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Figure 1 Three-dimensional coordinate system of model. Origin,
Center of humeral head; x-axis, perpendicular to scapular plane;
y-axis, horizontal on scapular plane; z-axis, vertical.

kee, WI). The slice thickness and interval were set at 1 mm
and the table speed at 1 mm/s. The upper exiremity was
placed at the side of the trunk, the shoulder joint was
positioned in neutral rotation, and the elbow joint was
positioned in full extension during imaging. The obtained
images were transferred to a computer, and a 3-dimen-
sional image was created by use of the medical image~
analyzing software Analyze 3.0 (Biomechanical Imaging
Resource, Rochester, MN). A 3-dimensional coordinate sys-
tem was determined, with the center of the humeral head
being considered as the origin (Figure 1). Each axis was
determined as follows: x-axis, perpendicular to the scapular
Elone la vertical plane 0° from a frontal plane); y-axis,

orizontal on the scapular plane; and z-axis, vertical. Three-
dimensional coordinates of the origin and insertion of each
muscle were manually determined from muscle contours or
anatomic bony landmarks (or both) on the 3 directional
{coronal, sagittal, and axial) cross-sectional images. Every
coordinate point was automatically placed on the surface of
the bone. Eleven muscles that originate from the scapula
and insert on the upper exiremity (humerus, radius, and
ulna) were included in this study. Those muscles were as
follows: anterior fiber of deltoid (F1), middle fiber of deltoid
[F2), posterior fiber of deltoid (F3), supraspinatus (F4),
infraspinatus (F5), subscapularis {F6), teres minor (F7), teres
major (F8), long head of biceps (F9), short head of biceps
[F10), and long head of iriceps {F11). The muscles were
basically defined as a straightline vector from the insertion
to the origin. However, in muscles that originate from a
wide areaq, it is quite unlikely that all muscle fibers transmit
the force to the insertion equally during various movements.
The most active muscle fibers should change as the joint
position changes. Therefore, if these muscles are repre-
sented as a fixed straightline vector, considerable errors
may result in the analysis. For these reasons, we assumed
that the primary acfive muscle fibers were approximated to
a straightline vector, which changed its direction in each
abduction angle. On the basis of this assumption, we
developed the following procedure. An origin line was
determined on the edge of the origin area that was farthest
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Figure 2 In the infraspinatus muscle, 5 possible origin points were
set on the edge of the origin area at even infervoﬁ, and the
adequate point was selected in each abduction angle by use of the
optimization method.

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

S"l'he proximal part of the long head of the biceps shows
a unigue mognhor:)gy that originates from the glenoid rim as
a tendon and runs along the surface of the humeral head.
We set the contact point at the upper end of the bicipital
groove and defined the muscle vector as a straightline
vector from the insertion to the contact point, as opposed to
defining the vector from the insertion fo the origin.

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

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

the origin point over 60° abduction (arrow).

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

From this result, the muscle vector of the middle fiber of
the deltoid was established from the insertion to the contact
point at 60° abduction and below and from the insertion to
the origin over 60° abduction. Finally, the musculoskeletal
model was obtained as shown in Figure 4. A triangular
shape demonstrates the muscle with a wide origin area
(F1-F6). |

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

Anterior view Posterior view ' Lateral view

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

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

Three-dimensional static equilibriums on force and mo-
ment were formulated by use of force vectors as shown in
Figure 5, where F; indicates the magnitude of the muscle
forces, W represents the gravity vector of the self-weight of
the upper extremity, cmc? R represents the reaction force
vector. By denoting the unit vector of the muscle forces by o,
and the position vector of the action points of the muscle
forces, the reaction force, and the selfweight by #, 7, and
T, respectively, the equilibrivm equations on force and
moment can be expressed as Equations 1 and 2:
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Figure 5 Three-dimensional biomechanical model for formulation.
F., Each muscle force i = 1-11); R, joint reaction force; W,
self-weight of upper extremity.

11 -
2 Fuit R+ W=0 (1)

no- - - -
(riXFu)+r, X R+r, x W=0 (2)

i=1

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

Fi=0 (3)

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

11
U=, (F/PCSA)? (4)
i=1

The value of PCSA of each muscle was obtained from a
previous study'® (Table I). The objective function U was
minimized by use of Equation 1, Equation 2, and inequality
{Equation 3) as the constrained conditions. The optimal
origin points of the muscles with a wide origin area were
also defermined to minimize the objective function at this
stage. The static numerical analysis was performed every
5°.

EMG

To validate the results of the computer simulation, we
carried out EMG in the same volunteer whose CT data were
used to build the musculoskeletal model. The 6-channel
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Table 1 PCSA of the analyzed muscles'®

Muscle PCSA {cm?)

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

F5; Infraspinatus

F6; Subscapularis

F7; Teres minor

F8; Teres major

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

PN 0 A WL
CwomorNwULoLn

PCSA, physiologic cross-secfional area

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

Statistical analysis

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

RESULTS

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

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

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

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

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

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

The significant regression functions between the
analyzed muscle forces and the integrated EMG val-
ues were obtained in all muscles except for the triceps
and teres major, which showed no muscle forces in
the analysis (Table 1).

DISCUSSION

In numerical muscle force analyses, a straightline
vector, a centroid line, or a bony contour line have
been mainly used in muscle modeling. 47111617
However, modeling of a muscle originating from a
wide area has been a problem, because it is unrea-
sonable for a single fixed straightline vector to rep-
resent the muscle and, moreover, the direction of the
muscle action can change depending on the joint
position. To solve this problem, Hégfors et al* pro-
posed dividing muscles with large attachment sites
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Figure 8 The optimal crigin points of the supraspinatus and infraspinatus selected in each abduction angle are
indicated as an example.
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Figure 9 A and B, Integrated EMG values.

