Ee position of the scapula
cﬁonged. The glenchumeral joint was defined as a ball
joint, and the center of the humeral head, which was
approximated to a sphere, was defined as the center of
rotation. The upper extremity was assumed to be a rigid
body. The self-weight of the upper extremity, which was
defined to be 5.2% of the body weight,'® was applied at
the middle point between the sKouIder and wrist joint. The
selfweight was considered to be the only external force in
this analysis. Internal forces acting on the upper extremity
were the muscle forces and the joint reaction force. No

Anterior view Posterior view

Figure 4 Musculoskeletal model. The triangular shape represents
a wide muscle [F1-F6). F1, Anterior fiber of deltoid; F2, middle fiber
of deltoid; F3, posterior fiber of deltoid; F4, supraspinatus; F5,
infraspinatus; F6, subscapularis; F7, teres minor; F8, teres major;
F9, long head of biceps; F10, short head of biceps; F11, long head
. of triceps.

friction at the articular surface was considered. Because the
muscle forces and joint reaction force were obtained only
from the equilibrium equations of force in this study, any
ligaments or capsules that demonstrated no force were not
considered.

Three-dimensional static equilibriums on force and mo-
ment were formulated by use of force vectors as shown in
Figure 5, where F; indicates the magnitude of the muscle
forces, W represents the C?rovify vector of the self-weight of
the upper exiremity, and R represents the reaction force
vector. By denoting the unit vector of the muscle forces by U,
and the position vector of the action points of the muscle
forces, the reaction force, and the self-weight by #, 7, and
t., respectively, the equilibrium equations on force an
moment can be expressed as Equations 1 and 2:
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W

Figure 5 Three-dimensional biomechanical model for formulation.
F, Each muscle force {i = 1-11); R, joint reaction force; W,
self-weight of upper extremity. ,

‘” F,-E;+R+W=0 (])

i=

11 -

2(r,-><F,L,-)+;,x Rir,x W=0 (2

Because a value of muscle force must not be negative, the
following expression can be indicated:

Fi=0 (3)

Six equations derived from Equations 1 and 2 along each
of the x-, y-, and z-axes have 14 unknown quantities, which
are 11 muscle forces and 3 components of the joint reaction
force. This equation system indicates an indeterminate
problem with an infinite number of solutions. To find a
unique solution, an optimization technique by the succes-
sive quadratic programming method was applied. An ob-
jective function used in the successive quadratic program-
ming method is defined as the fotal sum of the square of the
muscle stress, which is the muscle force divijed by the
physiologic cross-sectional area (PCSA), and is expressed
as Equation 4:

U= i (F/PCSA)? (4)

The value of PCSA of each muscle was obtained from a
previous study'® (Table I). The objective function U was
minimized by use of Equation 1, Equation 2, and inequality
{Equation 3) as the constrained conditions. The optimal
origin points of the muscles with a wide origin area were
also determined to minimize the objective function at this

stage. The static numerical analysis was performed every
5°.

EMG

To validate the results of the computer simulation, we
carried out EMG in the same volunteer whose CT data were
used to build the musculoskeletal model. The échannel
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Table 1 PCSA of the analyzed muscles'®

Muscle PCSA (ecm?)

F1; Anterior fiber of deltoid
F2; Middle fiber of deltoid 13.
F3; Posterior fiber of deltoid
F4; Supraspinatus

