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Abstract: To clarify the feasibility of using novel chitosan-
based hyaluronan hybrid polymer fibers as a scaffold in
ligament tissue engineering, their mechanical properties and
ability to promote cellular adhesion, proliferation, and ex-
tracellular matrix production were studied in vitro. Chitosan
fibers and chitosan-based 0.05% and 0.1% hyaluronan hy-
brid fibers were developed by the wet spinning method.
Hyaluronan coating significantly increased mechanical
properties, compared to the chitosan fibers. Rabbit fibro-
blasts adhesion onto hybrid fibers was significantly greater
than for the control and chitosan fibers. For analysis of cell
proliferation and extracellular matrix production, a three-
dimensional scaffold was created by simply piling up each
fiber. At 1 day after cultivation, the DNA content in the

hybrid scaffolds was higher than that in the chitosan scaf-
fold. Scanning electron microscopy showed that the fibro-
blasts had produced collagen fibers after 14 days of culture.
Immunostaining for type I collagen was clearly predomi-
nant in the hybrid scaffolds, and the mRNA level of type I
collagen in the hybrid scaffolds were significantly greater
than that in the chitosan scaffold. The present study revealed
that hyaluronan hybridization with chitosan fibers enhanced
fiber mechanical properties and in vitro biological effects on
the cultured fibroblasts. © 2005 Wiley Periodicals, Inc.
] Biomed Mater Res 74A: 338-346, 2005

Key words: chitosan; hyaluronan; tissue engineering; liga-
ment; scaffold

INTRODUCTION

Severe ligament injuries are frequently treated using
autograft reconstruction; however, because of donor
site morbidity, this surgical procedure is not ideal. To
overcome this drawback, the application of tissue en-
gineering techniques in which isolated fibroblasts are
cultured on scaffold material should be considered.
Several tissue-engineering studies have demonstrated
successful ligament and tendon tissue regeneration
using a variety of scaffold materials, including both
naturally occurring and synthetic materials."”® How-
ever, little attention has been given to whether or not
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these scaffold materials can biologically and mechan-
ically support transplanted fibroblasts and regener-
ated ligament in the living body. Therefore, we may
say that there are no ideal materials for ligament tissue
engineering.

Tissue engineering is an emerging scientific ap-
proach that attempts to develop biological substitutes
made from isolated cells and three-dimensional (3D)
polymeric scaffolds.” The principal role of 3D scaffolds
in musculoskeletal tissue engineering, including liga-
ment tissue engineering, is to provide a temporary
template with the biomechanical characteristics of the
native extracellular matrix (ECM) during the process
of in vivo tissue regeneration. Additionally, in living
organisms, the authentic substrate for most cells is the
ECM. The ECM adheres to cells via integrins, which
are membrane-spanning heterodimeric receptors.
Through cell-ECM adhesion, the ECM transduces
physiological signals regulating cell growth, cell pro-
liferation, cell differentiation, and matrix remodeling
to the cells.”® The ECM not only binds embedded cells
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A NOVEL SCAFFOLD FOR LIGAMENT TISSUE ENGINEERING 339

together but also affects their survival, development,
shape, polarity, and behavior. Therefore, the ECM
plays an important role in living tissue development
and regeneration. For these reasons, we believe that
the ideal scaffold material should be one that closely
mimics the natural environment in the ECM.

Some materials, including collagen gels, collagen
sponges, and collagen constructs, have been used as
scaffolds in ligament tissue engineering”™® but these
materials do not structurally mimic ligament-specific
ECM. Consequently, in the living body, they do not
provide sufficient mechanical support for the regener-
ated ligament, or transduce mechanophysiological
signals that significantly enhance ligament regenera-
tion and remodeling processes, to the embedded cells.
In addition, given the importance of glycosaminogly-
cans (GAGs) in stimulating various in vitro tissue re-
generative processes, the use of GAGs or GAG-like
materials as components of a scaffold should be a
reasonable approach for ligament tissue engineering.
Hyaluronan (HA), which is the main component of
the GAGs, has been shown to improve healing in a
variety of tissues through the effects on delivery of
growth factors, cellular adhesion, and proliferation,
and anti-inflammatory reactions.*'* These biological
effects of HA would also play a crucial role in enhanc-
ing ligament tissue regeneration. On the other hand,
chitosan has been employed as an excellent biocom-
patible material in wound healing and tissue repair,*®
and because it is regarded as a cationic polysaccharide
showing excellent cell adhesive properties, hybrid ma-
terials composed of chitosan combined with HA
might provide a novel class of polyion complex effec-
tive as for ligament-specific scaffold materials.

Tamura and colleagues established a new method-
ology for preparation of chitosan-coated GAG-mim-
icking filaments.'® They also showed enhancement of
mechanical strength of the GAG-mimicking filaments
by coating chitosan through ionic interaction. To
mimic the natural environment of ligament ECM,
based on their methodology, we have developed a
novel hybrid-polymer fiber — a chitosan-based HA
hybrid polymer fiber — as a fundamental material for
ligament-specific scaffolds.

In the current study, we hypothesized that HA
could enhance the mechanical strength of the hybrid
polymer fiber and impart superior biological effects on
the fibroblasts in a 3D culture system. To test our
hypothesis, we measured the mechanical strength of
the chitosan-based HA hybrid polymer fibers and in-
vestigated the behavior of rabbit fibroblasts cultured
on these fibers. The objectives of this study were to
determine the mechanical properties of the chitosan-
based HA hybrid polymer fibers and to evaluate fi-
broblast adhesion, proliferation, and the synthesis of
the ECM on the novel polymer fibers, and to show the

superiority of the novel fiber as a scaffold biomaterial
for ligament tissue engineering.

