The phase structure of SPUs was characterized by synchrotron SAXS. SAXS was measured
at BL10C at Photon Factory, KEK, Tsukuba, Japan. Figure 6 (a) shows the dependence of
corrected intensity on scattering vector of PCL(1250)(X)PDO. q is defined as 4msin®/A,
where 0 and A are Bragg angle and wavelength of X-ray, respectively. Lorentzian factor was
corrected by multiplying q* to the intensity. A large peak observed at g=ca.0.27 nm” is
attributed to the long period between PCL crystallite. Even the PCL(1250)(100)PDO
without hard segment component, the long period was clearly observed. The intensity of
this peak decreased with an increase in hard segment fraction and finally disappeared for the
LDI-PDO homopolymer. The scattering peak corresponding to the distance between hard
segment domains was not observed in SPUs. This can be explained either by the partial phase
mixing of hard and soft segments or the absence of the difference in electron density between
hard and soft segments. The structure model of PCL(1250)X)PDO based on above
mentioned characterization is depicted in Figure 4(b). PCL formed folded lamellar crystal
between hard segment domains. Fairy large amount of amorphous PCL might be present in
the soft segment phase. Since the PCL form the large crystallite, PCL{1250)(X)PDO forms
three phase structure consists of glassy hard segment, amorphous PCL and crystalline PCL
phase.

The mechanical properties of SPUs were investigated by stress-strain measurement.  Figure
7 shows the stress-strain curves for SPUs with various PCL fractions. Below T, of hard
segment (302K) and Ty, of PCL(283-320K), both hard segment and crystalline PCL phase can
act as crosslink at low elongation. However, the PCL crystallite is easily deformed at this
temperature, the yielding was observed at low elongation region. Beyond the yielding point,
the amorphous PCL phase with low T} act as rubber elastic component. On the other hand, the
elongation at break increased with an increase in soft segment fraction.

Degradation Behavior. The degradation characteristics of a series of SPUs were evaluated.
Figure 8 shows the change in weight with time after immersion in Tris-buffer solution at 310
K for SPUs with various soft segment contents. At 310 K, PCL phase in SPU might be melted
and the hard segment is in leather like state. The magnitude of degradation in SPUs was
increased with an increase in the soft segment fraction. This is because the soft segment has
the hydrolyzable ester linkages and the ester linkages are susceptible to hydrolysis compared
with the urethane linkages. On the other hand, PCL-LDI soft segment homopolymer showed
small Lmagnitude of degradation. This can be ascribed to the presence of PCL crystallites at
310K
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Figure 9 FE-SEM images of microstructure of PCL(1250)(80)PDO ESD microfibers prepared at 10-30 wt%
chloroform solution under voltage of 12 kV.

Figure 10 FE-SEM images of SPU microfiber mesh prepared by ESD.

Electro-spray Deposition. In ESD experiment, morphological change of the electrospray
deposited microstructure is expected when the concentration of polymer solutions was
changed. Figure 9 shows FE-SEM images of PCL{1250)(80)PDO ESD microfibers deposited
from 10-30wt% solution under 12 kV. FE-SEM images showed that a mixture of large beads
and fibers were formed by ESD at 10 wt% PCL(1250)(80)PDO solution under voltage of 12
kV. In contrast, fine fibers were formed at 20 wt% and 30wt% PCL(1250)(80)PDQ solution.
The average diameters of the fibers prepared at 10wt%, 20wt%, and 30wt% were 1.0 pm, 7.5
Km, and 7.7 um, respectively. It was shown that higher concentration of solution favored to
form uniform fibers without beads-like structure. This is because the critical viscosity in
solution needs to be exceeded in order to fabricate fibers. Below this viscosity chain
entanglements are insufficient to stabilize the jet, leading to spraying of droplets. A repeated
deposition of microfiber with transverse movement of substrate gives mesh of SPU
microfibers. Figure 10 shows FE-SEM images of PCL(1250)80)PDO microfiber mesh
prepared from 35 wt% solution under 12 kV with flow rate of 1 ml b, The average diameters
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of the fibers was 11.6 um As shown in Figure 10, self-standing microfiber mesh with high
porosity was successfully obtained from ESD of SPU.

Conclusion

Novel biodegradable segmented polyurethanes were prepared from lysine-based diisocyanate,
PCL, and PDO chain extender. DSC, dynamic viscoelastic measurements, and small-angle
X-ray scattering experiment revealed that the SPU has amorphous PCL, crystalline PCL, and
glassy hard segment structure. Degradation rate of SPUs was confirmed by the exposure of
SPU film to buffer solution. Microfibers and microfiber mesh of SPU were successfully
prepared by electro-spray deposition.
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System-Engineered Cartilage Using
Poly(N-isopropylacrylamide)-Grafted Gelatin as
in Situ-Formable Scaffold: In Vivo Performance
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ABSTRACT

Our previous study showed that cartilaginous tissue can be engineered in vitro with articular chon-
drocytes and poly(N-isopropylacrylamide)-grafted gelatin. This short-term in vivo study for carti-
lage repair was performed to screen a candidate method for a long-term study. In our previous in
vitro study, however, two potential problems with the tissue-engineered cartilage were identified:
(1) leakage of the transplant due to temperature decline and (2) concave deformation of transplant
due to compressive Ioading. To solve these problems, we investigated in this study the usefulness of
suturing with two different covering materials (periosteum or collagen film) and preculturing an
engineered tissue for 2 weeks. PNIPAAm-~gelatin-based engineered cartilage samples were evalu-
ated at 5 weeks after operation by gross and microscopic examination. Leakage occurred only in
specimens without precultured tissue and with a collagen film. Minimal surface deformation oc-
curred in all specimens with precultured tissue. The score on gross examination showed that trans-
plants with precultured tissue acquired a higher score than did the others. Histological evaluation
showed a minimal foreign-body response of PNIPA Am-gelatin in all specimens and higher matu-
rity as a cartilaginous tissue in specimens with precultured tissue. These results indicate that trans-
plantation with precultured tissue may be a snitable method for a long-term in vive study. '

teristic of PNIPAAm—gelatin, in which gelatin molecules
act as a backbone and PNIPAAm as a graft chain, is its dis-
solution in water below 34°C and its precipitation above .

INTRODUCTION

THOPEDIC SURGEONS AND RESEARCHERS are facing the

challenging problem of repairing cartilage damaged
by traumna or arthritis. Afthough numerous tissue-engineer-
ing approaches using biomacromolecules such as colla-
gen, -2 agarose, alginate,3 or synthetic polymers®12 have
been attempted to repair damaged cartilage, a better and
more reliable strategy for cartilage repair is desired.
‘We developed a novel system using a thermoresponsive
gelatin, poly(N-isopropylacrylamide)-grafted gelatin (PNI-
PAAm-gelatin), as a moldable scaffold. A unique charac-

34°C. PNIPAAm-—gelatin solution at high concentration so-
lidifies at physiological temperature. We applied this ther-
moresponsive PNIPAAm—gelatin as an in sim-forming
moldable scaffold, which is expected to fit complex-shaped
cartifaginous defects well. In our previous in vitro study,'?
we demonstrated that chondrocytes can survive in a three-
dimensional (3D) environment of PNIPAAm-—gelatin gel,
express a differentiated phenotype and normal cell mor-
phology, and secrete extracellular matrices (ECMs) spe-

!Department of Biomedical Engineering, Graduate School of Medicine, Kyushu University, Fukuoka, Japan.
2Department of Orthopaedic Surgery, Graduate School of Medicine, Kyushu University, Fukuoka, Japan.
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cific to the hyaline cartilaginous tissue. Although there
are still some differences in the degree of maturity be-
tween the gel and native cartilage, a prolonged period of
culture of the gel resulted in a tissve-engineered carti-
laginous tissue with considerably high integrity in terms
of its hyaline-like appearance, the amount and compo-
nent of ECMs, and mechanical properties.

