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then carefully removed and prepared for microscopic ex-  Tissue engineering of bone using IP-CHA
amination %ﬁink perfusjon on undecalcified sections. All  integrated with vascular bundle

other specfmens were harvested and fixed in 4% para- In the second set of experiments, we investigated
formaldehyde (pH 7.4) at 4°C for 24 h. whether vascular bundle insertion enhances new bone

FIG. 2. Representative photomicrographs of IP-CHA 6 weeks after subcutaneous implantation with (A, C, and E) or without
(B, D, and F) vascular bundle insertion. (A and B) Hematoxylin and cosin-stained sections (original magnification, X100). (A)
In IP-CHA with vascular bundle insertion, many thick blood vessels accompanied by active fibrous connective tissue formation
were observed in the pores. (B) In the control IP-CHA group, loose fibrous tissues with microvessels were seen in the pores close
to the peripheral surface of the block, but not in the deep pores. (C and D) Immunostaining for von Willebrand factor (originat
magnification, X100). Note abundant thick vessels in IP-CHA with vascular bundle insertion (C). (E and F) Toluidine blue stain-
ing of hard tissue sections after India ink perfusion. In IP-CHA with vascular bundle insertion, thick blood vessels containing In-
dia ink were observed (E, arrows).
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formation in tissue-engineered bone. The four rats in the
vascularized BMP/IP-CHA group received an IP-CHA
implant with vascular insertion leaded with 10 ug of
rhBMP-2. The four rats in the contro! BMP/P-CHA
group were implanted with an IP-CHA block without vas-
cular insertion loaded with 10 g of thBMP-2, Similarly,
10 rats were implanted with an IP-CHA block loaded
with 2 ug of thBMP-2: 5 rats with vascular insertion, and
5 rats without vascular insertion. Three weeks after im-
plantation, all implants were removed and prepared for
histological examination.

Histological examination

For undecalcified sections, tissue samples were fixed
in 70% ethanol for 48 h, dehydrated, and then embedded
in polymethyl methacrylate. Sections (6 pum thick) along
the drill hole were then made, and were stained with tolu-
idine blue for assessment of histological details.

All other tissue samples were decalcified in 20%
EDTA (pH 7.4) at 4°C, dehydrated, and then embedded
in paraffin. Each sample was cut into 5 pumn sections along
the drill hole; these were processed for further study.
Hematoxylin—eosin staining was used to examine details
of tissue in the pores. To visualize vessels in the pores,
immunohistochemical staining using anti-von Wille-
brand factor antibody was performed as described previ-
ously. 14

Quantification of bone formation in the pores

For quantitative assessment of bone formation in the
pores of BMP/IP-CHA implants, the hematoxylin—eosin-
stained cross-section of the implant {Jength, 10 mm) was
subdivided into three zones of equal width. The gross
area of newly formed bone matrix in the central third of
the cross-section was measured with a computer-assisted
image analyzer (WinRoof; Mitani, Fukui, Japan).

Statistical analysis

Statistical significance of differences was analyzed by
unpaired ¢ test, using the statistical program StatView
(version 5.0; SAS, Cary, NC). A p value of <0.05 was
considered to indicate statistical significance.

RESULTS

Development of vascular network
in the pores of IP-CHA

In all rats in the vascularized IP-CHA group, the in-
serted vascular pedicles displayed firm pulsation at the
entrance of the IP-CHA block (Fig. 1, arrowhead). India
ink perfusion produced dark stains on all surfaces of IP-
CHA blocks, suggesting abundant blood flow from the
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pedicle inside the block to its outer surface. In contrast,
in all animals in the control IP-CHA group, the surface
of the implanted block was not stained by India ink.

In histological examination of the longitudinal cross-
sections of the IP-CHA blocks, in the vascularized IP-
CHA group, we observed many large blood vessels,
which appeared to originate from the inserted vascular
bundle, in the pores throughout the IP-CHA block. In the
India ink perfusion experiment, most of the vessels in the
pores of the vascularized IP-CHA group contained black
ink particles, indicating that those vessels were effec-
tively connected to the host circulation via the inserted
vascular pedicle, providing an abundant blood supply
(Fig. 2A, C, and E).

In the control IP-CHA group, fibrous tissues with mi-
crovessels were observed in the pores close to the outer
surface of the block, but not in the deep pores. Further-
more, compared with the vascularized IP-CHA group, the
fibrous tissues seen in the control IP-CHA group were
markedly looser and the vessels were more immature and
smaller. In those small vessels, very little India ink was
seen, suggesting poor blood supply (Fig. 2B, D, and F).

In the vascularized [P-CHA group, immunostaining for
von Willebrand factor clearly visualized blood vessels in
almost every pore, suggesting a well-developed vascular
network in the IP-CHA pores, due in part to interpore
connections (Fig. 2C).

Effect of vascular bundle insertion on
BMP-induced bone formation in IP-CHA

Histological examination of the longitudinal cross-sec-
tions of IP-CHA blocks loaded with 10 pg of rhBMP-2
showed that, in the vascularized BMP/IP-CHA group,
there was abundant newly formed bone tissue in the
pores. New bone formation was especially abundant in
the pores close to the inserted vascular bundle; that is,
far from the surface of the block. That newly formed bone
tissue was accompanied by many large blood vessels that
appeared to derive from the inserted vascular bundle (Fig.
3A and B). In the contro]l BMP/IP-CHA group, most of
the pores were filled with loose fibrous tissue with mi-
crovessels; a small amount of newly formed bone was
observed in the pores close to the surface of the block at
both ends, but not in the deep portion (Fig. 3C).

The average values (*standard deviation) for gross
area of newly formed bone matrix in the pores of the cen-
tral third were 1.0+ 0.64 mm? in the vascularized
BMP/P-CHA group and 0.046 * 0.054 mm? in the con-
trol BMP/IP-CHA group. The difference between these
two values was statistically significant (Fig. 3D, p <
0.05).

In the experiment using a lower dose of thBMP-2 (2
pe/lock), we found no bone formation in the pores of
IP-CHA blocks, with or without vascular insertion.
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vascularized control

FIG. 3. Effect of vascular bundle insertion on bone formation in the deep portion of IP-CHA loaded with 10 ug of thBMP-2.
Representative microphotographs 3 weeks after subcutaneous implantation with (A and B) or without (C) vascular bundle in-
sertion. (A) Abundant new bone formation with neovascularization was seen in the pores close to the longitudinal drill hole (DH),
into which the superficial inferior epigastric vessels (star) were inserted (original magnification, X40). (B) Higher magnification
(X100} of the boxed area in (A). (C) Only minimal cellular invasion with microvessels was observed in the pores along the lon-
gitudinal drill hole (DH); no bone formation was observed (original magnification, X40). (D) Histomorphometric results for the
area of newly formed bone matrix in the central third of IP-CHA blocks. Vascularized, vascularized BMP/IP-CHA group (with
vascular bundle insertion); control, control BMP/IP-CHA group (without vascular bundle insertion), Values represent the aver-
age area (mm?) and standard deviations of four samples in each group. *p < 0.05. '

DISCUSSION

Although porous ceramic bone substitutes made from
calcium phosphate (e.g., FIA) have been widely used in
surgery to repair bone defects, their application is still
limited because blood supply is essential for treatment of
large bone defects and those with poor blood supply. In
the present study, we found that insertion of a vascular
bundle into IP-CHA produced a capillary vessel network
in the pores. The present results indicate that, even when
IP-CHA is implanted into a bone defect site with poor
blood supply, insertion of a vascular bundle produces an
abundant blood supply in most of the pores directly from
the inserted vessels. The use of such implants appears to
improve bone regeneration in bone defect sites.

