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Twenty-one rabbits were used fo investigate the feasi-
bility of using nonwoven chitin fabric as an acellular
matrix for rotator cuff regeneration. Infraspinatus ten-
dons were cut bilaterally to create 10 X 10-mm de-
fects. The defect in the right shoulder was covered with
chitin fabric. The contralateral defect was left free as a
control. The specimens were evaluated histologically
and immunchistochemically at 2, 4, 8, and 12 weeks
and biomechanically at 12 weeks after surgery. The
acellular matrix increased cell numbers and improved
collagen fiber alignment. The regenerated tissues were
composed of type lll collagen. The structural properties
of the grafted shoulder were significantly greater than
those of the control. This study revealed that using
chitin fabric as an acellular mairix has advantages in
enhancing both biologic and mechanical regeneration
of rotator cuff tendons. {/ Shoulder Elbow Surg 2006;
15:112-118.)

R otator cuff tears can cause intolerable chronic pain
and severe functional disability. Although rotator cuff
tears have been freated with nonsurgical therapy,
massive tears occasionally necessitate surgical recon-
structive procedures, including fendon iransfers or
patch plasties.®®2° However, there are limitations
with the present surgical procedures. Tendon transfer
has donor site morbidity, and polytetrafluoroethylene
felt grafts cause wear pcrﬁcﬁa arthritis. Regarding
novel approaches to rotator cuff treatment, Dejardin
et al® reported that porcine small intestine submucosa
was an effective material for maintaining the mechan-
ical strength of the reconstructed rotator cuff and
Thomopoulus et al,?* showed that fibrin clots en-
hanced the healing of a rat supraspinatus tendon
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defect. Although these studies have shown the feasi-
bility of using biodegradable materials for regenera-
tion of rotator cuff tendons, a number of limitations to
the clinical application of these engineering tech-
niques remain, including immunologic reactions and
fhle inadequate mechanical strength of these materi-
als.

Tissue engineering is an emerging scientific ap-
proach that attempts to develop biologic substitutes
made from isolated cells and 3-dimensional poly-
meric scaffolds.’! Although, in fissue engineering, the
result should include functional cells, there are strate-
gies to recruit cells from the recipient or host by use of
non-cell-seeded implants. Nerem'” has advanced an
approach using an acellular biodegradable matrix
organized with 3-dimensional architecture mimicking
a specific tissue. Because the infilirating cells are the
patient’s own cells, there is no need for any engineer-
ing to achieve immune acceptance. This approach,
which can enhance tissue regeneration, has the po-
tential to overcome the limitations of current recon-
structive procedures. In this method, a biodegradable
matrix acts as a temporary template until native ex-
tracellular matrices have matured through the process
of tissue regeneration. Furthermore, the matrix should
be a biologic stimulator fo recruit cells and regulate
cell adhesion, proliferation, differentiation, and ma-
trix remodeling.

Chitin is a biocompatible and biodegradable mo-
terial with low immunogenicity that does not induce
toxic reactions in living bodies. In addition, it has
been reported that chitin enhances cellular prolifera-
tion and migration.?3 On the basis of these favorable
biologic effects, chitin has been used as an ideal
biopolymer with a wide variety of biomedical and
industrial applications.'* In particular, several studies
have reported that chitin accelerated wound heal-
ing”'1¢:23:25 and that chitin derivatives enhanced re-
generation of skin tissue.'> We hypothesized that the
biologic effects of chitin could be beneficial for the
regeneration of the rotator cuff tendon, as well as of
epidermal tissues. With regard to the mechanical
strength of chitin fabric, we can easily control the
strength by altering the pore size and the thickness of
the fabric. These facts suggest that chitin would be an
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Figure 1 Scanning electron micrograph of nonwoven chitin fabric
{original magnification X 3000).

advantageous material as an acellular matrix for the
treatment of rotator cuff tendon defects.

The objective of this study was fo investigate histo-
logically and biomechanically the feasibility of using
nonwoven chitin fabric as an acellular matrix for the
regeneration of rotator cuff tendon defects.

MATERIALS AND METHODS

Nonwoven chitin fabric, an improvement from Beschitin
W-A [Unitica, Kyoto, Japan}, was used in this study (Figure
1). The mechanical properties of the chitin fabric were
measured by use of the Japanese Industrial Standards
L1015 under dry and wet conditions. Mechanical tests
were performed on 5 samples at a crosshead speed of 20
mm/min by use of a material testing machine (P/N346-
51299-02; Shimadzu, Kyoto, Japan}. Each side of the
fabric was nipped with a strip of a paper and mounted on
the upper and lower chucks. We confirmed that there was
no slippage of the clamps’ grip.

Animo?experimenfcﬁon was carried out in the Institute of
Animal Experimentation, Hokkaido University School of
Medicine, Hokkaido, Japan, under the Rules and Regula-
tions of the Animal Care and Use Committee, Hokkaido
University School of Medicine. Twenty-one mature Japa-
nese white rabbits, weighing 3 kg, were used in this study.
Under general anesthesia induced by use of intravenous

entobarbital injection (0.05 mg/kg body weight), fol-
rowed by anesthesia with isoflurane in oxygen, both in-
fraspinatus tendons including the humeral insertion were
removed to create a defect of 10 mm in length and 10 mm
in width (Figure 2,A}. A trough was creoteg in the cortical
bone over the insertion of the infraspinatus tendon until
cancellous bone was exposed. In the right shoulder, the
defect was covered with a 10 X 10-mm patch of non-
woven chitin fabric (grafted shoulder group) (Figure 2,B).
The distal end of the fabric was fixed into the bony trough
with two 3-0 nylon mattress sutures, and the proximal stump
of the fabric was sutured to the infraspinatus tendon via the
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same technique. The 4 corners of the chitin fabric in the
right shoulder and the corner of the defect in the left
shoulder were sutured in a way to show defined markers.
The defect of the contralateral (left) shoulder was left free as
a conirol {control shoulder group). After surgery, the ani-
mals were not immobilized and were allowed to move
freely in their cages.