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

Muscle Regression function P value R
F1; Anterior fiber of delioid y =57.94 x + 73.49 0.037 0.523
F2; Middle fiber of deltoid y=84.79x + 117.26 0.047 0.503
F3; Posterior fiber of deltoid y = 159.38 x + 58.57 0.000 0.848
F4; Supraspinatus y=111.72x + 231.86 0.037 0.525
F5; Infraspinatus y =8599x —9.96 0.000 0.805
F6; Subscapularis y = 110.60 x + 44.22 0.010 0.624
F7; Teres minor y = 158.65 x + 21.52 0.000 0.930
F8; Teres major unanalyzable
FQ + F10; Biceps y = 142.58 x + 14.02 0.048 0.500

F11; Triceps unanalyzable

EMG, electromyography

Veenbaas'® reported that there is an appropriate
number of muscle lines that represent a muscle Force.
In our study, we proposed a new method to determine
the optimal origin point of muscles that originate from
a wide areq; the origin point was not predetermined
but was defined in every joint position. The fact that
the optimal origin point in each abduction angle
shifted in all widge muscles in our study suggests that it
is unreasonable for a fixed-line vector to represent
these muscles at different moments of a motion. How-
ever, as the current model is preliminary, there are
some aspects that should be considered for further
development of the model. For the muscles in which
not only the origin area but also the insertion area is
wide, as in the serratus anterior, we also have to
consider other options such as dividing the muscles
info several parts. The optimal origin point was se-
lected from only several points on t%e straight line in
this study. In the next stage, the optimal point should
be Ficked from any point on the 3-dimensional origin
surface.

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

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

reports, the joint reaction force ranged from 44% to
92% of body weight.¢7:1213 Although the values
cannot be compared directly because the method,
condition, and assumption of each study vary greatly,
our result is considered to be a comparable and
reasonable value.

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

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

In conclusion, we have developed a 3-dimensional
shoulder biomechanical model using an original
method of determining vectors of musc?es originating
from a wide area. The results of the numerical analy-
sis were in correlation with the integrated EMG val-
ues, therefore allowing for the simulation of coopera-
tive abduction muscle activities in vivo. We believe
that this novel concept will provide a new approach
in modeling a variety of muscles with a wide origin
area and the possibility for more precise simulations
of muscle activities in a living bocf;/.
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Cell-surface proteoglycans are involved in many functions,
including interactions with components of the extracellular mi-
croenvironment. They also act as coreceptors that bind and
modify the actions of various growth factors, cytokines, and the
extracellular matrix (ECM). This study investigated the regulation
by the ECM of the expression of cell-surface proteoglycans (CD44,
syndecan-1—4, betaglycan, glypican-1). We examined the changes
in the expression levels of cell-surface proteoglycan genes in intact
tendon, monolayer culture, and under various culture conditions.
There was a significant increase in the expression of CD44 and
syndecan-4 mRNAs during cell isolation from the tendon. With
the switch to a 3D culture environment, there was a significant
increase in the expression of CD44 at each passage point relative
to its expression in 2D at those passage points. Syndecan-4
mRNA also increased steadily at each passage point in 3D culture
environment. This influence on cell surface proteoglycans gene
expression may indicate that collagen gel culture mimics in vivo
tendon environment. This study provides further insight into the
regulation of cell-surface proteoglycans in ligament and tendon
fibroblasts by the ECM and 3D culture conditions.

Keywords: CD44, Collagen, Fibroblast, Gel, HSPG, Hyaluronan

INTRODUCTION

Cell-surface proteoglycans are involved in various functions,
including interactions with components of the extracellular
microenvironment. They also act as coreceptors that bind and
modify the actions of various cell adhesion molecules, growth
factors, and cytokines [1]. The structural multiplicity of the
core proteins and glycosaminoglycan moieties, as well as their
highly regulated patterns of expression, allow distinct functions
for each cell-surface proteoglycan [2, 3]. This suggests that the
responses of cell-surface proteoglycans to various biological
effecter molecules are selective and cell-type specific.
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In living organisms, the authentic substrate for most cells
is the extracellular matrix (ECM) that adheres to cells via
integrins, which are membrane-spanning heterodimeric recep-
tors. Through this adhesion, the ECM transduces physiological
signals to the cells, which regulate cell growth, cell proliferation,
cell differentiation, and matrix remodeling [4]. Therefore, the
interactions between cells and the ECM play a critical role
in living tissue development, repair, and regeneration. In a
tissue-engineering technique, tissue regeneration is achieved
by culturing isolated cells on scaffolds of biocompatible and
biodegradable materials onto which the cells are seeded.
Many studies have shown the importance of selecting the
appropriate biomaterials as scaffolds for cell adhesion and to
support proliferation [5-10]. The interactions between scaffold
materials and isolated cultured cells should closely mimic the
natural environment of the tissue-specific ECM to achieve
successful tissue regeneration [6]. However, few reports have
investigated cell-matrix interaction in the context of tendon
tissue engineering.

The response of cells to both pericellular matrix molecules
and soluble stimuli such as growth factors and cytokines can be
modulated by proteoglycans. The CD44 (hyaluronan receptor),
betaglycan (transforming growth factor [TGF]- g type Il recep-
tor), syndecan (transmembrane heparan sulfate proteoglycan),
and glypican (glycosylphosphatidyl inositol [GPT}-anchored
heparan sulfate proteoglycan) families [1, 11-15] are well-
known cell-surface proteoglycans. However, little is known
about the changes in the expression of these proteoglycans
during growth in culture. As mentioned, elucidation of this point
should lead to the development of an ideal scaffold material that
simulates the natural environment of the tissue-specific ECM.

Hyaluronan (HA) is a high-molecular-weight polymer of
disaccharide units comprised of glucuronic acid and acetyl-
glucosamine. It is produced by cells at different rates and
probably with different purposes over a lifetime. The biological
role of HA must be important because it is one of the most
ancient and well-represented glycosaminoglycans in living
organisms. We originally developed a novel chitosan-based HA

141
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hybrid polymer fiber as a scaffold material for ligament/tendon
tissue engineering [16]. Our results previous studies have shown
that HA enhances the cellular activities of fibroblasts, including
their adhesivity, proliferation, and ECM synthesis. Although
HA has these superior biological properties, its influence on
cells has not been clarified. An understanding of how matrix
contacts are assembled and coordinated by cells could open up
new strategies to manipulate cell locomotion, matrix assembly,
or cell interactions in tissue engineering applications [17].