However, the major potential problems of PNIPAAm—
gelatin-based engineered cartilage under development are
leakage of an in situ-formed tissue and concave defor-
mation of the surface of the transplanted area under ap-
plied physiological stress loading. Once these occur, a
transplanted site produces a deformed concave shape in
the early stage of transplantation and retains this de-
formed shape during the following transplantation period,
because the proliferative potential of chondrocytes in car-
tilaginous tissue is low. The leakage may be derived from
redissolution of PNIPAAm-~gelatin gel induced by acci-
dental lowering of temperature during or shortly after the
operation, and the deformation may derive from the im-
mature mechanical integrity of the engineered tissue,
which causes poor mechanical recovery in a physiologi-
cal environment with cycles of mechanical loading and
deloading. Therefore, in addition to the 3D tissue archi-
tecture mimicking a natural hyaline cartilaginous tissue,
a system-engineered tissue that eliminates the shortcom-
ings mentioned above must be developed. Our ap-
proaches under investigation include the couse of precul-
tured tissue as the major tissue and in sizu-formed tissue
as supplementary tissue, which fills a space between the

precultured tissue and adjacent native tissue, covering

and sealing materials, and their combined use, as tabu-
lated in Table 1.

Figure I shows the cross-sectional view of engineered
cartilaginous tissues using existing materials such as col-
lagen (Fig. la), in situ-formed PNIPAAm-gelatin gel
(Fig. 1b), and the couse of PNIPAAm-gelatin gel and
precultured tissue (Fig. 1c). Engineered tissues using ex-
isting materials such as collagen!? and fibrin glue!4
would have a potential problem of shrinkage occurring
during transplantation because of cell-driven contractil-

IBUSUKI ET AL.

ity that may widen a space between the transplant and ad-
jacent cartilage or subchondral bone (Fig. 1a). The use of
a preconstructed tissue such as a collagen sponge!® does
not allow complete fitting of the shape of a chondral de-
fect (Fig. 1a). On the other hand, PNIPAAm-gelatin as an
in situ-gelable scaffold (Fig. 1b) or the co-use of PNI-
PAAm-gelatin with a precultured PNIPAAm-gelatinous
tissue may enable complete fitting of a transplant to adja-
cent tissues (Fig. 1c).

As the second article in this series, we identify the
problems mentioned above and report the short-term (5
week posttransplantation) results of PNIPAAm-—gelatin-
based engineered tissues in combination with covering
and sealing materials applied for cartilage repair in rab-
bit knee joints. The emphasis was placed on the follow-
ing two key issues: whether or not a 2-week precultured
engineered tissue, as a more mature tissue with structural
rigidity and elasticity, effectively prevents compression-
induced depression in the early stage of transplantation;
and whether or not a thin collagen film serves as an al-
ternative covering material to periosteum for preventing
leakage of the transplant. In this article, we report
the functional adaptivity and tissue architecture of
PNIPAAm-—gelatin-based engineered tissues at macro-
scopic and microscopic levels 5 weeks after transplanta-
tion, and provide a prototype system-engineered carti-
laginous tissue for further long-term evaluation.

MATERIALS AND METHODS

Isolation and expansion of chondrocytes

Chondrocytes were isolated from articular cartilage
of the knee and hip joints of Japanese white rabbits (4
weeks old) by collagenase digestion (0.05% in Dul-
becco’s modified Eagle’s medium [DMEM], 6-8 h} as.

-previously reported.!® The isolated chondrocytes were

cultured in a 5% CO; atmosphere at 37°C in DMEM
(Tnvitrogen Life Technologies, Gaithersburg, MD) with
10% fetal bovine serum (FBS; Invitrogen Life Tech-
nologies) 10 mM HEPES buffer, 44 mM NaHCOj3, peni-

Tasie 1. SySTEM-ENGINEERED CARTILAGINOUS TissuE AND THEIR COMPONENTS®

Content of transplant

Covering material

Group No. of knees PNIPAAm-gelatin Chondrocytes Precultured tissue Periosteurn Collagen film
1 n=35 v v —_ v —_—
2 n=>5 v v — —_ v
3 n=4 v v v v —
4 n=4 v v v — v
5a n=2 v — — v —
5b n=2 v — — — v

2Fibrin glue sheet was used as a sealing material for all samples.
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Adjacent normal cartilage

|

Bone marrow

1135

- Existing material (collagen, fibrin glue, etc.)

(a)

Cell-incorporated P‘I'\JIPAAm-gelatin gel

(b)

Cell-incorporated PNIPAAm-gelatin gel

‘(Precultured tissue

FIG. 1. Cross-sectional view of various types of engineered cartilage tissues using (a) existing materials, (b) in siru-formed
cell-incorporated PNIPAAm—gelatin gel, and (c) both cell-incorporated PNIPA Am-~gelatin gel and precultured tissue,

cillin (50 IU/mL}, and streptomycin (50 pg/mL) and
subcultured twice.

Preparation of poly(N-isopropylacrylamide)-
grafted gelatin

The synthesis and characterization of PNIPAAm-
gelatin were detailed previously.!>17.18 Briefly, synthe-
sis of PNIPAAm-gelatin was via the photo-iniferter
quasi-living polymerization technique, which enables the
production of a considerably low polydispersity index
(average number of molecular weight/average weight of
molecular weight) of about 1.2-1.3 (close to monodis-
persity). This has been verified previously.!*2% The PNI-
PAAm-gelatin used in this study contained gelatin (mo-
lecular mass, 9.5 X 10* g/mol) and graft-polymerized
PNIPAAmM (33.5 graft chains per gelatin molecule; aver-
age molecular mass of graft chain, 1.3 X 10° g/mol).

Sterilization of PNIPA Am-gelatin was performed by fil-
tering the aqueous solution of PNIPAAm-—gelatin with a
sterilizing filter (bottle top filter; Coming Life Sciences,
New York, NY) and then freeze-drying.

Preparation of tissue-engineered cartilage in vitro

Precultured tissues (i.e., cartilage tissues engineered in
vitro) for transplantation were prepared as follows.
DMEM solution containing three-time-passaged chon-
drocytes in monolayer culture (3.0 X 107 cells/mL) was
mixed with an equal volume of 10% FNIPAAm-
gelatin-DMEM solution at room temperature to give a
final concentration of 1.5 X 107 cells/mL (concentration
of PNIPAAm-gelatin, 5 w/v%). Twenty microliters of
mixed solution was poured into each well of a 12-well
culture cluster (Corning Life Sciences) and incubated for
10 min at 37°C. After gelatin, DMEM supplemented with
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10% FBS and L-ascorbic acid (50 gg/ml) was added to
each well. The culture was performed in a 5% CO, atmo-
sphere at 37°C for 2 weeks. The medium was changed
twice a week.

Surgical procedure for
chondrocyte transplantation

Twenty-four knees of 12 mature Japanese white rab-
bits (weight, 3.8—4.0 kg) were used for this study. The
animals were anesthetized by intravenous injection of ke-
tamine at 100 mg/kg of body weight and xylazine at 30
mg/kg of body weight. The knees were shaved, disin-
fected, and approached by medial parapatellar incision.
The patella was then dislocated laterally, and a full-thick-
ness chondral defect in the patellar cartilage (3.5 mm in
diameter; depth, ~0.5 mm) was made with a stainless
steel biopsy punch and scalpel. A hole through the sub-
chondral bone plate to the bone marrow was produced
with an 18-gauge needle in the area of the chondral de-
fect.