F5; Infraspinatus

F6; Subscapularis

F7; Teres minor

F8; Teres major

F9; Long head of biceps
F10; Short head of biceps
F11; Triceps

W=—=UNOOLAWWA
VCwomoONDULOLL

PCSA, physiologic cross-sectional area

Polygraph 360 System (NEC Medical Systems, Tokyo, Jo-
pan| was applied for the measurement. Platinum fine-wire
electrodes with a diameter of 0.05 mm were used for the
supraspinatus, infraspinatus, subscapularis, and teres mi-
nor; disposable surface electrodes were used for each fiber
of the deltoid, biceps, and triceps. The surface electrodes
were attached to the skin over the muscle belly with an
inter-electrode centertocenter distance of 30 mm. Abduc-
tion movement in the scapular plane from 10° to 150° was
statically measured every 10°. The subject was told to stand
and ho?é his upper Iimrg in an abducted position with no
extra load for 5 seconds. The position of each joint was
matched with the corresponding position of the model. A
1-minute rest period was permitted before changing posi-
tions. The data were recorded on a computer by use of -
Biocorder software (KISSEI COMTEC, Nagano, Japan). For
data analysis, the middle 3 seconds of each measurement
were selected and integrated by use of BIMUTAS Il software
[KISSEI COMTEC). The same procedure was repeated 3
times, and the mean value was calculated.

Statistical analysis

To evaluate the correlation between the integrated EMG
values and the analyzed muscle forces stafistically, a simple
regression analysis was performed in each muscle. The
muscle force of the biceps was calculated as the sum of the
forces of both the long and short heads. The regression
functions were considered significant at P < .05.

RESULTS

The results of the computer simulation are shown in
Figure 6. The muscle forces and the reaction force
were normalized and expressed as a percentage of
body weight. The middle fiber of the deltoid demon-
strated the largest force, with a peak value (27.5% of
body weight} at 75° abduction, followed by the su-

raspinatus {10.9% of body weight), the anterior
Eber of the deltoid (9.5% of body weight}, and the
infraspinatus {8.0% of body weight). These muscles
acted continuously during the whole motion. On the
other hand, the teres minor was active in the latter half
of abduction, and the subscapularis acted only in the
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Figure 6 A and B, Relationship between muscle force and abduction angle obtained from computer simulation.
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Figure 7 Joint reaction force calculated from method.

last phase. The teres major and triceps demonstrated
no muscle forces. The joint reaction force showed its
maximum value of 56.5% of body weight at 95°
abduction (Figure 7).

The optimal origin points of the 6 wide muscles
(F1-F6) selected in each abduction angle changed as

the shoulder joint abducted, as shown in Figure 8,
which shows the relationship between the optimal
point and the abduction angle in the supraspinatus
and infraspinatus as examples.

The results of EMG are shown in Figure 9. The
middle fiber of the deltoid demonstroteg the largest
value, followed by the supraspinatus, anterior fiber of
the deltoid, and infraspinatus. These muscles showed
gradual increases, whereas the analyzed forces
peaked and then declined. In the subscapularis, on
the other hand, the value in¢reased in the last phase
of abduction, as did the analyzed force.” -

The significant regression functions between the
analyzed muscle forces and the integrated EMG val-
ves were obtained in all muscles except for the triceps
and teres major, which showed no muscle forces in
the analysis (Table I1).

DISCUSSION

In numerical muscle force analyses, a straightline
vector, a centroid line, or a bony contour line have
been mainly used in muscle modeling.'-4->7:11.16.17
However, modeling of a muscle originating from a
wide area has been a problem, because it is unreo-
sonable for a single fixed straightline vector to rep-
resent the muscle and, moreover, the direction of the
muscle action can change depending on the joint
position. To solve this problem, Hégfors et al* pro-
posed dividing muscles with large attachment sites
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Figure 8 The optimal origin points of the supraspinatus and infraspinatus selected in each abduction angle are
indicated as an example.
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Figure 9 A and B, Integrated EMG values.

into several muscle lines of action. Karlsson and Peter-  results were reasonable whereas others were not.
son’ calculated the shoulder muscle forces using the ~ How to determine the number of muscle lines of action
divided vector model and reported that some of the s still controversial, although Van der Helm and
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Table 2 The regression functions between the analyzed muscle forces and the integrated EMG values

Muscle Regression function P value R

F1; Anterior fiber of delioid y = 57.94 x + 73.49 0.037 0.523
F2; Middle fiber of delioid y =8479 x + 117.26 0.047 0.503
F3; Posterior fiber of deltoid y = 159.38 x + 58.57 0.000 0.848
F4; Supraspinatus y=111.72x + 231.86 0.037 0.525
F5; Infraspinatus y =8599x - 996 0.000 0.805
F6; Subscapularis y = 110.60 x + 44.22 0.010 0.624
F7; Teres minor y = 158.65 x + 21.52 0.000 0.930
F8; Teres major unanalyzable