The hypothesis of our study was that the expression of
cell-surface proteoglycans is altered by culture conditions. To
test this hypothesis, we quantified the expression of cell-surface
proteoglycans on fibroblasts under various culture conditions
in vitro. The first objective was to evaluate the changes in
the expression of cell-surface proteoglycans with passages of
a monolayer fibroblast culture. The second objective was to
clarify the effects of HA, a major component of tissue ECMs,
and of the dimensionality of fibroblast culture on the expression
of proteoglycans. Our results presented here provide valuable
information for the development of scaffold materials and for
tendon and ligament tissue engineering.

MATERIALS AND METHODS

Cell Isolation and Monolayer Culture

Fibroblasts were isolated from the patella and Achilles
tendons of adult male Wistar rats weighing 280-320 g. Cells
were collected from the tendon by digestion with 0.25%
collagenase (Invitrogen Corp., Carlsbad, CA, USA) and 0.25%
trypsin~-EDTA (Invitrogen). These cells isolated directly from
tissue were designated passage 0 (P0). For culture, Dulbecco’s
modified Eagle’s medium (Sigma Chemical, St Louis, MO,
USA) was used with 10% fetal bovine serum (Invitrogen),
1% antibiotics (penicillin—streptomycin—fungizone 100 x con-
centrate, BioWhittaker, Walkersville, MD, USA). The isolated
cells were seeded onto polystyrene culture dishes (well diameter
60 mm; Corming, Coming, NY, USA) at 10000 cells/cm? and
dishes coated with pepsin-solbilized type I collagen (3 mg/ml,
cell matrix type I-P; Nitta Gelatin, Tokyo, Japan) as instructed
in the manual from Nitta Gelatin.

To evaluate the effects of HA on the expression of pro-
teoglycans, the culture dishes containing type I collagen were
coated with HA (MW = 210 kDa; Denkikagaku Kogyo, Tokyo,
Japan) at 0.1% final concentration. Fibroblast cultures were
incubated in a humidified incubator at 37°C in 5% CO; and
the medium was replaced twice a week. At confluence, cultures
were designated P1. Subsequent passages (P2 and P3) were
achieved with trypsinization and division of cells at a 1:3 ratio.

Three-Dimensional (3D) Culture

In the second experiment examining 3D cultures, six-well
flat-bottom culture dishes (well diameter 35 mm; Becton
Dickson, Franklin Lakes, NJ, USA) were filled with type T

collagen gel (Nitta Gelatin) or type T collagen gel plus 210-kDa
HA at final 0.1% concentration. The collagen gels were prepared
as instructed in the manual from Nitta Gelatin. Briefly, acid-
solubilized porcine collagen type I (3 mg/ml, cell matrix type
I-A; Nitta Gelatin), 5 x Dulbecco’s modified Eagle’s medium,
reconstitution buffer (0.05 M NaOH, 0.26 M NaHCOs, and
200 mM HEPES pH 7.3) were mixed in a ratio of 7:2:1 in an
ice bath. Then ! mi of this solution was placed on a 6-well
culture dish as a basal layer. After polymerization at 37°C
for 30 min, 2 ml of same collagen solution but containing
5 x 10* cells/ml was overlaid on the basal collagen layer, and
again allowed to polymerize at 37°C for 30 min. Then 2 ml of
DMEM was added to the top of the collagen gel, and cells were
cultured. Culture dishes were incubated at 37°C in 5% CO;, until
the cells appeared confluent as observed by light microscopy.
These cultures were designated P1. Subsequent passages (P2
and P3) were achieved with digestion with collagenase and
trypsin—EDTA, and division of cells at a 1:3 ratio.

RNA Extraction

Total RNA was extracted from the tendon and cultured
fibroblasts at each passage (PO, P1, P2, and P3) using standard
TRIzol reagent (Invitrogen) according to the manufacturer’s
instructions. Tendons were weighed and snap-frozen in liquid
nitrogen before RNA extraction. After DNase digestion, RNA
samples were passed through RNeasy MinElute Cleanup Kit
(Qiagen, Valencia, CA, USA) according to the manufacturer’s
instructions. The RNA concentration and the quality of all
samples were determined spectrophotometrically.

RT-PCR

For cDNA synthesis, 1 ug of RNA was reverse-transcribed
using random hexamer primers (Promega, Madison, WI, USA)
and Improm-II reverse transcriptase (Promega) according to
the supplier’s instructions. Real-time PCR was performed
using OPTICON 11 (Bio-Rad Laboratories, Hercules, CA,
USA) in a 20-ulL reaction volume. Signals were detected
using the SYBR Green qPCR Kit (Finzymes, Espoo, Finland)
with gene-specific primers designed using OLIGO (Molecular
Biology Insights, Cascade, CO, USA) (Table I). Real-lime
analysis involved a 15-min denaturing step, followed by 40
cycles of 10 sec at 94°C, 20 sec at 56°C, and 30 sec at 72°C.
Fluorescence measurements were made at every 72°C cycle
to provide quantitative real-time analysis of the gene analyzed.
Real-time PCR has become increasingly common and gives
quantitative values for the expression of any gene of interest
[18, 19].

A major advantage to this technique is its provision of a
cycle-by-cycle view of gene amplification for a sample group.
The take-off cycle for each gene is recorded and used in a
relative abundance equation to quantify the gene expression
of the sample. The melting temperature profiles of amplicons
were determined to show the specificity of the amplification.
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TABLE 1
Sequences of primers
GenBank
Gene Sequence Accession No.
CD44 5'-CCGTTACGCAGGTGTATTCC-3' U96139
5'-TGTTGAAAGCCTCGCAGAG-3'
SDC-1 5'-CCTACCGCTGTGCCGTCT-3 M81785
5'-TGCACCCAAGCTTCTAGCAG-3'
SDC-2 5'-TGTTCAAGCGGACGGAGGT-3 NM.013082
5'-TTGCGTTCTCCAAGGTCGTA-3'
SDC-3 5'-CTTGGCCTCCACGACAAT-3' U52825
5'-GCACCTCCTTCCGCTCTAGT-3
SDC-4 5-GATTGTGGGCGGCGTAG-¥ NM_012649
5'-CTTGCCCAAGTCGTAACTGC-3
Betaglycan 5-GCCGCCGAAGGTTGTG-3' M77809
5'-CTGGAAAGCGCTGTAAGGGT-3'
GPC-1 5'-GGTGTGGCCAGTGACGTAG-3' NM_030828
5'-TTGAGCACATTTCGGCAATA-3'
GPC-3 5-GAGCTCGTGAACGGCATGTA-3 NM.012774
5'-GGAGTGGGCGCACAACT-3/
Gapd 5-GCTGGTCATCAACGGGAAA-3 X02231
5'-ACGCCAGTAGACTCCACGAC-3’
Gapd = glyceraldehyde phosphate dehydrogenase gene.
To quantify gene expression, the comparative Ct method was
used. The difference between the mean ACt value of the gene .
P

of interest and that of the housekeeping gene (GAPD) is denoted
(A-Ct) and the difference between A~Ct and the Ct value
of the calibrator sample is A~A—Ct. Logy(A-A-Ct) is the
relative quantitative value for the expression of a gene when
the expression value for that gene in intact tendon is deemed to
be 1.