Five different transplantation methods were performed
(Table 1). Figure 2 illustrates the surgical procedures.
For group 1 (Fig. 1b, n = 5), a free periosteal flap har-

Cell-incorporated PNIPAAm-gelatin solution
or PNIPAAm-gelatin solution

Periosteal flap or collagen film
accreted with the fibrin glue sheet

Suture G)'L

IBUSUKI ET AL.

vested from the medial proximal tibia was sutured (with
the cambium layer facing the defect) to the adjacent car-
tilage rim of the defect by six interrupted sutures with
9-0 nylon (Ethilone; Johnson & Johnson, Raynham,
MA). Five points of the periosteal flap were sutured,
and the last one was sutured after injection with a
phosphate-buffered saline (PBS) solution of cells and
PNIPAAm-gelatin (cell density, 1.5 X 107 cells/mL;
concentration of PNIPAAm-gelatin, 5 w/v%). Moreover,
the suture line was covered with a fibrin giue sheet
(TachoComb; Torii Pharmaceutical, Tokyo, Japan) to
prevent solution leakage. For group 2 (Fig. 1b, n = 5),
the defect was first covered with a thin collagen film
(thickness, ~70 pm; Nippi, Tokyo, Japan} accreted with
fibrin glue sheet of the same diameter, using the same
method as described above. Next, the PBS solution of
cells and PNIPAAm-—gelatin was poured into the defect,
and allowed to gel. Finally, covering with the fibrin glue
sheet to seal the suture line was performed after the last
point of the cover was sutured. For group 3 (Fig. 1c,n =
4), the defect was covered with the periosteal flap by su-
turing. After the aforementioned precultured tissue
(thickness, ~500 pm; rim was shaped to fit the diame-
ter of the defect) was transplanted into the defect, the

Fibrin glue sheet

@
L]
S e RAGS
: L2 '\w.-\.-- \--"'h'\'\-%"\ﬂ\
N SRS 532 DOne  piaais
Cartilage layer )
Drilled hole through subchondral bone plate Cartilage layer

FIG. 2. Schematics of the surgical procedure. A full-thickness chondral defect (3.5 mm in diameter) down to a caicified zone

was generated and subsequent drilling through subchondral bone was performed in the rabbit patella. Then, (1) the covering ma-. . .

terial was sutured at S points with 9-0 nylon, and (2, 3) the transplant precultured tissue and/or cell-incorporated PNIPAAmM-gelatin)
was placed over the defect. After gelation, the last suture was performed. Finally, (4) the transplanted area was sealed with a fi-

brin glue sheet.
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PBS solution of cells and PNIPAAm-—gelatin was poured
into the space between the transplant and adjacent nor-
mal tissues. Last, the fibrin glue sheet for sealing the su-
ture line was used to cover the transplanted area after the
Iast suture. For group 4 (Fig. 1c, n = 4), the covering ma-
terial was thin collagen film accreted with fibrin glue

sheet. The PBS solution of cells and PNIPAAm-—gelatin .

and precultured tissue were transplanted, using the same
method as for group 3. Covering with a fibrin glue sheet
to seal the suture line was performed. For group 5a (Fig.
1b, n = 2), which was a control group, the defect was
covered with the periosteal flap and the fibrin glue sheet;
the content of the transplant was PNIPAAm-—gelatin so-
lution without cells. For group Sb (Fig. Ib, n = 2), which
was also a control group, the defect was covered with
thin collagen film and fibrin glue sheet; the content of
the transplant was PNIPAAm—gelatin solution without
cells. Thin collagen film accreted with fibrin glue sheet
served as a covering material and only PNIPAAmM-
gelatin solution was used for transplantation. The wounds
of the knee joints were closed, and the animals were al-
lowed to walk freely in their cages, housed at room tem-
perature after the operation.

Macroscopic evaluation

All animals were killed by injection of ketamine at 5
wecks postoperatively. The surfaces of the transplanted
area and adjacent cartilage were observed carefully and
scored, using the scoring scale adapted from previously
reported methods,2122 for integrity of the transplant to
the adjacent cartilage, smoothness of the surface of the
transplanted areas, and degree of filling of the transplant.
A more detailed description is given in the foomote to
Table 2. Scores for each category are summed to a total
maximum score of 6.

Histological and immunohistochemical staining

The patellas were dissected and fixed in 50% metha-
nol and 50% formaldehyde for 24 h, defatted, decalcified
with 10% formic acid, and embedded in paraffin. Serial
sections (5 pm thick) were sliced from the embedded tis-
sue specimens perpendicular to the articular surface and
mounted onto glass slides. Serial sections were stained
with hematoxylin and ecsin (H&E) and safranin O/fast
green for sulfated glycosaminoglycan (s-GAG) by the
standard histochemical technique. For immunohisto-
chemical detection of type II collagen, using a previously
reported method,?? a monoclonal mouse antibody against
type II collagen [anti-hCL(II); Daiichi Fine Chemicals,
Toyama, Japan] was used. Briefly, the sections deparaf-
finized were first treated with 0.1% trypsin for 30 min.
The sections were subsequently treated with testicular
hyaluronidase (type I-S, 1.45 TU/mL; Sigma, St. Louis,
MO) and treated last with chondroitinase ABC ((.25
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IU/mL; Sigma) at 37°C for 30 min before overnight in-
cubation at room temperature with primary antibodies.
The primary antibody was diluted with PBS containing
0.1% Triton X-100 (Sigma) and 0.7% carrageenan
(Sigma). The antibody against type Il collagen was used
at 1:1000 dilution (protein concentration, 500 ng/ml).
The sections were incubated with a biotinylated rabbit
anti-mouse IgG antibody (Nichirei, Tokyo, Japan) at
room temperature for 60 min and subsequently incubated
in 150 mL of methanol with 1.5 mL of H»O, at room
temperature for 30 min. After washing with PBS, the sec-
tions were incubated with streptavidin-conjugated im-
munoperoxidase (Nichirei). The signal was finally visu-
alized as a brown reaction product from the peroxidase,
substrate 3,3'-diaminobenzidine (DAB; Merck, Darm-
stadt, Germany).

Statistical analysis

Statistical analysis was performed with the StatView 5.0
program (SAS Institute, Cary, NC). Data were shown as
means * standard deviation (SD). The values were sub-
jected to statistical analysis using the Kruskal-Wallis test.

RESULTS

Figure 2 illustrates the surgical procedure used. After
a full-thickness chondral defect (3.5 mm in diameter and
~0.5 mm in depth) was mechanically generated and a
hole through the subchondral bone plate was subse-
quently made, the covering matenal, a periosteum or.a
thin collagen film, was sutured to the adjacent cartilage
rim at five points. The mixture of chondrocytes and PNI-
PAAm-gelatin was then injected. The mixture (5-10 pL)
was poured into the defect, and allowed to gel under phys-
iological temperature (groups 1 and 2 in Table 1). The
last suture (the sixth) was then performed. Last, the su-
ture line was sealed with a fibrin glue sheet. On the other
hand, precultured PNIPA Am-gelatin gel in which chon-
drocytes were cultured for 2 weeks was plated at the bot-
tom of the defect after suturing a covering material, us-
ing the method described above (groups 3 and 4 in Table
1). The space between the precultured tissue and adja-
cent native tissue was then filled with the mixture of cells
and PNIPAAm-gelatin. The covering, sealing, and su-
turing methods were the same as those mentioned above.
All samples were harvested 5 weeks after surgery. One
rabbit died because of anesthesia overdose. Thus, 22
knees were evaluated in this study. The scoring of the
maturity of the transplant by gross evaluation according
to categories such as integrity, smoothness of surface, and
degree of filling is tabulated in Table 2. A score of 2.0
indicates the best performance and a score of 0.0 the poor-
est performance in each category. The degree of matu-
rity of transplanted tissues as evalvated by microscopic
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TasLE 2. Macroscoric MORPHOLOGICAL EVALUATION OF TRANSPLANTED AREA?

