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Infraspinatus / Teres Minor Transfer for the Treatment

of Irreparable Rotator Cuff Tears
: by
MATSUHASHI Tomoya, SUENAGA Naoki, OIZUMI Naomi,
YAMANE Shintaro, HISADA Yukiyoshi, MINAMI Akio
Department of Orthopaedic Surgery, Hokkaido University School of Medicine

KASASHIMA Toshihiko
Bibai Rousai Hospital

Treatment of irreparable rotator cuff tears remains controversial. Infraspinatus / teres minor transfer to the greater tuberosity
has been proposed for the treatment of irreparable tears associated with severe functional impairment and chronic, disabling
pain by Paavolainen et al. in 1990. After that, however, there were few reports of mid- or long-term follow-up studies. Qur
purpose of this study was to investigate and analyze the results of the Paavolainen’ s procedure over 3 years. From 1986 to 2003,
18 patients with 18 irreparable, massive tears were managed with an Infraspinatus / teres minor transfer and were evaluated
clinically and radiographically after an average of 5.7 years. The study group included 9 men and 9 women, with an average age
of 66.9 years old at the time of the surgery. The outcome assessment included the JOA and DASH scores and the range of
motion of active flexion and external rotation. Osteoarthritis and upper migration of the humeral head were evaluated on
standardized radiographs. The mean JOA score improved from 45.7 preoperatively to 74.6 at the time of the follow-up. The
mean postoperative DASH score was 27.9. Flexion increased from 82.5° to 1234°. There was no significant improvement in
external rotation. 15 had significant progress of the ,qsteoar;hﬁﬁc éhange and 13 had progress of the upper-migration of the
humeral head. 12 patients were satisfied with their shoulder condition. 3 shoulders had rupture of the transferred tendon and
another had humeral head replacement with a latissimus dorsi transfer. Though the disabling pain improved in most patients,
the osteoarthritic change progressed in 83.3% and further long-term follow-up was necessary.

Key words : BB L #FBEARETS (Irreparable Rotator Cuff Tear), Paavolainen # (Paavolainen's Procedure)
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The Long-term Stress Distribution at the Glenoid Cavity after a Rotator

Cuff Reconstruction using CT Osteoabsorptiometry
by
HISADA Yukiyoshi, SUENAGA Naoki, OIZUMI Naomi,
NAGAIT Masahiro, MINAMI Akio
Department of Orthopaedic Surgery, Hokkaido University School of Medicine

There have been no reports that have analyzed changes of the stress distribution in postoperative glenoid cavity using
CTOAM. The aim of this study was to investigate change of long-term stress distribution at the subchondral bone of the glenoid
cavity after rotator cuff surgery. 9 shoulders in 8 cases with rotator cuff surgery were investigated pre- and post-operatively
using CT osteoabsorptiometry (CTOAM). The average age of the patients was 66.3 years old (range: 45-82). 7 shoulders had
anterior acromioplasty with a rotator cuff reconstruction and the remaining 2 shoulders had only anterior acromioplasty. The .
average duration between pre- and post-CT examination was 70.6 months (range: 39-90). The measured Hounsfield Unit values
at the subchondral bone plate were mapped in 256 phases of gray scale using custom-made software. Anterior-superior
maximum type was found in 3 glenoids, anterior-superior and posterior type in 4 and central maximum with anterior-superior
maximum type in 2 before surgery. After surgery, 6 of 7 shoulders which had received rotator cuff reconstruction revealed an
increase of stress distribution at the central area of glenoid. The stress distribution at the subchondral bone of glenoid cavity in
patients without rotator cuff reconstruction had not changed. In a rotator cuff tear shoulder, stress was concentrated on the
anterior-superior and posterior-superior zone by upward deviation of the head of the humerus. After reconstruction of rotator
cuff, long-term mechanical stresses were concentrated into the central region and only anterior acromioplasty did not lead to an
antero-superior stress distribution.

Key words : BEARMIE (rotator cuff tear), ISHSHi (stress distribution), & F BI%iH * (glenoid cavity)
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A Surface-holding Repair Technique of Torn Rotator Cuff
- A Biomechanical Study-

by
SUENAGA Naoki, FUNAKOSHI Tadanao, OIZUMI Naomi,
HISADA Yukiyoshi, MIMAMI Akio
Department of Orthopaedic Surgery, Hokkaido University School of Medicine,

SANO Hirotaka
Department of Orthopaedic Surgery, Tohoku University School of Medicine,

