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Fig. 5a

Fig. Sc

Dmgrams showing centroid transiocalmn from a) a dorsal view, b) uinar view, c} distal view and d) radiopalmar view. All the centroids transiocated

in an ulnar, proximal and volar di The trapezi

in a palmar direction {(Tm, trapezium; Td, trap d; C, H, h

Fig. 6b

Three-di ional radiopal view of the transiation of the carpus in
al & normal wrist end b) rheumatoid arthritis. The carpus translocates
along the direction of the slope of the joint surface of the distal radius.

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

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

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

Fig. 7b Fig. 7¢

A three-di | view g carpal and joint congruity..
Figure 7a - The normal wrist. Figure 7b - The radiocarpal joint is incon-
gruent (arrow). Figure 7c - Joint congruity is relatively well-preserved in
the midcarpal joint (arrowheatls). In the sagittal plane, the scaphoid and
lunate are flexed as in b} and the capitate is extended as in c).

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

Centroid translocation .
Capitsts Hamats Lunate Scaphoid Trigustrum Trapezium Trapezoid
AD® AD AD AD AD AD AD
Olrection (mm) TI" s0 (mm) N 80 mm) N tmm) N 86 {(mmTM 50 (mmiM s (MmN s
Patmar
Normat 321 001 0.11 299 007 01 108 023 005 204 023 0.07 052 015008 0.22 0.470.18 033 0.040.18
RA' 0.17 0.16 0.22 0.21 033 0.18 037 0.16 0.20 0.21 0.54 0.16 0.07 0.17
Proximal
Normal! 1070 -0.57 0.14 941 061 024 868 005 0.14 680 -0.20 0.06 9.89 -0.190.24 1137 -0.830.16 13.30-0.820.16
RA 015 0.20 -0.28 0.20 0.48 027 0.10 0.15 0.25 0.27 0.420.18 0.320.17
Ulnar
Norma! 628 0.19 0.19 468 070 0.19 5.07 035 009 7.10 -0.24 0.14 385 0.840.10 6.42 049028 86.12-0.240.25
RA 052 0.18 1.06 023 0.66 0.14 0.05 0.14 1.17 0,16 -0.27 0.18 0.000.17

* AD, the absolute value of the difference of the mean translation (mm}
t Tl, translocstion index
t RA, rheumatoid arthritis

however, allowed early identification of the rheumaroid
deformity and should be a guide to treatment, in particu-

lar in the decision as to whether to undertake radiocarpal -

fusion alone or to include the midcarpal joint.

Supplementary Material
A further opinion by Dr Klemens Trieb is available
e with the electronic version of this article on our
website at www.jbjs.org.uk
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Long-Term Results of Surgery for
Forearm Deformities in Patients
with Multiple Cartilaginous Exostoses

By Shosuke Akita, MD, Tsuyoshi Murase, MD, Kazuo Yonenobu, MD, Kozo Shimada, MD,
Kazuhiro Masada, MD, and Hideki Yoshikawa, MD, PhD

Investigation performed at the Department of Orthopaedic Surgery, Osaka University,
and the Department of Orthopaedic Surgery, Osaka Minami Medical Center, Osaka, Japan

Background: Surgical treatment of forearm deformities in patients with multiple cartilaginous exostoses remains
controversial. The purpose of the present study was to determine the reasonable indications for operative treatment
and to evaluate long-term results of forearm surgery in these patients.

Methods: We retrospectively reviewed twenty-three patients (thirty-one forearms) after a mean duration of follow-up
of nearly thirteen years. The mean age at the time of the initial procedure was eleven years. The patients underwent
a variety of surgical procedures, including excision of exostoses; corrective procedures (lengthening of the radius or
uina and/or corrective osteotomy of the radius and/or ulna) and open reduction or excision of a dislocated radial
head. Clinical evaluation involved the assessment of pain, activities of daily living, the cosmetic outcome, and the
ranges of motion of the wrist, forearm, and elbow. The radiographic parameters that were assessed were ulnar vari-
ance, the radial articular angle, and carpal slip.

Results: Four patients had mild pain, and five patients had mild restriction of daily activities at the time of follow-up.
Eight patients stated that the appearance of the forearm was unsatisfactory. Radiographic parameters (ulnar vari-
ance, radial articular angle, carpal slip) were initially improved; however, at the time of the final follow-up visit, the de-
formities had again progressed and showed no significant improvement. The only procedure that was associated with
complications was ulnar lengthening. Complications included nonunion (three forearms), fracture of callus at the site
of lengthening (two forearms), and temporary radial nerve paresis following an ulnar distraction osteotomy (one fore-
arm). Excision of exostoses significantly improved the range of pronation (p = 0.036).

Conclusions: In our patients with multiple cartilaginous exostoses, corrective osteotomy and/or lengthening of fore-
arm bones was not beneficial. The most beneficial procedure was excision of exostoses. Reasonable indications for
forearm surgery in these patients are (1) to improve forearm rotation and (2) to improve the appearance.

Level of Evidence: Therapeutic Level IV. See Instructions to Authors for a complete description of levels of evidence.

ultiple cartilaginous exostoses, also known as multi-
Mple osteochondromata or diaphyseal aclasis, are
characteristic of a disorder of endochondral bone

growth that features abnormal metaphyseal bone promi-
nences capped with cartilage, which are accompanied by de-

fective metaphyseal remodeling and asymmetrical retardation
of longitudinal bone growth. Forearm deformities are seen in
30% to 60% of patients with multiple exostoses'.

The most common deformities are a combination of
relative shortening of the ulna, bowing of either or both fore-

Disclosure: The authors did not receive any outside funding or grants in support of their research for or preparation of this work. Neither they nor
a member of their immediate families received payments or other benefits or a commitment or agreement to provide such benefits from a com-
mercial entity. No commercial entity paid or directed, or agreed to pay or direct, any benefits to any research fund, foundation, division, center,
clinical practice, or other charitable or nonprofit organization with which the authors, or a member of their immediate families, are affiliated or

associated.
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arm bones, increased ulnar tilt of the distal radial epiphysis,
ulnar deviation of the hand, progressive ulnar translocation of
the carpus, and dislocation of the head of the radius™". The
treatment of forearm deformities in these patients is difficult
because the long-term results have not been well documented,
and there is a lack of consensus regarding the indications for
surgery. The present study was performed because the long-
term prognosis after operative intervention is uncertain. In
addition, we attempted to define reasonable indications for
the operative management of these patients.