Four rabbits were sacrificed for histologic and immuno-
histochemical analyses at each of 4 stages (2, 4, 8, and 12
weeks) by use of an intravenous overdose of pentobarbital.
En bloc specimens including the greater fuberosity were
harvested from each shoulder. The specimens were fixed in
10% buffered formalin and decalcified in formaldehyde
and formic acid. Specimens were split to obtain longitudi-
nal sections from the grafted and control shoulders. The
sections were embedded in paraffin wax and cut into
5-um-hick longitudinal sections, which were then stained
with hematoxylin-eosin and safranin O. For the immunohis-
tochemical analysis, mouse monoclonal antibodies to hu-
man collagen type |, type ll, and type Il {1:100) {Fuji-
chemicals, Takaoka, Japan] were used.'® The sections
were washed 3 times and incubated with the peroxidase-
labeled polymer<onjugated antirabbit anfibocfy [Envision
system, DakoCytomation, Cdlifornia Inc, Carpinteria, CA)
for 1 hour. Antibody binding was visualized by use of
3,3"-diaminobenzidine tetrahydrochloride.

At 4 weeks after surgery, both shoulders of 5 rabbits
were obtained for biomechanical evaluation. The rotator
cuff tendon-humerus complex was dissected free, and the
surrounding tissues were carefully removed with reference
to the 4 corner suture markers. The cross-sectional area of
each specimen was measured by use of the contact method
with an area micrometer {2050F-60, Mitutoyo, Tokyo, Ja-
pan), as reported previously.'?'3 A bone-tendon prepara-
tion was mounted and attached to a conventional fensile
tester (P/N346-51299-02, Shimadzu). The tendons of both

roups were cut to create a dumbbell shape, 3 mm in width,
?or biomechanical study. The free end of the tendon was
secured with a specially designed cryojaw device.?! The
mechanical testing ouflined previously was performed.'?13
After a preload of 0.5 N was applied for 10 minutes, the
specimen was subjected to 10 cycles of loading and un-
loading for preconditioning between O and 0.5 mm of
crosshead displacement. Mechanical tests were performed
at a crosshead speed of 20 mm/min. A load-deformation
curve was obtained from the load-displacement relation-
ship. The stiffness was defined by the slope after the toe
region, by use of least squares linear regression analysis.

Statistical comparisons were performed by use of the
Student f fest. P < .05 was considered to be statistically
significant.

RESULTS

Mechanical properties of acellular matrix

In dry conditions, the mean failure load and elon-
gation at failure of the nonwoven chitin fabric (10 mm
in width, 15 mm in length, and 4 mm in thickness)
were 9.4 + 1.2 N (mean + SD) and 19.4% = 5 4%,
respectively. After 4 weeks of incubation in Dulbec-
co’s modified Eagle’s medium (D5796, Sigma Chem-
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Figure 2 Surgical procedure. A, Infraspinatus tendons from a rabbit were removed bilaterally to create the
defects. A bony trough was created over the insertion of the infraspinatus (arrow]. B, Nonwoven chitin fabric was

inserfed into the defect.

ical Co, St Louis, MO) with 10% fetal bovine serum
[(10099-141; Invitrogen Corp, Carlsbad, CA), the
mean failure load and elongation at failure of the
nonwoven chitin fabric were 11.23 = 0.92 N and
40.9% = 2.5%, respectively. There were no signifi-
cant differences in the failure load between dry and
wet conditions. On the other hand, the elongation at
failure after 4 weeks of incubation significantly in-
creased compared with dry conditions.

Gross observation

Macroscopically, all created defects in the grafted
shoulder group were covered with thick regenerated
tissue between the rotator cuff and humerus at each
time point. In the control shoulder group, at 2 and 4
weeks, the regenerated tissue could not be divided
from the deltoid muscle, whereas at 8 and 12 weeks,
the defects were covered with fibrous tissue. There
were no macroscopic findings, including severe
edema or discharge, indicating significant immune
reactions around the grafted chitin f%bric in all shoul-
ders at all times.

Histologic evaluation

At 2 weeks, in the grafted shoulder group, a
small number of fibroblasts were observed on the
layer of the fabric by the side of the deltoid muscle
and tendon-bone insertion (Figure 3, A). Collagen
fibers were not clearly detected. The chitin fibers
had not been absorbed. On the other hand, in the
control shoulder group, the firm membrane was
absent and only blood cells and fibrin clots were
observed at the tendon defect site (Figure 3, B). At
4 weeks, in the grafted shoulder group, the regen-

erated tissue and the number of fibroblasts were
significantly increased compared with at 2 weeks.
Collagen fibers were obvious along the direction of
the longitudinal tendon (Figure 4, A}. The crimp
pattern of the tendon was partially evident. Al-
though the chitin fibers stayed in their original form,
a small amount of collagen fiber was observed
inside the fabric substance. In the control shoulder
group, there was a thin membrane with o large
number of fibroblasts and vessels {Figure 4, B). At 8
weeks, the same measures in the grafted shoulder
group were similar fo those at 4 weeks, and a small
amount of the chitin material had been absorbed
(Figure 5). From 8 to 12 weeks, the regenerated
tissue gradually thickened in the grafted shoulder
group; the fabric was absorbed and changed to an
irregular form (Figure 6, A). With the absorption of
the fabric, the number of fibroblasts decreased. The
regenerated tissue in the grafted shoulder group
was thicker than that in the control group (Figure 6,
B). The collagen fibers and their characteristic
crimp patterns were oriented regularly. At all time
points, all specimens showed minimorevidence of
monocytic infiltration or inflammatory response
around the chitin fabric. Angiogenesis was not
obviously apparent in either experimental group.
At the tendon-to-bone insertion, the direction of the
collagen fibers was not perpendicular to the bone
in the grafted shoulder group at 2 weeks (Figure 3,
A). The perpendicular pattern of collagen fibers
inserted in the bone was observed in one of the
grafted shoulders at 4 weeks (Figure 4, A). Some
cartilage-like tissue that stained in safranin O was
observed at 4 weeks in the grafted shoulder group.
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Figure 3 Micrographs from each group 2 weeks after surgery (hematoxylin-eosin stain, original magnification
x40}. A, Grafted shoulder group. Note that fibroblasts were observed in the fabric at the subacromial bursal side
and the tendonbone insertion. Collagen fibers were not observed. B, Control shoulder group. Note the
regenerated thin tissue membrane. Blood cells {short arrow} and fibrin clot {long arrow} were observed ot the

defect.

Figure 4 Microj)rophs from each group 4 weeks after surgery (hematoxylin-eosin stain, original magnification

x40). A, Grafte

shoulder group. Note that the collagen fibers were well aligned. Trabecular bone was observed

at the bony insertion of the chitin. B, Control shoulder group. Note that there was a thin membrane with many

fibroblasts and vessels.