In rigorous investigations of bone tissue-engineering

techniques using bone matrix-producing cells or bone-in-
ducible factors, porous HA was found to be a particu-
larly suitable biomaterial for use as a scaffold,!-!5-19 [t
has been suggested that blood supply is an important el-
ement of bone tissue engineering, but no direct evidence
of this has previously been reported. The present results,
obtained using BMP-2 as the bone-inducible factor and
IP-CHA as the scaffold, clearly demonstrate the essen-
tial role of blood supply in bone tissue engineering. The
technique used in this study can also be used for cell-
based bone tissue engineering; it is reasonable to assume
that blood supply also plays an important role in cell-
based bone tissue engineering.

There have been several studies in which a muscle flap
was used as a source of blood supply for tissue engi-
neering of bone.2>-2* However, this technique sacrifices
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normal host muscle and, for recipient sites out of reach
of a muscle flap, this technique is either not possible or
requires vascular anastomoses. Because the present tech-
nique does not sacrifice any functional organ (including
muscle), it could be used without affecting motor system
function. Furthermore, this technique could be used to
treat bone defects almost anywhere in the trunk and ex-
tremities, using local vessels. For example: for the femur,
the deep femoral artery/vein bundle or inferior epigastric
vessels could be used; for the humerus, deep brachial ves-
sels; for the forearm, interosseous vessels.

In conclusion, the present results demonstrate that vas-
cular bundle insertion into IP-CHA produces a vascular
network in the porous structure, and that vascular bundle
insertion enhances new bone formation in tissue-engi-
neered bone, using rhBMP-2 and IP-CHA. Although fur-
ther study is needed to clarify the clinical relevance of
these findings, we believe that the present system of in-
tegrating a vascular network into IP-CHA is a useful tech-
nique for bone tissue engineering as a treatment for chal-
lenging orthopedic conditions.
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Hydroxyapatite Ceramics Combined With Marrow Mesenchymal Cells:

Quantitative and Three-Dimensional Image Analysis
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We developed fully opened interconnected porous calcium hydroxyapatite ceramics having two different
pore sizes. One has pores with an average size of 150 ym in diameter, an average 40-pm interconnecting
pore diameter, and 75% porosity (HAL50). The other has pores with an average size of 300 Lm in diameter,
an average 60—100-um interconnecting pore diameter, and 75% porosity (HA300). Because of its smaller
pore diameter, HA150 has greater mechanical strength than that of HA300. These ceramics were combined
with rat marrow mesenchymal cells and cultured for 2 weeks in the presence of dexamethasone. The cultured
ceramics were then implanted into subcutaneous sites in syngeneic rats and harvested 2-8 weeks after
implantation. All the implants showed bone formation inside the pore areas as evidenced by decalcified
histological sections and microcomputed tomography images, which enabled three-dimensional analysis of
the newly formed bone and calculation of the bone volume in the implants. The bone volume increased over
time. At 8 weeks after implantation, extensive bone volume was detected not only in the surface pore areas
but also in the center pore areas of the implants. A high degree of alkaline phosphatase activity with a peak
at 2 weeks and a high level of osteocalcin with a gradual increase over time were detected in the implants.
The levels of these biochemical parameters were higher in HA150 than in HA300. The results indicate that
a combination of HA1350 and mesenchymal cells could be used as an excellent bone graft substitute because

of its mechanical properties and capability of inducing bone formation.

Key words: Bone tissue engineering;, Hydroxyapatite; Image analysis; Marrow mesenchymal cell;

Osteoblast; Osteoconduction

INTRODUCTION

The ideal bone graft is antogenous bone but there are
many problems, such as quantitative limitations of the
graft and the inevitable invasion of normal tissues to
harvest the graft bone. To avoid these problems, syn-
thetic hydroxyapatite (HA) ceramics have been used as
bone graft substitutes in orthopedic, craniofacial, and den-
tal applications (1,3,7,10,21). HA ceramics are known to
be biccompatible, osteoconductive, and bioactive, with
bone bonding directly to the surface of the ceramics
(4,8,22). However, only a few researchers have reported
that the pores of implanted ceramics were completely
filled with the newly formed host bone (22). It would
be reasonable to assume that the reason for this is the

nonuniform pore geometry and few interpore comnec-
tions of conventional synthetic HA ceramics. The size
of the interpore connections rather than the size of the
pores themselves might be the primary limiting factor
of osteoconduction into the central area of HA ceramic
blocks. This is because interpore connections under 3
fm in diameter do not permit cell migration and vascu-
larization into the pores, events essential for new bone
formation (20).

We recently developed fully open interconnected po-
rous calcium hydroxyapatite ceramics (IP-CHA) and re-
ported the resulting superior osteoconduction by permit-
ting cells and tissues to invade deep into the pores (20).
However, not all of these ceramics are osteoinductive
and, therefore, the applications are limited. In this re-
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gard, we havgdreported oh the osteogenic capability of
fresh marrow cells or culture-expanded marrow mesen-
chymal cells, which combined with porous HA ceram-
ics. Such composites showed ectopic bone formation in
the pore areas of the HA ceramics (11,13,14,18,24,25).
Impertantly, the composites also demonstrated their
healing potential when implanted into a site in which
there is a bony defect (12). Due to the interconnected
porous structure of IP-CHA, osteogenic cells can be ap-
propriately introduced within the pores and are thus use-
ful as a scaffold in bone tissue engineering. In this study,
IP-CHA, having two different pore sizes, were com-
bined with marrow mesenchymal cells and evaluated for
their osteogenic capability.

MATERIALS AND METHODS
Materials

Fully open IP-CHA were synthesized by adopting a
“foam-gel” technique from a shimy of hydroxyapatite
(60 wt%) with a cross-linking substrate (polyethylene-
imine, 40 wt%), as previously reported (20). The solid
and porous components of the microstructure were com-
pletely interconnected. We prepared two types of IP-
CHA. One had pores averaging 150 um in diameter, an
average 40-pm interconnecting pore diameter, and 75%
porosity (HA150). The other had pores averaging 300
um in diarneter, 60-100-m interconnecting pore diam-
eter, and 75% porosity (HA300).