Materials and Methods
Fifty patients were diagnosed as having multiple cartilagi-
nous exostoses at Osaka University Hospital and Osaka

Minami Medical Center between 1962 and 2000. In this .

group, thirty-four patients (forty-two forearms) had surgical
treatment. We attempted to contact the patients who had al-
ready reached skeletal maturity (i.e., those who were at least
eighteen years old). As a result, twenty-three patients (thirty-
one forearms) were successfully contacted and evaluated at
Osaka Minami Medical Center. These patients included seven-
teen men and six women who had a mean age of twenty-six
years (range, eighteen to forty-eight years) at the time of eval-
uation. Eighteen of the twenty-three patients had a family his-
tory of the disease. Preoperative information was obtained
from the medical records and radiographs. All of the subjects
gave informed consent to participate in this study, which was
approved by the institutional review board of Osaka Minami
Medical Center.

Surgery

The operations on these patients involved three different types
of procedures: excision of exostoses, correctivé procedures,
and excision or open reduction of the dislocated head of the
radius. Excision of exostoses was the primary procedure in all
cases. The corrective procedures included lengthening or cor-
rective osteotomy of the ulna or radius.

The twenty-three patients (thirty-one forearms) under-
went a variety of procedures, either alone or in combination,
including (1) excision of exostoses (thirty-one forearms), (2)
lengthening of the ulna (sixteen forearms), (3) lengthening of
the radius (four forearms), (4) corrective osteotomy of the ra-
dius (fourteen forearms), (5) corrective osteotomy of the ulna
(two forearms), (6) open reduction of the dislocated radial
head (two forearms), and (7) excision of the radial head (two
forearms). In both patients who underwent open radial head
reduction, we simultaneously performed an immediate ulnar
lengthening, a corrective osteotomy of the radius, and anular
ligament reconstruction with palmaris longus tendon graft.

Seven of the thirty-one forearms underwent more than
one operation. Nineteen of the twenty-three patients under-
went surgery before reaching skeletal maturity; the mean age
at the time of the initial procedure was eleven years (range,
three to twenty-three years). The mean follow-up interval be-
tween the final surgical procedure and the time of evaluation
was 12.8 years (range, six to thirty-nine years) (see Appendix).

LONG-TERM RESULTS OF SURGERY FOR FOREARM DEFORMITIES IN
PATIENTS WITH MULTIPLE CARTILAGINOUS EXOSTOSES

Surgical Indications

Exostoses were removed if (1) there was interference with joint
movement or if (2) the lesion was prominent, painful, and/or
cosmetically undesirable.

The indications for performing corrective procedures
were (1) a discrepancy of >5 mm between the lengths of the
ulna and radius with or without bowing, (2) a radial articular
angle of >30°, (3) a carpal slip of >60%, (4) bowing of the ra-
dius, or (5) a combination of these changes. Most patients had
a combination of these changes.

Symptomatic dislocation of the head of the radius was
defined as interfering with joint movement or causing pain.

Clinical Evaluation

-An experiex)ﬁ:Ed.hgmd surgeon (S.A.) who had not Abéen,in- ‘

volved in the surgical procedures interviewed the patients
with use of a questionnaire that evaluated the outcome with
respect to pain, activities of daily living, and the appearance
of the forearm. Pain and restriction of activities were classi-
fied into four categories (none, mild, moderate, or severe),
whereas the appearance of the forearm was classified as satis-
factory or unsatisfactory. The evaluation form can be found
in the Appendix. In addition, the ranges of motion of the
wrist, forearm, and elbow were measured, and the grip
strength was also determined. ’

Radiographic Evaluation

We examined radiographs of both wrists, forearms, and el-
bows for each subject. The forearms were classified into three
morphological types according to the system of Masada et
al."". In type-I forearms, the main exostosis arises from the dis-
tal part of the ulna. The ulna is relatively short and there is
bowing of the radius, but the radial head is not dislocated.
Both tapering of the ulnar head and ulnar tilt of the distal part
of the radius are observed. In type-II forearms, there is ulnar

. shortening along with dislocation of the radial head, but bow-

ing of the radius is less severe than in type-I forearms because
of the dislocation. Type-II forearms are separated into two
subgroups. In type-Ila forearms, dislocation of the radial head
is caused by an exostosis arising from the proximal part of the
radius, whereas in type-IIb forearms the dislocation is not due
to such an exostosis. In type-III forearms, the main exostosis
arises from the distal part of the radius and there is a relative
shortening of the radius.

Ulnar variance, the radial articular angle, and carpal slip
were also measured. The radial articular angle and carpal slip
were measured with use of the system of Fogel et al.’. The ra-
dial articular angle was defined as the angle between a line
running along the articular surface of the radius and another
line that was perpendicular to a line joining the center of the
radial head to the radial border of the distal radial epiphysis
(the radial styloid in skeletally mature subjects) (Fig. 1). The
normal range of this angle was 15° to 30°*". Carpal slip was
measured by determining the percentage of the lunate that
was in contact with the radius. First, a line was drawn from the
center of the olecranon through the ulnar border of the radial

—162—



1995

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

Fig. 1

The radial articular angle (RAA) was defined as the angle between a
line running along the articular surface of the radius and another line
that was perpendicular to a line joining the center of the radial head to
the radial border of the distal radial epiphysis (the radial styloid in skel-
etally mature subjects). The normal range of this angle is 15° to 30°*.

epiphysis (the radial articular surface in skeletally mature sub-
jects) (Fig. 2). This line normally bisects the lunate. An abnor-
mal carpal slip was defined as being present when ulnar
displacement of the lunate exceeded 50%>".

Radiographs were also examined for degenerative changes
of the joints, which were defined as narrowing of the joint
space and/or the formation of osteophytes. Deformity of the
radial head was considered to be present if there was evidence

- of hypertrophy or flattening.

Statistical Analysis

A paired two-group t test was used for comparing data from pairs
of groups, and the Mann-Whitney U test was used for data from
unpaired groups. The level of significance was set at p < 0.05.

Resuilts
Clinical Outcome

our patients (four upper extremities) complained of mild
Fpain when performing strenuous activities, whereas the
other nineteen patients (twenty-seven upper extremities) had

LONG-TERM RESULTS OF SURGERY FOR FOREARM DEFORMITIES IN
PATIENTS WITH MULTIPLE CARTILAGINOUS EXOSTOSES

no pain at the time of follow-up. Five patients (five forearms)
noted mild restriction of daily activities, but the other eigh-
teen patients (twenty-six forearms) stated that they had no re-
strictions. These five patients generally showed limitation of
either pronation or supination, or both, but their daily activi-
ties were minimally affected. Eight patients (eight forearms)
stated that the appearance of the forearm was unsatisfactory,
and this unsatisfactory appearance was of greater importance
to these patients than any pain or restriction of activities.