FQ + F10; Biceps y = 142.58 x + 14.02 0.048 0.500

F11; Triceps unanalyzable

EMG, electromyography

Veenbaas'® reported that there is an appropriate
number of muscle lines that represent a muscle force.
In our study, we proposed a new method to determine

the optimal origin point of muscles that originate from -

a wide area; the origin point was not predetermined
but was defined in every joint position. The fact that
the optimal origin point in each abduction angle
shifted in all wide muscles in our study suggests that it
is unreasonable for a fixedline vector to represent
these muscles at different moments of a motion. How-
ever, as the current model is preliminary, there are
some aspects that should be considered for further
development of the model. For the muscles in which
not only the origin area but also the insertion area is
wide, as in the serratus anterior, we also have to
consider other options such as dividing the muscles
into several parts. The optimal origin point was se-
lected from only several points on the straight line in
this study. In the next stage, the optimal point should
be picked from any point on the 3-dimensional origin
surtace.

EMG has been used to validate the results of the
analysis by comparing them qualitatively in previous
studies.'” However, it is known that EMG amplitude
is length-dependent,®!” so EMG values cannot be
directly compared among different muscles and often
result in large amplitudes near full elevation angles,
whereas the analyzed forces decrease. In this study,
EMG values showed gradual increase, whereas an-
oPlzed values showed their peaks at the middle phase
of the motion in some of the muscles. Despite that, the
muscle forces and EMG values showed quantitative
correlations. Therefore, although it is controversial to
use EMG values as an indicator for validation be-
cause the EMG-orce relationship is unknown for
shoulder muscles,'” as long as there is no other
established method by which to validate the predicted
muscle forces, we consider that EMG can be an
indicator to validate {at least) the pattern of muscle
forces.

In our study, the maximum joint reaction force was
calculated to be 56.5% of body weight. In previous

reports, the joint reaction force ranged from 44% to
92% of body weight.®”-12:13 Although the values
cannot be compared directly because the method,
condition, and assumption of éach study vary greatly,
our result is considered to be ‘c‘compordlﬂe and
reasonable value.

There are still some considerable limitations in this
study. The model includes only the muscles that orig-
inate from the scapula. To simulate various conditions
of a shoulder joint, a whole system including bone
structures and muscles related to the thorax must be
developed. This study is a static analysis with only the
equilibrium conditions of force and moment. There-
fore, the stifiness and time-dependent fatigue of mus-
cles are not considered, nor are soft tissues such as’
joint capsules or ligaments that stabilize the glenohu-
meral joint.

Our model is capable of being applied to individ-
val clinical patients to simulate their shoulder muscle
activities, because anatomic data can be easily intro-
duced from CT data. The simulation would provide
useful information regarding how the other normal
muscles work in a compensatory manner in patho-
logic conditions, such as tendon ruptures or muscle
paralyses. It would also be possible to simulate surgi-
cal treatment, such as tendon or muscle transfers, to
predict preoperatively the effects of surgical proce-
dures and their influence on the other muscles.

In conclusion, we have developed a 3-dimensional
shoulder biomechanical model using an original
method of determining vectors of musc?es originating
from a wide area. The results of the numerical analy-
sis were in correlation with the integrated EMG val-
ves, therefore allowing for the simulation of coopera-
tive abduction muscle activities in vivo. We believe
that this novel concept will provide a new approach
in modeling a variety of muscles with a wide origin
area and the possibility for more precise simulations
of muscle activities in a living body.