MATERIALS AND METHODS

Polymer fiber preparation

Polymer fibers were developed by the wet spinning
method as described by Tamura and colleagues,® with the
following modifications. Chitosan powder (Kimitu Chemi-
cal Co., Inc., Tokyo, Japan) was dissolved in 2% aqueous
acetic acid to give a polymer concentration of 3.5%. The
degree of deacetylation of the chitosan was 81%, and its
viscosity average molecular weight was 600,000. The HA
had a viscosity average molecular weight of 2,400,000, and
was donated by Denki Kagaku Kougyo Co. Ltd. (Tokyo,
Japan). The chitosan dope was spun into a calcium coagu-
lant (64% CaCl, dissolved in 50% aqueous methanol solu-
tion) through a stainless steel spinneret (0.1 mm in diameter,
50 holes) at a winding speed of 4.2 m/min. A 50% aqueous
methanol solution was used as the second coagulation bath,
and 0.05% or 0.1% HA dissolved in 50% aqueous methanol
solution was used as the third coagulation. All three coag-
ulation baths were at room temperature. The resulting fila-
ments were stretched at a ratio of 1.05 (4.5 m/min on the
second roller : 4.2 m/min on the first roller) and treated with
0.8% sodium hydroxide dissolved in a 90% aqueous meth-
anol solution. The fiber wound on the roller was washed in
methanol and dried at room temperature. The diameter of
each fiber was 0.03 mm. We prepared three types of fiber: a
chitosan polymer fiber (chitosan group), and chitosan-based
0.05% HA hybrid fiber (ch/0.05HA group), and 0.1% HA
hybrid fiber (ch/0.1HA group). In measuring the material
properties and cell adhesion, polyglactin 910 (9-0 Vieryl
suture material, Bthicon, Inc., N]) was used as the control
group. The diameter of this material is equal to that of the
novel fibers. For their further investigations into cellular
proliferation and ECM products, we made a fiber sheet
using the original apparatus. Coagulated fibers were passed
through a cross-feeding guide and wound onto a stainless
roller (120 mm in diameter and 120 mm in width) at a rate of
17 rpm. The cross-feeding guide set forward of the roller
was moved from side-to-side at a rate of 100 mm/30 s. The
cross-feed length and rotation count were 100 mm and 40
times, respectively. The fibers wound onto the roller were
washed and dehydrated with methanol, and then dried at
room temperature. The dry filaments were cut from the
roller and sheets of fiber filaments were piled 40 high (380
mm long X 100 mm wide X 0.25 mm thick). The sheets
consisting of each polymer fiber were cut into small sheets
and stacked in a perpendicular pattern of six layers (8 X 8
mm, 1-mm thick). A 2% chitosan gel was peripherally stuck
onto each sheet and dried at 40°C overnight. Using this
process, we constantly obtained the same 3D fabrications
[Fig. 1(A, B)]: their porosity level was 200 pm. For the
fibroblast culture, the 3D materials were sterilized in an
autoclave at 135°C for 20 min.
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(A)

®)

Figure 1. (A) Three-dimensional (3D) scaffold material for
fibroblast culture. Sheets consisting of each polymer fiber
were stacked in a perpendicular pattern of six layers (8 X 8
mm, 1 mm thick). (B) Scanning electron micrograph of 3D
scaffold material.

Cell preparation

Fibroblasts were isolated from the patellar tendon sub-
stance of a Japanese white rabbit under sterile conditions, as
described by Nagineni and colleagues.'” The peritendinous
tissues were carefully removed. Technically, patellar tendon
is easier to manipulate compared to ligaments. Moreover,
patellar tendon autograft has been dinically used as an
autograft substitute for ligament reconstruction; therefore,
we used the fibroblasts from the patellar tendon as the cell
source. The culture medium used was Dulbecco’s modified
Eagle’s medium (D5796, Sigma Chemical Co., St. Louis,
MO), with 10% fetal bovine serum (10099-141, Invitrogen
Corp., Carlsbad, CA), 10 pL/mL penicillin, streptomycin,
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and fungizone (17-745H, Biowhittaker, Walkersville, MD).
The fibroblasts were incubated at 37°C in a humidified at-
mosphere of 5% CO, and supplemented with medium at
3-day intervals. Three weeks after culturing, the explanted
pieces of patellar tendon were discarded and the outgrown
cells were removed for subculture using trypsin. The fibro-
blasts were used at second passage in this study. The fibro-
blast suspension was concentrated to 1.4 X 107 cells/mL,
counted using a hemocytometer, and fibroblast viability was
more than 95%, as determined by the trypan blue indicator
method.

Measurement of material properties

The material properties of each fiber were measured ac-
cording to the Japanese Industrial Standards L1015 under
dry conditions. To test the degradability of the hybrid fiber,
the material properties of the ch/0.1HA group were evalu-
ated after 0 and 2 h, and 14 and 28 days of incubation in the
standard medium. Tensile tests for five samples of each
material were performed at a crosshead speed of 20 mm/
min using a material testing machine (P/N346-51299-02,
Shimadzu, Kyoto, Japan). Each side of the fiber was nipped
with a strip of a paper, and the fibers were mounted on the
upper and lower chucks. The cross-sectional area was deter-
mined using a microscope (BX50, Olympus, Tokyo, Japan)
and a video dimension analyzer (VM-30, Olympus, Tokyo,
Japan). The load-deformation cuzve obtained from the test-
ing machine was transferred to the stress-strain curve.
Strain was defined as the increment of the grip-to-grip dis-
tance divided by the initial length. We confirmed that there
was no slippage at the clamp.

Cell adhesion study

A cell adhesion study was performed as described in
previous reports.’®!® The fibrous samples were cut into
10-mm pieces and tightly packed into polytetrafluoroethyl-
ene tubes (30 mm in length, 7 mm in inner diameter; San-
platec, Osaka, Japan). Each fibrous sample consisted of 1000
fibers. Then, 0.1 mL of fibroblast suspension (1.4 X 107
cells/mL) were loaded onto the column. The cells were
allowed to adhere in a humidified incubator for 1 h. Each
column was gently rinsed with 1 mL of 1 M phosphate-
buffered saline per 30 s using a syringe and the number of
unattached cells was quantified by the microscopic observa-
tion of the rinsed solution. Five samples in each group were
measured.

Measurement of DNA content

A 50-pL aliquot of the fibroblast suspension (2.0 X 107
cells/mL) were loaded onto each 3D scaffold. After 1,7, 14,
and 28 days of culture, five of each fiber group were taken
for analysis of DNA content to quantify cell proliferation.
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DNA content was measured in aliquots of sodium citrate
using a modified fluorometric assay with Hoechst dye 33258
(Polysciences Inc, Warrenton, PA).?° The results of the DNA
content assays were converted to cell numbers using a stan-
dard curve of control DNA (043-21751, Deoxyribonucleic
Acid Sodium Salt from Salmon Spermary, Wako Pure
Chemical Industries Ltd., Osaka, Japan).