Group No. of knees Integrity Smoothness Degree of filling Total (maximum, 6)
1 n=3 2.0+ 00 0.0=*00 1.0 + 00 3000

2 n =5t 1.2 % L1 0.2 %055 0.6 = 0.55 2.0 =187

3 n=4 20 =00 02505 20+ 00 425 05

4 n=4 20+ 00 0.5 06 20+ 00 4.5+ 0.58

5a n=2 20 =00 0.0 00 0.5 07 2.5 207

5b n=2 2000 0.0 =00 0.0 =00 20 £ 00

*Macroscopic evaluation using scoring scale adapted from Bruns et al.?! and Moran et al.2%: integration to adjacent native carti-
lage—full, 2; partial, 1; none, 0; smoothness of cartilage surface—smooth, 2; intermediate, 1; rough, 0; cartilage surface, degree of
filling—flush, 2; slight depression, 1; depression or overgrowth, 0.

evaluation was determined on the basis of cell morphol-
ogy, and contents of s-GAG and type II collagen.

Macroscopic findings

Leakage occurred in two of the five knees in group 2.
No leakage occurred in the other groups. Gross observa-
tion of nonleaking tissues revealed that irrespective of
groups, transplanted areas, which were connected to the
adjacent cartilage, remained partially or fully covered
with a fibrous membrane (Fig. 3). Therefere, in all sam-
ples except leaking samples, the score of integrity of the
transplanted area connected to the adjacent cartilage was
2.0 (maximum, 2.0; Table 2). In the group using perios-
teum as a covering material, almost all surfaces were
rough. The scores of surface smoothness in groups 1 and
3 were 0.0 = 0.0 and 0.25 = 0.5, respectively (Table 2).
In the groups using a collagen film as a covering mater-
tal (groups 2, 4, and 5b), collagen films were partially
biodegraded in some samples (Fig. 3a, ¢, and €). In these
groups, some surfaces of the neocartilage were relatively
smooth beneath the covering material. The scores of sur-
face smoothness in groups 2 and 4 were 0.2 * (.55 and
0.5 = 0.6, respectively (Table 2). As for the degree of
filling, no depression of the surface eecurred in groups 3
and 4 (both scores were 2.0 = 0.0; Table 2). On the other
hand, all the surfaces in groups 1, 2, and 5 were depressed
to some extent. The scores of the degree of filling in
groups 1, 2, 5a, and 5b were 1.0 % 0.0, 0.6 = 0.55,05 =
0.7, and 0.0 = 0.0, respectively (Table 2). The total score
in Table 2 showed that there is no significant difference
among the groups. The total scores of the groups with
the precultured tissue (groups 3 and 4) were relatively
higher than those of groups 2, 5a, and 5b.

Histological evaluation

H&E-stained sections of all groups (Fig. 4a—d) showed
that no inflammatory cell or vascularization was detected
in the transplanted PNIPAAm-gelatin gel. Inflammatory
cells (mainly lymphocytes and fibroblast-like cells) werce
seen in a bone marrow area that was damaged during the
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operation. Moreover, neither necrosis nor encapsulated

“areas around the transplanted tissues were seen in any of

the sections of all the groups. As for cell morphology,
round-shaped cells were predominant in groups 3 and 4.
On the other hand, the ratios of the population of elon-
gated cells to the total number of cells in groups 1 and 2
were higher than those in groups 3 and 4. In the groups
in which periosteum was used as the covering material
(groups 1, 3, and 5a), periosteum was not degraded. Most
of the surfaces of these groups tended to be rough (Fig.
4a and c). Figure 4a shows that periosteum overgrew, re-
sulting in a wavy surface appearance. On the other hand,
in the groups in which a collagen film was used as the
covering material {groups 2, 4, and 5b}, the collagen film
was partially degraded in most sections (Fig. 4b and d).
In the groups in which precultured tissue (groups 3 and
4) was embedded, column formation of the cells was ob-
served in some of the samples (Fig. 4a and b).

Safranin Q-stained tissue sections of all the groups ex-
cept the control groups demonstrated a distribution of s-
GAG, a product of differentiated cells, throughout the
transplanted tissue (Fig. 4e-h). The stained part of the
tissue, however, was not homogeneous. Local accumu-
lation of s-GAG was often observed in some samples, ir-
respective of group. The staining intensity of safranin O
in the transplanted tissue was lower than that of the ad-
jacent native cartilaginous tissue in almost all the sam-
ples of all the groups. There were no considerable dif-
ferences in the staining intensity between the groups,
although parts stained with high intensity were noted in
each group. :

The sections immunostained for type Il collagen dem-
onstrated that type II collagen was secreted by redif-
ferentiated chondrocytes throughout the transplant.
Most of the tissue was homogeneously stained but lo-
cal high intensity-stained parts were often observed in
all groups (Fig. 4i-1). Generally, the intensity of type II
collagen in the transplanted tissue was lower than that
in the adjacent native cartilaginous tissue in almost all
the samples of all the groups, indicating that the accu-
mulation of type II collagen in the regenerative tissue
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Collagen film
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Periosteum

=

Precultured
tissue (-)

Precultured
tissue (+)

Without cell

FIG. 3. Photographs of surfaces of transplanted area in harvested patellae. (a, ¢, and €) Group using a thin collagen film as a
covering material, (b, d, and f) Group using a periosteal flap as a covering material. Top row: Group transplanted with cell-in-
corporated PNIPA Am—gelatin, Middle row: Group transplanted with the co-use of cell-incorporated PNIPAAm-~-gelatin gel and
precultured tissue. Borrom row: Group transplanted with cnly PNIPA Am-gelatin gel. Scale bars: 1 mm.

was still less than that in the normal tissue 5 weeks af-
ter transplantation.

DISCUSSION

To reconstruct cartilaginous tissue, chondrocytes or
mesenchymal stern cells have been embedded in various
preformed scaffolds such as microporous collagen
sponge!® and gelatin sponge?* or inoculated in in situ-
formable scaffolds such as fibrin glue,™ and then trans-
planted with or without preculture in vitro. These sys-
tems, when clinically applied, may have both advantages
and disadvantages, which are inherent to the system. In
our strategic approach using PNIPAAm-gelatin as a
moldable scaffold and matrix, leakage of the transplanted
gel and concave deformation of the surface of the trans-
planted area were two major problems considered. In fact,

transplants of in sit-formed engineered tissue covered
with only a fibrin glue sheet had a high leakage rate
(seven of nine transplants leaked, approximately 78%).
This is probably due to the redissolution of the PNI-
PAAm-gelatin gel at a temperature below 34°C during
or shortly after the operation, and the ineffectiveness of
the fibrin glue sheet in preventing leakage of the trans-
plant. To solve the two major problems, we attempted
the use of precultured tissue and a suturing technique that
uses covering materials to prevent surface deformation
and leakage of the transplant, respectively. Our previous
study showed that engineered tissue cultured for 2 weeks
has higher compression strength and better recovery of
the original shape after mechanical loading than freshly
prepared engineered tissue.'? These results support the
potential use of precultured tissues for preventing surface
deformation.

In this study, we focused on which type of covering
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material, periosteum or collagen film, is most suitable for
preventing leakage of the engineered tissue as well as tis-
sue deformation, whether in vitro-precultured tissue re-
duces or eliminates the deformation problem, and which
engineered tissne is sufficiently remodeled for con-
structing normal cartilaginous tissue architecture or mor-
phology 5 weeks after transplantation.