A one-way analysis of variance (ANOVA) was used to
evaluate the eftects of passage on culture conditions and with or
without HA in each gene expression (A—Ct). For the assessment
the effect of passage and culture conditions, and of passage
with or without HA, a two-way ANOVA was performed, and
then a Tukey-Kramer analysis was applied to determine the
significance of difference. The significance limit was taken at p
= 0.05.

RESULTS

Expression Levels of Proteoglycans

Results are reported as the relative value for each gene in
culture compared with level of mRNA for that gene in the intact
tendon tissue (Figure 1). There were significant increases in
the expression of CD44 (p < 0.01) and syndecan-4 (p < 0.01)
during the proteolytic digestion of the tendon. However, the
mRNAs of the other proteoglycans (syndecan-1, -2, betaglycan,
glypican-1) decreased significantly (p < 0.05) at PO. During
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FIG. 1. Quantitative expression of proteoglycan genes is given as the fold
difference (2~25C! + SD) between tissue and cell samples (7 = 3-5). (A) PO.
(B) Cells cultured on noncoated plates. SDC = syndecan, BGC = betaglycan,
GPC = glypican. Glypican-3 mRNA was below the detection limit of real-time
RT-PCR in each sample. *p < 0.05, **p < 0.01.
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subsequent culture on noncoated plates, there was no significant
change in CD44 and syndecan-4 expression compared with
their expression in tissue. However, the expression of the other
proteoglycans significantly decreased at each passage point
(p < 0.05). ‘

Effects of ECM-Coated Plates

The mRNA expressions of the proteoglycans related to
collagen coat and passage are shown in Figure 2 and Table 2.
There was no significant difference in the expression of CD44
and syndecan-4 at each passage when cultured on noncoated
plates or on type I collagen-coated plates. The expression of
syndecan-1, -2, and glypican-1 were increased significantly at
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FIG. 2. The mRNA expressions of the proteoglycans related to collagen coat
and passage in 2D culture is given as the relative Ct value 2780 4+ SDy (n =
3-3). SDC = syndecan; BGC = betaglycan; GPC = glypican.
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TABLE 2
mRNA expressions of the proteoglycans (PGs) related to collagen coat and passage”
Passage Passage
P1 P2 P3 P1 P2 P3

No coat Collagen coat
CD44  .0452 +.0303 .0452 £ .0075 .0452+.0075 CD44  .0445 £ .0061 .0468 £ .0108  .0391 £ .0010
SDC-17  .0110 £.0016°  .0092 & .0009¢ .0104 £.0010 SDC-1° .0167 £ .0025%%¢ .0112 % .0005%¢ .0098 = .0002¢
SDC-2  .2566 = .0182¢¢¢ 1809 + .0393¢ .1851 £.0209¢ SDC-2 .3733 £ .0210°%¢ 2085 % .0633¢ .1956 & .0612¢
SDC-3 0156 +.00467  .0073 4 .0015%¢ 0076 & .0021¢ SDC-3 .0166 .0065¢  .0090 == .0025  .0056 % 0026¢
SDC-4  .1012 £ .0288 1257 £.0358 .1213 +.0146 SDC-4 .1321 £ .0277 1306 +£.0012 1117 £ .0432
BGC .0411 £ .0123 .0370 4 .0145  .0457 £ .0132° BGC 0587 £ .0071%¢ 0369 % .0067¢ 0250 + .0036¢
GPC-1¥ 0976 £ .0093¢  .0764 & .0165" 1055 & .0063/ GPC-1* .1149 £ .0303°  .1127 £.0219  .0994 = .0231

“Mean == SE; 1 = 4 for each passage. SDC = syndecan, BGC = betaglycan, GPC = glypican.
bTwo-way analysis of variance demonstrated significant difference with respect to collagen coat (p < 0.05) and passage (p < .005). There

was significant interaction between collagen coat and passage.

“Significantly different with collagen coat to each PG at same passage (one-way analysis of variance).
Significantly different with passage (P1 vs. P2) to each PG (one-way analysis of variance).
cSignificantly different with passage (P1 vs. P3) to each PG (one-way analysis of variance).
TSignificantly different with passage (P2 vs. P3) to each PG (one-way analysis of variance).

P1 when cultured on type I collagen-coated plates, and then their
expression declined steadily. There was no significant difference
in the expression of syndecan-1, -2, and glypican-1 between
the noncoated plates and the type I-coated plates culture at
P3. On noncoated plates and on type I collagen-coated plates,
syndecan-3 mRNA expression was decreased on each passage.
On noncoated plates, betaglycan mRNA showed no change with
passage, whereas that on type I collagen-coated plates declined
steadily. The mRNA expressions of the PGs related to dimension
with or without HA are shown in Figure 3 and Table 3. With the
addition of HA to the collagen, syndecan-2 mRNA increased
at P1, after which its expression declined steadily. Syndecan-1
and betaglycan mRNAs showed no change at each passage,
whereas that on type I collagen-coated plates declined steadily.
CD44 mRNA increased at P3 in collagen + HA-coated plate
culture.