Microscopically, two pieces of grafted chitin fab-
ric—one at 2 weeks and the otier at 4 weeks—
were partially detached from the bony trough. On
the other hand, in the control shoulder group, the
perpendicular pattern of collagen fibers was not
found at any time.

Immunchistochemical evaluation

The regenerated tissues in the grafted shoulders
were negative for type | collagen, and positive for
type lll collagen (Figure 7, A and B). The tendon-bone
insertion site was partially positive for type Il colla-
gen. However, a normal direct insertion pattern was

not found at that site. The immunohistochemical anal-
ysis in the control shoulder group was similar to that in
the grafted group.

Biomechanical evaluation

Table | summarizes the results of the biomechanical
evaluation. In the grafted shoulder group, the failure
sites were 4 in the chitin fabric substance and 1 at the
tendon-bone junction. In the control shoulder group, 3
specimens failed at midsubstance and 2 failed at the
tendon-bone insertion. There was a significant differ-
ence in the cross-sectional area between the grafted
and control shoulder groups. The failure loads and
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Figure 5 Micrograph from grafted shoulder group 8 weeks afte
surgery (hematoxylin-eosin stain, original magnification x40},
Nofe that gaps in the chitin fabric had gradually increased, and
each fiber was beginning to be absorbed.

stiffness of the grafted shoulder group were signifi-
cantly greater than those of the control shoulder

group.
DISCUSSION

The current surgical procedures for irreparable
rotator cuff tears have considerable limitations. To
overcome these drawbacks, we focused on applyin
an acellular matrix to the regeneration of rotator cuﬁ:
defects. In this study, we iypofhesized that chitin
fabric could enhance rotator cuff regeneration in the
same way that it does in epidermal fissues.

Histologic findings showed that the number of fi-
broblasts in the grafted shoulder group were signifi-
cantly greater than those in the control shoulder
group. Chitin fabric may play a role in enhancement
of cell migration. Previous studies have indicated that
chitin accelerated the healing of skin and subcutane-
ous fissues by increased cell migration.'®2% More-
over, Okamoto et al'® reported that chitin implants
stimulated abundant angiogenesis. However, in our
study, there was no significant difference in angiogen-
esis between the grafted and control shoulder groups.

In the regeneration of rofator cuff tendons, we must
consider not only the number of cells but also the
production of exiracellular matrix. This study indi-
cated that chitin fabric induced a large amount of
collagen fibers. Moreover, we observed that the col-
lagen fibers were in the fabric, and their characteris-
fic crimp patterns were regularly oriented. Although
there were a few specimens tzcxt detached at the
tendon-bone junction, the chitin fabric was able to
moderate the mechanical stress, which improved the
collagen alignment. Okamoto et al,'? suggested that
chitin supported maturation of collagen fibers. They
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also suggested that chitin can enhance the production
of some cytokines, including interleukin-1 and fibro-
blast growth factor. The effect on inducing maturation
of coﬁcgen fibers is associated with the biodegrad-
ability of chitin fabric.'? In our study, the nonwoven
chitin fabric had a tendency to be absorbed by 12
weeks after surgery. Sato et al,?? reported that chitin
implants had aggressive tissue ingrowth whereas
polylactic acid implant had poor tissue ingrowth in a
rabbit Achilles tendon defect model. This result indi-
cated the advantage of chitin fabric as an acellular
matrix. The biodegradability of chitin fabric is easily
controlled by changing the diameter of the fiber and
the density of the fabric. Well-controlled biodegrad-
ability of an acellular matrix could provide the space
for the maturing extracellular matrix.

Type | collagen is prominent in normal rotator cuff
tendon substance, whereas type It collagen is wide-
sErecd in the insertion zone.'® Immunohistochemistry”
showed no difference in the collagen type in the grafted
shoulder group compared with the control shoulder
group. Although chitin fabric could enhance cell migra-
tion and collagen alignment, the fibroblasts produced
Izpe Il collagen. Several studies have documented that
the mechanical properties of healing tissue in tendons
and ligaments are inferior to those in native fissue.' 24>
Frank et al,® showed that recovery of the material prop-
erties of a ligament scar improved until 14 weeks but the
maximum stress or strain remained at a lower level for
up to 40 weeks of healing, as compared with a normal
ligament. Therefore, this immunohistochemical finding
was considered to reveal a limitation in tissue regener-
afion by use of an acellular matrix. We believe that
tissue, including type | collagen, could be regenerated
by a tissue engineering technique by using a bioabsorb-
clle scaffold and isolated cells, which is to be ad-
dressed in future studies.

The inadequate initial strength of the chitin fabric
may cause a recurrent cuff tear or a disability of
rotator cuff function in the early healing stage. Histo-
logic findings showed that the regenerated fissue
gradually increased until 4 weeks after implantation.
In view of the relationship between the recovery time
of the regenerated tissue and the absorption rate of
chitin fabric, the mechanical strength of cEitin fabric 4
weeks after surgery is important for avoiding recur-
rent tears. We confirmed that the chitin fabric main-
tained the same failure load after 4 weeks of incuba-
fion in culture medium as under dry conditions.
However, the stiffness deteriorated during incubation
in the culture medium. Sato et al®? showed that the
failure load of chitin and polylactic acid implanted
tendons was 39.5% and 53.9% of the value on the
intact side, respectively. Future studies should aim at
developing novel scaffolds that have a stronger fail-
ure load and high stiffness.
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Figure 6 Micrographs from each group 12 weeks after surgery (hematoxylin-eosin stain, original magnification
x40}. A, Grafted shoulder group. Note that the number of gbrob!osts had decreased with the absorption of the
fabric. The collagen fibers aggregated in the fabric, and their characieristic crimp patterns were regular and
straight. B, Control shoulder group. Note that there was thin membrane with less ﬁgroblosts and vesse?s.

Figure 7 Micrographs of immunostaining in grafted shoulder group 12 weeks after surgery: negative for type |
collagen staining (A) and positive for type Il collagen staining, (B) (original magpnification X200).

Table | Mechanical properties of grafted and control shoulder groups

Cross-sectional area (mm?2) Failure load {N) Stiffness (kN/m)
Grafted shoulder group 14.2 £ 5.3* 135.4 = 28.2* 47.1 £ 13.6*
Control shoulder group 3.7%1.2 12971 62+28

*Significantly different from control shoulder group (P < .05] [n = 5).

