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Corrective Osteotomy for Malunited Intra-Articular

Fracture of the Distal Radius Using a Custom-Made

Surgical Guide Based on Three-Dimensional Computer

Simulation: Case Report

Kunihiro Oka, MD, Hisao Moritomo, MD, Akira Goto, MD, Kazuomi Sugamoto, MD,
Hideki Yoshikawa, MD, Tsuyoshi Murase, MD

We report a case of malunited intra-articular fracture of the distal radius successfully treated
with corrective osteotomy through an extra-articular approach using a custom-made surgical
guide that was designed based on preoperative three-dimensional computer simulation. (J
Hand Surg 2008;33A:835-840. Copyright © 2008 by the American Society for Surgery of

the Hand. All rights reserved.)
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ALUNITED INTRA-ARTICULAR FRACTURE of the
Mdistal radius may cause pain, restrict the

range of motion, and result in osteoarthritis of
the wrist joint."~” Recently, several investigators have
reported different techniques of intra-articular correc-
tive osteotomy for symptomatic intra-articular mal-
union.® "' However, even with these techniques, it is
still difficult to perform an accurate osteotomy through
the original fracture line on the articular surface and
reduce the malunited fragment to the correct position to
reconstruct a smooth joint surface.'! An operative pro-
cedure involving arthrotomy has the inherent risk of
postoperative joint contracture.® The malunited frag-
ment, if completely dissected from the parent radius,
can become necrotic.”'® Less-invasive arthroscopic
procedures require considerable surgical skills to ac-
complish an appropriate intra-articular corrective os-
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teotomy. On the other hand, the recent progress in
computed tomography (CT) imaging and computer
technology has enabled us to simulate an accurate
three-dimensional (3-D) corrective osteotomy using CT
bone models. Furthermore, the development of an in-
traoperative guiding system that uses a custom-made
surgical template makes it possible to perform an op-
eration as simulated before the actual operation in spi-
nal surgery,'>'* joint arthroplasty,’> and dental im-
plantation, '

Here, we report a case of malunited intra-articular
fracture of the distal radius that was successfully treated
through an extra-articular approach using a simulation
guidance system that consists of an original 3-D com-
puter program and a custom-made surgical guide,
which was designed to reproduce a preoperative simu-
lation during the actual surgery.

CASE REPORT

A 32-year-old man sustained a volar Barton fracture of
the left distal radius and was initially treated by open
reduction and internal fixation with a volar plate. The
fracture united and the plate was removed 5 months
after the operation; however, the patient complained of
wrist pain and restriction of wrist motion. He was
subsequently referred to our institution.
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836 CORRECTIVE OSTEOTOMY FOR MALUNITED FRACTURE

FIGURE 1: Computed tomography showed A a 3-mm step-off of the articular surface of the distal radius and B distal and ulnar

migration of the volar fragment.

A

FIGURE 2: A, B A 3-D bone model of the radius indicates a malunion of the ulnovolar fragment of the distal radius.

On physical examination, wrist extension and
flexion were restricted to 45° and 5°, respectively,
with marked pain. Grip strength was 22 kg com-
pared to 53 kg in the opposite hand. Radiographs
revealed an irregular articular surface of the distal
radius. CT showed a 3-mm articular step-off with
distal migration of the fragment (Fig. 1).

Simulation ,

To plan corrective surgery for this intra-articular defor-
mity of the distal radius, we attempted to simulate the
3-D correction of the deformity using computer models
of the bones. First, the wrist was scanned by CT (scan
time 0.5 s, slice thickness 0.625 mm, 10 mA, 120 kV;
LightSpeed Ultra 16, General Electric, Waukesha, WI),
and the digital data were entered in the computer. The
contours of the radius, ulna, and proximal row of the
carpal bones were semiautomatically segmented, and
3-D surface models were constructed based on the 3-D

surface generation of the bone’s cortex'® using a VTK-
based original computer program (Visualization Tool-
kit; Kitware Inc., Clifton Park, NY). Then, by deleting
the bone marrow data, we obtained the complete sur-
face models of the bones. The 3-D bone model of the
radius showed a step-off at the articular surface of the
distal radius with distal migration of the volar fragment
(Fig. 2). In the computer simulation, the volar fragment
was divided along the step-off and was reduced to the
level of the original articular surface. The correction
was completed by sliding the volar fragment 3 mm in
the proximal direction (Fig. 3). To reproduce this sim-
ulation of intra-articular corrective osteotomy through
an extra-articular approach, a customized surgical guide
with multiple drilling holes to divide the malunited
fragment was designed using commercially available
software (Magics RP 10; Materialize, Leuven, Bel-
gium) to exactly fit onto the volar surface of the distal
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CORRECTIVE OSTEOTOMY FOR MALUNITED ERACTURE 837

FIGURE 3: A, B Correction of the radius was accomplished by sliding the volar fragment 3 mm proximally.

FIGURE 4: Computer planning of an intra-articular osteotomy. A, B Multiple wires (blue) were set along the deformity line to

perform osteotomy. C, D A customized surgical guide (yellow), which fit on the bone surface and which was equipped with drill

holes, was designed.

radius (Fig. 4). Then, the surgical guide was molded as
a real plastic model with medical-grade resin in a rapid
prototyping machine (Eden 250; Objet Geometries
Ltd., Rehovot, Israel), which was accurate to within 30
pm. The guide was equipped with guide holes to set
sleeves for K-wires. The diameter of the guide hole for
a stainless drill sleeve, which had an internal diameter
of 1.3 mm, was set at 3.0 mm. The surgical guide was
sterilized with ethylene oxide (Fig. 5).

Surgical technique

The volar surface of the distal radius was exposed
through a conventional volar approach, and the surgical
guide was closely fit. K-wires (1.2 mm [0.047 in]) were
passed through a drill sleeve while confirming penetra-
tion of the ends through the articular step-off under
arthroscopic visualization (Fig. 6A, B). In. total, 10
wires were placed, and an osteotomy was accomplished
using a chisel along the borings (Fig. 6C). The fragment
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838 CORRECTIVE OSTEOTOMY FOR MALUNITED FRACTURE

FIGURE 5: A, B The surgical guide was embodied as a real plastic model.