- FUKUDA Kimitaka
Sports Medical Center, Tonan Hospital

A high re-rupture rate after the arthroscopic repair of rotator cuff with large and massive tear were recently reported on MRI
study. The objective of this study was to investigate the effectiveness of the new suture technique biomechanically. 18 bovine
infraspinatus tendons were repaired to the humerus with 2 suture techniques as follows: A; a dual-row suture technique with
four Fastin anchors and tied by using SMC knot, B; knotless suture of the loop from the medially placed 2 Fastin anchors with
use of 4 bioknotless anchors C, a pull-out transosseous suture of 8 threads from proximally placed 2 Fastin anchors. The
breaking strength, failure mode during tensile testing and the stress distribution immediately after repair of the rotator cuff
with these techniques using 3 finite element models were compared. The breaking strength was averaged to 310N in A, 283N
in B and 368N in B, réspectively. Although a stress concentration was seen around the medial anchor in A, no stress
concentration was found inside of the tendon in B or C. A new suture technique could obtain almost the same strength and
better stress distribution pattern compared with the dual-row technique.

Key words : BEAIFE (Rotator cuff tear), #E&# (Suture technique), HEAFHME (Biomechanical study)
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Abstract: In this study, we successfully developed three-
dimensional scaffolds fabricated from the chitosan-based hy-
aluronic acid hybrid polymer fibers, which can control the
porous structure. To determine the adequate pore size for
enhancing the chondrogenesis of cultured cells, we com-
pared the behaviors of rabbit chondrocytes in scaffolds com-
prising different pore sizes (100, 200, and 400 um pore size).
Regarding the cell proliferation, there was no significant dif-
ference among the three groups. On the other hand, glycos-
aminoglycan contents in the 400 pm group significantly
increased during the culture period, compared with those in
the other groups. The ratio of type II to type I collagen
mRNA level was also significantly higher in the 400 pm
group than in the other groups. These results indicate that

our scaffold with 400 pm pore size significantly enhances
the extracellular matrix synthesis by chondrocytes. Addition-
ally, the current scaffolds showed high mechanical proper-
ties, compared with liquid and gel materials. The data
derived from this study suggest great promise for the future
of a novel fabricated material with relatively large pore size
as a scaffold for cartilage regeneration. The biological and -
mechanical advantages presented here will make it possible
to apply our scaffold to relatively wide cartilaginous lesions.
© 2006 Wiley Periodicals, Inc. J] Biomed Mater Res 81A:
586-593, 2007

Key words: chitosan; chondrocyte; hyaluronic acid /hyalur-
onan; cell culture; scaffold

INTRODUCTION

Functional restoration of diseased and damaged
articular cartilage is highly desirable, yet it continues

to remain medically challenging. The clinical treat-

ment outcomes intended to promote complete repair
of full and partial-thickness articular cartilage defects
essentially remain unpredictable. Tissue engineering
is considered to be one of the most promising alter-
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native therapies for articular cartilage defects.'™* For
the approach of tissue engineering, a temporary
three-dimensional (3-D) porous scaffold is necessary
to accommodate the transplanted cells and guide the
new tissue formation. Especially, in cartilage tissue
engineering, scaffolds play an important role in
maintaining the phenotype of chondrocyte.>® Factors
that could enhance tissue regeneration include vari-
ous characteristics such as pore size, total porosity,
pore shape, pore interconnectivity, material surface
chemistry, effective scaffold degradability, and scaf-
fold stiffness. Articular cartilage must be considered
as a mechanically stressed tissue. Therefore, the fun-
damental structure of a scaffold should be a 3-D sys-
tem with adequate mechanical strength to fix to the
injured site in vivo.

We previously showed the biological superiority
of chitosan-based hyaluronic acid hybrid polymer
fibers in ex vivo cartilage regeneration.” Our novel
hybrid fibers have several advantages. By introduc-
ing hyaluronic acid to the chitosan material, cell pro-



EFFECT OF PORE SIZE ON IN VITRO CARTILAGE FORMATION

Figure 1. Microscopic appearance of 3-D fabricated scaffolds: (A) 100 pm pore size scaffold, (B) 200 pm pore size scaf-

fold, and (C) 400 um pore size scaffold.

. liferation and extra cellular matrix (ECM) synthesis
were enhanced. Structurally, the fiber material must
provide adequate mechanical strength for a 3-D scaf-
fold of cartilage tissue engineering.® In addition, by
using fiber material, it becomes easy to control the
macroscopic and microscopic scaffold architectures.
The next step in developing a novel material is to
conduct more research to determine the adequate
shape and pore size that enhances the chondrogene-
sis of cultured cells and achieves an adequate me-
chanical strength for a 3-D cartilage tissue regenera-
tion scaffold.