At the time of the final follow-up evaluation, the mean
wrist flexion (and standard deviation) was 59° + 16°, the mean
extension was 66° * 9°, the mean radial deviation was 14° £
13°, and the mean ulnar deviation was 43° + 10°. The mean
forearm pronation was 65° £ 27°, and the mean supination
was 73° £ 23°. The mean elbow flexion was 138° + 11°, and the
mean lack of extension was 2° + 10°. The mean range of mo-
tion at the time of the final follow-up was not significantly im-
proved compared with the preoperative range, except for a
significant increase of forearm pronation from 43° to 65° (p =
0.004). The average grip strength was 25.0 kg (Table I).

g

Fig.2

Cgrpai slip was measured by determining the percentage of the lunate
that was in contact with the radius. First, a line was drawn from the
center of the olecranon through the ulnar border of the radial epiphysis
(the radial articular surface in skeletally mature subjects). This line nor-
mally bisects the lunate. An abnormal carpal slip was defined as being
present when ulnar displacement of the lunate exceeded 50%"*.
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TABLE Rénge of Movement and Grip Power

LONG-TERM RESULTS OF SURGERY FOR FOREARM DEFORMITIES IN
PATIENTS WITH MULTIPLE CARTILAGINOUS EXOSTOSES

Mean Value (Range)
Function Preoperative Postoperative P Valuet

Wrist

Fexion (deg) 65 (30 to 90) 59 (25 to 80) NS

Extension (deg) 68 (25 to 85) 66 (45 to 80) NS

Radial deviation (deg) 14 (-15 to 45) 14 (-15 to 50) NS

Ulnar deviation (deg) 36 (10 to 60) - 43 (20 to 60) NS
Forearm

Pronation (deg) 43 (0 to 90) 65 (0 to 90) 0.004

Supination (deg) 61 (—30 to 100) 73 (0 to 100) NS
Elbow

Flexion (deg) 132 (95 to 150) 138 (95 to 150) NS

Extension (deg) - -3(-30t0 10) -2 (-35 to 15) NS
Grip power (kg) NA* 25.0 (10 to 40)

*NA = preoperative data were not available. tPaired two-group t test. NS = not significant.

Radiographic Outcome

According to the system of Masada et al., twenty-one fore-
arms were classified as type I, five were classified as type I
(with two being classified as type Ila and three being classi-
fied as type IIb), and five were classified as type III. Preoper-
ative radiographs were available for thirty of the thirty-one
forearms. The average preoperative ulnar variance and ra-
dial articular angle for these thirty forearms were —6.0 mm
and 40°, respectively, whereas the average preoperative car-
pal slip in twenty-seven forearms was 53% (the lunate was
not ossified in three of the thirty forearms). At the time of
the most recent follow-up of all thirty-one forearms, the av-
erage ulnar variance, radial articular angle, and carpal slip
were —3.5 mm, 41°, and 43%, respectively. When all of the
patients were compared, there was no significant improve-
ment in any of these three parameters (Table II). These pa-

rameters were not related to the range of motion of the -

upper extremity, but each radiographic parameter was re-
lated to the cosmetic outcome (p = 0.0129, p = 0.0003, and
p = 0.0155 for ulnar variance, the radial articular angle, and

; AB‘VL‘E‘_':III Rédiégr;‘ab-ﬁic Parameters - .

Mean Value (Range)

carpal slip, respectively; Mann-Whitney U test).

Of the thirty-one extremities, two showed degenerative
changes of the elbow joint at the time of follow-up; the
changes were osteophytes in both cases. These two forearms
had a type-II deformity, and there was mild restriction of daily
activities due to limited elbow range of motion. No evidence
of degenerative changes was seen at the wrist joint in any of
the patients.

With the exclusion of the two limbs that were treated by
radial head resection, there was radial head deformity in ten
(34%) of twenty-nine extremities. Radial head deformity was
unrelated to degenerative changes of the elbow joint and did
not influence the range of motion of the upper extremity.

Outcome of Corrective Procedures
Lengthemng and/or corrective osteotomy of the rad.lus or ulna

“ was done alone or in combination in eighteen forearms. The

average preoperative ulnar variance, radial articular angle, and
carpal slip were —8.3 mm, 42°, and 62%, respectively. In six of
these forearms, further progression of deformity necessitated

Radiographic

Parameters Preoperative Postoperative P Value*
Ulnar variance (mm) —6.0 (-29 to 10) -3.5(-17t07) NS
Radial articular angle (deg) 40 (20 to 80) 41 (27 to 60) NS
Carpal slip (%) 53 (0 to 100) 43 (13 to 64) NS

*Paired two-group t test. NS = not significant.
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revision surgery. Almost all of these forearms had severe de-
formity, and as many as four corrective operations were perc-
formed. At one year after the final corrective procedure, the
measured parameters averaged —1.5 mm, 38° and 40%, re-
spectively, and there was significant improvement in ulnar
variance (p = 0.005) and carpal slip (p = 0.01). Although fore-
arm deformities initially demonstrated improvement, we
found subsequent progression over the long term after the
corrective surgery. At the time of the most recent follow-up,
ulnar variance averaged —4.0 mm, the radial articular angle
averaged 44°, and carpal slip averaged 44%. When we assessed
the effect of the corrective procedures, radiographic parame-
ters also demonstrated initial improvement; however, the de-
formities had progressed by the time of the most recent
follow-up visit, and there was no significant improvement
over thelong term.

The only corrective procedure that was associated with
complications was ulnar lengthening. A total of eighteen ulnar
lengthening procedures were performed in sixteen forearms.
In eight cases the lengthening was performed gradually with
use of external distraction, whereas in ten cases it was done
immediately with the insertion of a bone graft or the perfor-
marce of a step-cut osteotomy. Complications included non-
union in three forearms, fracture of callus at the site of
lengthening in two forearms, and temporary radial nerve
paresis (paresthesia in the radial nerve territory and weakness
of finger extensors) in one forearm. One of the three non-
unions occurred after an immediate ulnar lengthening. The
other two nonunions occurred in one patient who was man-
aged with gradual bilateral ulnar lengthening after reaching
skeletal maturity; this patient also had radial nerve paresis, as
mentioned above. In the three forearms with nonunion, os-
seous union was eventually achieved uneventfully by means of
bone-grafting and internal fixation. Fracture of a callus was
treated with plaster cast immobilization in one patient and
with intramedullary fixation in the other patient. The patient
with radial nerve dysfunction during distraction of the ulna
showed distal migration of the radius. This migration was
easily reduced by dividing the cord-like portion of the in-
terosseous membrane, and the radial nerve dysfunction re-
solved completely.