A

FIGURE 6: A The volar surface of the distal radius was exposed. B The surgical guide was fit, and K-wires were passed through
drill sleeves under arthroscopic visualization. C The bone was divided using a chisel along the borings.

was completely separated from the radius with the volar
radiocarpal ligaments attached to it. The fragment was
moved proximally 3 mm and fixed temporally with 2
K-wires. After the reduction of the articular surface was
confirmed with arthroscopy and an x-ray image inten-
sifier, the fragment was fixed with 2 double-threaded
screws (DTJ screw; Meira Co., Ltd., Nagoya, Japan),
which have been shown to provide strong holding
power for small bone fragments.'

Complete reduction of the step-off was achieved
without arthrotomy, and a postoperative radiograph
clearly showed that the incongruity of the radiocarpal
joint was corrected. Cast immobilization was main-
tained for 3 weeks postoperatively. The patient was able
to actively exercise the wrist and forearm, under the
supervision of a physiotherapist, because good fixation
between the fragment and the radius was achieved and
wrist contracture after the intra-articular osteotomy was
prevented. Three months after surgery, bone union had
been achieved, the range of motion had improved, and
the pain had disappeared. At the final follow-up 3 years
after surgery, the congruity of the radiocarpal joint was
preserved on radiographs (Fig. 7), and a smooth radial
articular surface was observed on CT scans (Fig. 8).
Wrist extension and flexion improved to 80° and 70°,

respectively, and the grip strength increased from 22 kg
preoperatively to 45 kg postoperatively. Furthermore,
the patient no longer complained of any functional
limitation in activities of daily living.

DISCUSSION

Incongruity of the wrist joint because of displaced intra-
articular fragments is one of the major concerns after
distal radius fractures.>*”2° Failure to reduce the artic-
ular surface to less than 2 mm of the step-off is con-
sidered to be a cause of posttraumatic osteoarthri-
tis,*7819 for which partial or total wrist arthrodesis has
often been indicated.*' > Few studies have reported
corrective osteotomies for intra-articular malunions of
the distal radius, with and without arthroscopic assis-
tance; however, these procedures are still associated
with problems.**'%!! It is not always possible to ade-
quately evaluate the complex 3-D intra-articular mal-
union with plain radiographs and intermittent slices of
CT images. Consequently, the first problem that a sur-
geon encounters is planning an appropriate corrective
surgery. In the actual surgery, it is not easy to perform
an accurate osteotomy through a malunited fracture line
from a limited field of view. Arthrotomy is usually
performed from the dorsal side of the wrist joint to
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CORRECTIVE OSTEOTOMY FOR MALUNITED FRACTURE 839

FIGURE 7: Anatomic correction and congruity of the radiocarpal joint was obtained after surgery. A Anteroposterior and B lateral

radiographs 3 years and 4 months after surgery are shown.

FIGURE 8: A, B Computed tomography shows congruity of the radiocarpal joint and complete obliteration of the step-off.

preserve the volar radiocarpal ligaments, which are the
main stabilizers of the radiocarpal and midcarpal joints.
Therefore, a malunited fragment located at the volar
articular surface is difficult to operate on. Concerning
postoperative wrist function, an open procedure of the
wrist joint might lead to restricted range of joint motion
due to fibrosis. Arthroscopic surgery is a less invasive
alternative for managing intra-articular pathology.

However, it is technically demanding to insert a target-
ing device into the tight volar joint space of the wrist,
place it exactly on the fracture line, and perform an
appropriate osteotomy under arthroscopic visualization.

We tried to perform an accurate intra-articular cor-
rective osteotomy using 3-D computer simulation and a
custom-made surgical guide. The advantage of the
computer simulation is its ability to devise an accurate
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operative plan with CT bone models. The customized
surgical guide enabled us to realize the preoperative
simulation of intra-articular corrective osteotomy
through an extra-articular approach during the actual
surgery. A CT-based, custom-made surgical guide has
been reported to be used in spinal surgery techniques
such as insertion of pedicle screws,'*™'* total joint ar-
throplasty for bone cutting,'® and innominate osteoto-
my,*® and this procedure has been confirmed as a prac-
tical method for implementation of computerized
planning. Custom-made drill guides have also been
commercially produced for performing dental im-
plants.’”'® We modified this technique for performing
a corrective osteotomy of a malunited intra-articular
fracture. By making multiple drill holes on the guide,
we were able to perform an accurate osteotomy through
the malunited fracture line on the articular surface
through an extra-articular approach, just as preopera-
tively simulated. After the osteotomy was performed,
the reduction could be completed simply by sliding the
fragment proximally. Although arthroscopy was per-
formed, it was only used to confirm that each step of the
surgical procedure was done correctly.

The computer program described here is currently
available only at our institution. Approximately 2 hours
was required to complete the preoperative simulation,
and the CT scanning and stereolithography modeling
cost about $180 and $360, respectively. We believe that
these shortcomings can be overcome with the advance-
ment of technology and could well be offset by the
above-mentioned advantages. This initial account of an
intra-articular corrective osteotomy assisted by com-
puter simulation and a custom-made surgical guide
indicates that accurate and reliable anatomic reduction
and an excellent clinical outcome can be achieved with
this technique. We believe that our technique of com-
puter simulation guidance is useful in planning and
performing intra-articular corrective surgery through an
extra-articular approach and hope that it will provide a
novel treatment option for malunited intra-articular dis-
tal radius fractures.
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Abstract

Background A surgical guide made by the rapid prototyping (RP) technique
for cup insertion in total hip arthroplasty might be useful to avoid
malalignment of the cup, which indicates postoperative complications.

Methods To address this research question, we applied a RP-based guide
to 24 patients with their CT images. We designed it to fit onto the acetabular
edge and to insert a Kirschner wire (K-wire) which indicated a planned cup
direction. We intraoperatively placed it on the acetabular edge, inserted the
K-wire through the guide on the superior acetabulum and implanted the cup
while observing the alignment of the K-wire. We also recorded the additional
time needed to use the guide.

Results The mean cup accuracy between planned and postoperative
alignments was 2.8° (SD = 2.1°) for abduction and 3.7° (SD = 2.7°)
for anteversion. The mean additional time was 3.5 (range 2—6) min.