Effect of Culture Dimensions

With the switch to a 3D culture environment, there was a
significant increase in the expression of CD44 at each passage
point relative to its expression in 2D at those passage points.
Furthermore, the expression of CD44 increased steadily under
3D conditions. Syndecan-4 mRNA also increased steadily at
each passage point. There was a significant increase in its
expression in 3D culture relative to its expression in 2D culture.
There was a significant increase in the expression of syndecan-2
at each passage point relative to its expression in 2D at those
passage points. Betaglycan and symdecan-1 mRNA showed no
change by passage, while that on type T collagen-coated plates
declined steadily. With the addition of HA to collagen gels,

the expression of syndecan-4 increased significantly at P1, the
expression of betaglycan increased significantly at P1 and P2
while that decreased at P3. There was no significant difference
in the expression of CD44 at each passage. Syndecan-3, and
glypican-1 showed patterns of expression similar to those
observed under 2D culture conditions.

DISCUSSION

In the present study, we clarified the change in the ex-
pression of fibroblast cell-surface proteoglycan genes, which
is modulated by growth factors and cytokines, during the
isolation and culture of fibroblasts. During cell isolation and
monolayer culture, the expression of syndecan-1, -2, and -3,
betaglycan, and glypican-1 mRNAs decreased steadily. In
contrast, during the retrieval of cells from the tendon, there
was a dramatic increase in the expression of mRNAs for CD44
and syndecan-4, which are closely related to cell adhesion.
Syndecan-4 is the only syndecan that is a widespread component
of focal adhesions [11]. CD44 mediates HA-dependent cell
adhesion, which has been observed in a number of different
cell types including fibroblasts [20]. Hyaluronan constitutes
22% of the glycosaminoglycans in the patella tendon [21].
These findings indicate that HA is an important macromolecule
on ligament and tendon fibroblasts. Syndecan-2 is the major
syndecan in fibroblasts and regulates TGF-8 signaling [22].
Syndecan-2 interacts with matrix proteins such as laminin [23]
and fibronectin [24]. Betaglycan, also a type III TGF- § receptor,
syndecan-2, and betaglycan gene expression were suppressed in
monolayer culture.
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Switching fibroblasts from monolayer to 3D collagen culture
allowed them to take on functional properties that more closely
resemble those of fibroblasts in vivo [25, 26]. In the present
study, the switch to 3D culture induced a dramatic increase in
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the expression of syndecan-4. Dermatan sulfate proteoglycans
and glycosaminoglycan synthesis are induced in fibroblasts by
transfer to a 3D extracellular environment [27]. These findings
underscore the importance of the extracellular environment in
influencing cell behavior. In the previous study, much emphasis
was placed on medium composition, ambient gas mixture, and
incubation in cell culture to better simulate in vivo conditions.
Less consideration has been given to the potential influence
of culture architecture on cell behavior. An obvious difference
relative to the normal environment is the loss of contact with
the surrounding ECM. Change in cell-surface proteoglycan
gene expression may indicate that collagen gel culture mimics
the in vivo tendon environment.

With the addition of HA to the collagen matrix, signif-
icant differences were observed at P3 in the expression of
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TABLE 3
mRNA expressions of the proteoglycans (PGs) related to dimension, passage, and hyaluronan (HA)*
Passage Passage
Pl P2 P3 P1 P2 P3
2D (HA—) 3D (HA-)
CD44% 0445 £ .0061¢ .0468 £ .0108° 0391 == .0010°¢ CD44% .0623 £ .0026%¢ .0860 % .0130°7 1345 & .0214¢¢f
SDC-1* 0167 + .0025%%¢¢ 0122 £ .0005¢ .0097 £ .0002%¢¢ SDC-1 .0096 =+ .0009¢ 0099 == .0012/ 0154 & .0018%¢/
SDC-2" 3733 £ .0210°9¢8 2085 £ .0633 1956 & .0612%¢ SDC-2 .5385 4 .0282%% 4229 £ .0880° 4905 £ 07614
SDC-3  .0166 £ .0065¢ .0090 + .0025 0056 & .0026¢  SDC-3" 0187 +.0009% 0103 +.0019¢ .0086 + .0014#
SDC-4" 1321 + .0277¢ 1306 & .00125% 1117 4 .0432¢  SDC-4>" 1884 &= .0161°%¢ 3717 + 1347/ .5896 & .01047¢78
BGCPM 0587 £ .0071¢4¢8 0369 £ 00677 0250 £ .0036%¢ BGC 0366 £ .0074%7 0227 £ 002578 0340 &£ .0034°¢
GPC-1 .1149 + .0303 1127 £ .0219° 0994 + .0231 GPC-1 1612 4 .0278¢ 1745 £ .0186°8 1688 = .0414¢#
2D (HA+) 3D (HA+)

CD44 .0586 + .0139 .0538 £ .0126° .0485 £ .0028“¢ CD44 .0651 + .0018¢ .0802 =+ .0065¢ 1057 £+ .0177¢¢
SDC-12" 0110 & .0024% .0099 =+ .0009 0118 £.0009%¢ SDC-1* 0103 % .0004¢ .0146 £ .0036 .0164 + .0010%¢
SDC-2" 6044 & 069348 2318 - .0262° 1683 & .0206°¢ SDC-2 3443 £ 0162608 3437 4 .0422¢/ 2445 £ 0196544
SDC-3 0213 & .0022¢¢/ 0067 = .0002% 0029 £ .0001¢¢/ SDCfB” 0212 £ .0013%%/ 0085 = .0007°4 0034 =+ .0002¢%/%
SDC-4 1003 = .0191¢¢/ 1081 &£ .0082¢/¢ 1713 4 .0275¢ SDC-4%" 2940 £ .0411°¢/% 3685 £ .0463¢/ 2012 4 .0094¢#
BGCM 0380 £ .00719% 0214 £ .0032¢¢ 0257 = .0045 BGCHH 0467 + 0058/ 0514 & .0058"% 0261 =% .0028%*
GPC-1 1487 £ .0368¢ 1062 £ .0116 0770 £ .0092¢ GPC-1 1069 £ 013578 1250 & .001 9" 0728 = .0091¢¢

“Mean = SD; n = 3—4 for each passage. SDC = syndecan, BGC = betaglycan, GPC = glypican.
bTwo-way analysis of variance demonstrated significant difference with respect to dimension (p < 0.05) and passage (p < 0.05). There was

significant interaction between dimension and passage.

¢Significantly different with dimension to each PG at same passage (one-way analysis of variance).