The aims of this study were to create the 3-D fab-
ricated scaffolds based on the chitosan-based hyal-
uronic acid hybrid polymer fibers, which can control
the porous structure, and to clarify the effects of
pore size of the current scaffolds on the chondrocyte
behaviors and scaffold’s mechanical properties. On
the basis of the study’s results we can prepare an
appropriate scaffold for cartilage tissue engineering.

MATERIALS AND METHODS

Scaffold preparation

Chitosan-based hyaluronic acid hybrid polymer fibers,
which are coated with 0.07% hyaluronic acid, were origi-
nally developed in our laboratory by the wet spinning
method.” The concentration of hyaluronic acid was deter-
mined by the data previously obtained.” Chitosan is a
commercial material purchased from Kimitu Chemical Co.,
Inc. (Tokyo, Japan). Hyaluronic acid, produced by lactic
acid bacteria with a viscosity average molecular weight of

2,400,000, was given as a gift from Denki Kagaku Kougyo
Co. Ltd. (Tokyo, Japan). The degree of deacetylation of the
chitosan was 81%, and viscosity average molecular weight
was 600,000. The diameter of the hybrid polymer fiber was
0.03 mm. As mentioned in the previous literature,” the ten-
sile strength and strain at failure of the polymer fiber was
144.4 N/mm? and 9.7%, respectively. First, yarns were cre-
ated from the hybrid polymer fibers. Then, the 3-D scaf-
folds with three different pore sizes (100, 200, and 400 um)
were woven automatically from the yarns by using
the original apparatus [Fig. 1(A-C)]. Each scaffold was
8 x 8 mm with a 1 mm thickness (Fig. 2). These scaffolds

Figure 2. Macroscopic appearance of 3-D fabricated scaf-
folds with 400 pm pore size (8 x 8 mm and 1 mm thick-
ness). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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were sterilized in an autoclave at 135°C for 20 min for the
chondrocyte culture and further investigations.

Chondrocyte isolation

Ten-week-old Japanese white rabbits (Hokudo, Sapporo,
Japan) were used in this study. Articular cartilage slices,
gathered from the femoral condyle, the femoral head, and
the humeral head of the animals, were detached from the
adherent connective tissues. Chondrocytes were isolated
by sequential enzyme digestion under sterile condition as
described previously.” Isolated viable chondrocytes were
counted using a hemocytometer and 0.4% trypan blue
exclusion dye. The final cell density of chondrocyte sus-
pension was adjusted for further investigations. Dulbecco’s
modified Eagle’s medium containing 4500 mg/L glucose
(Sigma, St. Louis, MO) supplemented with 10% fetal bo-
vine serum (Invitrogen, Carlsbad, CA), 100 IU/mL penicil-
lin, 100 pg/mL streptomycin, and 0.25 pg/mL fungizone
(Biowhittaker, Walkersville, MD) was used for the culture
medium.

Cell adhesion study

The chondrocyte suspension containing 0.6 x 106 cells
was embedded on the scaffold. The scaffold was placed in
a culture dish and allowed to attach for 1 h in an incuba-
tor before additional medium was added. Next, the sam-
ples were cultured for 24 h in an incubator supplemented
with 5% CO, and 95% humidity at 37°C. The unattached
cells were collected from the medium and culture dish at
24 h after cell seeding. The number of unattached cells
was quantified by microscopic observation using a hemo-
cytometer.

In vitro chondrocyte culture

A chondrocyte suspension containing 0.6 x 10° cells
was embedded on the scaffolds. The samples were cul-
tured in a humidified 5% CO, incubator at 37°C in static
conditions. The culture medium was changed every three
days and fresh ascorbic acid (50 ug/mL final concentra-
tion) (Sigma) was added each time.

DNA quantification

At 1, 7, 14, and 28 days after cultivation, samples of
each sample group (100 pm, 200 um, and 400 um pore
size) were harvested to quantify the total amount of DNA.
The DNA content (ng/sample) was measured in aliquots
of the sodium citrate (0.05M phosphoric acid, 2M NaCl)
dissolved powdered samples by modified fluorometric
assay using bisbenzididazole dye (Hoechst dye 33258, Poly-
science, Warrington, PA).? In fluorescence measurements,
disposable cuvettes were used; the excitation wavelength
was 356 nm and the emission wavelength was 458 nm.
The results were extrapolated from a standard curve using
salmon testis DNA (Worthington, Freehold, NJ).
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RNA isolation and semiquantitative reverse
transcriptase-polymerase chain reaction
(RT-PCR) analysis

RNA was extracted from samples incubated for 28 days
with the TRIspin method as described previously.” Semi-
quantitative RT-PCR analysis was performed with rabbit-
specific primer sets for type I, II collagen, aggrecan, and a
housekeeping gene, glyceraldehydes-3-phosphate dehydro-
genase (GAPDH). Data were expressed as a normalized
ratio by comparing the integrated density values for the
genes in question with these values for GAPDH so as to
yield a semiquantitative assessment of gene expression.