Morphological and immunohistochemical analysis

After 14 days of culture, cell proliferation and ECM prod-
ucts were observed by light microscopy in the three types of
3D scaffold. In addition, scanning electron microscopy
(SEM) observations were performed after 4 and 14 days of
culture. For SEM observation, all samples were rinsed with
Ringer’s solution to remove nonattached cells. The cells on
the scaffold were fixed overnight with 2.5% glutaraldehyde
supplemented with 0.1 M phosphate buffer. After fixation,
the SEM specimens were rinsed with phosphate buffer and
fixed in 1% OsOy for 1 h, then soaked in 1% tannic acid for
an additional hour. These procedures were repeated three
times. The specimens were dehydrated, and mounted on an
aluminum stub. They were coated with platinum palladuim
in an argon atmosphere using an ion coater (E-1030, Hitachi,
Tokyo, Japan) and then visualized by SEM (5-4500, Hitachi,
Tokyo, Japan). After 14 days of culture, each specimen was
also evaluated immunohistochemically for type I, type II,
and type III collagen products. For immunohistochemical
observation, the samples were stored in deep freeze condi-
tions. Frozen sections (8-pwm thick) were obtained to mount
on microscope slides. Then, the sections were thawed and
fixed with acetone for 5 min at —20°C. After drying, the

. sections were hydrated with phosphate-buffered saline for 5
min. After washing, the sections were stained with hema-
toxylin and eosin. They were incubated with the primary
antibody — mouse monoclonal antibodies to either human
collagen type I (1:100), type I (1:100), or type III (1:100, Fuji
Chemicals, Takaoka, Japan) — for 60 min at room temper-
ature. They were washed three times and incubated with a
peroxidase-labeled polymer-conjugated anti-antibody (En-
vision System, Dako, CA) for 60 min. The reaction was
developed with a 3,3’-diaminobenzidine tetrahydrochloride
solution (DAB, Sigma Chemical, St Louis, MO).

Measurement of mRNA levels of ECM products in
the implanted cells

To assess the mRNA levels of the ECM products in the
implanted cells within the three types of 3D scaffolds, semi-
quantitative reverse transcription-polymerase chain reaction
(RT-PCR) analysis was performed, as described in a previ-
ous report.”’ The samples at 14 days after cultivation were
obtained for this analysis. Before analysis, the samples were
weighed and snap-frozen in liquid nitrogen. Relative band
densities obtained in these manners were quantified using
Quantity One® (PDI, Inc., Huntington Station, NY). Data
were expressed as normalized ratios by comparing the inte-
grated density values for the genes in question with the

TABLE I
‘Material Properties of Each Fiber
Tensile Strain at Elastic
Strength Failure Modulus
Material (MPa) (%) (GPa)
Control 440.4 3 13.8 304 £ 24 49 *+0.4
Chitosan 128.1 + 9.7 43+ 0.8 7.8 = 0.1°
Ch/0.056HA 152.6 * 10.8%¢ 6.1 1.4 6.9 = 0.2¢
Ch/0.1HA 217.6 = 16.9%% 32+ 0.6  11.8 + 0.2%f

#p < 0.0001 vs control group; Pp < 0.01 vs control group;
‘p < 0.05 vs control group; “p < 0.001 vs chitosan group;
°p < 0.01 vs chitosan group; 'p < 0.0001 vs ch/0.05HA
group; p < 0.01 vs ch/0.05HA group.

n = 5, mean = SD.

Control, polyglactin 910; ch/0.05 HA, chitosan-based
0.05% hyaluronan hybrid fiber; c¢h/0.1HA, chitosan-based
0.1% hyaluronan hybrid fiber.

values for a housekeeping gene, glyceraldehydes-3-phos-
phate dehydrogenase (GAPDH), to yield a semi-quantitative
assessment of gene expression.

Statistical analysis

Statistical comparisons were performed using one-way
analysis of variance (ANOVA) and Fisher’s PLSD post hoc
test. The significant level was set at p < 0.05.

RESULTS

Material properties

All fibers failed at the midsubstance portion. Table I
summarizes the material properties of each fiber. The
mean tensile strength of the ch/0.1HA group was
significantly greater than that of the chitosan and ch/
0.05HA groups (p < 0.0001). However, the value of all
the novel materials was significantly less than that of
the control group (p < 0.0001). Strain at failure in the
control group was significantly higher than that in the
chitosan and hybrid groups (p < 0.0001). The stress—
strain curves showed that the elastic modulus of the
ch/0.1HA group was significantly higher than that of
the control, chitosan, and ch/0.06HA groups [p <
0.0001; Fig. 2(A, B)]. The tensile strength of the ch/
0.1HA group decreased with 2 h of incubation (p <
0.001); however, it was maintained during the period
between 2 h and 28 days [Fig. 2(C)].

Cell adhesion

Figure 3 shows the number of unattached fibro-
blasts in the control and the three types of the novel
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Figure 2. (A) Stress-strain curves of control, chitosan,

ch/0.05HA, and ch/0.1HA group. (B) Enlarged view of (A).
Ch/0.05HA, chitosan-based 0.05% hyaluronan hybrid fiber
scaffold; ch/0.1HA, chitosan-based 0.1% hyaluronan hybrid
fiber scaffold. Mean tensile strength and elastic modulus of
ch/0.1HA group were significantly higher than those of
chitosan and ch/0.056HA group. (C) Tensile strength of ch/
0.1HA group decreased with 2 h of incubation; however, it
was maintained during the period between 2 h and 28 days.
*p <0.001 vs 0 h.

fibers. The number of unattached fibroblasts in the
chitosan and hybrid groups was significantly lower
than in the control group (p < 0.0001). Moreover, HA
hybridization significantly reduced the number of un-
attached fibroblasts (p < 0.01 vs chitosan group).
However, there were no significant differences in the
values between the ch/0.05HA and ch/0.1HA groups.
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Figure 3. Number of fibroblasts unattached from control,
chitosan, and chitosan-based hyaluronan hybrid polymer
fibers. Hyaluronan coating reduced number of unattached
cells. * p < 0.0001 vs control group. ** p < 0.01 vs chitosan

group.

Cell proliferation

The light micrograph showed the proliferation of
the fibroblasts on all of the fibers at 14 days after
cultivation (Fig. 4). The SEM observation revealed that
the number of fibroblasts increased from the 4th to
14th day of culture [Fig. 5(A, B)]. The amount of the
DNA in each type of 3D scaffold increased with time
(Fig. 6). Although the DNA content of the ch/0.1HA
group was significantly higher than that of the chi-
tosan group at 1 day after cultivation (p < 0.05), there
were no significant differences in the values among
the three groups at 7, 14, and 28 days after cultivation.

Figure 4.

Light micrograph of fibroblasts proliferated in
the 3D scaffold material consisting of the chitosan-based
0.1% hyaluronan hybrid polymer fiber at 14 days after cul-
tivation (hematoxylin-eosin staining, original magnification,
400x). [Color figure can be viewed in the online issue, which
is available at www .interscience.wiley.com.]
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Cell morphology

The light micrograph (Fig. 4) and the SEM micro-
graph [Fig. 5(A)] disclosed that the fibroblasts were
spindle-shaped, adhered to the polymer fibers, and
the length of the cells were 20 to 50 um. The existence
or concentration of HA in the novel fiber did not affect
the shape of implanted fibroblasts.