“Significantly different with passage (P1 vs. P2) to each PG (one-way analysis of variance).

¢Significantly different with passage (P1 vs. P3) to each PG (one-way analysis of variance).

fSignificantly different with passage (P2 vs. P3) to each PG (one-way analysis of variance).

$Significantly different with HA to each PGs at same passage (one-way analysis of variance).

"Two-way analysis of variance demonsirated significant difference with respect to HA (p < 0.05) and passage (p < .05). There was significant

interaction between HA and passage.

CD44 in monolayer culture. Syndecan-2 mRNA increased at
P1, after which its expression declined steadily. Syndecan-1
and betaglycan mRNAs showed no change at each passage,
while that on type I collagen-coated plates declined steadily.
Syndecan-4 mRNA increased significantly at P1, betaglycan
mRNA increased significantly at P1 and P2 while it de-
creased at P3 in 3D culture. These findings indicate that HA
affects the behavior of cells, and they are consistent with
data suggesting that HA mediates cell-matrix interactions, as
has been suggested for chondrocytes [28]. In recent studies,
HA enhanced the contraction of collagen by smooth muscle
cells and adventitial fibroblasts [29], but did not affect gel
retraction by human dermal fibroblasts [30]. These data suggest
that extracellular HA has different effects on different cell
types.

The effect of HA on cellular adhesivity still is controversial.
Several studies have demonstrated the highly cellular adhesivity
of HA [31-35]. On the other hand, Zimmerman et al. [36]
have shown that excess HA on a substrate strongly inhibits
cell adhesion. Huang-Lee et al. [32] demonstrated that high
concentrations of HA act as a barrier that interrupts the direct
communication between fibroblasts and the ECM.

Therefore, in the present study, we investigated the effects of
adding 0.1% HA to type I collagen. We did not determine the
optimal concentration of HA that enhances cell activity, How-
ever, our previous studies showed that low concentrations of HA
enhance the cellular activities of tendon fibroblasts, including
their adhesivity, proliferation, and ECM synthesis [16].

CONCLUSION

On the basis of this work, changes in the levels of cell-surtace
proteoglycan mRNAs appear to reflect the variability in the
responsiveness of individual cell-surface proteoglycan genes
to different ECM molecules. This provides one mechanism
for the regulation of cell-surface proteoglycan production.
Growth factors and cytokines modulate the expression of cell-
surface proteoglycan genes [37]. The present study provides
further insight into the regulation of cell-surface proteoglycans
on ligament and tendon fibroblasts by the ECM and 3D
culture condition. Their independently and selectively regulated
expression constitutes a possible mechanism that renders cells
differentially sensitive to the ECM in the repair and regeneration
of ligament tissues.
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Stabilization of the Proximal Ulnar Stump
in the Sauvé-Kapandji Procedure by Using
the Extensor Carpi Ulnaris Tendon:
Long-Term Follow-Up Studies
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Purpose: The Sauvé-Kapandji procedure is. considered a useful treatment option for distal
radioulnar disorders. Postoperative instability of the. proximal ulnar stump and radioulnar
convergence, however, may be symptomatic. We modified the Sauvé-Kapandji procedure by
stabilizing the proximal ulnar stump with a half-slip of the extensor carpi ulnaris tendon. We
previously reported on 13 patients with this procedure at an-average follow-up period of 35
months; the patients had satisfactory-clinical results and improved stability of the proximal
ulnar stump as shown by x-ray examination. In this article we address the question of whether
those clinical and radiographic results noted at an average follow-up period of 35 months
after surgery were maintained at later follow-up -examinations.

Methods: We re-examined 12 of the 13 original patients and compared their initial follow-up
results with their current results after'an average follow-up period of 95 months.

Results: The results of this series after 95 months of follow-up evaluation were similar to the
results at 35 months.

Conclusions: The results presented in this article suggest that the clinical radxographlc results
at the 35-month follow-up examination were maintained in the long-term 95-month fol-
Jow-up evaluation despite the finding that the hole in the proximal ulnar stump had broken
in 3 wrists at follow-up examination. (} Hand Surg 2006;31A:440—444. Copyright © 2006 by
the American Society for Surgery of the Hand.)

Type of study/level of evidence: Therapeu‘ac, Level V.

Key words: Extensor carpi ulnaris tendon, stabilization, proximal ulnar stump, Sauvé-
Kapandji procedure.

ered a useful treatment option for distal radio-

ulnar disorders.'™ Satisfactory clinical results
have been obtained in most reports; however, insta-
bility of the proximal ulnar stump and radioulnar
convergence have caused problems similar to those
seen after a Darrach’s procedure at average fol-
low-up periods ranging from 29 to 96 months in
several articles.>™® Instability of the proximal ulna
allows convergence of the ulna and radius. Narrow-
ing of the interosseous space allows impingement of
the proximal ulnar stump on the distal radial metaph-
ysis. This may cause a painful snapping on rotation,
limitation of motion, loss of strength, and occasional
bony erosion.

The Sauvé-Kapandji (S-K) procedure is consid-

440 The Journal of Hand Surgery

We developed a modification of the S-K procedure
to use in the treatment of osteoarthritis (OA) of the
distal radioulnar joint (DRUJ). We used a slip of the
extensor carpi ulnaris (ECU) tendon to stabilize the
proximal ulnar stump.” We reported our results with
the first 13 patients at a mean average follow-up
period of 35 months. The clinical results were satis-
factory and x-ray examination suggested that the
ECU tendon slip provided a stabilizing effect on the
proximal ulnar stump in most patients. We concluded
that in the treatment of DRUJ OA stabilization of the
proximal ulnar stump with a portion of the ECU
tendon should be added to the S-K procedure.’

We address here the question of whether clinical
and radiographic results noted 35 months after the
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procedure are maintained at later follow-up exami-
nations. To answer this question we compared the
35-month follow-up results with our current results
obtained an average of 95 months after the procedure
in the same patients.