For comparison, we purchased three different com-
mercially available synthetic porous hydroxyapatite ce-
ramics (HA-A, HA-B, and HA-C), which have been
used in orthopedic or dental surgery in Japan. HA-A has
an average pore diameter of 300 pm and 50% porosity.
HA-B has an average pore diameter of 200 ptm and 70%
perosity. HA-C has pore with diameters of 50-300 um
and 35-48% porosity.

Blocks of these ceramics (HA150, HA300, HA-A,
HA-B, and HA-C) were cut and shaped into 5-mm-
diameter disks that were 2 mm thick.

Mercury Porosimetry

The distribution of the interpore connections in hy-
droxyapatite ceramics was measured from the penetra-
tion of Hg liquid in an evacuated porosimeter (pore
sizer, 9310, Shimadzu Co., Kyote, Japan) as previously
described by Tamai et al. (20). The available pores that
were connected by interpore connection >10 pm in di-
ameter were calculated by the following equation: avail-
able porosity (%) = total porosity (%} — unavailable po-
rosity (%) (the inaccessible pore space calculated by
integrating the cumulative volume of pores that were
connected with interpore connections <10 Um in a diam-
eter, according to the result of mercury porosimeter).

NISHIKAWA ET AL.

Marrow Cell Preparation and Culture

Mamrow cells were obtained from the bone shaft of
the femora of 7-week-old Fischer 344 male rats. Both
ends of the femur were cut away from the epiphysis,
and the marrow was flushed out using 10 ml of culture
medium expelled from a syringe through a 21-gauge
needle, according to the method developed by Maniato-
poules et al. (9). The released cells were collected in
two T-75 flasks (Costar, Cambridge, MA) containing 15
ml of the standard medium described below. The me-
dium was changed after 24 h to remove hematopoietic
cells. Subsequently, the medium was renewed three
times a week. Cultures were maintained in a2 humidified
atmosphere of 95% air with 5% CO, at 37°C.

The standard medium consisted of Eagle’s minimal
essential medium (MEM) containing 15% fetal bovine
serum (JRH Bioscience, Lenexa, KS, Lot No.002095)
and antibiotics (100 Ufml of penicillin, 100 pg/ml of
streptomycin, and 0.25 pg/m! of amphotericin B; Sigma
Chemical Co., St. Louis, MO),

After 7 days in primary culture, adherent marrow
mesenchymal cells (MMUCs) were released from the cul-
ture substratum using 0.1% trypsin. The cells were con-
centrated by centrifugation at 900 rpm for 5 min at 4°C
and resuspended at 10° cells/ml. The 24 ceramic disks
were soaked in 4 m! of cell suspension (10° cells/ml)
overnight in a CO, incubator,

After the overnight incubation, the disks were trans-
ferred into a 24-well plate (Falcon, Franklin Lakes, NI)
for subcultures. Each ceramic was subcultured in cne
well with 1 ml of the standard medium supplemented
with 10 mM of B-glycerophosphate, disodium salt, pen-
tahydrate (Calbiochem, Darmstadt, Germany), 82 pg/mi
of L-ascorbic acid phosphate magnesium salt n-hydrate
(Wako Pure Chemical Industrials, Osaka, Japan), and
10" M of dexamethasone {Dex, Sigma Chemical Co.).
To evaluate the efficiency of the dexamethasone, the
subcultures without Dex were used as in vitro controls.
The medium was renewed three times a week, and the
subcultures were maintained for 2 weeks. These subcul-
tured MMCs in the ceramic disks were washed twice
with phosphate-buffered saline (Gibco, Invitrogen Cor-
poration, Grand Island, NY) and prepared for measure-
ment of alkaline phosphatase (ALP) activity to evaluate
if the HA ceramics support in vitro osteoblastic differen-
tiation of marrow mesenchymal cells.

Implantation

Syngeneic 7-week-old male Fischer 344 rats were an-
esthetized by intramuscular injection of ketamine (45
mg/kg) and xylazine (9 mg/kg). Five ceramic disks cul-
tured with MMCs in the presence of Dex for 2 weeks
were implanted subcutaneously at five sites into the
back of each syngeneic rat and five ceramic disks with-
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Figure 1. In vitro alkaline phosphatase activity (ALP) of fully
open interconnected porous calcium hydroxyapatite (IP-CHA),
which was combined with MMCs and cultured in the presence
or absence of dexamethasone (Dex). Two types of IP-CHA,
one with pores with an average diameter of 150 pm (HA150)
and the other with pores with an average diameter of 300 pm
(HA300), were used in this experiment as in vitro cell culture
substrata. The culture was performed with or without Dex.
ALP activity of four groups: HA150/MMCs with Dex, HA300/
MMCs with Dex, HA150/MMCs without Dex, and HA300/
MMCs without Dex. Data are presented as mean £ 8D (n = 5).
**p < (.01 vs. HA150/MMCs with Dex, All ALP activity in
HA150/MMCs and HA300/MMCs without Dex was signifi-
cantly lower than that of HA150/MMCs with Dex.

confirmed that both types of IP-CHA can maintain Dex-
dependent in vitro osteoblastic differentiation of MMCs,
and HA150 has more superior capabilities for supporting
differentiation than does HA300.

Histological Analyses After In Vivo Implantation

As stated above, HA150/MMCs and HA300/MMCs
can show in vitre osteoblastic differentiation under the
culture condition with Dex. We also reported that the
ceramic/MMCs cultured with Dex showed immediate
and more copious new bone formation after in vivo im-
plantation compared with those cultured without Dex.
Therefore, we performed in vivo implantation using ce-
ramics that were combined with MMCs and cultured for
2 weeks with Dex. After the 2-week culture, the pore
surface of the ceramics could be covered with a thin
layer of bone matrix together with a lining of active os-
teoblasts and thus we refer to these cultured ceramics as
constructs (ceramics/MMCs/cult construct). As a nega-
tive control, we also implanted the ceramics without
cells.