(B)

Figure 5. Scanning electron micrographs of chitosan-
based 0.1% hyaluronan hybrid polymer fiber. (A) At 4 days
after cultjvation. Note that seeded fibroblasts were spindle-
shaped and adhered to the polymer fibers (original magni-
fication, 1000X). (B) At 14 days after cultivation. Note that
synthesized collagen fibers were numerous around the poly-
mer fibers and filled the interconnecting spaces. (original
magnification, 2000X).

DNA (¢ gSample)

14days

1day 7days 28days

B chitosan Ech/0.05HA CIch/0.1HA

Figure 6. DNA content per sample (micrograms/sampie)
in cells retrieved from the chitosan and hybrid 3D scaffolds.
In each type of 3D scaffold, the amount of the DNA in-
creased with time. At 1 day after cultivation, DNA content of
ch/0.1HA scaffold was higher than that of chitosan scaffold.
* p < 0.05 vs chitosan scaffold.

Extracellular matrix (ECM) products

The SEM micrograph revealed that the seeded fibro-
blasts produced collagen fibrils onto the 3D polymer
fiber scaffold at 4 days after cultivation [Fig. 5(A)]. At
14 days of culturing, the synthesized collagen fibers
were numerous around the polymer fibers and filled
the interconnecting spaces [Fig. 5(B)]. Immunostaining
for type I collagen was prominent around the chi-
tosan-based 0.1% HA hybrid fibers at 14 days after
cultivation [Fig. 7(A)]. Type I collagen was more abun-
dant around the surface of the fibers. On the other
hand, type HI collagen immunolabelling was not
clearly detected around the fibers 14 days after culti-
vation [Fig. 7(B)]. There were no significant differ-
ences in staining among the three types of scaffolds.
There was no staining for type II collagen around the
fibers. Figure 8 shows the normalized ratios of matrix
molecule mRNAs from fibroblasts in the three groups
at 14 days after cultivation. The mRINA level of type I
collagen in the ch/0.1HA group was significantly
higher than in the other groups (p < 0.01 vs the
chitosan group, p < 0.05 vs the ch/0.05HA group).
Conversely, the level of type III collagen in the ch/
0.1HA group was significantly less than in the chi-
tosan and ch/0.056HA groups (p < 0.01 vs the chitosan
group, p < 0.01 vs the ch/0.05HA group). Significant
increases in the fibromodulin and biglycan mRNA
levels were found in the HA hybrid fiber groups,
compared with the chitosan group (p < 0.01). How-
ever, the data indicated that HA had no effect on the
expression of decorin and lumican mRINAs.

DISCUSSION

Chitosan has been well accepted as a scaffold ma-
terial in the field of musculoskeletal tissue engineer-

— 105 —



344

(A)

B)

Figure 7. Immunostaining for type I and type III collagen
in chitosan-based 0.1% hyaluronan hybrid polymer fibers at
14 days after cultivation. Type I collagen was more abun-
dant, and type III collagen was not detected around fibers.
(A) Type I collagen staining. (B) Type I collagen staining
(original magnification, 400X). [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]

ing. Although several basic studies have demon-
strated the tissue regeneration potential of GAG-
augmented chitosan hydrogels,*>*® these hydrogels
do not have the required mechanical strength for use
as a scaffold material for ligament tissue engineering.
To overcome this limitation, we have developed a
novel polymer fiber as a fundamental scaffold mate-
rial for ligament regeneration. The present study
showed that the chitosan-based HA hybrid polymer
fibers had significantly higher mechanical strength,
fibroblast adhesion, and ECM products, compared
with nonhybrid chitosan fiber. These results indicate
that HA enhances the mechanical strength of the poly-

FUNAKOSHI ET AL.

mer fibers and imparts superior biological effects on
the fibroblasts in a 3D culture system.

Tamura and colleagues'® reported that the enhance-
ment of tensile strength was observed in chitosan-
coated alginate filaments. Ionic interaction is the most
convenient way to form tight interactions between
two molecules. They stated that the tight interaction of
chitosan with alginate increased the tensile strength of
the hybrid fibers. In our novel hybrid fibers, chitosan
is a cationic polysaccharide consisting of glucosamine
residues and HA displays anionic behavior. Therefore,
tight interaction between both molecules was ex-
pected, and the main reason for the increase in me-
chanical strength in the novel hybrid fiber is this tight
interaction between chitosan and HA polymers. What
is more important is to control the alteration of me-
chanical properties in the novel materials during the
process of biodegradation. In general, the mechanical
strength of fibers is higher under dry conditions than
under wet conditions. Tamura and colleag_gues,16 how-
ever, reported that their chitosan-coated alginate fila-
ments showed higher strength under wet conditions.
Although the tensile strength of this hybrid material
decreased to one third of the initial strength at an early
soaking time, this material maintained its tensile
strength with up to 28 days of incubation. We ob-
tained adequate mechanical strength of our novel hy-
brid fibers to create a 3D scaffold using the original
apparatus. In addition, there is the possibility of main-
taining adequate mechanical strength of implanted
novel fibers in vivo until native ECM matures. This is
the first report to reveal that the polyion complex
effect of chitosan and HA was able to enhance the
material properties of a fiber scaffold material.

In developing our novel biomaterial, the point we
wish to emphasize is that our attempt is not only to
increase the mechanical strength, but also to enhance
the biological effects on the embedded cells. Chitosan
is a partially deacetylated derivative of chitin, and the
primary structural polymer in arthropod exoskel-
etons. The potential of chitosan as a biomaterial is
based on its cationic nature and high-charge density in
solution. The cationic nature of chitosan is considered
to allow for electrostatic interactions with anionic
GAGs and other negatively charged species.** These
ionic interactions may serve as a mechanism for re-
taining and recruiting cells, growth factors, and cyto-
kines within a scaffold. Based on this theoretical back-
ground, chitosan has been widely employed as an
excellent biomaterial for wound healing and tissue
repair applications. On the other hand, GAGs, which
are part of the ECM components, play an important
role in regulating expression of the cellular phenotype
and in supporting tissue regeneration. Hyaluronan is
the main component in the ECM of soft connective
tissues.” A number of studies have shown the biolog-
ical effects of HA on various cells.’*™* In ligament
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integrated density) of mRNA for matrix molecules in fibroblasts after 14 days of culturing with chitosan, ch/0.05HA, and
ch/0.1HA scaffold. Type I collagen mRNA level in ch/0.1HA were significantly higher in the chitosan and ch/0.05HA. On
the other hand, type IIl collagen mRNA level in ch/0.1HA were significantly less than in the chitosan and ch/0.05HA. Type
L, type I collagen; type I1I, type III collagen. * p < 0.01 vs chitosan group. ** p < 0.05 vs ch/0.05HA group.

tissue engineering, we should consider that the liga-
ment is subject to excessive mechanical stress. To
maintain the number of attached fibroblasts under
these circumstances, highly cellular adhesivity is a
requirement for ligament scaffold materials. There-
fore, among the biological effects of HA, we focused
especially on enhancing the cell adhesive potential of
the novel material. Zimmerman and colleagues®
showed that HA is an adhesion modulator molecule,
which can mediate the early stage of cell-substrate
interaction. Hu and colleagues'? stated that HA mate-
rial has positive advantages for fibroblast adhesion.
Based on these previous data and the current results,
it seems reasonable to conclude that scaffold biomate-
rials introducing HA provide excellent fibroblast ad-
hesive activity.