A further point we must consider is the tendon-bone  for securing the insertion between the chitin fabric
junction between the humerus and the regenerated  and the bone should be reconsidered.

tissue. MicroscoEic findings showed that some mate- One of the limitations in our study is that the origin
rials were detached from the bony frough in the early  of the cells in the regenerated tissue remained un-
postoperative period and, in the biomechanical ~ known. Moreover, the long-term biodegradability of

study, that some specimens failed at the tendon-bone  the chitin in the rotator cuff tendon defect needs
insertion. These observations indicate that the method  clarification. Furthermore, in vivo and in vitro studies
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should be conducted to improve the freatment of
rotator cuff tendon defects.

In conclusion, using nonwoven chitin fabric as an
acellular matrix enhanced cell number and collagen
production in a living body. This study provides im-
portant and fundamental information for the develop-
ment of rotator cuff regeneration by use of an acellu-
lar matrix. Advanced study is necessary to improve
the present material for regeneration of irreparable
rotator cuff tears.

We thank Mr Yusuke Matsuda and Mr Ryoichi Tsurutani
{Unitica Co, Ltd, Kyoto, Japan) for preparation of the chitin
fabric.
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CLOSED RUPTURE OF THE FLEXOR TENDONS OF THE
LITTLE FINGER SECONDARY TO NON-UNION OF
FRACTURES OF THE HOOK OF THE HAMATE

H. YAMAZAKI, H. KATO, Y. NAKATSUCHI, N. MURAKAMI and Y. HATA

From the Department of Orthopaedic Surgery, Shinshu University School of Medicine, Matsumoto City, Nagano, Japan and the
Department of Orthopaedic Surgery, National Nagano Hospital, Ueda City, Nagano, Japan

We report six patients with closed flexor tendon rupture affecting the little finger, occurring
secondarily to non-union of the hook of the hamate bone. The ununited fragments were separated
from the basal part of the hook by more than 1 mm. The fragments were also rounded and showed
marginal sclerosis. Non-union was located in the middle part of the hook in three patients, the tip in
two, and the base in one. At operation, the fragments were removed in all patients. Five patients
were treated by free tendon grafts using three palmaris and two plantaris grafts and one underwent
tendon transfer. Postoperative total range of active motion of the little finger averaged 218° (range
185-265°). All patients returned to their original employment. This series would suggest that flexor
tendon rupture can occur after fracture of the hook of the hamate bone, even when the ununited

fragment is small and/or rounded.
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INTRODUCTION

Fractures of the hook of the hamate are rare, accounting
for less than 2% of all carpal fractures (Andress and
Peckar, 1970; Dunn, 1972). Some of these fractures
occur in sports while swinging a baseball bat, golf club,
or racquet ( Bishop and Beckenbaugh, 1988; Stark et al.,
1977). Others are caused by falling on the palm, or by a
crush injury to the hand (Bishop and Beckenbaugh,
1988). These fractures are often neglected because
routine anteroposterior and lateral roentgenograms of
the wrist fail to detect them (Murray et al., 1979; Stark
et al., 1989) and disability is minimal, or inapparent, in
comparison with other fractures of the carpus. In
approximately 14% of hamate hook fractures, non-
union of the hook may escape discovery until it,
eventually, causes closed rupture of the flexor tendons
of the little or ring finger (Boulas and Milek, 1990). To
date, 26 such cases of tendon rupture have been reported
in the English literature ( Bishop and Beckenbaugh,
1988; Boyes et al., 1960; Clayton, 1969; Crosby and
Linscheid, 1974; Foucher et al., 1985; Futami et al,,
1993; Hartford and Murphy, 1996; Milek and Boulas,
1990; Minami et al., 1985; Stark et al., 1977, 1989;
Takami et al., 1983; Teissier et al., 1983; Yang et al.,
1996), mostly as case reports. Only six reports have
described the site of the fracture (Foucher et al., 1985;
Hartford and Murphy, 1996; Milek and Boulas, 1990;
Minami et al., 1985; Takami et al., 1983; Yang et al.,
1996). No reports have described the roentgenographic
features of the non-union of the hook of the hamate
associated with the tendon rupture.

This study reviews six cases of closed rupture of the
flexor tendons of the little finger secondary to non-union
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of the hook of the hamate, describing characteristic
clinical and roentgenographic features of hook non-
union causing tendon rupture. The results of tendon
reconstruction in these cases are also discussed.

PATIENTS AND METHODS

Between 1990 and 2002, we treated six patients with
closed rupture of the flexor tendons of the little finger
secondary to non-union of the hook of the hamate
(Table 1). The mean age of the patients was 59 (range
35-73) years. All patients were male. Five were manual
labourers and the other was an amateur golfer. In four
patients, a mild resistance force applied to the little
finger precipitated the rupture; in the other two, rupture
apparently occurred spontaneously. One of the latter
two patients noted gradual progressive inability to flex
the little finger; the other noted, one morning, that he
could not flex the little finger. At presentation, four of
the patients had palmar pain after attempting to flex the
little finger. No patient had difficulty flexing the ring
finger and no patient had ulnar nerve palsy. The grip
strength was recorded in three patients and was an
average of 83% of the strength of the contralateral hand
(range 71-90%). Three patients had a past episode of
trauma to the palm but none had been diagnosed with
hamate fracture at the time. Wrist pain had subsided
within 3 months of the injury. Three of the four patients
whose rupture was precipitated by force had no
symptoms referable to the wrist until tendon rupture
occurred. The other patient noted mild pain in the palm
while playing golf. The period from palmar injury to
tendon rupture ranged from 6 months to 25 years. Two