Quantization of glycosaminoglycans

At 1, 7, 14, and 28 days after cultivation, samples of

- each group were harvested to quantify the total amount of

sulfated glycosaminoglycans (GAG). The-amounts of GAG -
in the cultured samples were measured by dimethylmethy-
lene blue assay described by Famndale et al.’® The sample
in 1.0 mL 20 mM sodium phosphate buffer (pH 6.8) con-
taining 1 mM EDTA, 2 mM dithiothreitol, and 300 pg
papain, was incubated at 60°C for 60 min. Iodoacetic acid
was then added to 10 mM final concentration, and the vol-
ume was increased to 5 mL by addition of 50 mM Tris/
HCl (pH 8.0). 100 uL of each sample was placed in a poly-
styrene tube and 2.5 mL dimethylmethylene blue color rea-
gent was added. In spectrophotometric measurements, dis-
posable cuvettes were used; the wavelength was 525 nm.
The results were extrapolated from a standard curve using
chondroitin sulfate (Hokudo, Sapporo, Japan).

Morphological and immunchistochemical analysis

Cell morphology in the scaffold material was observed
by light microscopy at 28 days after cultivation. Cultured
samples were fixed with 10% buffered formalin, embedded
in paraffin, cut into 5-um sections, and stained with Safra-
nin-O. For immunohistochemical observation, the samples
were embedded in Tissue-Tek OCT compound (Sakura
Finetechnical, Tokyo, Japan) and frozen. Frozen sections
(5 pm thickness) were cut and mounted on microscope
slides. Then, the sections were thawed and fixed with ace-
tone for 5 min at —20°C. After drying, the sections were
hydrated with phosphate-buffered saline for 5 min. They
were incubated with the primary antibody—mouse mono-
clonal antibodies to either human collagen type I (1:100) or
type I (1:100)—for 60 min at room temperature. They
were washed three times and incubated with a peroxidase-
labeled polymer-conjugated anti-antibody (Envision Sys-
tem, Dako, CA) for 60 min. The reaction was developed
with a 3,3'-diaminobenzidine tetrahydrochloride solution
(DAB, Sigma Chemical, St Louis, MO). The antibody we
used for type I collagen was anti human type I collagen
mouse monoclonal antibody (clone 1-8H5, immunoglobulin
G2a) (Fuji-Chemicals, Takaoka, Japan) and for type II colla-
gen was anti human type Il collagen mouse monoclonal
antibody (clone II-4C11, immunoglobulin G1) (Fuji-Chemi-
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Figure 3. Increase of DNA content per sample (ug/sam-
ple) in 3-D fabricated scaffolds seeded with chondrocytes
(n = 5 in each group). *p < 0.05, vs. the 400 pm group at
7 days after cultivation; **p < 0.05, vs. the 400 um group at
14 days after cultivation.

cals, Takaoka, Japan). Cross reactivity to rabbit was con-
firmed by the company.

Mechanical analysis of cultured samples

At 28 days after cultivation, samples seeded with and
without chondrocytes of each group were harvested to
quantify the mechanical properties. The mechanical prop-
erties of the samples were measured by the axial compres-
sion test equipment designed by our laboratory for smail
samples, which was attached in a material testing machine
(Shimadzu, Kyoto, Japan). A rod with a hemispherical
shape (2.5 mm in diameter) tip was vertically lowered at a
crosshead speed of 10 mm/min on the sample placed on a
grid. The stress—strain curves were obtained from both the
cultured samples and sliced normal articular cartilage har-
vested from rabbit humeral head as a control. The com-
pression modulus was obtained from the initial slopes of
the stress—strain curves.

Statistical analysis

The means and standard deviations for all results were
calculated from five samples. Statistical comparisons of the
compression modulus of each scaffold between with and
without chondrocytes were performed using unpaired ¢
tests. One-way ANOVA and Fisher’s PLSD tests were per-
formed for other comparisons. Differences were considered
significant for p < 0.05.

RESULTS

Cell adhesion

The average efficiency of cell attachment was 93.2
* 3.6%, 89.6 £ 4.7%, and 78.2 + 3.5% in the 100 pm,
200 pm, and 400 pm group, respectively. The value
of the 100 um and 200 pm groups were significantly

higher than that of the 400 pm group (100 pum vs.
400 um group, p < 0.001; 200 um vs. 400 pm group,
p < 0.01).