CD44, a transmembrane glycoprotein expressed in a
variety of cell types in connective tissues, is well
known as the principal cell-surface receptor for HA.*
The interaction of CD44 and HA plays a crucial role in
regulating cellular activities, including cell-matrix ad-
hesion, cell proliferation, cell migration, and ECM
products. Murdoch and colleagues®® demonstrated
that there was a dramatic increase of CD44 expression
in chondrocytes isolated from cartilage. As CD44 is a
major cell-surface protein in fibroblasts, the isolated
fibroblasts from ligaments and tendons would in-
crease in CD44 expression in a manner similar to
chondrocytes. Although we did not clarify this point
in the current study, the interaction of CD44 on the
isolated fibroblast and HA on the scaffold material
could provide excellent biological effects on the cul-
tured fibroblast.

The optimum concentration of HA introduced to
the novel material must be considered. In terms of cell
adhesive potential, Zimmerman and colleagues®
showed that excess HA on a substrate strongly inhib-
ited cell adhesion. Huang-Lee and colleagues™ stated
that high concentration of HA served as a barrier
interrupting direct communication between fibro-
blasts and ECM. These results indicate that the pres-
ence of a thin HA layer on a substrate increases the cell
adhesive potential of materials. Based on this back-
ground, in the present study, we coated a relatively
thin HA layer on the chitosan materials. The data
obtained here agree with previous results.''7'%2630
However, we did not consider the optimum concen-
tration of HA for enhancing the cell adhesive potential
of the novel material. In a future study, this point must
be determined.

In conclusion, this study reveals that HA hybridiza-
tion of the fundamental scaffold material for ligament
tissue engineering increases the mechanical strength
and the biological effects on cultured fibroblasts. Al-
though there are considerable limitations, the data
derived from this study suggest that these novel hy-
brid fibers may become a useful material as a scaffold
of ligament tissue engineering.
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Mitsuno and Mr. Shouzou Miyoshi (General Research Cen-
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ABSTRACT
There are several surgical options for osteoarthritis (0A) of the thumb carpometacarpal (CMC) joint. This paper presents our
long-term clinical and radiographic review of 12 thumbs in ten patients treated by partial trapezial excision and silicone-rubber
interposition arthroplasty. The follow-up period averaged 15; three years with a ten-year minimum. Although the procedure
provided early pain relief in most thumbs, all but two had mild to severe pain at follow-up. The average range of post-operative
palmar abduction was 23°. The average post-operative grip strength was 9.5 kg. Both tip and key pinch between thumb and index
finger averaged about 50% that of normal subjects. Dislocation of the implant occurred in two joints and breakages in five. Bony
erosions around the implant, which we attributed silicone synovitis, were found in four thumbs. The indications for silicone-rubber
interposition arthroplasty for OA of the thumb CMC joint should be severely restricted as these produced unsatisfactory long-term

results.

Keywords: Silicone-Rubber Interposition Arthroplasty; Osteoarthritis; Carpometacarpal Joint; Thumb Silicone Synovitis.

INTRODUCTION

Osteoarthritis (OA) of the carpometacarpal (CMC) joint is a
common cause of pain at the base of the thumb, which can
seriously impair overall hand function. Motion, primarily in
radial and palmar abduction of the thumb is often limited; and
grip and pinch strengths are diminished because of pain or
subluxation of the CMC joint,

Surgical treatment options include trapezial excision,
trapeziometacarpal arthrodesis, ¥~ metalloplastic  arthro-
plasty,”~!1 ligament reconstruction with tendon interposi-
tion, 1216 and silicone arthroplasty.!’~23 Silicone arthroplasties
may be accomplished by two means. Swanson developed a

-3

silicone implant with a stem for insertion in the first metacarpal
intramedullary cavity. It had a smooth proximal enlarge-
ment that filled the space produced by trapezial excision
and articulated with the scaphoid.?»?3 There have been sev-
eral reports of the efficacy of this procedure. They show
mixed results.'32%%¢ Subluxation and implant failures due
to fracture or silicone synovitis are major concerns.?l?¢
These failures have required implant removal and
synovectomy, 4

Ashworth et al. developed an interposition (button) silicone-
rubber arthroplasty.” There are only a few reports on the long-
term results of this procedure,17-20

Correspondence to: Dr. Akio Minami, Department of Orthopaedic Surgery, Hokkaido University School of Medicine, Kita-15-jo, Nishi-7-chome, Kita-ku, Sapporo
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The purpose of this study is to determine the advantages,
disadvantages and indications of the procedure, by reviewing
the long-term clinical and radiographic results of surgery
performed more than ten years ago.

MATERIALS AND METHODS

A total of 12 silicone interposition arthroplasty procedures at
the CMC joint of the thumb were performed on ten patients
after 1978.17 Five procedures were performed on the right
hand, three on the left, and four were bilateral. There were
eight female and two male patients with an average age at the
time of operation of 66 years (range, 53 to 79 years). All
patients received conservative therapy, including intra-articular
corticosteroids and immobilisation for varying periods of time
in the year prior to operation. The follow-up period ranged
from ten years and one month to 21 years (average, 15 years
and four months) (Table 1).

Clinical results are rated as excellent, good, fair, and poor.
Excellent means that abduction of the thumb and grip strength
were maintained or increased without pain. Good means a min-
imal decrease in abduction and grip strength or there was mild
residual pain. Fair means that either grip strength or abduc-
tion was maintained but there was pain limiting function. Poor
means a loss of abduction and grip strength and pain limiting
function.

We evaluated the clinical results on the following criteria: pain,
range of motion (maximum palmar abduction and adduction),
grip strength, pinch strength (tip and key), vocational status,
patient satisfaction and 14 activities of daily living. Pain was
graded as no pain, mild (no effect on activity), moderate (affects
activity), and severe (frequent pain with light activity).

Palmar abduction and adduction were measured on X-ray
films. The thumb was palmarly abducted 45° from the axis
formed by the metacarpal heads of the index and middle fin-
gers. An X-ray film was placed parallel to the surface formed
between the thumb and index finger (Fig. 1). The films were
then exposed. The thumb was maximally palmarly abducted
and adducted. Then the angles between the longitudinal axes
of the metacarpals of the thumb and index fingers, defined as
angles of maximum abduction and adduction of the thumb, were
measured.