Outcome of Excision of Exostoses

Excision of exostoses was performed in all of the patients.
Ten patients (eleven forearms) were managed only with ex-
cision procedures. The mean age of these ten patients was
11.2 years (range, five to sixteen years). The location of the
excised exostoses was the distal part of the radius in eight
forearms, the distal part of the ulna in two forearms, and
both the distal part of the radius and the distal part of the
ulna in one forearm. Simple excision of exostoses signifi-
cantly improved the range of pronation (p = 0.036). With
the numbers available, there were no significant differences
between locations with regard to improvement in forearm
rotation. In these eleven forearms, the preoperative ulnar
variance, radial articular angle, and carpal slip averaged ~2.0

LONG-TERM RESULTS OF SURGERY FOR FOREARM DEFORMITIES IN
PATIENTS WITH MULTIPLE CARTILAGINOUS EXOSTOSES

mm, 35°, and 37%, respectively. At the time of follow-up,
these three parameters averaged ~3.6 mm, 40°, and 42%, re-
spectively, and there was no significant change in any of the
three parameters. There were no complications of simple ex-
cision, and the ten patients who underwent simple excision
procedures had no symptoms at the time of the most recent
follow-up.

Outcome of Radial Head Surgery

Dislocation of the head of the radius (a type-11 deformity)
was observed in five extremities. Along with open reduction
of the dislocated radial head, we performed immediate ulnar
lengthening, corrective osteotomy of the radius, and anular
ligament reconstruction with palmaris longus tendon graft
in two patients (two forearms) before they reached skeletal
maturity, but these procedures were not effective in either
case. Both patients had evidence of degenerative changes at
the elbow joint as well as restricted motion of the elbow and
restricted pronation of the forearm at the time of the most
recent follow-up.

Excision of the dislocated radial head was performed in
two patients (two forearms) after skeletal maturity. Both pa-
tients had pain and restricted motion of the forearm before
surgery. In both patients, pain was relieved and the range of
motion of the forearm was improved at the time of the most
recent follow-up.

Discussion
T he present study assessed the long-term results of surgical
treatment of forearm deformities in patients with multi-
ple cartilaginous exostoses in an attempt to determine the rea-
sonable indications for such surgery. On the basis of our
findings, surgery in these patients is indicated for two pur-
poses: (1) to improve forearm pronation when it is restricted
by an exostosis (with the most effective procedure being sim-
ple excision of the exostosis) and (2) to improve the appear-
ance of the forearm.

The present study had several weaknesses. It was a retro-
spective case review without any controls (nonoperatively
treated extremities), only twenty-three of thirty-four patients
were available for the final follow-up evaluation, and some
preoperative data (grip strength) were unavailable. Further-
more, a variety of operative procedures were performed (often
in combination), making it difficult to draw definite conclu-
sions. However, little information has been published on the
functional outcome for patients with multiple cartilaginous
exostoses who have undergone corrective forearm surgery,
and, to our knowledge, there have been no previous reports
about the long-term results of surgical treatment of forearm
deformities. Therefore, our data may be useful for selecting
among treatment options.

A number of techniques for the surgical treatment of
forearm deformities have been described®™"', but the oper-
ative treatment of such deformities in patients with multiple
cartilaginous exostoses remains controversial'“*. Fogel et al.
concluded that deformities of the forearm should be treated
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early and aggressively to prevent disability by employing
procedures such as excision of exostoses and ulnar lengthen-
ing with or without radial hemiepiphyseal stapling or osteot-
omy’. Peterson reported that forearm deformities were the
most frequent cause of functional impairment in patients
with multiple exostoses and advocated aggressive manage-
ment as soon as it became clear that the growth of the af-
fected bones was being altered, stating that prevention of
progressive deformity and functional impairment were the
paramount goals’. However, Stanton and Hansen evaluated
the radiographic anatomy, functional outcome, and impair-
ment ratings of twenty-eight patients with hereditary multi-
ple exostoses and concluded that reasonable function was
preserved despite the occurrence of deformity”. Arms et al.
performed a telephone questionnaire evaluation of thirty-
seven patients who had forearm deformities and found that
most patients maintained adequate function after reaching
skeletal maturity despite having severe deformity'’. Likewise,
we found that there was little restriction of daily activities in
patients with a residual forearm deformity postoperatively
and that radiographic parameters were not related to the final
range of motion of the upper extremity.

Noonan et al. assessed the functional outcome for the
forearm in a study of thirty-nine adults (seventy-seven fore-
arms) with a mean age of forty-two years who had multiple
hereditary osteochondromatosis and had not undergone
corrective surgery'. Although we cannot fully compare those
results with the postoperative functional results in our series,
a review of their results for untreated patients suggests that
corrective surgery did not achieve any marked improvement
in function. They also reported that the appearance of the
forearm was not related to the functional outcome. Likewise,
our findings indicate that most forearm deformities do not
influence the functional outcome. However, we found that
postoperative radiographic parameters were related to com-
plaints about the appearance of the upper extremity. Noonan
et al. reported that seventeen (44%) of thirty-nine patients
found the arms to be cosmetically unappealing because of
shortening, angulation, or bumps". Wood et al., in a report
on ten patients who had undergone various operations (in-
cluding corrective procedures such as forearm bone length-
ening and/or osteotomy), concluded that, although function
only showed minimal improvement, the appearance of the
limbs was markedly improved’. Pritchett, in a report on the
results of ulnar lengthening in eight patients (ten forearms),
concluded that there was improvement in the appearance,
forearm movement, and radial head stability’. Therefore,
when the patient finds the appearance of the forearm to be
problematic, corrective surgery may be a reasonable option.
However, Pritchett also reported that partial recurrence of
forearm deformities occurred in skeletally immature pa-
tients’, and we similarly found that deformity sometimes
progressed after corrective surgery. The reported complica-
tion rate for lengthening of the forearm has varied widely,
from 0% to 100%>™""**, In the present series, complications oc-
curred in association with five (28%) of eighteen ulnar length-

LONG-TERM RESULTS OF SURGERY FOR FOREARM DEFORMITIES IN
PATIENTS WITH MULTIPLE CARTILAGINOUS EXOSTOSES

ening procedures, suggesting that this operation should be
performed with great caution.

Previously, we believed that forearm deformities were
the most frequent cause of functional impairment, and we
recommended corrective procedures to prevent progressive
deformity and functional impairment. Our surgical indica-
tions included a discrepancy of >5 mm between the lengths of
the ulna and radius with or without bowing, a radial articular
angle of >30°, a carpal slip of >60%, bowing of the radius, or a
combination of these changes. However, we now think that
forearm deformities are unrelated to function and we no
longer recommend corrective procedures for the prevention
of functional impairment.

Fogel et al. reported that the excision of exostoses could
not correct deformities but might arrest or retard their
progression®. Shin-et al. reported that the simple -excision of
exostoses did not improve the radiographic parameters but
led to a significant increase in supination of the forearm (p =
0.049)". We also found that excision of exostoses alone did not
correct forearm deformities, but simple excision achieved sig-
nificant improvement of forearm pronation and might also
retard the progression of deformities.