Table I—Patient data
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5 EBroswo patients, with no recollection of obvious injury to the
25 TEgE palm or wrist did heavy manual work as either a
gs Jiss woodcutter or a farmer.
s oRTTT Radiographic examination of the wrist included
22 Lenu posteroanterior and lateral views in all patients, but
. EEE R none was diagnosed with non-union of the hook of the
: ez EEZEE hamate based upon these radiographs. Radiography in
3 £d cudd an oblique lateral view in supination was performed in
o> TERZ four patients, providing a diagnosis of non-union in
St73 o s two. Radiography in a carpal tunnel view, performed
G5 & nee= in five patients, was diagnostic in all five; the same was
2 true for computed tomography (CT). Conventional
28 szed tomography was diagnostic in three of four patients so
5 5 55 5: examined; the same was true for magnetic resonance
& £s £E8E%C imaging (MRI). In all patients the fragment had a
e E FEeE smooth, round surface at the non-union, associated with
8 marginal sclerosis (Figs 1-3). The fragment varied in
2 % size, but, in all instances, it was at least ] mm away from
s 5 Z the body of the hook. The fragment was displaced into
22 3238 the carpal tunnel in one patient (case 2). The hook
EE FzEz fractures were located on the middle part of the hook in
La gRgE four patients, on the tip in one and on the base in one
= 2 = patient (Stark et al., 1989).
g g Tendon reconstruction was performed at an average
s e amnE of 13 weeks after tendon rupture. In all patients, a
£3 3% 53 E curved and zigzag incision was made on the palm
- v wngo between the distal palmar crease and the wrist. All
Eg patients underwent release of the carpal tunnel for
¥ 2t ¢ exposure of the hook of the hamate, the tendon stump
5 sy 28 g and the pisotriquetral joint. In all patients, the ruptured
5 2z 8%2¢ tendons were identified at surgery. In four of six
§ 25 8 patients, only the flexor digitorum profundus (FDP)
§§ tendon of the little finger was ruptured and the flexor
o digitorum superficialis (FDS) tendons were intact. In
§§ ;'j g 1 one patient, the FDP tendon of the little finger was
goEeiPE ruptured and the FDS tendon of the ring finger was
SSPasSE partially frayed. In the remaining patient, both flexor
ESEe = . .
£EE” tendons of the little finger were ruptured. The proximal
. " W E stumps of the ruptured tendons were in the carpal tunnel
§ 8 §§ § and the distal stumps were found proximal to the Al
= & “e = pulley. No tenosynovitis was apparent around either
: £ ©E end of any of the tendons. A free tendon graft, using
2a Sl the palmaris longus tendon in three patients and the
E g“’ Eg plantaris tendon in two, was interposed between the
. 23 proximal and distal stumps in five patients. Tendon
. »f o= & transfer of the FDS tendon of the ring finger, with distal
IcE g E BisE attachment to the FDP tendon of the little finger, was
S & i 53 ¢ performed in the patient with rupture of both FDP and
Z £g = FDS tendons. In each case, the ends of the ruptured
. - tendon were dissected free of adhesions, and the
£ T EEEE interpositional graft or tendon transfer tendon was
H tS EEES sutured to the freshened stump(s) using the interlacing
3 $s $TTE suture method. The junctions of the grafts with the
2 25 ZEE% stumps were placed away from the carpal area. The
8s§ %5 mono mean length of the interpositional grafts was 66 (range
ST 45-100) mm. Operative findings included loss of perios-
e e we teum of the hook of the hamate, which is an important
' structural component of the ulnar side of the carpal
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CLOSED RUPTURE OF THE FLEXOR TENDONS OF THE LITTLE FINGER

Fig 1 Non-union of the tip of the hook of the hamate bone: (a) on carpal tunnel view X-ray, (b) on tomography, and (c) on CT scan (case 2).

Fig 2 Non-union of the middle part of the hook of the hamate bone: (a) on carpal tunnel view X-ray (case 3), (b) on tomography (case 5), (c) on CT
scan (case 1) and (d) on MRI (case 6).
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Fig 3 Non-union of the base of the hook of the hamate bone: (a) on carpal tunnel view X-ray, (b) on CT scan and (c) on MRI (case 4).

tunnel. The cortical surface of both the fragment and the
basal part of the hook were exposed. The fragments,
clearly mobile at the non-union, were removed in all
patients. After tendon reconstruction, modified Kleinert
mobilization was used for 3—4 weeks. In one patient,
tenolysis was performed 14 months after the tendon
graft. Follow-up was maintained for an average of 7
years and 2 months (range 1 year and 2 months—13 years
and 6 months).

At follow-up, the ranges of active metacarpophalan-
geal (MCP), proximal interphalangeal (PIP), and distal
interphalangeal (DIP) joint motion were measured in all
patients and total active range of motion (TAM) was
calculated. These findings were also graded according to
Strickland’s criteria (Strickland and Glogovac, 1980).
Grip strength was measured by Smedley’s Hand
Dynamometer (Sakai Co, Tokyo, Japan) in both hands
and grip strength in the affected hand, relative to the
contralateral hand, was calculated as a percentage.

RESULTS

Total active range of motion, including MCP, PIP and
DIP ranges of motion, averaged 218° (range 185-265°).
In full finger extension, the extension deficit at the MCP,
PIP and DIP joints averaged 21° (range 5-40°). On
average, final grip strength was 86% of the strength of
the contralateral hand (range 63-126%). Outcome, as
measured by the Strickland’s criteria, was excellent in
one patient, good in three, and fair in two (Table 2).
All patients were satisfied with the result of tendon
reconstruction and all could use the little finger in
carrying out activities of daily living, manual labour

or sports. All patients returned to their original
employment.

DISCUSSION

In all of the patients in our series, symptoms at the wrist
from the original fracture had become nil or very mild,
until the closed flexor tendon rupture(s) of the little
finger occurred. Accordingly, closed flexor tendon injury
of the little finger should raise suspicion of non-union of
the hook of the hamate. Other causes of tendon injury
such as osteoarthritis of the pisotriquetral joint (Saitoh
et al., 1997) should be differentiated from non-union of
the hook of the hamate by seeking the latter in
radiographs from oblique and carpal tunnel views of
the wrist, conventional tomography (Murray et al.,
1979) or CT (Stark et al., 1989). In three of our patients,
MRI was also useful to diagnose non-union of the hook
of the hamate. :

Stark et al. (1977) reported that 20 of their 62 cases
had displaced fragments, fractures having occurred at the
base of the hook in 47 cases, in the middle part in eight
and at the tip in seven cases. Of 26 cases of closed rupture
of the flexor tendon in association with hook of the
hamate non-union reported in other papers, the location
of the hook fracture was either described, or shown on
X-ray, in nine cases, as being at the base in eight cases or
in the middle part in one (Foucher et al., 1985; Hartford
and Murphy, 1996; Milek and Boulas, 1990; Minami
et al., 1985; Takami et al., 1983; Yang et al., 1996). Our
cases had fractures at all three sites. The site of non-
union appears to have no apparent relationship with the
occurrence of flexor tendon rupture.
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Murray et al. (1979) pointed out that the ligaments
attached to the hook of the hamate transmit intermittent
forces that contribute to non-union and irregularity of
the fracture margins. From our experience at surgery for
painful non-union of the hook of the hamate, the
margins of the fragment are sharp and near the basal
part of the hook; in contrast, in the present series, the
fragments were rounded and fairly distant from the
basal portion of the hook, while showing marginal
sclerosis at the non-union. This suggests that the tendon
abrasion leading to rupture was not caused by a sharp
fragment edge at the non-union but by an exposed
cortical surface of the non-union that lacked perios-
teum.