Two weeks after in vivo implantation of HA150/
MMCs/cult and HA300/MMCs/cult, we were able to de-
tect obvious bone formation in many pore areas of the
ceramic (Fig. 2). Bone tissue, together with many cuboi-
dal active osteoblasts, was observed in contact with the
pore surface. Newly formed vascular vessels were also
observed in some pores. This finding suggests that a

NISHIKAWA ET AL.

capillary network had been established in the IP-CHA
because of the sufficient interpore connections of the ce-
ramics. At 8 weeks after implantation (Fig. 3A, B), the
bone areas and number of osteacytes in the bone matrix
increased and almost all pore areas showed bone forma-
tion. In addition, regenerated bone marrow was observed
together with fat cells in many pores (Fig. 3A, B). These
findings indicate the importance of porous architecture
(excellent interpore comnections) of IP-CHA for new
bone formation. To confirm the importance of the inter-
pore connections, we also utilized three commercially
available Japanese synthetic porous hydroxyapatite ce-
ramics (HA-A, HA-B, and HA-C). The porous architec-
tures of these ceramics are different from IP-CHA: each
pore of the commercial ceramics is not fully intercon-
nected and have many isolated porous areas or dead-end
pores. These three ceramics (HA-A, HA-B, and HA-C)
were combined with MMCs and cultured with Dex for
2 weeks to make constructs of HA-A/MMCs/cult, HA-
B/MMCs/cult, and HA-C/MMCs/cult. These constructs
were implanted at subcutaneous sites for 8 weeks and
harvested. The culturefimplantation methods were the
same as those applied for the constructs of HA150/
MMCs/cult and HA300/MMCs/cult. In contrast to IP-
CHA (Fig. 3A, B), only a few pore areas in these con-
structs showed newly formed bone (Fig. 3C-E). Fur-
thermore, some pore arecas did not show any newly
formed tissue and were empty. Therefore, ceramics hav-
ing full interpore connections (HA150 and HA300) cul-
tured with MMCs have superior in vivo bone-forming
capabilities in comparison with other ceramics (HA-A,
HA-B, and HA-C) with MMCs.

Although the constructs of HA150/MMCs/cult and
HA300/MMCs/cult had excellent osteogenic properties, |
the ceramics not combined with the cells formed only
fibrovascular tissue and there was no evidence of bone
formation in the pore areas of the ceramics (Fig. 4).

Biochemical Analyses After In Vivo Implantation

Histological analyses showed the in vivo osteogenic
capacity of the constructs of HAISO/MMCs/cult and

"HA-300/MMCs/cult and nonosteogenic capacity of the

IP-CHA (HA150 and HA300) without MMCs. To dem-
onstrate the quantitative analyses of the ostecgenic ca-
pacity, we measured ALP activity as well as the osteo-
calcin contents of the implants, because ALP is known
to localize on the cellular membrane of active osteo-
blasts and osteocalcin is the bone-specific protein pro-
duced exclusively by osteoblasts.

High levels of ALP activities could be detected in
both the constructs of HA150/MMCs/cult and HA300/
MMCs/cult. Both showed a peak in activity 2 weeks
after implantation followed by a decrease. However, the
levels of activity in HA150/MMCs/cult at 4 and 6 weeks
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out MMCg#were also’implanted as controls. The rats
were sacrificed at 2, 4, 6, and 8 weeks after implanta-
ticn, and the implants were harvested from each experi-
mental group for biochemical and histological assay. All
procedures used in the animal experiments complied
with the standards given in the Osaka University Medi-
cal School Guidelines for the Care and Use of Labora-
tory Animals.

Histological Examination

To obtain decalcified sections, 5 implants harvested
from each group at 2, 4, 6, and 8 weeks were fixed in
10% buffered formalin, decalcified with K-CX solution
(Falma Co., Tokyo, Japan), and embedded in paraffin,
They were cut parallel to the round face of the implants
and were stained with hematoxylin and eosin for light
Microscopy.

Biochemical Analysis

ALP activity was measured as reported previously
(24). Each ceramic disk was crushed, homogenized in
0.2% Nonidet P-40 containing } mM MgCl,, and centri-
fuged at 10,000 rpm for 1 min at 4°C. Then the superna-
tant was assayed for ALP using p-nitrophenyl phosphate
as a substrate. ALP activity was represented as pmol of
p-nitrophenol released per ceramic disk for 30 min of
incubation at 37°C (19).

Osteocalcin was extracted from the sediment after ex-
traction of 20% formic acid for 2 weeks at 4°C. An ali-
quot {1 ml) of the formic acid extract was then applied
to a column of NAP-10 (Sephadex G-25 DNA grade,
Amersham Bioscience, Uppsala, Sweden) and was eluted
with 1.5 ml of 10% formic acid. Protein fractions were
collected, lyophilized, and prepared for the assay of in-
tact rat osteccalcin as previously described (6). The
assay method (Rat Osteocalcin EIA Kit; No. BT-490
Biomedical Technologies Inc., Stoughton, MA} utilized
two antibodies that recognized the N-and C-terminal
amino acid regions of rat osteocalein. Purified rat osteo-
calcin was used for standard and tracer.

Microcomputed Tomography Evaluation

Bone formed in the pore areas of the ceramics was
evaluated by microcomputed tomography [micro-CT: MCT-
CB100OME(Z); Hitachi Medical Corporation, Tokyo, Ja-
pan]. After fixation in 10% buffered formalin, each im-
plant was placed as a round face facing the jig surface
and scanned at intervals of every 10 pum at a voltage of
50 kV, 200 pA. The analytical condition was superpreci-
sion mode and 7x magnification with an image intensi-
fier field of 1.8 in. After the samples were scanned, they
were decalcified and prepared for the histological sec-
tions. The micro-CT image at almost the same level as
the histological section was compared and the intensity
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of the newly formed bone in the micro-CT image was
determined. Then the newly formed bone areas in the
micro-CT images that matched with the histology were
extracted and their volumes were measured using the
software package, TRI3D-BON (Ratoc System Engi-
neering Co., Ltd., Tokyo, Japan).

Statistical Analysis

Statistical analysis was performed using unpaired -
test with statistical analysis software, STATVIEW ver-
sion 4.5 (SAS Institute Inc., Cary, NC). The statistical
significance level was set at p=0.03,

RESULTS
Evaluation of Interconnected Porosity

The distribution of the interpore connections was
measured using mercury porosimetry technique. In IP-
CHA, most of the interpore connections ranged from 10
to 100 pum in diameter, a dimension that theoretically
would be permissive to cell migration or tissue invasion
from pore to pore. The interpore cornections of HA150
and HA300 had a maximum peak at 40 and 80 pm, re-
spectively. Interpore connections >10 pum accounted for
as much as 90% of the total porosities in IP-CHA. The
available porosities of HA150 and HA300 were as high
as 67% and 70%, respectively, However, in HA-A, HA-
B, and HA-C, the maximum peaks of the interpore con-
nections were at 22, 15, and <1 pm, respectively. In
addition, the total number of the interpore connections
was much less than IP-CHA. The available porosities of
HA-A, HA-B, and HA-C were as low as 28.5%, 36.7%,
and 2.5%.