Tip pinch and key pinch between the thumb and index finger,
and grip strength were recorded with a Green Leaf Medical
pinch-meter and a Jamar dynamometer, respectively (EUAL;

Fig. 1 Palmar abduction and adduction were measured on X-ray films. The
thumb was palmarly abducted 45° from the axis formed by the metacarpal
heads of the index and middle fingers. An X-ray film was placed parallel to the
surface formed between the thumb and index finger.

Green Leaf Medical Systems, Palo Alto, CA) according to the
protocol described by Mathiowetz ef al.?>

Function was assessed on the patient’s ability to perform sev-
eral activities of daily living including writing, light housework,
opening a car door, turning a key, and opening a jar.

Radiographically, there were varying degrees of flattening of
the distal radial wedge of the trapezium, subluxation of the
first metacarpal, osteophyte formation, osteosclerosis, and joint
space narrowing. There was mild degeneration of the scapho-
trapezial joint in four joints. The radiographic findings were
classified into four stages according to Eaton’s classification.!?
We determined that one joint was in stage II, seven in stage III,
and four in stage IV.

SURGICAL TECHNIQUES

The CMC joint of the thumb is exposed through a dorsal curved
longitudinal incision. The abductor pollicis longus tendon is
detached at its insertion, and the extensor pollicis brevis tendon
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is retracted. Osteophytes around the CMG joint, in particular,
medial osteophytes are removed.

A power drill is used to create a crater 5 to 7 mm wide in
the distal surface of the body of the trapezium. The depth of the
crater is adjusted to accept the stem of the trapezial implant.
Prior to final insertion, the disc portion of the implant s trimmed
to the diameter of the distal surface of the trapezium.

As the metacarpal is maintained in reduced alignment with
the trapezium, the abductor pollicis longus tendon is advanced
distally on the base of the metacarpal for re-insertion. The
capsule is tightly closed and then reinforced with additional
sutures along both sides of the abductor pollicis longus.

When an accessory slip of the abductor pollicis longus tendon
is present, it may be used for reinforcement of the capsule. The
tendon slip is divided 3 cm proximal to its insertion into the
fascia of the abductor pollicis brevis muscle. The distal portion
is re-routed distally over the capsule of the CMC joint, beneath
the extensor pollicis longus and brevis tendons, and inserted
into the periosteum of the second metacarpal with a pull-out
suture. _

A palmar plaster splint maintains the thumb in the abducted
position. Occasionally, two small Kirschner wires are placed
at an oblique angle between the first and second metacarpals
to provide stabilisation. The dressing and splint are removed
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in about ten days, and a thumb spica cast is applied for an
additional four to five weeks. Following removal of the cast,
active range of motion exercises is permitted.

RESULTS
Clinical Results

Overall, clinical results were rated as good in two, fair in two,
and poor in eight. There were no excellent results (Table 1).

Pain Al patients complained of pain before surgery (ten
severe and two moderate). The severity of the pain improved in
all patients immediately after surgery. At final follow-up, two had
complete relief of pain; one had mild pain, two had moderate
pain, and seven had severe pain. Pain was elicited mainly by
maximum palmar and radial abduction.

Motion After silicone interposition arthroplasty maximum
palmar abduction averaged 38.8° 4= 1.1° and maximum adduc-
tion averaged 16.3° &= 1.4°. The average range of motion was
22.5° £1.8°

Grip Strength  All patients had OA of the CMC joint of the
contralateral thumbs in the cases that a unilateral arthroplasty

Table 1 Data of all Patients (1).

Post-operative Results

Case Sex Follow-up
No. Age (Yrs) Stage* (Yrs.+mths) Pain Subluxation (%) Implant Failure
1 M, 73 v 16+1 Moderate 29
79 Il 10+1 Severe 25 Silicone synovitis
2 ¥, 61 m 16+3 Severe 20 Dislocation
3 M, 72 il 17+ 4 Mild 40
E 55 m 2140 No 23 Breakage + Silicone synovitis
56 m 2045 Severe 36 Distocation
5 E 76 v 1741 Moderate 25
6 E 65 I 15+ 11 Severe 23 Breakage
7 E 7% I 1146 No 25 Breakage
8 E 77 IV 1046 Severe 35
9 E 53 m 13+8 Severe 40 Breakage - Silicone synovitis
10 E 54 v 1445 Severe 35 Breakage + Silicone synovitis

*Stage was classified by Eaton's classification,

TThe degree of the subluxated metacarpal was expressed as a percent age divided by the width of the distal articular surface of the trapezium.

M : Male.
$F: Pemale.
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Table 1 (Continued)

Post-operative Clinical Results

Grip Overall

Case Maximum Maximum Range of Strength (kgf) Tip Key Clinical

No. Abduction (Degrees) Addution (Degrees) Motion Pre-/Post-operative Pinch (kgf) Pinch (kg) Results
1 35 10 25 15/15 1.7 25 Fair
35 15 20 20713 2.8 3.8 Poor
2 40 10 30 10/7 2.5 3.0 Poor
3 40 15 25 9/10 3.7 4.1 Fair
4 35 15 20 12/8 5.0 2.4 Good
40 10 30 12/10 3.4 25 Poor
5 35 25 10 8/5 2.2 3.4 Poor
6 45 15 30 10/7 3.9 3.4 Poor
7 45 20 25 9/9 35 3.2 Good
8 40 20 20 12/8 3.0 3.2 Poor
9 35 20 15 12/10 3.4 3.8 Poor
10 40 20 20 15/12 3.2 3.8 Poor

had been performed. Therefore, it was meaningless to com-
pare the operated with the unoperated side. Pre-operative grip
strength of the operated side averaged 12.0 & 1.0kg. After
surgery the average grip strength decreased to 9.5 = 0.8 kg.
Only one patient had increased grip strength over the pre-
operative value, two were unchanged and nine had decreased
grip strength.

Tip and Key Pinches Post-operative tip pinch strength
between the thumb and index finger averaged 3.2 & 0.2kg
(range, 1.7-5.0). Key pinch strength averaged 3.2 &+ 0.2kg
(range, 2.5—4.1). In normal comparable subjects tested in our
department, tip pinch strength averaged 6.2 kg and key pinch
strength averaged 6.8kg. Therefore, the pinch strengths after
silicone interposition arthroplasty were about 50% of normal
subjects.

Patient Satisfaction Three patients were satisfied with the
post-operative clinical results; however, seven patients were dis-
satisfied due to persistent pain and difficulties with the activities
of daily living.

Performance of Activities of Daily Living ~ Fourteen subjects
were examined on the activities of daily living, post-operatively.
The number of patients who complained of difficulty or incapa-
bility in each subject is shown in Fig. 2. The tests in which the
patient complained of difficulty to perform are mainly associated
with grasping and twisting small objects.