As shown in Table 1, for in sifu-gelled tissues, no leak-
age of the tissues occurred when using periosteum as the
covering material and approximately 40% leakage oc-
curred when using collagen film (group I versus group 2).
On the other hand, for the couse of precunltured tissues and
in situ-gelled tissues, regardless of the type of covering
material, no leakage was observed (groups 3 and 4). Thus,
‘suturing of the periosteal flap as a covering material to the
adjacent cartilage rim and the use of precultured tissues
were apparently effective for preventing leakage. Because
collagen film tends to be torn by mechanical stretching,
especially at the suturing points, the leakages occurring in
the early period of trangplantation may be due to breaking
of the collagen film. In limited experiments performed by
the aunthors, it is suggested that periosteum is a better cov-
ering material than collagen film,

Histological evaluation of transplants. harvested from
all groups (H&E staining; Fig. 4a~d) showed that no in-
flammatory cells were present in the PNIPAAm-gelatin
gel and no encapsulated tissue formation around the gel
occurred, indicating that foreign-body response induced
by PNIPAAm-gelatin was minimal {groups 1-5). The
cells in the transplanted tissues were round or elongated
and trapped in lacunae similar to native hyaline cartilage
(groups 1—4). The presence of elongated cells suggests
premature redifferentiation to normal chondrocytes or
partial dedifferentiation of the articular chondrocytes to
fibrochondrocytes. Column formation of transplanted
cells in the groups with precultured tissue indicated that
the cells grew in an appropriate mechanical stress envi-
ronment (groups 3 and 4). As for integration with the ad-
jacent cartilage, almost all the transplants (groups 1-5)
except the leaked samples were continuous with adjacent
cartilage macroscopically (Fig. 3) and microscopically
(Fig. 4). Although integration of the transplanted tissue
with subchondral bone was also realized in almost all the
samples of all the groups, some fissures were observed
in the sections (Fig. 4). These fissures were probably pro-
duced artificially, because the fissures were perfectly
empty, indicating the absence of both cells and tissues.
Gross evaluation showed that almost all surfaces of the
transplanted area in all groups were rough (groups 1-5)
and the collagen film was partially biodegraded in some
samples of groups 2, 4, and 5b (Fig. 3a and e).

Microscopic examination of samples from groups 2
and 4 revealed that some surfaces beneath degraded col-
lagen film were smooth (Fig. 4d, h, and 1). A compara-

tively smooth surface of the thin collagen film may con-
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tribute to the smooth surfaces of the samples in the group
using collagen film. On the other hand, overgrown pe-
riosteum was microscopically observed in some samples
of the group using periosteum {groups 1 and 3), which
exhibited a wavy surface along the transplanted area (Fig.
4a, e, and i). This phenomenon probably occurred be-
cause the periostewn was autogenous tissue. In clinical
reports, the periosteal flap as the covering material over-
grew at a comparatively high rate.”>26 The advantages
of thin collagen film as an alternative to periostenm are
bicdegradability, which contribute to the nonhyper-
trophic surface, and easy availability. In addition, the dis-
advantage thin collagen film is difficulty in handling due
to the fragile nature of collagen film. With regard 1o the
surface deformation of the transplanted area, deformation
occurred as expected in the groups without precultured
tissue (groups 1, 2, and 5). On the other hand, all sur-
faces of the transplanted area in groups 3 and 4 exhib-
ited a flush surface with the adjacent cartilage. These re-
sults indicate that prevention of surface deformation of
the transplanted area using precultured tissue was effec-
tive. Although macroscopic scoring showed that there
was no significant difference among the groups, the de-
formed surface of the transplanted area in all the samples
from groups 1 and 2 was a critical problem. Thus, the
method of transplantation in groups I and 2 was not suit-
able for appropriate cartilage repair. Histological evalu-
ation of all groups showed that ECMs in the transplant
were secreted, but that the amount of ECMs was not suf-
ficient to construct well-formed hyaline cartilaginous tis-
sue throughout the tissue.

These results suggest that the couse of cell-incorpo-
rated PNIPAAm-—gelatin in situ-formed gel and precul-
tured tissue irrespective of the covering material (groups
3 and 4) provides z suitablé method for reconstructing
cartilaginous tissues with good integrity of the transplant
1o the adjacent tissues, smooth surface, minimal surface
deformation, and no leakage of the transplant. A long-
term transplantation study for groups 3 and 4 is now un-
derway to develop a system-enginecred cartilaginous tis-
sue that will be utilized for clinical trials.
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Abstract

It is important to understand anatomical feature of the distal femoral condyle for treatment of osteoarthritic knees. Detailed
measurement of the femoral condyle geometry, however, has not been available in osteoarthritic knees including valgus deformity.
This study evaluated femoral condyle geometry in 30 normal knees, 30 osteoarthritic knees with varus deformity, and 30 osteo-
arthritic knees with valgus deformity using radiographs and magnetic resonance imaging {MRI). In radiographic analysis in the
coronal plane, the femoral joint angle (lateral angle between the fernoral anatomic axis and a tangent to femoral condyles) was 83.3°
in the normal knees, 83.8° in the varus knees, and 80.7° in the valgus knees. In MRI analysis in the axial plane, the posterior
condylar tangent showed 6.4° of internal rotation relative to the transepicondylar axis in the normal knees, 6.1° in the varus knees,
and 11.5° in the valgus knees. These results suggested that there was no hypoplasia of the medial condyle in the varus knees, but the
lateral condyle in the valgus knees was severely distorted. Surgeons should take this deformity of the lateral femoral condyle into

account when total knee arthroplasty is performed for a valgus knee,
© 2003 Orthopaedic Research Society. Published by Elsevier Ltd. All rights reserved.

Keywords: Knee; Osteoarthritis; Surface geometry; Magnetic resonance imaging

Introduction

Correct rotational alignment of the femoral compo-
nent is essential for achieving proper varus and valgus
stability and pateilar tracking in total knee arthroplasty.
Anatomical and biomechanical studies have shown that
the transepicondylar axis is a reliable rotational land-
mark [7,10-12,23]. The anteroposterior (AP) axis, which
is approximately perpendicular to the epicondylar axis,
is used as a rotational landmark for the femoral com-
ponent [3]. On the other hand, posterior condyles are
also used as a rotational landmark when total knee ar-
throplasty is performed, because the posterior condyles
can be more easily identified intraoperatively than the
transepicondylar axis.

Current cutting guides for the distal femur allow ex-
ternally rotation of the femoral component a few de-

'Corresponding author, Tel.: +81.02-642-5447; fax: +81-92-642-
5507.
E-mail address: mazda@ortho.med kyushu-w.ac.jp (S. Matsuda).

grees relative to the posterior condyles. However, the
anatomical features of the posterior condyles vary with
deformity, and the use of the fixed externally rotated
angle for all knees can result in rotational malalignment
of the femoral component. Varus knees do not demon-
strate hypoplasia or severe wear of the posterior part of
the medial condyle [13], but the lateral femoral condyle
may appear hypoplastic in valgus knees [16,20]. Detailed
geometric measurements of the distal femur, however,
have not been available in osteoarthritic knees with
valgus deformity. This study evaluated the surface geo-
metry in normal, varus, and valgus knees using magnetic
resonance (MRI) imaging and radiographs to determine
whether hypoplasia of the lateral condyle exists in the
valgus knee.