In Vitro Osteoblastic Differentiation of MMCs

It is well known that MMCs can differentiate into
osteoblasts in culture conditions with Dex (9,15). We
also reported that in vitro osteoblastic differentiation can
occur on the surface of many kinds of ceramics (16,17).
As a result of these findings, we first examined whether
the fully open interconnected porous calcium hydroxy-
apatite ceramics (IP-CHA) can support in vitro differen-
tiation by measuring ALP, one of the osteoblastic mark-
ers. IP-CHA (HA150 and HA300), having two different
pore sizes, were combined with MMCs and then cul-
tured for 2 weeks in the presence or absence of Dex. As
shown in Figure 1, the ALP activities of HA150 with
MMCs (HA150/MMCs) and that of HA300 with MMCs
(HA300/MMCs) cultured with Dex were considerably
higher than those cultured without Dex throughout the
culture period. The fluctuation of ALP activities of
HA150/MMCs and HA300/MMCs with Dex during the
culture period showed a similar pattern, but the activity
of HAISO/MMCs was higher than that of HA300/
MMCs at 4 and 14 days after culture. These findings
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Figure 2. Histology of 2-week in vivo implanted IP-CHA construct, which was combined with MMCs and cultured with Dex. (A)
The HA150/MMCs/cult construct and (B) HA300/MMCs/cult construct 2 weeks after implantation. The white area is the ghost of
hydroxyapatite ceramic produced by decalcification; the black area is the bone formed in the ceramic pore areas. The arrows
indicate active osteoblasts forming bone. Hematoxylin and eosin staining; original magnification x100.

after implantation were higher than those in HA300/ after implantation of both constructs, followed by a
MMCs/cult (Fig. 5). Thus, the decrease was more evi- steady increase over time. During this time, the contents
dent in HA300/MMCs/cult than in HAI50/MMCs/cult. of osteocalcin in HA 1S0/MMCs/cult were always signif-
The osteocalcin contents could be detected at 2 weeks icantly higher than in HA300/MMCs/cult (Fig. 6). In

Figure 3. Histology of 8-week in vivo implant of various ceramic constructs combined with MMCs and cultured with Dex. (A)
HA150/MMCs/cult, (B) HA300/MMCs/cult, (C) HA-A/MMCs/cult, (D) HA-B/MMCs/cult, (E) HA-C/MMCs/cult § weeks after
implantation. The white area is the ghost of hydroxyapatite ceramic produced by decalcification; the black area is the bone formed
in the ceramic pore areas. The HA-A/MMCs/cult, HA-B/MMCs/cult, and HA-C/MMCs/cult showed less bone formation in the
pote areas compared with HA150/MMCs/cuit and HA300/MMCs/cult. Hematoxylin and eosin staining; original magnification x40.
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Figure 4, Histology of 8-week in vivo implanted IP-CHA without cells. (A) HA150 without cells and (B) HA300 without cells 8
weeks after implantation. In contrast to Figures 2 and 3, the IP-CHA ceramics do not show any bone formation. Hematoxylin and

eosin staining; original magnification x40.

contrast, the ALP activity and osteocalcin contents in
the HA150 and HA300 without marrow cells were at
basal levels. All of these results confirmed the osteo-
genic capacity of the constructs of IP-CHA cultured
with MMCs. We used two different IP-CHA having two
different pore sizes (i.e., HA150 and HA300 had mean
pore diameters of 150 and 300 pm, respectively). The
ALP and osteocalcin contents of HA150 combined with
MMCs were more than those of HA300, meaning that
HA150 had superior in vivo osteogenic capacity to that
of HA300.
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Figure 5. In vivo alkaline phosphatase (ALP) activites of im-
planted HA150/MMCs/cult, HA300/MMCs/cult, HA150, and
HA300. IP-CHA was combined with MMCs and cultured with
Dex for 2 weeks (HA150/MMCs/cult and HA300/MMCs/
cult), then implanted and harvested 0-8 weeks after implanta-
tion. HA150 and HA300 without cells were also implanted as
controls. The implants were used for ALP assay as described
in Materials and Methods. Data are presented as mean SD
(n=75) **p <001, #p<0.0001 vs. HA150/MMCs/cult. All
ALP activities in HA150 and HA300 were significantly lower
than those of HA150/MMCs/cult.

Micro-CT Evaluation of Newly Formed Bone Volume

To measure the total bone volume in the constructs
of IP-CHA (HAISO/MMCs/cult and HA300/MMCs/
cult) after in vivo implantation, we studied the micro-
CT analysis. Figure 7A shows a histological section of
the HA3OO/MMCs/cult construct 8 weeks after implan-
tation; Figure 7B shows a micro-CT image at almost the
same level of the histological section of the construct.
The micro-CT images show areas having high (white),
middle {(gray), and low (black) intensities. After match-
ing the histological section with the micro-CT image,
we defined the white, gray, and black areas as IP-CHA
(HA), newly formed bone (NB), and fibrovascular tissue
with fat cells (F), respectively. The software, TRI3D-
BON, turned the newly formed bone areas in Figure 7B,
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Figure 6. Osteocalein contents of implanted HA150/MMCs/
cult, HA300/MMCs/cult, HA150, and HA300. Details of the
implants are described in the legend to Figure 5. The implants
were used for measuring the osteocalein contents as described
in Materials and Methods. Data are presented as mean + SD
(n=35). *p <0.05, *¥p < 0.01 vs. HA150/MMCs/cult. All os-

teocalcin contents in HA150 and HA300 were significantly
tower than those of HA150/MMCs/cult.
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Figure 7. Micro-CT evaluation of newly formed bone in IP-CHA. (A) Histological section of HA300/MMCs/cult construct §
weeks after implantation. Hematoxylin and eosin staining; original magnification x100. (B) Micro-CT image at almost the same
level of the histological section of the construct. (C) Same image of (B) except the gray-colored areas (newly formed bone) are
represented in yellow. The micro-CT image (B) depicts the areas having a high (white}, middle (gray), and low (black} intensity.
By matching the image with the histological section (A), we defined the white, gray, and black areas as I[P-CHA (HA), newly
formed bone (NB), and soft fibrous tissue including vasculature and fat (F), respectively, Newly formed bone areas in (B) repre-
sented as gray areas were turned into yellow by the software program, TRI3D-BON, and illustrated in (C).

represented by the gray areas, into yellow, as shown in
Figure 7C. We used the program to measure the yellow
areas in each micro-CT section and finally calculated
the total volume of yellow-colored areas, which was de-
fined as the total volume of newly formed bone in the
constructs. The yellow-colored newly formed bone in
HA150/MMCs/cult and HA300/MMCs/cult could be de-
tected 2 weeks after implantation, The bone volumes in
both HA150/MMCs/cult and HA300/MMCs/cult gradu-
ally increased over time (Fig. 8). We also assembled a
three-dimensional (3D) image and evaluated the distri-
bution of newly formed bone at the sagittal section
around the center of HA150/MMCs/cult and HA300/
MMCs/cult 8 weeks after implantation. As shown in
Figure 9, extensive newly formed bone is evident not
only in the surface pore areas but also in the center pore
areas in both constructs.

The newly formed bone volumes were also measured
in the constructs using commercially available synthetic
porous hydroxyapatite ceramics (HA-A/MMCs/cult, HA-

L

B/MMCs/cult, and HA-C/MMCs/cult) 8 weeks after im-
plantation. The volumes of these constructs were less
than those of HA150/MMCs/cult and HA300/MMCs/
cult {Table 1). These data confirmed the histological
analyses shown in Figure 3.