Milek and Boulas (1990) reported surgical results in
four patients, three of whom were treated by tendon
transfer and one by tendon graft. They attributed
variation in quality of the results, largely, to patients’
age differences and recommended end-to-side tendon
transfer using the FDP tendon of the ring finger. In our
series, the mean patient age was 59 years. Although this
was relatively high, results were satisfactory and out-
come did not depend on patient age or on the interval
between tendon rupture and reconstruction. We only
had data to show the effectiveness of tendon graft or
transfer on grip strength in three patients. To our
knowledge, this has not been reported previously. In
these three patients (cases 2, 5, and 6) the percentage of
the strength of the contralateral hand was 87%, 71%,
and 90% pre-operatively and 63%, 79%, and 126%
postoperatively. These figures would suggest that
tendon reconstruction does not improve grip strength
in this situation. This may be because of the presence of
an intact FDS tendon in the little finger in five of six of
our cases and/or the relatively small contribution of the
little finger FDP tendon to entire grip strength, The
remaining fully functional fingers of these hands may
also have compensated in part for the loss of little finger
strength. Use of the FDS tendon of the ring finger as a
tendon transfer would seem more likely to compromise
not only the function of the ring finger, per se, but also
the ability of the hand, as a whole, to compensate for
any residual disability of little finger function than
restoration of the function of the little finger profundus
tendon. Therefore, we believe that free tendon grafting
followed by early controlled mobilization is the treat-
ment of first choice for these patients.
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Abstract To reconstruct highly destructed unstable
rheumatoid arthritis (RA) cervical lesions, the authors
have been using C1/2 transarticular and cervical pedi-
cle screw fixations. Pedicle screw fixation and C1/2
transarticular screw fixation are biomechanically
superior to other fixation techniques for RA patients,
However, due to severe spinal deformity and small
anatomical size of the vertebra, including the lateral
mass and pedicle, in the most RA cervical lesions,
these screw fixation procedures are technically
demanding and pose the potential risk of neurovascu-
lar injuries. The purpose of this study was to evaluate
the accuracy and safety of cervical pedicle screw
insertion to the deformed, fragile, and small RA spine
lesions using computer-assisted image-guidance
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systems. A frameless, stereotactic image-guidance
system that is CT-based, and optoelectronic was used
for correct screw placement. A total of 21 patients (16
females, 5 males) with cervical disorders due to RA
were surgically treated using the image-guidance sys-
tem. Postoperative computerized tomography and
plane X-ray was used to determine the accuracy of the
screw placement. Neural and vascular complications
associated with screw insertion and postoperative
neural recovery were evaluated. Postoperative radio-
logical evaluations revealed that only 1 (2.1%; C4) of
48 screws inserted into the cervical pedicle had perfo-
rated the vertebral artery canal more than 25% (criti-
cal breach). However, no neurovascular complications
were observed. According to Ranawat’s classification,
9 patients remained the same, and 12 patients showed
improvement. Instrumentation failure, loss of reduc-
tion, or nonunion was not observed at the final follow-
up (average 49.5 months; range 24-96 months). In this
study, the authors demonstrated that image-guidance
systems could be applied safely to the cervical lesions
caused by RA. Image-guidance systems are useful tools
in preoperative planning and in transarticular or
transpedicular screw placement in the cervical spine of
RA patients.

Keywords Cervical spine - Image guidance -

Rheumatoid arthritis - Cervical pedicle screw -
Transarticular screw

Introduction

There are various cervical disorders caused by rheu-
matoid arthritis (RA). The most common disorders
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include atrantoaxial (C1/2) instability and subluxation
in the mid- and lower-cervical spine [6, 21]. These
conditions sometimes cause myelopathy, severe pain,
or both, either of which impairs the quality of life of
RA patients [19]. In such cases, reconstruction surgery
may be indicated. Posterior procedures using subla-
minar wiring or hook systems have been employed;
however, these sometimes result in loss of reduction
and/or nonunion [20, 24]. Innovative methods such as
C1/2 transarticular and cervical pedicle screw tech-
niques provide greater biomechanical stability com-
pared to conventional posterior fusion techniques [9,
14]. Jones et al. [10] reported that cervical pedicle
screws have a significantly higher resistance to pull-out
forces than lateral mass screws. However, due to
severe spinal deformity and small anatomical size of
the vertebra including the lateral mass and pedicle in
most of the RA cervical lesions, these screw fixation
procedures are technically demanding and pose the
potential risk of neurovascular injuries [7, 16, 27].
Frameless stereotactic technology was first designed
for intra-cranial surgery for guidance of unseen lesions
[8]. Computer-assisted techniques were introduced in
spine surgery in the 1990s to improve accuracy and
safety of operative procedures [3, 18]. CT-based
optoelectronic navigation was originally introduced by
Nolte et al. [18]. Amiot et al. [3] later performed this
technique in vitro with a magnetic-field based naviga-
tor, however this never really gained clinical accep-
tance. Laine et al. [15] presented evidence for
improvement of accuracy under clinical conditions
using this technique. In 1996, we started the laboratory
testing the clinical application of computer-assisted
spine surgery [11, 12]. To improve the accuracy of
screw placement, we have adopted an image-guidance
system and herein report the usefulness and the limi-
tations of this technique, in the area of surgical
reconstruction of RA cervical spine lesions.