Methods

The subjects gave informed consent and an institutional review
board approved the study. Thirty normal knees in 27 healthy volun-
teers, 30 osteoarthritic knees with varus deformity in 30 patients and

0736-0266/5 - see front matter © 2003 Orthopaedic Research Society. Published by Elsevier Lid. All rights reserved.
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Table 1
Clinical data for each group
Parameter Normal Varuos knees  Valgus knees
knees
Age 66.216.5 67.9+5.0 71.5+£11.3
Gender
Male 10 8 2
Female 20 22 28
Knee society score 100.02£0.0 4931169 5444188

30 osteoarthritic knees with valgus deformity in 26 patients were
evaluated using MRI (Table 1). Subjects with the normal knees had no
knee symptoms, and no osteoarthritic changes were detected on plain
radiographs. Physical examination showed no abnormal findings. Pa-
tients with the varus and valgus knees had signs and symptoms of
osteoarthritis. Standing radiographs showed the complete loss of the
medial joint space in the varus knees, and of the lateral joint space in
the valgus knees. Based on the case history, physical examination, and
laboratory tests, patients with rheumatoid arthritis and other inflam-
matory diseases or metabolic conditions were excluded from the study.
No subject had a history of injury to the knees.

MRI analysis

MRI was performed using a 0.5 T whole body MR imaging system’
(MRP-5000AD, Hitachi Medical Corp, Kashima, Japan) with an ex-
tremity coil, and all the subjects were restrained from moving during
the scanning process. Pulse sequences were T1-weighted images {500/
20, TR/TE). The direction of axial slice imaging placed the slice per-
pendicular to the femoral mechanical axis in the coronal plane and
perpendicular to the long axis of the femur in the sagittal plane. The
axial slice on the most prominent part of both femoral condyles was
selected for analysis.

The transepicondylar axis was defined as a line between the most
medial and the most lateral prominences of the epicondyles, and the
posterior condylar tangent as a line connecting the posterior aspects of
the femoral condyles [3,13] (Fig. 1). Articular boundaries of the fem-
oral condyles were used for posterior condylar tangent. The AP axis
was a line connecting the deepest part of the patellar groove anteriorly
and the mid point between the most posterior part of the condyle [3]

Transepicondylar
Axis

F Posterior Condylar
Tangent

Anlaropostetior Axis

Fig. 1. Magnetic resonance image of the axial view of the distal femur.
A line was drawn perpendicular to the transepicondylar axis from the
most anterior part of each anteorior condyle. The distance (a) was
defined as AP dimension of the anterior part of the medial femoral
condyle and.the distance (b) was defined as that of the lateral femoral
condyle. A line was drawn perpendicular to the transepicondylar axis
from the most posterior part of each posterior condyle. The distance
(c) was defined as the AP dimension of the posterior part of the medial
femoral condyle and the distance (d) was defined that of the lateral
femoral condyle.
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Fig. 2. Magnetic resonance image of the sagittal view of the distal
femur. A line (Line A-B) was drawn from the most distal point on the
surface articulating with the tibia (A) to the most superior point of the
femoral articular surface of the posterior condyle (B). Another line was
drawn perpendicular to Line A-B from its midpoint to the femoral
articular surface. The point where this line met the femoral articular
surface was defined as point C. The arc A-B was defined as the pos-
terior part of the femoral condyle, and point A, B, and C were used for
calculation of the radius in the posterior part of the condyle.

(Fig. 1). The angle between the transepicondylar axis and the posterior
condylar tangent and the angle between the line perpendicular to the
AP axis and the posterior condylar tangent were measured and com-
pared among the normal, varus and valgus knees. The lateral angle
between the transepicondylar axis and the AP axis was also measured
in each group. The AP dimensions of both the medial and lateral
condyles were measured (Fig. 1).

Sagittal plane sections through the most prominent part of both
femoral condyles were used for measuremnent, The articular surface of
each condyle was divided into distal and posterior parts (Fig. 2). The
posterior part was assumed to fit a circular arc [7,13), and the radius of
the arc was calculated using three points on the articular surface of
each part. The radius was calculated using:

R= abe
" Vlatbtclat+b—cHb+c—alcta=b)

where the distances between two of the three points were a, b, and ¢
(13} ~

Radiographic analysis

All of the radiological assessments were performed using full-length
weight-bearing AP radiographs, On taking full-length weight-bearing
radiographs, each lower limb was rotated so that the knee pointed
anteriorly [21}. No attempt was made to fluoroscopically control the
films to avoid excessive radiation exposure.

A point was marked on each radiograph in the center of the in-
tramedullary canal at the proximal and distal third of the femur, A line
connecting these two points was defined as the femoral anatomic axis
[15]. The tibial anatomic axis was found in the same manner as above.
Anatomical tibiofemoral angle was determined by intersecting the
femoral anatomic axis with the tibial anatomic axis [18] (Fig. 3}. The
latera] angle between a line tangent to both distal femoral cordyles and
the femoral anatomic axis or the fernoral mechanical axis was defined
as the femoral joint angle [17], and the hip-condylar angle, respectively
(Fig. 3). The lateral angle between the tibial anatomic axis and a line
parallel to the proximal articular surface was defined as the tibial joint



106 S. Marsuda et al | Journal of Orthopaedic Research 22 (2004) 104-109

Famnora mechancal axis
Amatomical

Mechanical
Tinigt langle Fernoral anatomicaxis

Pip-knee-ankle angle

emorai jont angle Hip~condytar angls

Tivlaijoinl angle

Thbal anatonc axis
Tibaimechanical axis

Fig. 3. The femoral anatomic axis passed two points marked in the
center of the intramedullary canal of the femur, and the tibjal anatomic
axis passed two points marked in that of the tibia (Left). The ana-
tomical tibiofemoral angle was created by intersecting the femoral and
tibial anatomic axes. The femoral joint angle was the lateral angle
between the femoral anatomic axis and a line tangent to both distal
femoral condyles. The tibial joint angle was the lateral angle between
the tibial anatomic axis and 2 line parallel to the proximal articular
surface. The mechanical hip-knee—ankle angle was created by inter-
secting the femoral and tibial mechanical axes (Right). The femoral
joint angle was the lateral angle between the femoral mechanical axis
and a line tangent to both distal femoral condyles.

angle [17] (Fig. 3). The angle between the femoral mechanical axis (a
line connecting hip center and knee center) and the tibial mechanical
axis (a line connecting knee center and ankle center) was defined as the
mechanical, hip-knee-ankle angle [6). These radiographic parameters
were compared among the normal, varus and valgus knees.

Statistical analysis was carried out using a data analysis system
(StatView 5.0, Abacus Concepts, Inc., Berkeley, CA). The mean and
standard deviations of all measurements were calculated. One factor
analysis of variance (ANOVA) and Fisher's PLSD as the post-hoc
analysis were used. P values of less than 0.05 were considered to be
statistically significant.

Results

The posterior condylar tangent showed 6.4° of
internal rotation in the normal! knees and 6.1° in the
varus knees when the angle to the transepicondylar axis
was measured (Table 2, Fig. 4). However, the posterior
condylar axis in the valgus knees showed 11.5° of in-

Table 2
Magnetic resonance imaging analysis (axial view)

Fig. 4. Standing AP radiograph of the varus knee (Left). Magnetic
resonance image of the axial view of the distal femur in the varus knee
(Right). The transepicondylar axis was externally rotated 6° from the
posterior condylar tangent,

Fig. 5. Standing AP radiograph of the valgus knee (Left). Magnetic
resonance image of the axial view of the distal femur in the varus knee
(Right). The posterior part of the lateral condyle was refatively small
compared to that of the medial condyle, and the transepicondylar axis
was externally rotated 11° from the posterior condylar tangent,

ternal rotation (Fig. 5), which was significantly larger
than that in the normal and varus knees {p < 0.0001).
The posterior condylar axis showed 6.3° of internal

Parameter

Normal knees

Varus knees Valgus knees

Angle between transepicondylar axis and
posterior, condylar tangent

Angle betfveen a line perpendicular to the
anteroposterior axis and posterior condylar tangent

Angle between anteroposterior axis and
transepicondylar axis

6.4+1.8 (3.5-10.6)
6.3+124(0.0-10.0)