Stanton and Hansen reported that the status of the ra-
dial head was not associated with either the subjective assess-
ment score or with the level of performance in the hand test”
of Jebsen". In addition, Dahl stated that he did not perform
direct reduction of a chronically dislocated radial head be-
cause stiffness and pain could occur™. In the present series,
dislocation of the radial head was treated with open reduc-
tion (two forearms), excision (two forearms), and observa-
tion (one forearm). Radial head reduction was not effective
in either patient, with degenerative changes of the elbow
joint and restricted movement of both the elbow and fore-
arm (causing slight limitation of daily activities) being evi-
dent at the time of the most recent follow-up. Excision of the
dislocated radial head and observation were both associated
with a better outcome as there was no degeneration of the el-
bow joint and a good range of motion of the upper extremity
was maintained. However, because the numbers were small
in this series, it is difficult to draw firm conclusions.

In summary, we believe that simple exostosis excision is
reasonable when there is restriction of forearm pronation.
When the primary concern is appearance, a corrective proce-
dure is an option; however, it should be viewed with caution
as there can be recurrence of deformity, especially in imma-
ture patients, and nonunion may occur following ulnar
lengthening. As an alternative, simple exostosis excision may
retard the progression of forearm deformity.

Appendix

Tables showing the details on all study subjects and the
questionnaire used in this study are available with the
electronic versions of this article, on our web site at jbjs.org
(go to the article citation and click on “Supplementary Mate-
rial”) and on our quarterly CD-ROM (call our subscription
department, at 781-449-9780, to order the CD-ROM). &
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The in Vivo Isometric Point of the
Lateral Ligament of the Elbow

By Hisao Moritomo, MD, PhD, Tsuyoshi Murase, MD, PhD, Sayuri Arimitsu, MD,
Kunihiro Oka, MD, Hideki Yoshikawa, MD, PhD, and Kazuomi Sugamoto, MD, PhD

Investigation performed at the Department of Orthopaedics, Osaka Unive'rsity Graduate School of Medicine, Osaka, Japan

Background: Many reports have discussed reconstruction of the lateral ulnar collateral ligament for the treatment of
posterolateral rotatory instability of the elbow, but information regarding the isometric point of the lateral ligament of
the elbow is limited. The purposes of the present study were to investigate the in vivo and three-dimensional length
changes of the lateral ulnar collateral ligament and the radial collateral ligament during elbow flexion in order to clar-
ify the role of these ligaments as well as to identify the isome_trii: point for the reconstructed ‘lateral ulnar collateral

ligament on the humerus where the grafted tendon should be anchored. ' o

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

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

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

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

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

T he function of the lateral ligament of the elbow has

which was published in 1985‘. Those authors investigated the
three-dimensional distance between the origin and insertion
of the lateral collateral ligament complex and reported that
the length of the lateral collateral ligament changed little dur-
ing elbow flexion. This finding was consistent with the obser-
vation that the axis of rotation of the elbow passes through the

Disclosure: In support of their research for or preparation of this work, one or more of the authors received, in any one year, outside funding or
grants of less than $10,000 from Grants-in-Aid for Scientific Research, the Ministry of Education, Science and Culture of Japan. Neither they nor a
member of their immediate families received payments or other benefits or a commitment or agreement to provide such benefits from a commercial
entity. No commercial entity paid or directed, or agreed to pay or direct, any benefits to any research fund, foundation, division, center, clinical prac-
tice, or other charitable or nonprofit organization with which the authors, or a member of their immediate families, are affiliated or associated.
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center of the capitellum**. However, in that study, Morrey and
An did not distinguish the lateral ulnar collateral ligament
from the lateral collateral ligament complex. To our knowl-
edge, there have been no reports of studies specifically deal-
ing with the change in length of the lateral ulnar collateral
ligament.

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

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

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

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

Materials and Methods

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

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

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

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

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

Fig. 1
The paths of the lateral ulnar collatera! ligament (LUCL) and the radial collateral ligament
(RCL) of the right elbow of a representative case.
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included image acquisition, segmentation, and registration.
A mathematical description of the motion of the individual
bones and their relative motion was derived by computing
the rigid transformation required to match the volume data
of the models.

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

Ligament Paths

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

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

Normal Length Changes of the Ligaments
We created the ligament paths between the center of the capitel-

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

lum and the distal insertions of the lateral ulnar collateral liga-
ment and the radial collateral ligament to investigate the
normal length changes of the ligaments. In the present study,
the origins of both the lateral ulnar collateral ligament and the
radial collateral ligament were located at the center of the
capitellum’, which was determined as the center of a circle that
fit the curvature of the capitellum on the lateral view (Fig. 1).
The insertion of the radial collateral ligament was placed at the
most lateral point of the radial head at a level 5 mm distal to the
proximal surface of the radial head. A previous anatomic study
demonstrated that the lateral ulnar collateral ligament and the
anular ligament form a broad conjoint insertion measuring ap-
proximately 2 cm in width". On the basis of that study, three
insertion points of the lateral ulnar collateral ligament, lo-
cated 5, 15, and 25 mm distal to the proximal margin of the

- radial hedd, were placed on' the supinator crest of the ulna.

We calculated the three-dimensional distances of the paths
of the lateral ulnar collateral ligament and radial collateral
ligament between the origin and insertion of each ligament
in six positions of flexion (0° 30°, 60°, 90°, 120°, and 135°).

Length Changes of the Reconstructed

Lateral Ulnar Collateral Ligament

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

Fig.2

135"

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

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

Each of the Seven Elbows.*

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

Case Age () Gender RCL LucL-1 LUCL-2 LUCL-3
1 30 M 1.6 2.8 3.0 2.6
2 33 M 1.1 4.0 3.4 2.4
3 25 M -05 4.3 2.2 15
4 24 M 0.3 4.0 2.7 2.0
5 25 F -1.3 2.9 2.5 2.0
6 30 F 0.8 2.8 1.9 1.3
7 o 31 M 0.1 , 3.7 20 | 1.2
Average 28.3 0.3 " 35 25 1.9
Standard Deviation 1.0 0.7 0.5 0.5

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

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

Statistical Analysis

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

p < 0.05. Statistical analysis of differences of the length of

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

Results
Normal Length Changes of the Ligaments
Lateral Ulnar Collateral Ligament
he three-dimensional animations of the elbow joint showed
that all three paths of the lateral ulnar collateral ligament
gradually detoured to the lateral side during flexion because of
the osseous protrusion of the lateral condyle (Fig. 3). The
lateral ulnar collateral ligament was not constrained by the

Fig. 3
The ligament paths of the lateral ulnar collateral ligament (LUCL) and the radial coliateral ligament (RCL) at