Cell proliferation

In all the groups, the total amount of DNA in-
creased with time until day 14 and then there were
no significant changes in the values from 14 days to
28 days. At 7 and 14 days of culture, the amount of
DNA was significantly higher in the 100 ym group
than in the 400 pm group (p < 0.05). However, there
was no significant difference among the three groups
at 28 days of culture (Fig. 3).

The light micrograph showed the proliferation of
the chondrocyte while maintaining the characteristic
round morphology and the rich ECM synthesis
around the chondrocytes in all groups at 28 days
after cultivation (Fig. 4).

ECM products

At 28 days after cultivation, the quantity of total
RNA yield per mg wet weight was 027 + 0.08 pg/mg
in the 100 pm group, 0.15 * 0.07 pg/mg in the
200 pm group, and 0.36 = 0.10 pg/mg in the 400 pm
group. The mRNA for GAPDH was well expressed
in all samples. Based on the analysis of 1 pg of total
RNA converted to cDNA by RT from each sample,
integrated density values of GAPDH in the linear
PCR range (25 cycles) in the 100 pm group, in the
200 pm group, and in the 400 pm group were 0.43 *
0.03, 0.44 * 0.04, and 0.44 * 0.03 integrated density
units, respectively. There were no significant differ-
ences in GAPDH band density among the three
groups. These results support the normalization of

Figure 4. Light micrograph of chondrocytes proliferated
in 3-D fabricated scaffold with 400 um pore size at 28 days
after cultivation (Safranin-O staining, original magnifica-
tion x20). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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TABLE I
Mean Normalized Ratio (Experimental Integrated Density/GAPDH Integrated Density) of mRNA
for ECM Molecules at 28 Days After Cultivation

Group Type II Collagen Aggrecan Type I Collagen Type /1 Coliagen
100 um 0.66 = 0.08 0.79 = 0.05 0.61 £ 0.11 1.12 £ 0.35
200 pm 0.67 £ 0.13 0.64 = 0.14 044 £ 0.10 1.63 = 048
400 pm 0.79 = 0.08 0.67 £ 0.16 0.46 £ 0.19 1.95 % 0.78*

Mean * standard deviation.
n =5 in each group.
*p < 0.05, vs. the 100 um group.

subsequent assessments to this gene. In culture
materials at 28 days, normalized ratio of mRNA of
type I collagen, of type Il collagen, and of aggrecan
to that of GAPDH was summarized in Table I. In
each value, there were no statistically significant dif-
ferences among the three groups. On the other hand,
the ratio of type Il to type I collagen (type 1I/I)
mRNA levels of the 400 um group significantly
increased, compared with that of the 100 pm group
(p < 0.05). o

In the quantification of GAG, the total amount of
GAG increased constantly with time in all groups.
At 14 days after cultivation, the GAG content was
significantly higher in the 200 and 400 pm groups
than in the 100 um group (p < 0.05). Moreover, at
28 days after cultivation, the value of the 400 pm
group significantly increased, compared with other
groups (Fig. 5; vs. the 100 um group, p < 0.0001; vs.
the 200 um group, p < 0.01).

Immunchistochemical staining with an anti-type II
collagen antibody demonstrated rich type I collagen
production in the pericellular matrix [Fig. 6(A)].
In contrast, that with anti-type I collagen suggested
poor synthesis of type I collagen in the matrix

[Fig. 6(B)].
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Figure 5. Glycosaminoglycans content increases in all sam-
ple groups (n = 5 in each group). The value is significantly
higher in the 400 um group than in the other groups at
28 days after cultivation. *p < 0.05, vs. the 100 um group at
14 days after cultivation; **p < 0.05, vs. the 100 pm group
at 28 days after cultivation, **p < 0.05 vs. the 200 um group
at 28 days after cultivation.
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Mechanical analysis of cultured samples

The compression modulus of normal articular carti-
lage of rabbits was 3.28 * 0.53 MPa. The value of
scaffolds without chondrocytes was 5.93 *+ 1.36 MPa
in the 100 pm group, 1.63 = 0.97 MPa in the 200 um
group, and 0.87 = 0.28 MPa in the 400 pm group.
There were significant differences in the values
between the 100 pm group and the other groups (p < . .

(b)

Figure 6. Immunohistochemical staining of 3-D fabricated
scaffold with 400 pm pore size at 28 days after cultivation
(original magnification x10). A: Rich production of type II
collagen is indicated. B: No staining of type I collagen is
observed. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.}