90.1£3.2 (84.6-100.6)

6.1 +1.8 (0.3-10.7) 11.5°£2.1 (8.1-169)

6.6+2.5 (3.0-12.0) 8.6'£2.7 (3.0-13.5)

89.5+ 2.8 (82.7-94.6) 92.9* +2.6 (87.0-98.0)

*Significantly different from normal knees and varus knees (p < 0.05).
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Table 3
AP dimension of the femoral condyle

107

Parameter Normal knees Varus knees Valgus knees

Anterior Medial condyle 30.6+£3.0 (24.8-30.9) 324" +£2.0(27.9-34.8) 319121 (28.7-37.6)
Lateral condyle 371144 (30.344.9) 38.3+£29 (32.7-41.9) 39.5£2.5(352-45.0)

Posterior Medial condyle 29.2+£24(25.6-34.1) 29.6+£2.7 (25.6-34.3) 29.9+2.5(21.6-35.4)

Lateral condyle 24.1+2.4 (20.5-30.2)

24.7+2.6 (21.6-31.4) 219" +£26(15.6-26.9)

*Significantly different from normal knees (p < 0.05).
"*Significantly different from normal knees and varus kness (p < 0.05).

Table 4
Magnetic resonance imaging analysis (sagittal view)

Normal knee

Varus knees

Valgus knees

Medial condyle
Lateral condyle

20.343.4 (16.1-28.0)
19.0 £ 3.0 (14.7-25.0)

21.2% 2.1 (18.0-24.5)
20.8+2.1 (17.5-30.0)

21.1£2.0(17.8-24.1)
211" £2.1 (18.4-25.5)

*Significantly different from normal knees (p < 0.05),

rotation in the normal knees, 6.6° in the varus knees,
and 8.6° in the valgus knees when the angle to the line
perpendicular to the AP axis was measured (Table 2).
The angle in the valgus knee was significantly larger
than that in the normal (p = 0.0006) and varus knees
{p = 0.0023). The AP axis was approximately perpen-
dicular to the transepicondylar axis in normal and varus
knees, but the AP axis was slightly internally rotated
relative to the transepicondylar axis in valgus knees
(Table 2).

In the measurement of the AP dimension of the an-
terior part of the lateral condyle, no significant differ-
ence was detected between normal, varus, and valpus
knees, however the AP dimension of the medial condyle
in the varus knee was significantly larger {p = 0.0460)
than in the normal knees (Table 3). No significant dif-
ference was found in the AP dimension of the posterior
part of the medial condyle between normal, varus, and
valgus knees; however, the AP dimension of the lateral
condyle in the valgus knee was significantly smaller than
in the normal (p=0.0044) and valgus knees (p =
0.0014) (Table 3).

Measurement of the radius of the posterior part of
the medial femoral condyle did not reveal any signifi-
cant differences between normal, varus, and valgus
knees. The radius of the posterior part of the lateral

Table 5
Radiographic analysis

Vaigus

Normal

Fig. 6. Magnetic resonance image shows a sagittal view of the distal
femur in a normal knee (Left). Magnetic resonance image shows a
sagittal view of the distal fernur in a valgus knee (Right). The posterior
part of the [ateral condyle is flat in shape.

femoral condyle in valgus knees was significantly larger
(p =0.0384) than the value in normal knees (Table 4,
Fig. 6).

In radiographic analysis, the-anatomical tibiofemoral
angle was 3.6° valgus in the normal knees, 5.0° varus in
the varus knees, and 13.3° valgus in the valgus knees
(Table 5). The patients with the varus and the valgus

Parameter Normal knees

Varus knees Valgus knees

L 3.6£2.2 (0.4-8.0)
~1.4£2.4 (=60 to -1.0)
833+ 1.5 (80.3-85.9)
88.342.3 (84.3-91.2)
93.041.3 (90.3-96.1)

Anatomical tibiofemoral angle
Mechanical hip-knee-ankle angle
Femoral joifit angle
Hip—condylar angle

Tibial joint angle

=5.0" £ 7.0 (-30.0-6.0)
—14.2* +5.3 (-23.0 to ~6.0)
83.8+2.0 (78.5-88.9)

90.4+ 3.2 (84.9-97.0)

943 £2.3 (90.1-98.6)

13.3 £4.9 (4.2-25.8)
9.1 263 (-0.7-20.8)

80.7" + 1.9 (76.7-85.0)
85.1° £2.3 (81.5-90.0)
91.0" 4 3.2 (84.8-99.2)

*Significantly different from normal knees and varus knees (p < 0.05}.
**Significantly different from normal knees and valgus knees {p < 0.05).
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knees had 8.6° of varus and 9.6° of valgus deformity,
respectively, compared to those with the normal knees.
The mechanical, hip-knee—-ankle angle was 1.4° varus in
the normal knees, 14.2° varus in the varus knees, and
9.1° valgus in the valgus knees (Table 5). The femoral
joint angle and the hip-condylar angle in the valgus
knees was significantly smaller (p < 0.001) than those in
the normal and varus knees (Table 5). The tibial joint
angle in the valgus knees was significantly smaller than
that in the normal knees (p = 0.002} and varus knees
(p < 0.001), and the angle in the varus knees was sig-
nificantly larger (p =0.032) than that in the normal
knees (Table 5).

Discussion

Proper rotational alignment of the component is one
of the most important factors for successful total knee
arthroplasty [1,4,14]. Previous studies recommended that
the femoral component should be inserted parallel to the
transepicondylar axis [5,8] or to the AP axis [3]. How-
ever, accurate detection of both the medial and lateral
epicondyle is sometimes difficult [3,11), as is finding the
AP axis, because of trochlear wear or intercondylar os-
teophytes in arthritic knees {19]. The posterior condyles
can be more easily identified intraoperatively, therefore
some bone cutting guide systems are designed to align the
femoral component in 3-5° of external rotation from the
posterior condyles. These systems align the femoral
component parallel to the transepicondylar axis with a
small amount of deviation, because the previous ana-
tomical studies have shown that the transepicondylar
axis is externally rotated from the posterior condylar
tangent in 3-6° {2,8,9,13,22]. These anatomical studies
are mainly focused on the normal or varus knees, but
detailed measurement of surface geometry has not been
available in valgus knees probably because valgus knee
deformity is relatively rare knee condition. Griffin, et al.
[8] measured the angle between the surgical epicondylar
axis and the posterior condylar tangent intraoperatively
and reported an average angle of 3.3° for varus knees and
5.4° for valgus knees. In that study, valgus knees were
defined as knees with anatomical tibiofemoral angles
greater than 7°, but the average and range of the ana-
tomical tibiofemoral angles of the valgus knee group are
unknown, and questions remain on the accuracy of in-
traoperative measurement. Akagi, et al. [2] measured the
angle between the clinical epicondylar axis and the pos-
terior condylar tangent as 9.1° for valgus knees and
6.4° for normal knees. However, the valgus knee group
included. both rheumatoid and osteoarthritis, and com-
puted tomography evaluated the bony boundaries but
not the articular boundaries of the femoral condyles.
Therefore, femoral condyle geometry has not been fully
evaluated in osteoarthritic knees with valgus deformity.
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The results of our study showed that the posterior
condylar tangent was internally rotated against the
transepicondylar axis approximately 6° in both the
normal and varus knees and 11.5° in the valgus knees. In
performing total knee arthroplasty for a valgus knee, 3°
of external rotation from the posterior condyles results
in internal rotation of the femoral component relative to
the transepicondylar axis by 8.5°. This amount of mal-
rotation of the femoral component could cause patel-
lofemoral joint complications [1,4,14]. The surgeon
should take deformity of the lateral condyle into ac-
count, and the angle between the transepicondylar axis
and the posterior condylar tangent should be measured
using MRI (or computed tomography) before surgery.
With the measured external rotational angle, easily de-
tectable posterior condyles can be used as a reliable
rotational landmark in addition to palpation of the epi-
condyles.