DISCUSSION

The present results confirmed the outstanding role
played by IP-CHA in supporting in vitro osteoblastic
differentiation of marrow mesenchymal cells (MMCs).
More importantly, the ceramics having the cultured cells
(MMCs/ceramic/cult constructs) can induce new bone
formation after in vivo implantation. Therefore, the con-
structs having osteogenic capability can be applied in
massive bone defects or other cases where there is infe-
rior repair capacity. Thus, the tissue engineering ap-
proach is very useful for the regeneration of hard tissue.
This approach requires a porous ‘scaffold to make the
construct. The scaffold should be biocompatible and
have sufficient initial mechanical strength to support the
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Figure 8. Bone volumes in IP-CHA determined by Micro-CT
analysis. Temporal changes in bone volumes in HA150/MMCs/
cult and HA300/MMCs/cult after implantation. Using the soft-
ware, TRI3D-BON, we measured the yellow areas in each mi-
cro-CT section (Fig. 7C) and finally calculated the total vol-
ume of yellow, which was defined as the total volume of the
newly formed bone in the constructs. The yellow-colored
newly formed bone in HA150/MMCs/cult and HA300/MMCs/
cult could be detected 2 weeks after implantation. The bone
volumes in both HAI50/MMCs/cult and HA300/MMCs/cult
gradually increase with the passage of implantation time.
There was no significant difference between these two con-
structs. Data are presented as mean £ 8D (n=35).

skeletal structure under weight-bearing conditions. In
addition, the scaffold must have a 3D interconnected po-
rous structure to introduce MMCs into the center of the
scaffold. The MMCs should differentiate into the osteo-
blastic lineage.

As we have stated, an interconnected porous structure
is very important in the tissue engineering approach.
However, currently available commercial synthetic po-
rous ceramics do not possess the ideal interconnected
porous structure. To prove the necessity of a porous
structure in supporting osteoblastic differentiation, we
analyzed the in vivo bone-forming capability of porous
ceramics/MMCs constructs by two different morpholog-
ical approaches: the traditional histological approach
and micro-CT analysis. The histological analysis is
based on 2D findings of the cut section, and the extent
of the bone formation areas may not accurately reflect
the bone volume of the constructs because the areas de-
pend on the cutting levels of the sample. In this regard,
micro-CT can reconstruct the 3D structure of the HA
ceramics, evaluate the 3D distribution of the newly
formed bone, and, finally, calculate the bone volume in
the ceramics. What is also important is that the analyzed
samples can further be utilized for ordinal histological
analysis.

As shown in the histological findings of Figures 2
and 3, the constructs of HA-A/MMCs/cult, HA-B/
MMCs/cult, and HA-C/MMCs/cult showed new bone
formation only in the restricted porous area near the ce-
ramics’ surface. In general, as the porosity of porous HA
ceramics is higher, the interpore connection rate be-
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comes high. However, to allow cell migration or tissue
invasion from pore to pore, theoretically the diameter of
the interconnection requires at least 10 um. In this study,
we measured the interpore connection of hydroxyapatite
ceramics. Even highly porotic HA-B (70%) have limited
interconnections of sufficient size (>10 um) and the
available porosity was as low as 36.7%. This limited
interconnection may explain the poor new bone forma-
tion by the constructs using porous HA ceramics. In
contrast, although the total porosity of IP-CHA was sim-
ilar to HA-B, the interpore connections of IP-CHA were
well controlled between 10 and 100 ptm in diameter and
the available porosity was from 67% to 70%. The con-
structs of HAISO/MMCs/cult and HA300/MMCs/cult
showed extensive bone formation in most pore areas re-
gardless of location (i.e., the bone appeared in both the
surface and center pore areas). This uniform appearance
of the newly formed bone in most pare areas of the fully
open [P-CHA is also revealed by micro-CT analysis. As
shown in Figure 9, at the sagitta! section of these con-
structs, excellent bone formation was seen at both the
surface and center pore areas. Quantitative micro-CT
analysis of bone formed in all constructs showed more
bone formation in the HA150/MMCs/cult and HA300/
MMCs/cult constructs than in other constructs (Table 1).
These two different morphological analyses confirmed
that IP-CHA is useful in the tissue engineering approach
using MMCs, probably due to its well-organized inter-
connected porous structure.

The porous structure of IP-CHA was produced by a
“foam-gel” technique using a cross-linking polyethy-
leneimine, enabling control of the pore size and porosity
of IP-CHA. In the engineering of bone tissue, the ideal
pore size is not clear, although some experiments sug-
gest that a pore size of 200-400 um is optimal for bone
ingrowth (2,5,23). In this study, we used two different
pore sizes of IP-CHA: HA150 with a mean pore diame-
ter of 150 um and HA300 with a mean diameter of 300
pm. Both HA150 and HA300 had the same porosity of
75%. As far as the mechanical properties are concerned,
HA150 was superior to HA300 because the compressive
strength of HA150 (10 MPa) is higher than that of
HA300 (4 MPa) (unpublished data). Therefore, HA150
may be suitable material for bone reconstruction sur-
gery, especially application in weight-bearing areas. An
important question that remains, however, is whether the
relatively small pore diameter of HA 150 can support the
osteogenic differentiation of MMCs. To address this
point, we measured the level of ALP activity, the early
marker of osteoblast differentiation, during in vitro cul-
turing of MMCs in both HA150 and HA300. Both
showed high levels of ALP activity with slightly higher
levels of HA150 (Fig. 1). We also implanted these ce-
ramics after culturing them with MMCs in Dex for 2
weeks (ceramics/MMCs/cult constructs) and measured
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Figure 9. Three-dimensional distribution of newly formed bone in IP-CHA determined by Micro-CT analysis. (A) Illustration of
the IP-CHA implant. The shaded area is the cross section of the implants. Three-dimensional micro-CT images at the cross section
of the HA150/MMCs/cult (B) and HA300/MMCs/cult (C} 8 weeks after implantation. The three-dimensional (3D) image was
constructed using the software, TRI3D-BON. The newly formed bone, originally represented in gray, now represented by orange.

the level of ALP activity and osteocalcin contents. Both
the ALP activity and the osteocalcin contents of HA150/
MMCs/cult were higher than those of HA30(/MMCs/
cult (Figs. 5 and 6). Micro-CT analysis also confirmed
the comparable bone-forming capability of HA150/

Table 1. Bone Volumes of Various Constructs
Determined by Micro-CT Analysis

Bone Volume in
Pore Areas (mm’)

HA150/MMCs/cult (n = 5) 535+2.36
HA300/MMCs/cult (n = 5) 426%1.90
HA-A/MMCs/cult (n = 5) 1.88 + 0.89*
HA-B/MMCs/cult (n=5) 1.57 £ 0.601
HA-C/MMCs/cult (n=3) 0.52 £0.301

Values are shown as mean + 8D. n: number of implants. There
was no statistical difference between HA150/MMCs/cult and
HA300/MMCs/cult.