Number of thumb
O 2N WHhUOTO N
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sano|B Buiieapp
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Buuonng
uad uym Bupip
Niomepaau Bulog
syonsdoyo Buisp
oMo} Jom BuiBurip
Aoy Bujueng
gouy Bupuung
J1aAupMmalss Buisn ‘
anjea seb Buiuing

Fig. 2 Performance of activities of daily living. Fourteen subjects were exam-
ined on the activities of daily living, post-operatively. The number of patients
who complained of difficulty or incapability in each subject is shown.

Returnto Work  The patients’ pre-operative occupations were
considered to have low demand activities. Post-operatively all
the patients were retired males or homemakers. Therefore, all
patients returned to work demands similar to their pre-operative
status.

Radiographic Results

There were no cases without radiographic complications.
The proximal bases of the first metacarpals were subluxed
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palmarward in all thumbs. The degree of the metacarpal sub-
luxatation was expressed as a percentage where the contact
distance between metacarpal base and traperzium was divided
by the width of the distal articular surface of the trapezium. The
degree of subluxation of the metacarpal base ranged from 20%
to 40% with an average of 29.7% (2.1).

Post-operative Complications

There were several post-operative complications of the implant.
The implant broke in five thumbs and dislocated in two. Those
were detected by direct vision and on X-ray film. Silicone
synovitis was detected in four wrists clinically and radiographi-
cally. Secondary arthrodeses were performed in two patients,
one between scaphoid and first metacarpal base, and the
other between the first and second metacarpals, trapezoid and
remaining trapezium using an iliac bone graft. The other refused
further operation.

DISCUSSION

There are many options for surgical treatment of OA of the CMC
joint of the thumb.3~91112,14=1820=23 pach of the techniques
has advantages and disadvantages.

Successful fusion permits good strength of grip and relief of
pain, but decreases mobility. Hyper-extension of the metacar-
pophalangeal joint and OA of the scaphotrapeziotrapezoidal
joint frequently occurred after CMC joint fusion. The removal
of the trapezium reduces grip strength. Recently, most hand
surgeons prefer to use trapeziectomy with ligament reconstruc-
tion rather than arthrodesis of the CMC joint.> Downing and
Davis investigated trapezial space height after trapeziectomy.20
Their patients were randomly allocated to treatment by either
trapeziectomy alone or trapeziectomy with tendon interposition
or ligament reconstruction. The post-operative trapezial space
ratio decreased significantly from the pre-operative ratio in all
three procedures. There was no significant difference between
these one-year follow-up trapezial space ratios.

Swanson reported that replacing the trapezium with a silicone
implant provides good range of motion and grip strength.?? Pre-
vious reports of silicone arthroplasty show mixed results.2124
Implant failures because of fracture and resultant silicone syn-
ovitis are major concerns.’%?> Bezwada ef al. evaluated the
long-term results of CMC joint silicone arthroplasty.'® Sixty-
two implants were available for follow-up evaluation at an
average 16.4 years. They concluded that silicone arthroplasty
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seems to be a reliable option for disabling CMC joint arthritis
and is associated with a high degree of patient satisfaction.
Filling of the resected joint area with tendon tissue as an
alternative to silicone has been reported to provide good
results 2728

Ashworth et al. first reported short-term results of silicone-
rubber interposition arthroplasty using a modified silicone
neurosurgical burr-hole cover in 42 patients.!’ The average
follow-up time was 31 months. Forty results were rated as
excellent. There were only two failures due to breakage of
the device, and in both cases the breakage was due to a tech-
nical error. Oka and Ikeda described clinical and radiographic
results of OA of the CMC joint of the thumb treated by Ashworth’s
technique with an average follow-up of 4.5 years.?? Partial fail-
ure of the implant was seen in five of 16 patients. Three of
the five cases merely complained of strange sensations and
did not have pain, reduced grip strength, or difficulty with
daily living activities. They found that the implant had sub-
sided in three patients. Although two of the patients sometimes
complained of pain, it was milder and much less than that
experienced before surgery. Therefore, they emphasised that
the development of pain was not always consistent with implant
abnormality.

On the other hand, this long-term follow-up study has results
quite different from Ashworth et al’s and Oka and Ikeda's
reports./72% In spite of providing early pain relief in most
thumbs, all but two thumbs had mild to severe pain at follow-
up. Most patients complained of torsional pain or weakness
when they grasped or pinched items. Dislocations of the implant
occurred in two joints and implant breakages in five. Bony ero-
sions thought to be silicone synovitis, were found around the
implant in four thumbs.

Although two previous reports found no correlation between
clinical results and roentgenographic findings,?*® our results
show a significant correlation between poor clinical results and
disintegration of the silicone implans.

We concluded that the Ashworth silicone interposition arthro-
plasty for OA of the thumb CMC joint produced unsatisfactory
results and the indication for further use should be severely
restricted.
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It has been proposed that long-standing untreated
scaphoid nonunion leads to carpal collapse and sub-
sequent degenerative arthritis of the wrist."™ It gen-
erally is believed that the deformity associated with
scaphoid nonunion starts as erosion of the palmar
ulnar cortexes at a fracture site? followed by angu-
lated deformity of the 2 fragments at the scaphoid
nonunion and dorsal rotation of the lunate, which is
referred to as dorsal intercalated segment instability
(DISI) deformity. Eventually degenerative changes
are observed first between the distal scaphoid and the
radial styloid articular surfaces and develop progres-
sively.®? These deformities of scaphoid nonunion are
time dependent and predictable.’® Such changes,
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Figure 1. (A) Fracture location of a scaphoid nonunion based on the dorsal apex of the ridge from a dorsal view. (B) Distal

fracture. (C) Proximal fracture.

however, do not occur in all cases of long-standing
scaphoid nonunion.'*? Nakamura et al'® classified
deformity of scaphoid nonunion into 2 different
types: (1) a volar type, in which the distal fragment
overlaps the proximal fragment volarly, and (2) a
dorsal type, in which the distal fragment overlaps the
proximal fragment dorsally. Moritomo et al** sug-
gested that the fracture level of scaphoid nonunion
affects the pattern of deformity. They measured frac-
ture location using the apex of the dorsal ridge of the
scaphoid (where the dorsal intercarpal ligament and
the dorsal part of the dorsal scapholunate interosse-
ous ligament [DSLIL] are attached) as an anatomic
landmark. They reported that in volar-type nonunion
all cases exhibited DISI deformity and the fracture
line generally was distal to the apex of the dorsal
ridge of the scaphoid, and that in dorsal-type non-
union none of the cases showed DISI deformity and
the fracture line was proximal to the apex of the
dorsal ridge of the scaphoid. Our study involved
quantification of the displacement of scaphoid non-
union and characterization of the displacement of the
lunate, triquetrum, and capitate. Our purpose was to
quantify the deformity of the carpus in scaphoid
nonunion based on the fracture line and to clarify the
mechanism of development of the associated degen-
erative change.