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

Length Change of Reconstructed LUCL from 0° to 135° of Flexion (mm)
Humeral Origin§
- Average Length of
comertm | o | o | 2 | 2 | 2 | 4 | & | & | Recontucesiuc
Proximal to to Center and 0 mm
Center (mm) 2 4 0 2 4 0 2 4 Anterior to Center (mm)
-0.1 -0.2 -0.6 -4.2 -3.0 -3.8 -4.0 -5.1 43.11 0.9
-0.1 -1.8 -1.6 -3.0 -4.3 -5.3 -6.3 -7.3 38.6+ 0.6
-1.0 -2.3 -2.2 -39 -5.2 -5.1 -6.5 -8.3 40.6 £ 0.7
-1.2 -1.8 -1.6 -2.7 -3.4 -4.2 -3.9 -6.7 38.6 £ 0.7
-0.3 -2.5 -1.4 -31 -4.8 -4.7 -6.1 -7.6 36.1104
-1.1 -0.3 -1.6 -2.0 -2.9 -4.7 -5.3 . ~5.7 1 38.810.6
-1.4 -1.3 -0.1 -0.9 -1.9 -4.0 ~-3.5 —4.8 39.9+0.8
-0.7 -1.4 -1.3 -2.8 -3.6 -4.5 -5.1 -6.5
0.6 1.0 0.8 1.1 1.2 0.6 1.3 1.3

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

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

Fig. 4

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

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

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

Length Changes of the

Reconstructed Lateral

Ulnar Collateral Ligament

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

Discussion

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

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

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

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

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

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

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

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

Appendix

A video demonstrating the course of the simulated
lateral ulnar collateral ligament with elbow motion is
available with the electronic versions of this article, on our
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IL-1p promotes neurite outgrowth by deactivating RhoA
via p38 MAPK pathway
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Abstract

Expression of the pro-inflammatory cytokine interleukin-1 beta (IL-1B) is increased following the nervous system injury. ‘Generally
IL-1p induces inflammation, leading to neural degeneration, while several neuropoietic effects have also been reported. Although neurite
outgrowth is an important step in nerve regeneration, whether IL-1p takes advantages on it is unclear. Now we examine how it affects
neurite outgrowth. Following sciatic nerve injury, expression of IL-1p is increased in Schwann cells around the site of injury, peaking 1
day after injury. In dorsal root ganglion (DRG) neurons and cerebellar granule neurons (CGNSs), neurite outgrowth is inhibited by the
addition of myelin-associated glycoprotein (MAG), activating RhoA. IL-1B overcomes MAG-induced neurite outgrowth inhibition, by
deactivating RhoA. Intracellular signaling experiments reveal that p38 MAPK, and not nuclear factor-kappa B (NF-xB), mediated this
effect. These findings suggest that IL-1B may contribute to nerve regeneration by promoting neurite outgrowth following nerve injury.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Interleukin-1 beta; Neurite outgrowth; RhoA; Dorsal root ganglion neuron; Cerebellar granule neuron; Nerve regeneration; p38 MAPK;

Nuclear factor-kappa B

Interleukin-1 beta (IL-1f) is a pro-inflammatory cyto-

kine, the expression of which is increased in the nervous .

system following injury [1,2]. IL-1f induces the production
of toxic mediators, such as inflammatory molecules and
cytokines, and promotes inflammation and cell death,
and as a result it leads to neurodegeneration {3]. On the
other hand, several beneficial effects of IL-1B on the ner-
vous system have also been reported, such as promotion
of Schwann cell proliferation [4], promotion of neuron sur-
vival [5,6], oligodendrocyte remyelination [7], and synthesis
of nerve growth factor by sciatic non-neuronal cells [8].
Thus whether IL-1 promotes or delays nerve regeneration
remains to be clearly determined.
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University Graduate School of Medicine, Suita, Osaka 565-0871, Japan.
Fax: +81 6 6879 3559.
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Neurite outgrowth is an important process in nerve
regeneration. Various effects of inflammatory cytokines -
on neurite outgrowth have been reported; tumor necrosis
factor-a inhibits neurite outgrowth in hippocampal neu-
rons [9], while interleukin-6 overcomes neurite outgrowth
inhibition by myelin-associated glycoprotein (MAG) in
dorsal root ganglion (DRG) neurons [10]. Only one report
is available on the effects of IL-1f on neurite outgrowth,
and indicates that IL-1f promotes neurite outgrowth in
DRG explant culture but not in dissociated single DRG
neuron culture, and that glial cells mediate these opposing
effects [11].

Neurite outgrowth is regulated by the small GTPase
RhoA, activation of which leads to neurite outgrowth inhi-
bition [12]. Following nerve injury, myelin-derived proteins
such as MAG, Nogo-A, and oligodendrocyte myelin glyco-
protein activate RhoA in neurons and inhibit neurite out-
growth [13). The effects of IL-1B on neurite outgrowth
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with regard to RhoA or myelin-derived inhibitors of neu-
rite outgrowth have not been reported.

In this study, we demonstrate a novel function of IL-1B,
i.e. overcoming RhoA activation and neurite outgrowth
inhibition by MAG in DRG neuron and cerebellar granule
neuron (CGN) culture. Our findings thus suggest that the.
pro-inflammatory cytokine IL-1P may aid regeneration of
the injured nervous system.

Materials and methods

Cell culture. DRG neurons were cultured as described previously [14].
DRGs from Wistar rats at postnatal day 9 or 10 were dissociated by
incubation with 0.25% trypsin, 0.1% collagenase, and 200 U/ml DNase 1.
The enzymatic reaction was blocked by adding DMEM containing 10%
FBS, and after trituration and centrifugation, cells were resuspended in
Sato medium and plated in poly-L-lysine-coated 4-well chambers.

For CGN culture, cerebellum from Wistar rats at posniatal day 7-10 v

was dissociated by incubation with 0.25% trypsin and 200 U/m} DNase 1.
The enzymatic reaction was blocked by adding DMEM containing 10%
FBS, and after trituration and centrifugation, cells were resuspended in
Sato medium. After additional centrifugation, cells were resuspended in
Sato medium and plated in poly-L-lysine-coated culture dishes or 4-well
chambers.

Sciatic nerve crush injury. Female Wistar rats (180-220 g) were anes-
thetized by intraperitoneal injection of sodium pentobarbital (50 mg/kg).
The left sciatic nerves were exposed at mid-thigh level, and then fine
forceps, the tip of which had been cooled in liquid N, before use, were
used to crush the nerve for 15s. The site of crush injury was marked by
10-0 nylon, and muscle and skin were then sutured.

Histological analysis. The rats were anesthetized by sodium pento-
barbital, and transcardially perfused with PBS, followed by 4% parafor-
maldehyde. The sciatic nerve was then removed, embedded in paraffin,
sectioned axially at 5 pm, and mounted on glass slides.

Immunostaining. The 4-well chambers or glass slides were fixed in 4%
paraformaldehyde for 30 min, biocked for 1 h, and incubated overnight at
4 °C with primary antibody, followed by incubation for 1h at room
temperature with fluorescein-conjugated secondary antibody (Molecular
Probes). The primary antibodies used were anti-IL-18 goat polyclonal
antibody (R&D Systems), anti-S100 rabbit polyclonal antibody (DAKO),

anti-neurofilament (NF) 200 rabbit antiserum (Sigma—Aldrich), and anti-

neural class I11 B-tubulin (TuJ1) mouse monoclonal antiBody'(Cdvance).