*p < 0.05 vs. HA150/MMCs/cult and HA300/MMCs/cult.

tp < 0.01 vs. HA150/MMCs/cult and HA300/MMCs/cult.

MMCs/cult to that of HA300/MMCs/cult (Fig. 9, Table
1}. These results demonstrated that HA150 with a pore
diameter of 150 um can support the osteoblastic differ-
entiation of MMCs and that the HA150/MMCs construct
has more extensive bone-forming capability than does
the HA300/MMCs/cult construct. Because of the high
degree of mechanical properties of HA150, the HA150/
MMCs/cult construct seems to be an ideal tool in bone
reconstruction surgery.

CONCLUSIONS

IP-CHA is an excellent ceramic for use in bone tissue
engineering because of its fully interconnected porous
structure, which allows MMC dispersion and supports
their osteogenic differentiation. Ceramics having pores
with an average diameter of 150 um, average intercon-
necting pore diameter of 40 pm, and 75% porosity
(HA1S50) have a high level of mechanical strength.
When cultured with MMCs for 2 weeks in vitamin C,
glycerophosphate, and dexamethasone, HA150 has ex-
tensive in vivo capability for forming new bone. There-
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fore, in combination with MMCs culture, HA150 could
be an extremély useful tissue engineering material in
bone reconstruction surgery.
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Abstract

The purposes of this study were to clarify the effects of rotation on two-dimensional measurcment of lower limb alignment for
kace osteotomy using 4 three-dimensional methed and to determine whether this 3-D sirnulation method could help with planning
of knee osteotomy. We developed computer software to calculate femorotibial angle (FTA) and hip-knee-ankle angle (HKA) and
simulate knee osteotomy from a CT-based 3-D bone model of the lower limb. Lower Hmb rotation on anteroposterior long-standing
radiographs was measured by superimposing the 3-D bone models. Changes in alignment with limb rotation were calculated using
the software. FTA after virtual closed-wedged osteotomy was measured for a hypothetical case of a rotation error of the osteotomy
planc in reattaching the proximal cutting surface o the distal cutting surfuce. For 31 varus knees in 20 patients with medial
compartment arthritis, the mean rotation angle, relative to the epicondylar axis, with variable limb position was 7.4 £3.9° of internal
rotation (mean  SD), ranging from 8° of external rotation to 14° of internal rotation; the meun changes in FTA and HKA were
3.5+2.2° (range, 0.4-8.6) and 1.6+ 1,3° (range, 0.2-4.9), respectively. The FTA “flexion angle” (lateral view alignment from neutral
AP) and the absolute HKA “flexion angle” correlated with the change in FTA and HKA with limb rotation, respectively (FTA,
R =0.999; HKA, R = 0.993). The mean change in FTA after viriual closed-wedged osteotomy was 3.2° for internal and external 10°
rotation errofs in reattaching the osteotomy plane, Rotation may affect measurement of lower limb alignment for knce osteotomy,
and 3-D methods are preferable for surgical planning.
© 2004 Orthopaedic Reseurch Society. Published by Elsevier Ltd. All rights reserved.

Kepwords: Lower limb alignment; High tibial osieotomy; 3-D CT simulation

Introduction

High tibial osteotomy (HTO) is a treatment option for
medial compartment osteoarthritis (OA) of the knee.
The goal of HTO is to reduce abnormal loads. The ex-
pected survival rate is approximately 85% at 5 years and
60°% at 10 years [5,7,9,10,18,19,23]. Factors that affect
outcome include operative factors [5,17,23] and patient
factors, including pre-operative grade of OA, age, obes-
ity, and rangc of motion [3,9]. Measurement of lower
limb alignment on plain radiographs is used as an

" Corresponding author. Tel: +81-6-6879-3552; fax: +81-6-6879-
3869,
E-muil address: hkawakami-osk@umin.ac.jp (H. Kawakami).

alternative indicator of the loading imbalance because of
difficulties in measuring the load on the medial and lat-
eral surfaces of the knee joint non-invasively.
Correction of lower limb alignment is one of the most
critical operative factors; appropriate correction yields
good to excellent results (success rate of 87-100% at 5-10
years}), but inappropriate correction (under- or over-
correction) yields poor results (success rate of 26-63%
at 5-10 years) [5,7,19). The recommended alignment
varies widely, with recommended hip-knee-ankle angles
(HKA) ranging from 2° to 7°{5,7,10,13] and femorotibial
angles (FTA) ranging from 164° to 175°[9,12,15,21,23].
Conventionally, pre-operative lower limb alignment has
been measured two-dimensionally on AP long-standing
radiographs of the lower limb, but variability of rotation
in positioning of the limb during radiography can affect
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measurements. The effects of rotation on lower limb
alignment have been reported [14,20,22], but based only
on theoretical assessments.

Intra-operative osteotomy plane rotation cannot be
simulated using two-dimensional radiographs. Thus,
pre-operative planning based on AP radiographs and an
intra-operative technique with osteotomy plane rotation
could cause inappropriate correction of lower limb align-
ment. To clarify the effects of rotation on knee osteotomy
and to facilitate pre-operative planning using 3-D ima-
ges, we developed computer software that measures
lower limb alignment in 3-D images and simulates knee
osteotomy. In the present study, we examined 31 knees in
twenty patients with medial compartment OA in varus
knees to clarify important issues regarding alignment
and planning.

Materials and methods

The patients were 7 men and 13 woren ranging in age from 31 to
85 years (mean, 64.8 years). Using the Keligren and Lawrence radio-
graphic classification of OA [11], 11 knees (36%) had grade 2, indi-
cating osteophytes and possible joint space narrowing, 15 knees (48%)
had grade 3, indicating modezate multiple osteophytes, definite joint
space narrowing, some sclerosis, and possible bone contour deformity,
and 5 knees (16%) had grade 4, indicating large osteophytes, marked
joint space narrowing, severe sclerosis, and definite bone contour
deformity. There were no severe degenerative changes in the patel-
lofemoral or lateral femorotibial articulations. The average Knee
Society score [8] was 53 %22 points, and the average functional score
was 73121 points. All patients were completely informed about this
study and consented to the examination,

AP long-standing radiographs of the lower limb were taken while
the radiologist carefully attempted to position the patella facing for-
ward, Transverse images from the proximal end of the femur to the
distal end of the tibia were obtained using a helical CT scanner, Ta
match the position during stance, the positioning during the scan was
with the knee in full extension and the ankle joint at 90° of flexion, with
an ankle braced in the supine position. Slice thickness and slice pitch
were: 3 mm for the femoral head; 10 mm for the femoral shaft; 2 mm
for the segment from 10 mm above the femoral epicondyles to the top
of the tibial eminence; | mm for the segment from the tibial eminence
to 10 mm below the tibial eminence; 2 mm for the segment from 10 mm
below the tibial eminence to the tibial tuberosity; 10 mm for the tibial
shaft; and 2 mm for the segment from 10 mm above the ankle joint to
10 mm below the ankle joint.