In the valgus knees, the AP dimension of the poste-
rior part of the lateral condyle was significantly smaller
than in the normal and varus knees, but the anterior
part of the lateral condyle did not show a significant
difference. Also in the valgus knees, we can conclude
that the posterior part of the lateral condyle is relatively
flat in shape based on the findings that the radius of the
posterior arc of the lateral femoral condyle was signifi-
cantly larger than in the normal knees. These findings
suggest that the posterior part of the lateral condyle in
the valgus knees is distorted, but there is no hypoplasia
in the posterior part of the medial condyle in the varus
knees. Therefore, distorted posterior condyles are the
main mechanism causing the posterior condylar tangent
1o be more internally rotated in the valgus knees than in
the normal and varus knees, relative to the transepic-
ondylar axis. The AP dimension of the anterior part of
the medial condyle in the varus knees was larger than in
the normal knees, probably due to osteoarthritic chan-
ges of the anterior condyles.

The results of this study also showed that the AP axis
was approximately perpendicular to the transepicondy-
lar axis in normal and varus knees, but slightly inter-
nally rotated in valgus knees. We cannot conclude which
landmark should be used in valgus knees from our re-
sults; however, these results suggest that the AP axis
measurements might deviate due to distorted arthritic
articular geometry.

The results of the coronal plane (radiographic) ana-
lysis showed that the femoral joint angle in the valgus
knees was significantly smaller than that in the varus
and the normal knees, but no significant difference was
detected between the varus knees and the normal knees.
These results suggests that hypoplasia was not present in
the distal part of the medial condyle in the varus knees,
but the distal part of the lateral condyle in the valgus
knees was distorted, as well as the posterior part of the
lateral condyle, although the difference detected was
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more distinct in the posterior part. It was unclear whe-
ther the distorted lateral condyle in the valgus knees was
the factor contributing to osteoarthritis of the lateral
compartment of the knee or was a result of the valgus
deformity. A significant difference in the distal femur
geometry was detected between the normal and valgus
knees, but not detected between the normal and varus
knees, even though patients with the varus knees had the
same degree of knee deformity as those with the valgus
knees in anatomical tibiofemoral angle. Therefore, we
could say that osseous abnormality of the femur con-
tributed to the knee deformity more predominantly in
valgus knees than in varus knees. From the findings of
this study, however, we are unable to conclude that the
distorted lateral femoral condyle caused ostecarthritis of
the lateral compartment.

The tibial joint angle in the normal knees was sig-
nificantly smaller than that in the varus knees and sig-
nificantly larger than that in the valgus knees, suggesting
that osseous abnormatity of the tibia exists in both the
varus and valgus knees and that the tibial deformity is
the contributing factor to the overall malalignment of
the leg. Both the varus and valgus knees had lowered
tibial plateau in the affected compartment compared to
the normal knees, suggesting that osseous abnormality
of the tibia was possibly caused by degenerative changes
of osteoarthritis rather than by developmental abnor-
mality.

The current study has some limitation. Better
matching of the groups in terms of gender and age may
have strengthened the study. It was difficult, however, to
do this because valgus knee deformity is a relatively rare
knee condition. Many studies have shown that no
marked difference is present in femoral condyle geome-
try between male and female [8,9,19,23]. Therefore, we
believe the heavy preponderance of females in our val-
gus knee group did not significantly affect our results. In
addition, all of the anatomic specimens in the current
study were Japanese; therefore, these findings may not
apply to other racial groups.

In summary, radiographic and MRI analysis showed
that hypoplasia of the lateral condyle existed in the
valgus knees, but not in the medial condyle in the varus
knee. In total knee arthroplasty for valgus knee, the
extent of hypoplasia of the lateral condyle should be
evaluated preoperatively to achieve the correct rota-
tional alignment.
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ABSTRACT

Purpose: Pancreatic resection for pancreatic cancer is
the only curative modality, but the high incidence of local
recurrence after surgery results in a very poor prognosis.
This study aims to develop a new therapeutic tool that could
inhibit the growth of remnant cancer cells, which is based on
local delivery of NK4 (hepatocyte growth factor antagenist)
secreted from an NK4 gene-transduced oral mucosal epithe-
lial cell (OMEC) sheet (NK4-sheet), which is adhered to the
resected surface,

Experimental design: OMECs, harvested and cultured
according to 3T3 feeder layer technique, were seeded on a
collagen mesh-overlayered, biodegradable VICRYL mesh to
produce an OMEC sheet. NK4 gene transduction was me-
diated by recombinant adenovirus (Ad-NK4). Applicability
of OMECs for cell-based NK4 delivery was examined. An
experimental model using nude mice was established to
determine the effect of an NK4-sheet on both tumor growth
and angiogenesis.

Results: NK4 secreted from Ad-NKd4-transduced
OMECs suppressed MRC-5-induced invasion of pancreatic
cancer cell lines. Heterotopically implanted gene-transduced
OMECs remained for =10 days while gradually decreasing.
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NKd4-sheets inhibited both angiogenesis and tumor growth
in vivo.

Conclusion: Autologous OMEC was found to be suited
to this purpose because of no secretion of hepatocyte growth
factor, ease in harvesting from a patient, reasonably high
proliferation potential, and no immune reaction. Although
NKd4-sheets under development exhibited a fow level and
short period of NK4 secretion, it is expected that this system
may have a great potentiality of protein delivery system to
target tissue at clinical situations when it is loaded with
multilayered OMECs.

INTRODUCTION

Pancreatic cancer remains difficult to cure, and pancreatic
resection is the only curative modality. Pancreatic cancer, even
if small, often invades surrounding tissues and induces local
recurrence after surgery at a high incidence, resulting in a very
poor prognosis (1, 2). Although some adjuvant therapies, such
as intraoperative radiotherapy and adjuvant chemotherapy, have
been tested, satisfactory results have not been obtained as yet.
Therefore, development of a new therapeutic modality to pre-
vent the local recurrence has been awaited.

The local recurrence after pancreatic resection is generally
caused by the high migratory and invasive potentials of pancre-
atic cancer cells. Such malignant behavior is usually affected by
many kinds of cytokines. HGF? is known to act as a potent
scattering factor by binding to c-Met receptor expressed on cells
(3, 4). HGF antagonist, NK4, composed of the NH,-terminal
hairpin and four kringle domains of the e-subunit of HGF, binds
to the c-Met receptor but does not induce tyrosine phosphoryl-
ation of ¢-Met, resulting in inhibition of mitogenic, motogenic,
and morphogenic activities of HGF (5, 6). Recent studies
showed that NK4 inhibits growth and migration of vascular
endothelial cells stimulated by angiogenic growth factors (7, 8)
and that the ¢-Met receptor is frequently overexpressed in pan-
creatic cancers {9-11). NK4 injection to a tumor and NK4-
encoding adenovirus-mediated gene transduction suppressed the
migration, invasion, and growth of pancreatic cancer cells in
vitro and in vivo (9, 12-15).

In our previous study, we developed a local delivery sys-
tem of a protein and an adenoviral vector using in situ photo-
cured gelatin: a bioactive substance-immobilized, tissue-adhe-
sive matrix (16, 17). Protein delivery from photocured gelatin
adhered 10 a living tissue proceeded with time. However, the

? The abbreviations used are: HGF, hepatocyte growth factor; OMEC,
oral mucosal epithelial cell; SEM, scanning electron microscopy; MOI,
multiplicity of infection; FBS, fetal bovine serum; RT-PCR, reverse
transcription-PCR.
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