Materials and methods

Between January 1998 and January 2004, a total of 21
patients (16 females, 5 males) with cervical disorders
due to RA were surgically treated using the image-
guidance system. The mean age at the time of surgery
was 60.8 years (range 51-78 years). Twelve of the 21
patients displayed typical mutilating-type joint
involvements with severe cervical lesion. The cervical
disorders were atlanto-axial subluxation (AAS) in six
cases, AAS and vertical subluxation of the atlas (VS)
in three, subaxial subluxation (SAS) in four and
AAS + VS + SAS in eight. According to Ranawat’s
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classification [19], the neurological deficits were class 2
in five cases, class 3A in seven, and class 3B in nine.
The Ranawat’s classification is defined as follows; class
1, no neural deficit; class 2, subjective weakness with
hyper-reflexia and dysesthesia; class 3A, objective
findings of paresis and long-tract signs, but ambulation
possible; class 3B, quadriparesis with resultant inability
to walk or to feed oneself.

Occipital or cervical pain was classified into four
grades according to Ranawat’s criteria [19]: Grade 0,
None; Grade 1, mild, intermittent, requiring only
aspirin analgesia; Grade 2, moderate, cervical collar
required; Grade 3, severe, pain not relieved by either
aspirin or collar. Preoperative pain assessments were
Grade 0 in one case, Grade 1 in seven cases, Grade 2 in
eleven cases, and Grade 3 in two cases.

Preoperative MR angiography was performed in all
patients to evaluate conditions of the bilateral verte-
bral artery. Patients with 50% stenosis or more were
classified as stenosis patients, while those with invisible
vertebral artery were classified as occlusion patients. In
case of vertebral artery occlusion or stenosis, no ped-
icle screws were used in the artery-dominant side to
avoid vertebrobasilar ischaemia and concurrent stroke
if pedicle diameter was narrow.

A frameless stereotactic image-guidance system
(Stealth Station and Stealth Station TREON™;
Medtronic, Sofamor Danek, Memphis, TN, USA) was
used for correct screw placement and fixation of the
cervical spine. The basic data used for navigation were
preoperative CT scan imaging data, consisting of con-
secutive axial slices, 1 mm in thickness of the cervical
spine of the RA patients. The data were transferred to
the system computer and were reconstructed into two-
dimensional (2-D) and three-dimensional (3-D) images
on a video monitor. Other mechanical components
consisted of a computer workstation, a surgical refer-
ence frame, a probe rod to indicate the position in the
surgical field, infrared light-emitting diodes (LEDs)
that were attached to the probe rod, an electro-optical
camera as a position sensor connected to the computer,
and a drill guide. Infrared beams were tracked by the
electro-optical camera system and the position of
the respective LEDs was identified in real time in the
surgical field.

Registration was performed in order to accurately
match the computer-reconstructed 3-D surgical space
with the real surgical space, by identifying four or more
points on the vertebrae and the corresponding points
of the vertebrae on the 3-D CT image on the monitor
(matched-pair point registration). Though more pre-
cise matching of the two spaces is usually obtained by
repeated registration procedures with 30 or more
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randomized points indicated by the probe on the sur-
face of the vertebral body (surface registration), this
group’s procedure employs only five to six registration
points for two consecutive lamina, to shorten the sur-
gical time. More accurate positioning is possible by
using the top of the spinous process and bilateral
inferior facet caudal tip as points.

We established a surgical plan a day before surgery
and confirmed insertion point of screws, applicability
of 3.5 mm screws, point-for-point registration, plus in
Magerl’s screw procedure, screw position in relation to
vertebral artery. This planning procedure took 20-
40 min. Evaluation during the surgical plan for navi-
gation provides further benefit by identifying pedicles
with insertion risks and excluding such pedicles from
operation (about 10% of all pedicles were excluded).
Then, the entrance holes, direction, diameter, and
depth of the screws were depicted with a cursor on
the monitor, and the surgery was initiated. After
exposure of the posterior bony elements of the spine,

the reference frame was fixed to the spinous processes
and the registration procedures described above were
performed. After completion of the registration by
matched-pair point and surface registration, the screws
were inserted under the guidance of the navigation
system. The position of the probe or drill gunide was
superimposed in real-time on CT images on the mon-
itor, and the screws were introduced into the pedicles
at the planned position indicated on the monitor
(Fig. 1). The required time between fixation of refer-
ence frame to spinous process and insertion of pedicle
screw to each segment (1 or 2 vertebrae) was
10-15 min. After all screws were set, the reference
frame for registration was removed and additional
surgical procedures including decompression or bone
graft were followed. If pedicle screw insertion was
ineligible, sublaminar cable fixation by SecureStrand
was performed.

The following surgical procedures were per-
formed with the aid of image-guidance systems: C1/2

£ Croate accuracy checkpolnts
£ Navigate :

Cautiom: Navigational = “./h
accuracy may degrade at .o

vertebral levels not- =
connected to the reference
Same.

Pt Bl e
Plan Diometer

Fig. 1 Computer display shown at surgery. The position of the device and surgical plan are shown in four views. The narrow gray
arrow indicates the position and direction of the device, and the wide white arrow indicates the planned screw trajectory
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transarticular screw (Trans Bone Screw; KiscoMedica,
St Priest, France) fixation (Magerl’s procedure [17]) in
six patients, cervicothoracic fusion using transpedicular
screws (Cervical Pedicle Screw System; Depuy Spine,
Inc., Raynham, MA) in four patients, occipitocervical
or occipitothoracic fusion using the Olerud cervical
system (Nord Opedic, Askim, Sweden) in six patients,
and RRS Loop Spinal System (Robert Leid, Tokyo,
Japan) in five patients (Table 1). All patients had
autogenous iliac bone grafts. Patients were permitted
to stand and walk from the day after the operation
without a collar, since pedicle screw fixation provided
enough stability to ambulate without it. Radiological
assessment of screw placement was performed using
Kast’s criteria [13]. All patients underwent recon-
struction CT scans with plain a.p., lateral and oblique
X-ray films of instrumented levels after surgery.
Clinical results were based on invitations of patients
to follow-up. The surgeon performed the follow-up
investigation and performed radiographic assessment.

Results
A total of 81 screws, including twelve C1/2 transartic-

ular screws and 69 tranmspedicular screws (C2; 11
screws, C3; 5, C4; 6, C5; 3, C6; 7, C7; 16, T1; 17, T2; 4),

Table 1 Clinical profile and details of surgical procedures

were inserted using image-guidance system. Based on
Kast’s criteria {13], correct placement of the 12 tran-
sarticular screws and 69 transpedicular screws (48
cervical pedicle screws and 21 thoracic pedicle screws)
was assessed.