Conclusion We can use this guide with acceptable accuracy and without
consuming an excessive amount of time. Copyright © 2009 John Wiley &
Sons, Ltd.

Keywords surgical guide; total hip arthroplasty; rapid prototyping technique;
tailor-made

Introduction

In total hip arthroplasty (THA), fixation of the acetabular component (cup)
requires optimal alignment, which is defined as a ‘safe zone’ by one author
(1), in order to reduce postoperative complications, such as cup-neck
impingement and hip dislocation. The zone is an abduction angle of 40 £+ 10°
and an anteversion angle of 15 + 10°. With this range the dislocation rate
was 1.5% and outside this range it was 6.1%. Because 22-71% of cases with
the conventional manual procedure are achieved within the safe zone (2-5),
some computer navigation systems with optical sensors have been used to
reduce angle variations of the cup (4-7). However, this kind of system has
a high cost per arthroplasty case (an additional $600-2000 for navigation)
(8) and involves intraoperatively time-consuming procedures (an additional
15-46 min of operating time compared with conventional procedures) (8,9).

Another computer-assisted surgery technique that involves few time-
consuming intraoperative procedures is the use of a tailor-made sur-
gical guide, made using the rapid prototyping (RP) technique, which
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has been reported for various orthopaedic procedures,
such as pelvic osteotomy (10), fixation for acetabular
fracture (11), spinal instrumentation (10,12), knee
arthroplasty (13) and corrective osteotomy of the upper
extremity (14,15), as well as for dental implants (16,17).
The surgical guide has a base part to fit on the surgical
bone intraoperatively, and a guide part to achieve optimal
alignment or position of the surgical instruments on the
basis of preoperative computed tomography (CT) images
of the relevant bone. Although there is some concern
about taking CT images in this technique, some recent
papers have reported an improvement to reduce the
radiation dose (18,19).

Since the use of the surgical guide for cup insertion
has not been reported previously, we applied the surgical
guide to dry cadaveric pelvic bones (20). The surgical
guide was designed to fit onto intact acetabular edges
with the insertion of a Kirschner wire (K-wire) indicating
a favourable cup direction. We showed in the vitro study
that the mean error for the placement of the surgical
guide was within 1° [abduction; 0.8° (range 0.2-2.3°, SD
0.8°); anteversion, 0.5° (range 0-2.0°, SD 0.6°)].

The purpose of the current study was to investigate
whether the tailor-made surgical guide for cup insertion
was useful in real clinical cases.

Materials and Methods

We examined the usefulness of the surgical guide for
cup insertion in terms of accuracy of cup insertion and
the time required for use of the surgical guide during
the operation. The surgical guide for cup alignment was
designed preoperatively on the computer using CT images
of the patient’s pelvis, and then the surgical guide was
manufactured using the RP technique. The surgical guide
was used during cup insertion in 24 patients. Patient
mean age was 65.8 (range 52~87) years; there were two
males and 22 females. The preoperative diagnosis was
osteoarthritis in 17 patients, osteonecrosis of the femoral
head in four patients and rheumatoid arthritis in three

VE RS
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patients. This study was approved by the institutional
review board, and all patients gave their written informed
consent.

Preoperative CT images of the whole pelvis were
obtained with a 2.5 mm slice thickness, slice pitch
3mm (0.15:1) and pixel spacing 0.781 mm (Light
Speed Plus, GE Medical Systems, Milwaukee, WI, USA).
The images were transferred to computer software (3D
template, Japan Medical Materials, Osaka, Japan) for 3D
planning of the cup. In the software, we acquired any
multi-plannar (coronal, sagittal and axial) views with a
changing orthogonal coordinate system and any digitally
reconstructed plain radiographs (DRR) on each view.
The DRR was a synthetic X-ray (21) on the basis of
the CT images (Figure 1). To make the pelvic coordinate
system, we referenced the supine position of the patients
when taking CT images (6,22). With this reference, we
could determine the coronal plane corresponding to the
plane of the CT table. Then, we defined a line joining
the ischial tuberosities as the horizontal axis, with a
DRR of anteroposterior direction on the coronal view
(Figure 2a). In order to match between preoperative and
postoperative pelvic orientations, we recorded the pelvic
tilt with another DRR of lateral direction on the sagittal
view (Figure 2b) (22) and the angle between the line
joining the anterior superior iliac spines and the horizontal
line in the axial view (Figure 2c). Abduction of the cup
was planned to be 40° using the radiographic definition
(23). Anteversion of the cup was planned with a range
of 15-20° using the radiographic definition, because
acetabular bony coverage and degree of femoral neck
anteversion were considered. These angles were defined
as the preoperative cup orientation, The matrix data of the
cup orientation were recorded for the following process.

The CT images also were transferred to image
processing software (Virtual Place-M; Medical Imaging
Laboratory, Tokyo, Japan) to reconstruct a polygonal
three-dimensional (3D) pelvic model using the marching
cubes method (24). The surgical guide was designed by
Visualization Toolkit (VTK) libraries (Kitware Inc., Clifton
Park, NY, USA). After transferring the pelvic model, the

R E R SR IR

Figure 1. 3D planning of the cup. (a) multi-planar (coronal, sagittal and axial) views of CT images. (b) Digitally reconstructed
radiographs on the basis of the CT images. We can acquire these with any orthogonal coordinate system

Copyright © 2009 John Wiley & Sons, Ltd.
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Figure 2. Pelvic coordinate system. (a) The coronal plane corresponded with the plane of the CT table. The line joining the
the ischial tuberosities is defined as the horizontal axis (white line). To match between preoperative and postoperative pelvic
orientations, the pelvic tilt (b) is the angle between the line of the anatomical plane of the pelvis (solid grey line), through the
bilateral superior anterior iliac spines and the superior margin of the pubic symphysis and the vertical line (dotted grey line) on
the sagittal view is recorded. The angle (c) between the line (solid white line) joining the bilateral superior iliac spines and the
horizontal line (dotted white line) is also recorded