We thank Dr Satoshi Yoshinari, Hokkaido Industrial
Research Institute, for his previous work and help, as well as
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Massive rotator cuff tears repaired on top of humeral head

by McLaughlin’s procedure

Naomi Oizumi, MD,® Naoki Suenaga, MD,° Kimitaka Fukuda, MD,P and Akio Minami, MD,°

Sapporo and Mikasa, Japan

The clinical and radiographic outcomes of Mclaugh-
lin’s procedure for massive rotator cuff tears were in-
vestigated in 25 shoulders, in which the cuff tears
were so severe that the tendons were sutured on the
top of the humeral head. The mean age at surgery
was 62.2 years {range, 39-74 years). The mean
follow-up period was 50 months {range, 24-80
months]. The University of California, Los Angeles

score significantly improved from 10.9 to 31.8 points -

postoperatively; the postoperative result was classified
as excellent in 11 shoulders, good in 11, and poor in
3. Osteoarthritis progressed postoperatively in 7 shoul-
ders (28%), and upper migration of the humeral head
progressed in 6 (24%], although both progression
rates were no higher than those for other common pro-
cedures. When torn tendons reach over the fop of the
humeral head with the arm at the side in patients with
massive fears that are not reparable to the greater
tuberosity, satisfactory clinical outcomes can be ex-
pected. {J Shoulder Elbow Surg 2007;16:321-326.)

A lthough various surgical procedures have been
reported for massive rotator cuff tears, 1618
Mclaughlin’s procedure has provided the most sta-
ble results?4:¢:711.14.18 gnd has been considered
as the first choice. A number of chronic massive tears
could be repaired by Mclaughlin’s procedure after
sufficient intraarticular and extraarticular mobiliza-
tion techniques. It is often impossible to repair the torn
tendon edge at the original site without excessive
tension in severe cases, and medialization of the
reinsertion of the tendon onto the articular surface of
the humeral head is indicated.'%'4 However, if the

From the °Department of Orthopaedic Surgery, Hokkaido Univer-
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reinsertion is medialized excessively, there will be
some potential risks as follows: severe restrictions of
the movement of the glenohumeral joint, loss of nor-
mal shoulder function as a result of the change in the
kinematics, and damage tfo the articular cartilage of
the humeral head, which may lead to the osteoarthri-
tis (OA) of the glenohumeral joint. Therefore, it is
important to establish the acceptable extent of the
medialization. Liu et al® reported a cadaveric study to
determine to what extent the cuff tendon could be
advanced medially. However, no clinical study has
evaluated the results of medialization of the cuff fen-
don for massive rotator cuff tears, clearly focusing on
the extent of the medialization.

in all of the cases in this study, the cuff tears were
so severe that the bone troughs for the tendon repair
needed to be made on the top of the humeral head.
The objectives of this study are to evaluate the clinical
and radiographic outcomes in patients with medial-
ization of the reinsertion for severe massive cuff tears
and to investigate the limitations of this procedure.

MATERIALS AND METHODS

We evaluated 25 shoulders in 25 patients with severe,
massive rotator cuff tears treated by Mclaughlin’s proce-
dure from 1994 to 1999 with medialization of the reinser-
tion of the cuff tendon on the top of the humeral head for this
study. The bone troughs for the repair were made just on the

lateral side of the apex of the humeral head because the

tendon could not reach farther with the arm at the side in afl

- cases. The top of the humeral head was determined intra-

operatively with the arm at the side and the shoulder in a
neutral position, and the location of the bone trough was
defined as follows: when the distance between the top of
the humeral head and the greater tuberosity is equally
divided into 3 sections, the bone trough was made in the
section nearest the top of the humeral head {Figure 1). The
cases in this study comprised 10% of all cases of tendon-
to-bone repair procedures performed for rotator cuff tears
during the same period. A|?25 patients were investigated
by direct physical examination and radiographic examina-
tion more than 2 years dfter surgery. There were 15 men
and 10 women, and the operative shoulder was the right in
21 and the left in 4. The mean age at the time of surgery
was 62.2 years [range, 39 to 74 years). The torn tengons
were the supraspinatus and infraspinatus in 22 shoulders;
supraspinatus, infraspinatus, and teres minor in 2; and
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