Patients and Methods

We previously reported the results of 13 wrists with
DRUJ OA treated by a modified S-K procedure.’
Twelve of the 13 wrists from the first group were
available for recheck examination. One female pa-
tient was lost to follow-up evaluation. The average
age of the patients was now 57 years (range, 33-74
y). There were 8 men and 4 women. The length of the
follow-up period averaged 95 months (range, 72-131
mo). All the wrists were diagnosed as DRUJ OA (8
primary, 4 traumatic). Rheumatoid arthritis and other
diseases of the DRUJ were excluded. X-rays were
obtained from the last follow-up examination for
each patient.

Before surgery all patients complained of pain in
the wrist joint (particularly on forearm rotation), lim-
itation of forearm pronosupination, limitation of
wrist extension-flexion, weakness of grip strength,
and wrist instability. Tears of the triangular fibrocar-
tilage complex were identified during surgery in all
wrists.®

We evaluated the clinical results on the following
criteria: pain, range of motion (wrist flexion-exten-
sion and forearm rotation), grip strength, and return-
to-work status. Pain was graded as no pain, slight
(cold weather exacerbation), mild (no effect on ac-
tivity), moderate (affects activity), and severe (fre-
quent pain with light activity).

To evaluate the radiographic findings standard
posteroanterior and lateral x-ray films were obtained
before and after surgery. Ulnar variance was deter-
mined by measuring the distance between lines tan-
gential to the articular surface of the lunate fossa of
the radius and the distal articular surface of the ulnar
head, which are perpendicular to the longitudinal
axis of the forearm.’

Radioulnar convergence was determined by
comparing the changes in alignment and distance
between the radius and ulna from their preopera-
tive to their postoperative status. The interosseous
distance between the radius and ulna at the level of
the distal end of the proximal ulnar fragment was
measured on the posteroanterior films as described
by Nakamura et al.* Dorsopalmar alignment on the
lateral x-ray view was assessed as the perpendic-
ular distance between the dorsal cortices of the
radius and ulna at the point of ulnar resection on a
true lateral view.” The measured point at the pre-
operative lateral x-ray film, which corresponded to

the proximal ulnar stump after the S-K procedure,
was estimated retrospectively. An accurate lateral
view was defined as the overlapping of the tan-
gents to the palmar cortex of the scaphoid tuber-
osity and palmar cortex of the capitate. The lateral
views were deemed suitable for recording in all
cases. If the ulnar stump lay dorsal to the radius a
positive value was assigned.

Statistical analysis was calculated using a paired
Student ¢ test.

Surgical Procedure

We performed the modified S-K procedure according
to a previously described method.>” A small segment
of the ulnar shaft and its periosteum was resected
proximal to the ulnar head. The corresponding artic-
ular surfaces of the DRUIJ were decorticated. The
resected fragment of the ulna was sculpted to fit info
any remaining space between the ulnar head and
sigmoid notch. These elements then were fixed by a
K-wire and a 3-mm cancellous bone screw.

The stabilization of the proximal ulnar stump then
was performed by the method described previously.’
A 3.5-mm hole was drilled from the dorsoulnar as-
pect of the ulnar shaft into the intramedullary cavity.
The ECU tendon was split in the central sulcus and
the radial half was released at the ulnocarpal level. Tt
then was reflected proximally, leaving it attached at
the musculotendinous junction. This proximally
based strip, approximately 6 to 8 cm long, then was
passed into the medullary canal through the drill
hole, retrieved at the distal stump of the ulna, pulled
distally under moderate tension, and then sutured
back on itself in an interlacing fashion.

A long-arm splint was applied for 2 weeks after
surgery, after which gentle active motion of the wrist
and forearm was encouraged. Full motion of the
wrist was allowed after bony fusion of the radioulnar

joint was confirmed on x-ray films. The K-wire was

left in place in most patients; however, it was re-
moved when skin irritation appeared at the tip of the
wire. The K-wire was removed in 2 patients 1 year
and 2 years after the S-K procedure.

Results

Clinical Results

Pain. All 12 patients complained of pain before
surgery (9 severe, 3 moderate). The severity of the
pain had improved in all patients at the 35-month
follow-up examination and pain had been rated as
follows: moderate in 1 patient, slight in 4, and absent
in 7. At the final follow-up visit (average, 95 months
after the modified S-K procedure) pain was rated as
moderate in 1 patient, slight in 3, and absent in 8.
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“omparison of Clinical Resulisat 35- and 95-Month Follow:

v-Up Exaliaiion

‘Motion (deg)

Preoperative At 35 mo At 95 mo
Wrist: L ‘ ;
Extension 47 = 19* 56 £ 15 53 + 15
Flexion 42 * 15 50 =13 48 + 13
Forearm .'
Pronation 68 £ 25 81 10 78 £ 10
Supination 63 * 22 77 £15 78 = 14
Grip strength (kgf) 19+ 13 29 = 15 29 £ 15

*Average * standard error.

Motion. The preoperative range of motion of the
affected wrist averaged 47° = 19° (standard error) in
extension and 42° = 15° in flexion. At the 35-month
follow-up examination the extension averaged 56° *
15° and flexion averaged 50° * 13°. These improve-
ments were not statistically significant. After an av-
erage of 95 months the extension averaged 53° £ 15°
and flexion averaged 48° = 13° (Table 1).

The preoperative forearm motion averaged 68° *
25° in pronation and 63° & 22° in supination. At the
35-month follow-up examination pronation averaged
81° * 10° and supination averaged 77° £ 15°. Both
postoperative improvements were statistically signif-
icant (p < .05). After an average of 95 months of
follow-up evaluation pronation averaged 78° = 10°
and supination averaged 78° * 14°

There were no statistically significant differ-
ences with regard to range of motion (wrist exten-
sion-flexion, forearm pronation-supination) be-
tween the 35-month and the 95-month follow-up
examinations.

Grip strength. The preoperative grip strength of
the affected wrist averaged 19 * 13 kgf (61% of the
contralateral side) (Table 1). After surgery the grip
strength of the affected wrist at the 35-month fol-
low-up visit averaged 29 * 15 kgf (90%). All wrists
had an increased grip strength over the preoperative
value with a statistical value of p less than .005. At an
average of 95 months after the procedure grip
strength averaged 29 =+ 15 kgf. This comparison
suggests that the postoperative results at 35 months
were maintained at 95 months.