Figure 3. The making of the tailor-made surgical guide. (a) A 3D view of the cup and the pelvic model. (b) Premodel of the
surgical guide, which consists of a guide (solid arrow) and base parts (dotted arrow). A broken line shows the alignment of the
preoperatively planned cup. (c) Back of the premodel of the surgical guide (when looking from the acetabulum) has an imprint of
the acetabular edge after Boolean subtraction. (d) Final model of the surgical guide is made by shaping itself. (e) Some parts used
to confirm adaptation between the surgical guide and the acetabular edge are made by shaping of the surgical guide (an arrow

indicates one of these confirmation parts). (f) Manufacture of the surgical guide using the RP technique

3D cup model was placed in the acetabulum on the basis of
the matrix data (Figure 3a). By the placement of the cup,
we could determine some intact parts of the acetabular
edge, e.g. inferior parts around the transverse ligament
(Figure 3a). The intact parts were used for shaping the
surgical guide in the following steps. We designed the
premodel of the surgical guide, which consisted of a base
and guide parts (Figure 3b: solid arrow, guide part; dotted
arrow, base part). The base part, which was a cylindrical
object, was placed overlapping the acetabular edge. The
guide part was another cylindrical bore and was designed
to parallel the direction of the planned cup with its matrix
data. The guide part also had cylindrical foramina in
order to insert a 2 mm diameter K-wire on the superior
acetabulum intraoperatively.

The pelvic model and the premodel of the surgical
guide were exported in stereolithography (STL) format
to Magics 11 (Materialise NV, Leuven, Belgium) software
for spatial image processing to design the surgical guide.

Copyright © 2009 John Wiley & Sons, Ltd.

The guide part was combined with the base part. The
base part was modified by spatially subtracting a part
of the acetabular edge from itself, which is known
as Boolean subtraction. This modification provided an
imprint of the part of the acetabular edge in the base
part (Figure 3c¢). Furthermore, the modified base part
was shaped by removing itself partly to fit on only
the intact acetabular edges, which were detected by
placing the cup on the acetabulum (Figure 3d). Some
confirmation points to investigate adaptation between the
surgical guide and the acetabular edge intraoperatively
were also made consequently by the shaping of the
modified base part (Figure 3e; black arrow indicate one
of the confirmation parts). The surgical guide was then
manufactured with photosensitive medical-grade resin,
using an RP machine (Eden 250; Objet Geometries Ltd,
Rehovot, Israel; Figure 3f).

The surgical guide was used after femoral head
resection, acetabular exposure, and acetabular reaming

Int J Med Robotics Comput Assist Surg 2009; 5: 164~169.
DOL: 10.1002/rcs
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Figure 4. Cinical use of the tailor-made surgical guide during cup insertion of total hip arthroplasty. (a) Placement of the surgical
guide and insertion of the K-wire through the guide part. (b) Cup fixation while observing the alignment of the K-wire

during THA. The surgical guide was placed on the peri-
acetabulum (Figure 4a), and the K-wire was inserted
on the superior acetabulum through one foramen of
the guide part. After removing the surgical guide, cup
fixation was performed while observing the alignment
of the K-wire (Figure 4b). Since the cup is placed
to the hemispherically reamed acetabulum, it was
considered that the reaming process hardly affects
the alignment errors of the surgical guide. The time
from set-up to removal of the surgical guide was
recorded. After cup fixation, the remaining steps of
the THA, including femoral rasping and stem fixation,
were performed using conventional procedures. The
operative time and intraoperative blood loss were also
recorded.

All patients had a CT scan 3 weeks after surgery.
The pelvic coordinate system of the postoperative CT
images was determined by the method described above
(Figure 2a). The adjustment of the preoperative and
postoperative pelvic orientations was performed using
information of the preoperative pelvic tilt (Figure 2b) and
the angle between the line joining the anterior superior
iliac spines and the horizontal line (Figure 2c). The
postoperative orientation of the cup was measured after
the adjustment. The reproducibility of the measurement of
the postoperative orientation of the cup, including in the
adjustment between the preoperative and postoperative
pelvic orientations, was investigated using the following
two parameters, which were used in a previous report
(25). Intra-individual (from two measurements separated
by a 3-week interval) and inter-individual (by one
surgeon and one technical assistant) reliabilities, using
Pearson correlation coefficient, and intra- and inter-
individual angle differences (absolute angle difference
between two measurements) were evaluated. The intra-
and inter-individual reliabilities were 0.91 and 0.92
for abduction and 0.94 and 0.88 for anteversion. The
intra- and inter-individual angle differences were 1.6°
(SD 1.2°) and 1.1° (SD 0.8°) for abduction, and
1.7° (SD 1.3°) and 1.7° (SD 0.9°) for anteversion.
‘Cup accuracy’, which was defined as the absolute
difference between the preoperative cup orientation and
the postoperative cup orientation, was measured in all
patients.

Copyright © 2009 John Wiley & Sons, Ltd.

Results

The mean postoperative orientations of the cup were
38.6° (range 34.0-43.1°; SD 2.7°) of abduction and
17.4° (range 6.3-27.2°; SD 5.6°) degrees of anteversion.
The mean cup accuracy was 2.8° (range 0.4-7.7°; SD
2.1°) for abduction and 3.7° (range 0.1-9.3°; SD 2.7°)
for anteversion.

The time from set-up to removal of the surgical guide
was an average of 3.5 (range 2—6; SD 1.4) min; the mean
total operative time was 106 (range 79-169; SD 23.7)
min. The intraoperative blood loss was an average of 655
(range 190-1768; SD 330) ml.