Correct screw position

Screws either completely within cortical walls of the
pedicle or with a maximal cortical perforation of 1 mm
as seen on CT. This group comprised 75 (93%) of
implanted screws, including transarticular and thoracic
pedicle screws.

Minor breach

Lateral or ventral perforation of the vertebral body (2
screws; T1, T2), slight affection of the lateral recess
without dural contact (1 screw: C5) or narrowing of the
vertebral artery canal less than 25% of its diameter (2
screws; C4, C6). In summary, 5 screws (6% of all
screws) showed a minor breach radiologically.

Major breach

Encroachment of the vertebral artery canal of more
than 25% (1 screw: C4, case 6) or caudal perforation of

Case Age at surgery Gender Follow-up Cervical disorder Surgical Extent Laminectomy Device
(years) (months) procedure of fusion  or Laminoplasty

1 54 M 96 AAS Mager] & Brooks Cl1-2 C3-7 TBS

2 56 F 89 AAS + VS + SAS  O-T fusion C0-T2 C1,C3-5 Olerud
3 63 F 74 AAS + VS + SAS  O-T fusion Co-T1 N Olerud
4 63 F 72 AAS + VS + SAS  O-T fusion C0-T1 C1,C3-6 Olerud
5 62 F 70 AAS + VS + SAS  O-T fusion CO0-T1 C1 Olerud
6 72 M 66 AAS + VS + SAS  O-T fusion C0-T1 C1,C3-7 Olerud
7 62 M 58 AAS + VS + SAS  O-C fusion C0-7 C1 Olerud
8 76 F 51 SAS C-T fusion C4-T1 Cs5-6 CPSS
9 54 M 50 AAS Magerl & Brooks Cl1-2 N TBS
10 62 F 48 AAS +VS O-C fusion Co-5 1 RRS
11 58 F 45 SAS C-T fusion C6-T2 Ci-T1 CPSS
12 78 F 42 AAS + VS + SAS  O-T fusion Co-T1 C1 RRS
13 67 F 40 AAS Mager]l & Brooks Cl-2 N TBS
14 54 F 39 AAS +VS§ O-C fusion Co-2 C1 RRS
15 63 F 36 AAS +VS O-C fusion Co-2 C1 RRS
16 53 M 32 AAS + VS + SAS  O-C fusion Co-7 C1, C3-6 RRS
17 54 F 29 SAS C-T fusion C5-T1 C6 CPSS
18 67 F 27 AAS Magerl & Brooks Cl-2 C3-6 TBS
19 51 F 27 AAS Magerl & Brooks Cl-2 N TBS
20 57 F 25 SAS C fusion C3-4 C3-6 CPSS
21 51 F 24 AAS Magerl & Brooks Cl-2 N TBS

AAS atlanto-axial subluxation, VS vertical subluxation, SAS subaxial subluxation,
O-C occipitocervical, O-T occipitothoracic, C cervical, N no
TBS trans bone screw, CPSS cervical pedicle screw system, RRS RRS loop spinal system
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Fig. 2 a Patient (case 6) with
screw displacement C4 with
narrowing of the vertebral
channel more than 25% (left
screw); major breach.

b Postoperative MR
angiography revealed no
vertebral artery occlusion

the pedicle with potential nerve root compression or
injury (0 screws) were observed. Further, major brea-
ches like medial pedicle perforation with dural lacer-
ation and risk of radicular or medullar compression or
injury were not observed in this series. The group of
major breaches comprised only one (1.2%) of
implanted screws (81 screws) or one (2.1%) of all
implanted cervical pedicle screws (48 screws), without
injury to the vertebral artery. Although the authors
had confirmed no pedicle wall perforation during the
probing procedure, CT evaluation showed lateral
pedicle wall perforation (major breach) in one screw
(C4 pedicle screw) (Fig. 2). This perforation may have
been caused during reduction and/or screw-rod con-
necting maneuvers in which unexpected excessive load
had acted on the screw. Postoperative MR angiography
revealed no vertebral artery occlusion (Fig. 2).

Preoperative vertebral artery evaluation by MR
angiography showed four (19%; three cases with
AAS + VS + SAS and one case with AAS + VS)
unilateral stenosis and one (4.8%; AAS + VS + SAS)
unilateral occlusion. Average operative time was
275 min (range 148-505 min) and the average intra-
operative blood loss was 380 ml (range 20-630 ml).
According to Ranawat’s classification, 9 patients re-
mained the same (2 — 2; 4 patients, 3A — 3A; 3,
3B — 3B; 2) and 12 patients showed improvement
(2 - 1; 1 patient, 3A — 2; 4, 3B — 3A; 7) (Table 2).
Seven of the 9 patients who could not walk (3B) before
surgery could walk (3A) post surgery. All patients
maintained the improved ADL level throughout the
postoperative course. In 18 of the 21 cases (86%),
occipital or neck pain as classified by Ranawat’s
criteria for pain had improved.

No instrumentation failure, loss of reduction, or
nonunion had occurred at the final follow-up (average
49.5 months; range 24-96 months). Bony fusion was
defined as an absence of segmental motion in func-
tional lateral X-rays with presence of solid bony union

Table 2 The neurological deficit class before surgery and at the
final assessment

Preoperative neurological
deficit class

Follow-up neurological
deficit class

3B 3A 2 1
3B 2 7
3A 3 4
2 4 1

observed in reconstruction CT (Fig. 3, case 5). Solid
union was achieved in all 21 patients.

Case presentations

Two typical cases with extremely narrow pedicles are
shown. With conventional transarticular or transpedi-
cle screw insertion techniques, iatrogenic neurovascu-
lar injuries due to malposition of the screws may have
resulted.

Case 9

This patient was a 54-year-old man with AAS. Tran-
sarticular screw fixation (Trans Bone Screw; Kisco-
Medica, France) was inserted using the navigation
system and image intensifier, lateral view. Posterior
bone graft was performed with Brooks’ method using
SecureStrand sublaminar cables (Pioneer Surgical
Technology, Marquette, MI) (Fig. 4). After 50 months
post-surgery, the patient showed improvement from 2
(preoperatively) to 1 according to Ranawat’s classifi-
cation, and occipital pain was reduced (2 — 1) (Fig. 5).

Case 10

This patient was a 62-year-old woman with non-
reducible AAS and VS. In preoperative planning, the

@ Springer