Work status. Eleven patients returned to their pre-
vious occupations. One patient returned to light work
but had no difficulty with functions of daily living
and his avocation at the time of the 35-month fol-
low-up examination. At an average of 95 months
after the procedure 1 patient retired from his occu-
pation. Ten patients, however, continued the same
occupation including that of housekeeping.

X-ray evaluations. Eleven of the 12 wrists had
positive ulnar variance with an average of 3 mm
(range, 2—8 mm) before surgery. Postoperative ulnar
variance averaged 0.2 mm (range,—1 to 1 mm).

Fusion of the DRUJ was confirmed by x-ray ex-
amination in all wrists within 10 weeks after surgery.
The preoperative radioulnar distance averaged 14 *
31 mm. The postoperative distance at the 35-month
follow-up examination measured 13 * 3 mm. There
was no statistical significance between them. At an
average of 95 months after the procedure the radio-
ulnar distance was 12 * 4 mm. The proximal ulnar
stump did not impinge on the radius directly in any
instance. At the final follow-up evaluation the prox-
imal ulnar stump had tapered proximally and hyper-
trophied distally in all cases. These results suggested
that postoperative radioulnar convergence was di-
minished or prevented even after a long-term fol-
low-up evaluation.

The preoperative measures of the dorsopalmar dis-
tance were 6 = 4 mm whereas the postoperative
measures at the 35-month follow-up examination av-
eraged 1 = 2 mm (p < .01). At the 95-month
follow-up evaluation the postoperative measure-
ments were 2 = 2 mm. There was no statistically
significant difference between the values at the 35-
and 95-month follow-up examinations although there
was slight tendency of dorsalward migration of the
proximal ulnar stump at the final follow-up exami-
nation. These results suggest that the stabilization
procedure had a positive effect on reduction of the
dorsal subluxation of the proximal ulnar stump after
the S-K procedure.

Breakage of the drilled hole was found in 3 wrists
at the 95-month follow-up examination; however, the
instability of the proximal ulnar stump was not
marked in these 3 wrists.

These overall results suggest that the clinical and
radiographic results at the 35-month follow-up exami-
nation were maintained at the final follow-up visit.
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Figure 1. (A) Preoperative x-ray film showed slight DRUJ OA and a neutral ulnar variance. The ulnar head had been trimmed
by a wafer procedure. (B) Posteroanterior x-ray film 2 weeks after the modified S-K procedure with stabilization of the proximal
ulnar stump with a half-slip of the ECU tendon. (C) Posteroanterior x-ray film 3 years and 5 months after the procedure showing
good alignment of the proximal ulnar stump without any convergence toward the radius. (D) Posteroanterior x-ray film 8 years
and 6 months after the procedure showing that the pseudoarthrosis gap of the ulna was well preserved and that the stability of
the proximal ulnar stump also was preserved, although the proximal ulnar stump was tapered.

Case Report

A 37-year-old man had increasing pain in the right wrist
associated with work without any trauma. The patient
was diagnosed with an ulnar impingement syndrome.
Although 6-month conservative treatments including
splinting and injections of corticosteroids were applied,
the pain did not improve. The wafer procedure was
performed by the open method. Surgical findings
showed chondromalacia on the ulnar head and the prox-
imal articular surface of the lunate and moderate degen-
erative changes on the DRUJ; however, there was no
clinical improvement. Preoperative x-ray film showed
slight osteoarthritis of the DRUJ and neutral ulnar vari-
ance (Fig. 1A). Pain was severe. The patient had 30°
extension and 40° flexion at the wrist, with 70° prona-
tion and 30° supination of the forearm.

Grip strength of the right wrist was 15 kgf (lelt, 45
kgf). The modified S-K procedure with stabilization
of the proximal ulnar stump with a slip of the ECU
tendon was performed (Fig. 1B). The postoperative
course was uneventful. Bone union between the ra-
dius and ulna occurred 8 weeks after the procedure.
The patient had complete pain relief 6 months after
the procedure. X-ray film 3 years and 5 months after
the procedure showed good alignment of the proxi-
mal ulnar stump without any convergence toward the
radius (Fig. 1C). Eight years and 6 months after the
procedure the range of motion was 70° extension and
60° flexion of the wrist and 80° pronation and 90°
supination of the forearm. Grip strength increased to
40 kgf. X-ray examination showed that the pseudo-
arthrosis gap of the ulna was well preserved and the
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alignment of the proximal ulnar stump was accept-
able (Fig. 1D).

Discussion

The S-K procedure has a reputation of being a reli-
able and effective method of dealing with distal
radioulnar disorders.'~'®!! De Smet and Van Rans-
beeck'? reported the outcome of the S-K procedure
for posttraumatic wrist disorders. Eighty-four pa-
tients were treated, all with posttraumatic disorders
of the DRUJ. There was a marked decrease in pain
and a high rate of patient satisfaction (74%). The
postoperative range of motion improved significantly
in the flexion-extension arc and the pronation-supi-
nation arc. We also reported our clinical results of the
S-K procedure performed in 13 patients with primary
and secondary OA of the DRUJ.? Postoperative pain
relief was good in all wrists. After surgery the flex-
ion-extension arc improved, although no statistical
significance was shown when compared with the
preoperative values. There was a postoperative sta-
tistical improvement of the pronation-supination arc.

On x-ray examination we saw some evidence of
unstable proximal ulnar stumps and radioulnar con-
vergence in all patients similar to that associated with
the Darrach’s procedure.>* We reported that the
postoperative x-ray evaluation showed an unstable
proximal ulnar stump and radioulnar convergence in
12 of 13 wrists.> Dorsal and radial instability of the
proximal ulnar stump may be a major complication
of the S-K procedure.

Several procedures have been proposed to improve
the stability of the proximal ulnar stump after the S-K
procedure.”!*>"1® We developed a stabilization pro-
cedure for the S-K procedure as a result of our early
experience in the treatment of OA of the DRUJ. We
used a slip of the ECU tendon as a dynamic tether to
the proximal ulnar stump.” Postoperative x-rays in
our late series showed improved alignment in both
coronal and lateral planes.

Our method is very simple and does not require
extension of the surgical field. We have extended our
surgical indications from OA of the DRUIJ to other
radioulnar disorders on the basis of our results to
date, but these results will be followed up further to
see if the beneficial results persist.
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