Discussion

In the current study, the usefulness of the surgical guide,
made using the rapid prototyping technique, to avoid
malalignment of the cup was investigated. Although the
surgical guide was used in only 24 patients, we consider
that the surgical guide was useful in the clinical setting.
It appears that the cup accuracy using the surgical
guide was acceptable. Although the mean accuracy of
the placement of the surgical guide was <1° in our
previous study using dry pelvic bones (20), we assumed
that additional errors would occur in the current study
with clinical cases. Of these errors, some intrinsic and
extrinsic errors are considered (26). In the intrinsic
errors, segmentation error was not significant because
a previous study reported that the segmentation error
was 0.2-0.5 mm with similar CT protocols (with a slice
thickness of 4 mm and a pixel spacing of 0.71 mm) (27).
The slice thickness (2.5 mm) of the CT images in the
current study might increase the intrinsic errors because
the slice thickness in our previous study was 1 mm (20).
An error from the manufacture of the surgical guide
was not significant because the accuracy of printing was
30 um with high-speed mode and the overall accuracy was
0.1-0.2 mm, according to the brochure or the website
of the company which provides the RP machine in
the current study (www.objet.com). As to the extrinsic
errors, we could address carefully the remove of soft
tissues around the periacetabulum, which might affect
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the accuracy of the placement of the surgical guide. An
error during insertion of the K-wire and adjusting the cup
alignment while observing the alignment of the K-wire
was within 2°, according to our previous study (20). In
addition, press-fit fixation of the cup affects final cup
alignment (28). In this previous study on the undesirable
effect of the press-fit procedure on the final alignment of
the cup, the author showed that the mean absolute cup
alignment deviations during implantation were 3.7° of
abduction (range 0-9°; SD 2.8°) and 5.1° of anteversion
(range 0-10°;, SD 2.3°). Although many errors were
considered as above, the cup accuracy was, on average,
2.8° for abduction and 3.7° degrees for anteversion. We
believe that this cup accuracy achieved by the surgical
guide was favourable compared with the following results
of conventional and navigated THAs according to previous
papers (2-7,29,30).

The mean absolute deviation from preoperative
planned alignment of the cup was 4.1-6.3° (maximum
25°) for abduction and 5.2-13.0° (maximum 38°)
for anteversion in conventional THAs, and 3.6-4.2
(maximum 15°) for abduction and 4.2-5.3° (maximum
18°) for anteversion in the navigated THAs (2-5,29).
With regard to a range within 10° from the desired
alignment of the cup, such as the safe zone, 22—-71% of
the cases with conventional THAs and 80-100% of the
cases with the navigated THAs (2-6,30) achieved within
the range. The all cup alignments in our study were within
10° from the preoperative planned alignments. Therefore,
we consider that our results are more favourable than
conventional THAs and comparable to navigated THAs.

We evaluated whether the surgical guide was useful
in terms of operating time and blood loss. Although it
has been reported that the additional operation time was
15-46 minutes compared with conventional procedures
(8,9), the mean time for use of the surgical guide in
the current study was about 3.5 min. We consider that
this time was not clinically significant. Because the time
for the surgical guide was short, the total operation time
(average 106 min) and blood loss (average 655 ml) in our
study were comparable to some of the previous studies
with the conventional and navigated THAs which we
evaluated regarding the accuracy of the cup (4,6,7,29,30).
The mean total operation time and mean blood loss
were 75-178 min and 399-751 ml, respectively, in
previous studies with conventional THAs (4,6,7,29) and
83-177 minutes and 341-827 ml in previous studies with
navigated THAs (4,6,7,29,30).

Use of the surgical guide maintained the conventional
intraoperative procedure. After acetabular reaming, we
just placed the surgical guide and inserted the K-wire
through the surgical guide. Then, we performed the cup
fixation while observing the alignment of the K-wire as
the alignment guide for the planned cup. No additional
skin incisions for intraoperative registration steps and
monitoring space for a computer are needed.

The surgical guide has also some advantages. First,
the surgeon can obtain information about cup alignment
without looking away from the surgical field. Since

Copyright © 2009 John Wiley & Sons, Ltd.
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most commercial surgical navigation systems display
images on a computer monitor positioned adjacent to the
surgical field, surgeons might have physical and/or mental
difficulty in adjusting between real and computational
spatial information, and there may be potential risk to
the surgical field while acquiring navigation information
on the monitor. We suggest that the procedures involved
in using the surgical guide maintain safety, because the
surgeon does not have to look away from the surgical
field. Second, this surgical guide can be used in any
hospital. One needs to only take CT images of the patient,
manufacture the surgical guide and sterilize it before the
operation. No additional personnel are needed in the
operating theatre (10).

There are some drawbacks to the surgical guide.
Radiation exposure from the CT scans is a concern.
However, it might be justified by the benefits of the
imaging information, such as thickness and coverage of
the acetabulum and femoral anteversion for implantation
in 3D planning. In addition, attempts have been made to
develop low-dose radiation CT scans of the pelvis (19).
According to a previous paper, the radiation dose for the
pelvis with 1-1.5 mm slice thickness was 1.7 mSv, as
opposed to 10 mSv for a traditional pelvic CT scan. By
comparison, the radiation doses from plain AP and lateral
pelvic radiographs are 0.7 and 0.8 mSv, respectively (19).
Both preoperative planning and manufacturing of the
surgical guide required 90120 minutes each. Apart from
the time for its manufacture, the time for preoperative
planning might shorten if dedicated computer software
were made for the surgical guide.

In conclusion, the tailor-made surgical guide using the
RT technique is useful for cup insertion during total hip
arthroplasty in the clinical setting. The mean absolute
deviation from preoperative planned alignment of the
cup was 2.8° (range 0.4-7.7°; SD 2.1°) for abduction
and 3.7° (range 0.1-9.3°; SD 2.7°) for anteversion.
All cup alignments were within 10° of the preoperative
planned alignments. The intraoperative time for using the
surgical guide was an average of 3.5 (range 2—-6; SD 1.4)
min. Further study is needed to investigate whether the
surgical guide provides more accuracy of cup insertion
than conventional procedures, without excessive increase
of the total operation time and blood loss.
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Interosseous Membrane of the Forearm: An Anatomical

Study of Ligament Attachment Locations

Kazuo Noda, MD, Akira Goto, MD, PhD, Tsuyoshi Murase, MD, PhD, Kazuomi Sugamoto, MD, PhD,

Hideki Yoshikawa, MD, PhD, Hisao Moritomo, MD, PhD

Purpose The interosseous membrane (IOM) of the forearm is a stout ligamentous complex
that reportedly comprises several ligamentous components. The purpose of this cadaveric
study was to define all IOM ligaments and to clarify the precise attachment locations.

Methods Thirty forearms from 15 embalmed cadavers were used. After dissection, all IOM
ligaments were identified, and attachments were measured from the tip of the radial styloid
or the ulnar head. Attachment locations were represented as a percentage of total bone length
from the distal end of the radius or ulna.