Neurite outgrowth assay. Neurons were cultured with 50 ng/ml IL-18
(Peprotech), 25 pg/ml MAG (R&D Systems), 10 pM Y27632 (Calbio-
chem), 20 uM SN 50 (Calbiochem), 20 M SN50M (Calbiochem), or 1 pM
SB203580 (Calbiochem) for 72 h and then immunostained with anti-TuJ1
antibody. The longest neurites of TuJl-positive neurons were measured
for axonal length as described previously [15] using an image analyzer
(Lumina Vision, Mitani Co., Japan). Results were obtained from at least
60 neurons in each group.

Western blotting. Nerve tissues or culture cells were homogenized with
Kaplan buffer (50 mM Tris, pH7.4, 150 mM NaCl, 10% glycerol, 1%
NP40, and protease inhibitor cocktail) and clarified by centrifugation.
They were separated on SDS-PAGE and transferred to polyvinylidene
difluoride membranes. After blocking, the membranes were incubated
with anti-IL-1B goat polyclonal antibody or anti-p-actin mouse mono-
clonal antibody (Sigma-Aldrich), followed by horseradish peroxidase-
conjugated secondary antibodies (GE Healthcare) and ECL reagents (GE
Healthcare).

Rho assay. Rho assay was performed as described previously [16].
Briefly, CGNs were lysed in lysis buffer, and the cell lysates were clarified
by centrifugation and incubated for 45 min with Rho Assay Reagent
(Upstate) to selectively bind activated RhoA for the pull-down assay. The
beads were washed with washing buffer. Whole-cell lysates were directly
immunoblotted to determine the total amount of RhoA. RhoA was

detected by Western blotting using anti-RhoA mouse monoclonal anti-
body (Santa Cruz Biotechnology).

ELISA. Uninjured or injured sciatic nerves were cut into 7 mm pieces.
To obtain conditioned media, nerves were incubated in DMEM/F-12
containing 10% FBS (200 p) per nerve) for 5h, and conditioned media
were clarified by centrifugation. To obtain nerve extract, nerves were
homogenized in Kaplan buffer and clarified by centrifugation. Each
sample of conditioned medium and nerve extract was produced with three
distinct nerves. Sandwich ELISA was then performed to quantify IL-18
according to the manufacturer’s instructions (Quantikine; R&D Systems).

Results and discussion

IL-1B is expressed in Schwann cells following sciatic nerve
injury

Since expression of IL-1f is known to be increased fol-
lowing nerve injury [1,2], we examined its pattern of
expression in a sciatic nerve crush injury model of rat.
The sciatic nerves were injured in rats and removed 1, 3
or 7 days after injury. Immunohistochemistry revealed that
following sciatic nerve injury, expression of IL-1p was
increased 1 day after injury, and that this increase in
expression persisted until 7 days (Fig. 1A). Expression of
IL-18 is found in Schwann cells and macrophages
in vitro {2}, though a clear observation of its cellular local-
ization using methods such as immunohistochemistry and
in situ hybridization has not been reported in vivo. To con-
firm the pattern of cellular localization of IL-1B, we used
anti-NF antiserum for axons and anti-S100 antibody for
Schwann cells in immunohistochemical study. At 1 day
after injury, IL-1B was expressed in Schwann cells and
not in axons (Fig. 1B). Since macrophages, a possible
source of IL-1B, migrate into peripheral nerve at 3 days
after crush injury [17], when the peak of expression of
IL-18 has already passed, Schwann cells are considered
to be the principal source of IL-18 following peripheral
nerve injury. To investigate the site of expression, crushed -
sciatic nerve was divided into four segments around the
site of injury (Fig. 1C) and the expression of IL-1f was
estimated in each segment. Since IL-1p is synthesized as
a 31 kDa precursor (pro-IL-1B), and cleaved to a 17 kDa
mature form by caspase-1 before being released extracellu-
larly [18], the expression of pro-IL-18 was also examined.
Expression of pro-IL-1p (31 kDa) was observed in proxi-
mal and distal segments at 1 day by Western blotting
and persisted until 7 days after injury, though to only a
slight extent (Fig. 1D). Since mature IL-18 could not be
detected by Western blotting, expression of soluble IL-1p
was examined by ELISA as described previously [2]. Since
the expression of pro-IL-1p was not changed in the most
proximal segment (P2) during the period of observation,
the other three segments (P1, D1, and D2) were examined
in detail at 1, 3, and 7 days after injury. In conditioned
medium, in which injured sciatic nerve segment had been
soaked and which contained mature IL-1P, expression of
IL-1P was increased at 1 day and persisted until 3 days
after injury (Fig. 1E). Using sciatic nerve extract, which

—176—



K. Temporin et al. | Biochemical and Biophysical Research Communications 365 (2008) 375-380 377

1 day 3 days

Uninjured 7 days

B
C
D Pro-IL- 1
IL-18
actin e - - — 42kD
IO G TP MG
& DR AR
- 1day 3days 7 days
E (ug/mg/5 hr) F (ug/mg)
3
@ 912
52 8
1 4
i
0 ]
QI SIS B BNCS AN
ST &
N A 1day 3 days? days

1day 3 days 7 days

Fig. 1. Expression of IL-1B following sciatic nerve injury. (A) Fluores-
cence micrographs of sciatic nerves of uninjured rats and 2 mm ‘proximal
to the site of injury at 1, 3, and 7 days after crush injury using ant-IL-I8
antibody. Bar: 100 um. (B) Fluorescence micrographs of consecutive
sections 2 mm proximal to the site of injury at 1 day after injury using anti-
IL-1f antibody and anti-NF antiserum or anti-S100 antibody. Bar: 5 ym.
(C) Sciatic nerves were transected in 7mm lengths in the segments
proximal and distal to the site of injury at 1, 3, or 7 days after injury, and
were used in Western blotting and ELISA. Proximal segments (P1 and P2)
are on the left and distal segments (D1 and D2) on the right. (D) Using the
lysates from transected sciatic nerves, expressions of pro-IL-1f and IL-1B
were examined by Western blotting. (E and F) Expression of IL-1B was
examined by ELISA using conditioned medium (E) and transected nerve
extract (F). Error bars indicate means &+ SEM. Results are representative
of three independent experiments.

contained both pro- and mature IL-1p, expression of IL-1B
also peaked at 1 day, and persisted until 7 days after injury
(Fig. 1F), consistent with the results of Western blotting
(Fig. 1D). These findings suggest that after sciatic nerve
injury, IL-18 is expressed in Schwann cells both proximal
and distal to the site of injury.