Materials and Methods

The study comprised 20 patients (17 men, 3 women)
with established scaphoid nonunions. The mean pa-
tient age was 33.7 years (range, 18-75 y) and the
mean interval between injury and examination was
89.9 months (range, 3.0-480 mo). Thirteen patients
had not sought any treatment for the original fracture,
6 patients who were misdiagnosed as having a simple
sprain received no immobilization, and 1 patient had
been immobilized in a cast. By using 3-dimensional

modeling the 20 scaphoid nonunions were divided
into 2 groups according to the classification of Mori-
tomo et al.** Nonunions were classified as distal
fracture (n = 16) if the fracture line was distal to the
dorsal apex of the scaphoid ridge and as proximal
fracture (n = 4) if the line was proximal to this
landmark (Fig. 1). The median interval from injury to
examination was 16.2 months (range, 3.0—480.0 mo)
for distal fractures and 64.4 months (range, 8.6-97.0
mo) for proximal fractures. The cases of scaphoid
fractures for which intervals were less than 6 months
were considered to be nonunions when they were
accompanied with sclerotic margins, an enlarging
cyst, or progressive collapse.

Image Acquisition

We performed computed x-ray tomography on both
wrists using a slice thickness of 0.625 mm obtained
on a clinical helical type scanner (LightSpeed Ultra
16; General Electric, Maukesha, WI). With the pa-
tient prone and the arms elevated and extended over-
head we maintained a neutral position with an ortho-
sis. Data were saved in a standard format (Digital
Imaging and Communications in Medicine [DI-
COM)) that is used commonly for transferring and
storing medical images.

Segmentation and Construction of a 3-
Dimensional Surface Bone Model

Segmentation is defined as extracting bone regions
and associating each region with individual bones.
The anatomic structure or region of interest must be
delineated and separated so that it can be viewed
individually and 3-dimensional bone models can be
reconstructed. Regions of individual bones were seg-
mented semiautomatically by using software (Virtual
Place-M; AZE, Ltd., Tokyo, Japan). Surface models
of each carpal bone, the radius, and the ulna were
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gl
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Figure 2. Orthogonal reference axis system. The x-axis is the
line running from the radial styloid process to ulnar, the
y-axis is the axis of the radius, and the z-axis is the line
normal to the xy plane. Clockwise rotation is positive.

obtained by performing 3-dimensional surface gen-
eration of the bone cortex.'?

Registration

To measure the deformity of the carpus we used the
orthogonal reference system of Belsole et al'® and we
calculated the displacement by matching the injured
hand with the mirror image of the contralateral un-
injured hand. The carpus and radius were registered

CofG

A

with the mirror images of the contralateral uninjured
hand using an independent implementation of the
iterative closest-point registration algorithm.'” For
scaphoid nonunion the distal and proximal fragment
models were matched separately.

Quantification of Displacement

The injured hand was compared with the mirror
image of the contralateral uninjured hand by super-
imposing one on the other. Also the displacements of
the distal fragment, proximal fragment, lunate, tri-
quetrum, and capitate were visualized and quantified.
In this analysis of displacement an orthogonal refer-
ence axis system (Fig. 2) was established for the right
wrist. Scaphoid nonunion of the left hand was con-
verted to the right hand. The x-axis was defined as a
line running through 2 points—the styloid processes
of the radius and ulna—and indicated the radial(+)/
ulnar(-) direction. The z-axis was defined as the
longitudinal radial axis and indicated the distal(+)/
proximal(-) direction. The y-axis was defined as the
line normal to the xz plane and indicated the vo-
lar(+)/dorsal(-) direction. Clockwise rotation was
defined as a positive angle. Rotation around the x-
axis produced flexion(+) and extension(-), rotation
around the y-axis produced ulnar(+) and radial(-)
deviation, and rotation around the z-axis produced
supination(+) and pronation(-). The rotation angles
of displacement were calculated first about the x-axis
(ulnoradial), next about the y-axis (proximodistal),
and last about the z-axis (dorsopalmar). The rota-
tional displacements of the distal fragment, proximal

Figure 3. The center of mass of the distal fragment can be computed from its volume data of the surface model. (A) The radius
of the affected side with the distal scaphoid fragment was superimposed on the mirror image of the contralateral radius. The distal
scaphoid fragment (B) was superimposed on the distal part of the mirror image of the contralateral normal scaphoid (C). The
translation of the center of mass of the distal scaphoid fragment (X) can be measured.
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© Distal Fragment of -
‘the Scaphoid: (deg)

fragment, lunate, and triquetrum were calculated
around these orthogonal reference axes. We defined
DISI deformity as a situation in which lunate exten-
sion around the x-axis increased by more than 10°
compared with the contralateral side.For the capitate
and the distal fragment of the scaphoid we computed
the center of mass'® using the volume data of the
surface model of each component and calculated the
translation of these points (Fig. 3), which indicated
the 3-dimensional vector relative to an orthogonal
reference axis (Fig. 2).

Results
Results are listed in Tables 1 and 2.

Distal Fractures

The deformities of the proximal row in scaphoid non-
union with distal fractures (n = 16) are shown in Figure
4A. The surface models of the affected side (dark-
colored parts) were superimposed on the mirror image
of the contralateral uninjured side (gray-colored parts)
relative to the radius. The proximal fragment of the
scaphoid, lunate, and triquetrum (dark-colored parts)

rotated into extension and supination relative to the
normal proximal row (gray-colored parts). For the prox-
imal fragment of the scaphoid the mean extension was
35.6° = 12.5° and the mean supination was 19.2° =
10.0°. For the lunate the mean extension was 17.5° =
7.0° and the mean supination was 5.5° = 5.6°. For the
triquetrum the mean extension was 12.2° = 5.7° and
the mean supination was 3.0° £ 5.1°. Dorsal interca-
lated segment instability deformity was observed in 15
of the 16 cases with distal fractures. The distal fragment
of the scaphoid and the capitate showed small angles of
rotation but they translated together dorsally 3.13 =
1.46 mm and 2.46 = 1.17 mm, respectively (Fig. 4B).
Only the distal scaphoid fragment and the capitate of
the affected side (dark-colored parts) are shown in Fig-
ure 4B to show more easily the dorsal translation rela-
tive to the normal position (gray-colored parts). -

Proximal Fractures

The deformity was less marked for proximal frac-
tures (n = 4) than for distal fractures (Fig. 5). For
the proximal fragment of the scaphoid the mean
extension was 8.2° = 13.0° and the mean prona-
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