Results The IOM included 5 kinds of ligaments: central band, accessory band, distal oblique
bundle, proximal oblique cord, and dorsal oblique accessory cord. The most distal and
proximal ends of the radial origin of the central band were 53% and 64% of total radial length
from the tip of the radial styloid, whereas those of the ulnar insertion were 29% and 44% of
total ulnar length from the ulnar head. The center point of the radial origin and ulnar insertion
of the accessory band were 37% and 23%, respectively. The center points of the ulnar origins
and radial insertions were 15% and 10% for the distal oblique bundle; 80% and 79% for the
proximal oblique cord; and 64% and 62% for the dorsal oblique accessory cord, respectively.

Conclusions The present study clarified precise attachment locations of all representative IOM
ligaments. This information will be useful in planning proper graft placement in ligament
reconstruction surgery and for future biomechanics research into the function of the IOM
ligaments. (J Hand Surg 2009;34A:415-422. © 2009 Published by Elsevier Inc. on behalf
of the American Society for Surgery of the Hand.)

Key words Anatomy, attachment location, forearm, interosseous membrane (IOM), ligament.

HE INTEROSSEOUS MEMBRANE (IOM) of the fore-
arm is a stout ligamentous complex linking the
radius to the ulna. The anatomy of this structure
has been studied by various investigators.'~” The IOM
reportedly consists of distal membranous, middle liga-
mentous, and proximal membranous portions. Each
portion is also known to include several ligamentous
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components. The most representative component of the
IOM is called the central band (CB),!*? the broadest and
stoutest collection of fibers in the IOM, running ob-
liquely from the proximal radial shaft to the distal ulnar
shaft. Prior biomechanical studies' """ have revealed
that the CB plays important roles in maintaining fore-
arm functions, as the longitudinal stabilizer of the fore-
arm, and as a load transmitter between the radius and
ulna.

The other components of the IOM reportedly com-
prise the accessory band (AB),” which is located adja-
cent to the CB; the proximal oblique cord*>'*>™' on the
anterior aspect of the forearm; and the dorsal oblique
accessory cord® on the posterior side. Some confusion
seems to exist with regard to the terminology because
prior authors have often used their own terms to repre-

© 2009 Published by Elsevier, Inc. on behalf of the ASSH. « 415
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416 ANATOMY OF THE INTEROSSEOUS MEMBRANE

FIGURE 1: Measurement of attachment locations of IOM ligaments. Lr, radial length; Lu, ulnar length. a to 1, lengths from the tip
of the radial styloid for the radius or from the ulnar head for the ulna. Attachment locations are expressed as percentages of total
bone length from the distal end (e.g., a/Lr X100). a, b and c, d, distal and proximal ends of the central band; e, f, distal ligament
of the accessory band; g, h, distal oblique bundle; i, j, proximal oblique cord; k, 1, dorsal oblique accessory cord.

sent these structures, and the functions of these liga-
ments remain a mystery.

IOM researchers have documented the morphologi-
cal characteristics of the IOM ligaments well, including
measurements such as width,"">*> thickness,!>® and
insertion angle of the ligament into the radius and
ulna.>"'® The purpose of this study was to define all
IOM ligaments and to clarify precise attachment loca-
tions. :

MATERIALS AND METHODS

Thirty forearms from 15 embalmed cadavers (9 fe-
males, 6 males) were examined for the width, thickness,
and attachment location of the IOM ligaments. Mean
age at time of death was 85 years (range, 60-96 years).
No apparent pathological lesions were identified in the
forearms. The upper extremities were amputated at the
middle of the upper arms. Specimens were carefully
stripped of all soft tissues remaining on JIOM structures
and capsuloligamentous tissues around the wrists and
elbows. The measurements were made with the forearm
positioned in neutral rotation. The width and thickness
of each IOM ligament was measured using calipers
(accuracy, 0.05 mm; Mitutoyo, Kanagawa, Japan). We
then identified the origins (proximal attachments) and

insertions (distal attachments) of all ligaments. The
locations of the attachments were measured from the tip
of the radial styloid for the radius and from the ulnar
head for the ulna (Fig. 1). For the CB, both the distal
and proximal ends of attachment were measured be-
cause it had a broad attachment. For the other liga-
ments, only the center points of the attachments were
measured because they had narrow attachments. A
stainless steel ruler (accuracy, 0.15 mm; Shinwa Rules,
Niigata, Japan) was used for location measurement.
Attachment locations were expressed as percentages of
the total bone length of the radius or the ulna from each
distal end.

RESULTS
Middle ligamentous complex

The middle portion of the IOM (the middle ligamentous
complex) was a complex of ligaments that were quad-
rilateral in shape and were located within the interosse-
ous space. The middle ligamentous complex was fur-
ther divided into 2 ligamentous components, the CB
and the AB.

Central band:  The widest and thickest ligament was the
CB, forming part of the middle ligamentous complex
(Figs. 2-5). The CB originated from the interosseous
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FIGURE 2: Schematic structure of the IOM. Right forearm
viewed from the anterior aspect. The IOM consists of distal,
middle, and proximal portions. The middle portion is a
ligamentous complex (middle ligamentous complex) that is
further divisible into the CB and the AB. Distal and proximal
portions on either side of the middle portion comprise
transparent membranous tissue (distal and proximal
membranous portions) with holes for perforation of the
interosseous artery. The DOB is present within the distal
membranous portion. The proximal oblique cord is present on
the anterior side of the forearm and the dorsal oblique
accessory cord on the posterior side in the proximal
membranous portion. R, radius; U, ulna.

crest of the radius, which is the interosseous ridge of the
radius that projects most ulnaward, then coursed dis-
tally and ulnarly and inserted into the interosseous bor-
der of the ulna. The CB was seen in all specimens. The
mean width was 9.7 = 3 mm (range, 44-16 mm)
measured perpendicular to its fibers, and the mean
thickness was 1.3 *= (0.2 mm (range, 1-1.6 mm). The
locations of the attachments of the CB on the radius and
ulna are detailed in Table 1.