IL-1B overcomes MAG-induced neurite outgrowth inhibition
by deactivating RhoA

We next examined the effects of IL-1B on neurite out-
growth. Horie et al. have reported that IL-1B promotes
neurite outgrowth in DRG explant culture, but not in dis-
sociated single DRG neuron culture, and that this effect
appears to be mediated by neurotrophic factors from
non-neuronal cells [11]. In their study, neurite outgrowth
is estimated in only two groups, a control and an IL-1B
group, in dissociated single DRG neuron culture. After
central and peripheral nerve injury, myelin-derived
proteins, such as Nogo-A and MAG, inhibit neurite
outgrowth by activating RhoA [13,19], and it is important
that the effects of these inhibitory molecules be
overcome in nerve regeneration. We therefore cultured pri-
mary DRG neurons in the presence or absence of MAG
and IL-1B, and estimated neurite outgrowth using
immunofiuorescence. Fluorescence micrographs of DRG
neurons (Fig. 2A) showed that MAG inhibited neurite out-
growth and that addition of IL-1p inhibited this effect of
MAG on neurite outgrowth. As measured by axonal
length in DRG neurons, MAG inhibited neurite outgrowth
(138.6 == 7.8 ym) compared with the control (176.3 +
7.1 ym), while IL-18 with MAG enhanced it
(180.4 & 11.0 pm) compared with MAG. Addition of IL-
1B alone did not change axonal length (176.5 £ 7.5 pm).
IL-1P had the same effect on axonal length in CGNs as
in DRG neurons (Fig. 2C). MAG reduced axonal
length (244.1 +£11.3ym) compared with control
(293.5 4 13.1 ym), and IL-1P in addition to MAG results
in the same axonal length (295.0 & 10.4 um) as in the con-
trol. These findings suggest that IL-18 overcame neurite
outgrowth inhibition induced by MAG.

RhoA is a small GTPase of the Rho family and func-
tions by switching between inactive GDP-bound and

..active GTP-bound states. The Rho family plays essential

roles in cellular morphology, such as the actin cytoskele-
ton in stress fibers, lamellipodia, and filopodia [20]. In
neurons, RhoA, acting through downstream Rho kinase,
is responsible for various morphological changes, such as
growth cone collapse, retraction of neurites, and axonal
repulsion [21]. Following peripheral and central nerve
injury, released MAG and other factors bind to Nogo
receptor, yielding activation of RhoA, which brings
about neurite outgrowth inhibition [22]. We therefore
examined RhoA activity by Rho pull-down assay using
CGNs (Fig. 2D and E). Because RhoA activation by
MAG peaks at 15min [23], cells were cultured with
MAG or IL-1p for 15min before being lysed. MAG
increased RhoA activity (2.2-fold compared with con-
trol), and the addition of IL-1B attenuated it (1.0-fold
compared with control) to control level. On the other
hand, no change in RhoA activity was observed with
IL-1B alone (1.0-fold compared with control). These find-
ings indicate that IL-1f inhibited the activation of RhoA
promoted by MAG.
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Fig. 2. Effects of IL-1B on neurite outgrowth. (A and B) Fluorescence
micrographs using anti-TuJ1 antibody (A) and axonal length (B) of DRG
neurons. Bar: 100 um. (C) Axonal length of CGNs. (D and E) Rho pull-
down assay (D) and quantification of results (E)-using CGNs. Relative
activities were quantified compared to the control group. Significance of
differences was determined by r-test. “p-< 0.05 and 'p < 0.01. Error bars
indicate means + SEM. Results are representative of three independent
experiments.

D38 MAPK mediates the inhibition by IL-18 RhoA activity

DRG neurons and CGN s express the specific receptor of
IL-18, type I interleukin-1 receptor (data not shown), and
signal is transmitted intracellularly through it. The princi-
pal intracellular pathways of IL-1B are known to proceed
through nuclear factor-kappa B (NF-xB) and MAPKs,
p38 MAPK, and c-Jun N-terminal kinase [24]. We there-
fore examined the intracellular signaling pathway of IL-
18 in neurite outgrowth assay using two specific inhibitors,
SN50 for the NF-kB pathway and SB203580 for the p38
MAPK pathway.

In the NF-kB pathway, NF-xB is necessary for CGN
survival [25]. In our investigation addition of SN50 for

15min did not have effect on neuronal viability, while
addition for 3 days induced CGN apoptosis (data not
shown). Thus we performed neurite outgrowth assay using
DRG neurons alone. Neurite outgrowth assay of DRG
neurons -revealed that SN50 reduced axonal length
(129.0 £ 4.5 pm) compared with its control peptide
SNS5OM (168.7 £ 15.5 um) (Fig. 3A). This effect appeared
to be due to activation of RhoA, since the addition of
SN50 increased RhoA activity to 2.0-fold compared with
that of SN50M in CGN neurons (Fig. 3B and C). This
was demonstrated by the finding that addition of
Y27632, an inhibitor of Rho kinase, increased axonal
length (158.1 £9.7 pm) compared with SN50 alone
(Fig. 3A). Addition of Y27632 alone is reported not to
enhance axonal outgrowth in CGNs [23], and thus this
result suggests that Rho kinase is the downstream of NF-
xB. Moreover, since IL-1P in addition to SN50 enhanced
axonal outgrowth (149.6+6.5um) (Fig. 3A) and
decreased RhoA activity (0.7-fold compared with
SN50M) relative to SN50 (Fig. 3B and C). These findings
suggest that IL-1B overcame neurite outgrowth inhibition
by deactivating RhoA, and not via the NF-xB pathway.
Since NF-kB also enhances neurite outgrowth in the devel-
oping nervous system [26] and is required for CGN survival
[25], it is essential for the nervous system development. NF-
kB does not mediate the effect of IL-1p. ,

On the other hand, with regard to the p38 MAPK path-
way, neurite outgrowth assay revealed that SB203580
reduced axonal length (157.4 & 12.2 um in DRG neurons,
2478 £ 15.6 ym in CGNs) compared with that in the
DMSO group (2153+ 126 mm in DRG neurons,
323.3 + 18.6 in CGNs) (Fig. 4A and B). The activation
of RhoA appeared to be responsible for this, since the addi-
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Fig. 3. IL-1P overcame neurite outgrowth inhibition, though not via NF-
kB pathway. (A) Axonal lengths were measured in DRG neuron culture
using SN50M, SN50, Y27632, or IL-1B. (B and C) Rho pull-down assay
was performed using CGNs (B) and intensities were measured (C). CGNs
were cultured with SN50M, SNS50, or IL-1B for 15min before lysed.
Relative activities were quantified compared to the SN50M group. Error
bars indicate means £+ SEM. *p < 0.05 and 'p < 0.01. Results are repre-
sentative of three independent experiments.
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