Accessory band:  Several ligaments, which were in the
same coronal plane as the CB, existed on either side of
the CB in the middle ligamentous complex and were
collectively termed the AB (see Figs. 2, 3). The fibers of
the AB ran in almost the same direction as the CB

distal

FIGURE 3: Backlit photograph of IOM ligaments. Asterisks
indicate the CB as part of the middle ligamentous complex,
which originates from the interosseous crest of the radius
(white arrow), runs distally and ulnarly, and inserts into the
interosseous border of the ulna. Arrows indicate the AB,
which runs in a similar way to the CB. Arrowheads indicate
the DOB within the distal membranous portion, which
originates from around the distal one sixth of the ulnar shaft
and inserts into the inferior rim of the sigmoid notch of the
radius. Broken arrows indicate the dorsal oblique accessory
cord on the posterior aspect of the forearm, which originates
from around the distal two thirds of the ulnar shaft and inserts
into the interosseous crest of the radius. The proximal oblique
cord cannot be distinguished in this photograph because this
cord is in contact with the surface of the radial tuberosity (x).
R, radius; U, ulna.
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418 ANATOMY OF THE INTEROSSEOUS MEMBRANE

FIGURE 4: The CB and DOB, Four different right forearms are shown. Asterisks indicate the CB, and arrows indicate the DOB.
The other ligamentous components were dissected. The CB is the thickest ligament and has a broad attachment. It originates from
the interosseous crest of the radius, then courses distally and ulnarly and inserts into the interosseous border of the ulna. The CB

was seen in all specimens.

fibers. The structure was less substantial (< 1 mm in
thickness) and varied in location and number (Fig. 5).
The AB was usually located distal to the CB, and the
most distal ligament of the AB tended to be the stoutest
of the AB fibers. In comparison, fibers were often
absent proximal to the CB, and even if present, they
were short and delicate. Of 30 specimens examined, the
region distal to the CB showed a single ligament in 14
specimens, 2 ligaments in 3 specimens, 3 ligaments in
8 specimens, 4 ligaments in 1 specimen, 5 ligaments in
1 specimen, and O ligaments in 3 specimens. Con-
versely, the region proximal to the CB showed O liga-
ments in 17 specimens, 2 ligaments in 7 specimens, 3
ligaments in 5 specimens, and 4 ligaments in 1
specimen.

We chose the distal ligament for attachment mea-
surement because it was the only structure of all AB
fibers that existed in a relatively constant and stout
fashion. The attachment locations of the AB fibers are
detailed in Table 1.

Distal membranous portion

The distal membranous portion was on the distal side of
the middle ligamentous complex, spanning between the
radius and ulna under the region of the pronator quad-
ratus muscle. A hole existed in that portion, through
which the interosseous artery passed.

Distal oblique bundle: A relatively thick fiber ran within
the distal membranous portion along the distal ulnar
shaft in all specimens (see Figs. 2, 3). We named this
bundle of fibers the distal oblique bundle (DOB). It
existed in the same coronal plane as the CB and AB
fibers. Although thickness varied widely among speci-
mens, obvious fibers were seen in 12 of 30 specimens.
The DOB originated from approximately the distal one-
sixth area of the ulnar shaft, approximately coinciding
with the proximal border of the pronator quadratus
muscle, and ran distally toward the distal radioulnar
joint (DRUJ; Fig. 6). The fibers blended into the cap-
sular tissue of the DRUIJ and eventually the DOB in-
serted to the inferior rim of the sigmoid notch of the
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A & : B L

distal

FIGURE 5: The AB. Three different right forearms are shown. Asterisks indicate the CB, and arrows indicate fibers of the AB.
The fibers of the AB are less substantial than those of the CB. A Pattern of a few AB fibers distal to the CB, without any obvious
fibers proximal to the CB. This pattern was seen often. B Pattern of AB fibers on either side of the CB. C Pattern with no obvious

AB fibers on either side of the CB. R, radius; U, ulna.

radius. Furthermore, some fibers extended more distally
along the anterior and posterior ridges of the sigmoid
notch, so the DOB seemed to display continuity with
the dorsal and palmar radioulnar ligaments of the trian-
gular fibrocartilage complex (TFCC). The mean width
was 44 * 1.1 mm (range, 2-6 mm) and the mean
thickness was 1.5 = 0.5 mm (range, 0.5-2.6 mm).

The attachment locations of the DOB to the radius
and ulna are listed in Table 1.

Proximal membranous portion

The proximal membranous portion was on the proximal
side of the middle ligamentous complex. The proximal
membranous portion was overlaid by the origin of the
flexor digitorum profundus muscle on the anterior as-
pect of the forearm and by the supinator muscle on the
posterior aspect. A hole existed in that portion, through
which the interosseous artery passed.

Proximal oblique cord: A ligament called the proximal
oblique cord or ligament of Weitbrecht'>!” was
seen in the most proximal interosseous space (Fig.
7; see also Fig. 2) in all specimens. The proximal

oblique cord originated from the anterolateral as-
pect of the coronoid process of the ulna (ulnar
tuberosity) and inserted just distal to the radial
tuberosity. The proximal oblique cord lay on the
surface of the biceps tendon that attaches to the
radial tuberosity. The mean width was 3.7 + 1.6
mm (range, 1.5-8 mm) and the mean thickness was
1.1 £ 0.5 mm (range, 0.4-2 mm).

The sites of attachment of the proximal oblique cord
to the radius and ulna are listed in Table 1.

Dorsal obligue accessory cord: A ligament called the dorsal
oblique accessory cord was seen on the posterior aspect
of the forearm (Fig. 8; see also Figs. 2, 3), located under
the origin of the abductor pollicis longus muscle. The
dorsal oblique accessory cord was found in 16 of 30
specimens. This ligament originated from around the
distal two thirds of the ulnar shaft and inserted into the
interosseous crest of the radius. The mean width was
3.2 £ 1 mm (range, 1.9-5 mm), and the mean thickness
was 0.9 = 0.2 mm (range, 0.5~1 mm).

The sites of attachment of the dorsal oblique acces-
sory cord to the radius and ulna are reported in Table 1.
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DISCUSSION

Although past researchers have investigated the anat-
omy of the IOM," to say that the history of IOM
research is that of the CB is no exaggeration. The CB is
frequently discussed in the literature because it is con-
sidered the most functional component of the IOM as
the result of its stoutness and constancy. The name CB
appears to have been first introduced by Hotchkiss and
colleagues,' but the same formation was also described
as the intermediate descending fiber’; the cordlike
portion*®; and the tendinous part.’> Many cadav-
eric studies have been performed to investigate CB
function.'™>®~!! They have revealed that the CB
works as a restraint on the radius from proximal
migration in cooperation with the radial head and the
TFCC and also works as a load transmitter between
the radius and ulna to redistribute load. Other stud-
ies*!7"2% have indicated that the CB is an isometric
component of the IOM and shows no change in
tension during forearm rotation, thus providing sta-
bility to the forearm.

In comparison, the other components of the IOM
have been described in only a few studies,” and their
functions remain unclear. Skahen and colleagues” re-
ported the AB and the proximal interosseous band,
which corresponds to the dorsal oblique accessory cord

53 + 4% (46-61%)
29 * 4% (24-36%)
64 + 5% (51-74%)
44 * 5% (34-52%)

_ Radial origin (distal end)

Ulnar insertion (distal eﬁd)

Radial origin (pro;dmal end)

Ulnar insertion (proximal end)
Distal ligament of the accessory band -
: 37 * 5% (32-46%)
23 % 3% (19-26%)

Radial origin

Ulnar insertion
DOB ;

Ulnar origin

15 * 2% (13-21%)
Radial insertion 9.9 = 0.8% (8.3-11%)

Proximal oblique cord

80 + 2% (16-83%)
79 2% (75-84%)

Ulnar origin
Radial insertion
Dorsal oblique accessory. cord
Ulnar origin k
Radial insertion

64 + 9% (52-83%)
62 * 3% (56-68%)
Note: Based on 30 cadaveric forearms. Attachment locations are

expressed as percentage of total bone length from the distal end. All
data are represented as mean * SD (range).

FIGURE 6: The DOB. The photograph on the left shows the
DOB as seen from the dorsal aspect of the right forearm. This
bundle originates from around the distal one sixth of the ulnar
shaft and runs toward the DRUJ. The photograph on the right
shows the DOB as seen from the ulnopalmar aspect of the
same specimen. The ulna is cut just distal to the ulnar origin
of the DOB and retracted distally. The DOB blends into the
capsular tissue, through which it inserts into the inferior rim of
the sigmoid notch of the radius. R, radius; U, ulna.

in the present study. Poitevin® reported the proximal
ascending bundle, which again corresponds to the dor-
sal oblique accessory cord in this study.

The functions of the AB have never been described
in the literature. However, we suspect from the anatom-
ical variations that function does not extend beyond a
complementary nature, probably for the CB.

FIGURE 7: The proximal oblique cord. The right proximal
forearm as seen from the anteromedial aspect. Arrows indicate
the proximal oblique cord, originating from the anterolateral
aspect of the coronoid process of the ulna (ulnar tuberosity)
and inserting just distal to the radial tuberosity. The proximal
oblique cord lies on the surface of the biceps tendon, which is
attached to the radial tuberosity. R, radius; U, ulna.
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FIGURE 8: The dorsal oblique accessory cord. The right
forearm viewed from the dorsal aspect. Arrows indicate the
dorsal oblique accessory cord. The dorsal oblique accessory
cord exists exclusively on the posterior aspect of the forearm,
located under the region of origin of the abductor pollicis
longus muscle. The cord originates from around the distal two
thirds of the ulnar shaft and inserts into the interosseous crest
of the radius (broken line). The dorsal oblique accessory cord
was seen in 16 of 30 specimens. R, radius; U, ulna.

We identified the DOB, which was located within
the distal membranous portion. Originating from
around the distal one sixth of the ulnar shaft and run-
ning along the distal ulnar shaft toward the DRUJ, the
DOB inserts into the inferior rim of the sigmoid notch
of the radius. Furthermore, the DOB seems to exhibit
continuity with the dorsal and palmar radioulnar liga-
ments of the TECC. Watanabe and colleagues®' in-
sisted, in their biomechanical study, on the importance
of the distal membranous portion of the IOM, which
constrained volar and dorsal instability of the radius at
the DRUIJ in all forearm rotation positions. Kihara and
colleagues?” indicated that the distal membranous por-
tion of the IOM acted as a secondary stabilizer of the
DRUJ when the dorsal and palmar radioulnar ligaments
of the TFCC were cut. Although we cannot know
whether these researchers were aware of the structure of
the DOB, we postulate from their studies that the ana-
tomical relationship of the DOB to the TFCC suggests
that the DOB functions to stabilize the DRUJ in coop-

eration with the TFCC because the DOB forms a liga-
ment within the distal membranous portion. However,
further biomechanical investigation is needed to con-
firm our hypothesis.

The proximal oblique cord is a relatively well-
investigated component,'>~'>* whereas descriptions of
this ligament are variable. Some authors®* have insisted
that the structure is a remnant or accessory head of the
flexor pollicis longus muscle (Gantzer’s muscle),
whereas another author' has stated that this cord rep-
resents a thickening of the fascia overlying the supina-
tor muscle or perhaps even a degenerate part of the
supinator muscle. We have also observed that the prox-
imal oblique cord shows morphological variations to
some extent, ranging from thick to relatively membra-
nous. Conflicting descriptions of function have been
reported.’>~'* Martin'? and Tubbs and colleagues' de-
scribed the cord as being most taut in supination and lax
in both the neutral position and pronation in human
cadavers, suggesting action as a restraint on excessive
supination motions. Conversely, Patel'® reported that
the proximal oblique cord became most taut in prona-
tion rather than in supination in the forelimbs of qua-
drupedal primates, suggesting a possible role in main-
taining elbow stability when such primates stand on
their pronated forelimbs. All of these authors concluded
that the proximal oblique cord has little function in
humans.

The present study clarified precise attachment loca-
tions of all representative IOM ligaments. This infor-
mation will be useful in planning proper graft place-
ment in ligament reconstruction surgery and in future
biomechanical research into the function of the IOM
ligaments.
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