We reconstructed 3-D skeletal models of the femur, tibia, and pa-
t¢lla from the CT images, using surface rendering software (Analyze
PC 3.0, Maye Foundation, Rochester, MN). To define the knee joint
coordinates, 4 landmark poinis were plotted on the 3-D surface
models. The first point (F) was the center of the femoral head, which
was designated as the center of the best-fit sphere. The second and
third points (LE and ME) were the top of the medial and iateral
femoral epicondyles, respectively. The fourth point (TD) was the
centroid of multiple points on the distal tibial joint surface that were
surrounded by a manuaily drawn circle. Based on these points, the
coordinates of the knee joint were defined to indicate the front of the
knee (neutral position) and the axis of the lower limb rotation (Fig. 1).
The vertical Z-axis was defined as the line through F and TD. This line
is sometimes referred to as the initial mechanical axis of the lower
extremity. A transverse plane, TP, was defined as the plane perpen-
dicular to Z (the mechanical axis of the lower extremity) and passing
through the medial epicondyle; i.e., including the point ME. The point
LEp was defined as the projection of the lateral epicondyle {LE) onto
this transverse plane. LEp was projected along a line parallel to Z,
extending from LE to the transverse plane TP. The X-axis, repre-
senting a neutral medial to lateral direction, was defined as the axis
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Fig. 1. The coordinates defining the front of the knee. Z-axis, the axis
of Tower limb rotation; ¥, the center of the femoral head; ME, the
medial epicondyle; LE, the lateral epicondyle; TD, the center of gravity
of the distal tibiz joint surface.

containing the line ME-LEp; ie., the epicondylar projection. The
X-axis was perpendicular to Z, contained the transverse plane, was
parallel to ME-LEp, and (being an axis) defined the origin of Z. The
Y-axis passed through the intersection of axes X and Z and was per-
pendicular to each. The Y-axis was therefore a neutral AP axis of
the distal femur, and for our purposes, was the neutral AP vector
for the knee itself. The front of the knee was defined from the
transepicondylar axis, because the transepicondylar axis is a reliable
rotational landmark not affected by distortion of the femoral condyles
2.

To measure lower limb axial alignment from 3-D images, we
developed computer software that projected the 3-D models on 2 two-
dimensional XZ plane (the planc of the mechanical axis Z and the
projected epicondylar axis EM-ELp) and calculated the angle. FTA
and HKA were used as indices of lower limb alignment [1,16). FTA is
the lateral angle at the intersection between the femoral shaft axis and
the tibial shaft axis, and HKA is the medial angle deviation from 180°
at the intersection between the mechanical axes of the femur and tibia,
plus for valgus alignment and minus for varus alignment.

To measure FTA from 3-D images, the femoral shaft axis was
defined as the line through the centroid of multiple points on the
femoral transverse sections at 25% of the femoral length below the
center of the femoral head and at 20% of the femoral length above
the point M on the epicondylar axis EM-ELp. The point M was the
intersection of the epicondylar axis EM-ELp and the line perpendic-
ular to EM-ELp that passes through the center of the femoral head.
The femoral length was defined as the distance from the center of the
femoral head to the point M. The tibial shaft axis was defined as the
line through the centroid of multiple points on the tibial transverse
sections at 20% of the tibial length below the proximal end of the tibia
and at 20% of the tibial length above the distal end of the tibia. The
tibial length was defined as the distance from the midpoint between
the tips of the medial and lateral tibial spines and the centroid of the
multiple points on the distal tibia joint surface,

To measure HKA from 3-D images, the mechanical axis of the
femur was defined as the line through the center of the femoral head
and the midpoint between the tips of the medial and lateral tibial
spines, and the mechanical axis of the tibia was defined as the line
through the midpoint between the tips of the medial and lateral tibial
spines and the centroid of the multiple points on the distal tibia joint
surface.
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To study the variable positioning of the limb by the radiologist, the
lower limb rotation on the AP long-standing radiographs was mea-
sured by superimposing the 3-D bonc models on the radiograph,
1aking into account the relative position of the patellar and femoral
outlines obtained from the radiographs. Next, the 3-ID model was
rotated around the Z-axis in the computer simulation. The relative
positions of the patelta and femur in the models were superimposed on
the patellar and femoral cutlines from the radiograph. The relative
positions of the patella and femur in the models were matched to the
patellar and femoral outlines of the radiegraph by rotating the models
in the computer simulation. We also measured the rotation angle of the
models from the reulral position (the Y-axis in the knee coordinate
system), ’

The 3-D bone model was rotated from the ncutral position to the
maximum rotation obtained from radiographic measurements for all
patients. Based on limb rotation in the computer simulation, possible
changes in FTA and HKA with limb rotation were calculated using the
computer software.

To study correlations between apparent axial deformity of the
lower limb and variation in FTA and HKA with limb cotation, we
measured and analyzed FTA and HKA on AP long-standing radio-
graphs of the lower limb, the “flexion angle” of FTA and HKA cal-
culated by the computer software, and the change in FTA and HKA
with limb rotation. The “flexion angle” was defined as the angle from a
lateral view of those axes, specifically normal to the neulral AP, viewed
along the line of the ML rotational axis of the femur. The “flexion
angles” of FTA and HKA were calculated with Jateral projections of
FTA and HKA using the computer soltware. The changes in FTA and
HKA were calculated by the reduction of the minimum angle from the
maximum angle in the range of rotation from radiographic measure-
ments. Polynomial regression models were used to check the rela-
tionships between the axis deformity of the lower limb and the changes
in FTA and HK A with limb rotation.

We developed computer software that simulates knee osteotomy by
cutting the bone models in any planc, removing the wedged bone, and
yeatlaching or opening the surfaces in the coordinate of the tibia. The
coordinate of the tibia was defined as follows. The points Mt and Lt on
medial and lateral joint surfaces of the proximal tibia were defined us
the centroid of multiple points on the joint surface that were sur-
rounded by a manually drawn circle. The line through the points Mt
and Lt was defined as the joint line of the proximal tibia joint surface.
The Zi-axis, represenling the vertical, was defined as the linc through
TD and the mid-point of MT and LT. The transverse planc TPt was
defined as the plane perpendicular to the Zi-axis and passing through
the point Mt. The X¢-axis was the line through the point M( and the
inlersection of the Zt-axis and the transverse plane TPt, The Yi-axis was
perpendicular to the Zt- and Xt-axis,

Using this computer software, we simulated knee osteotomy to help
with pre-operative planning on the computer display. To examine the
effect of intra-operative osteotomy plane rotation on changes in axial
alignment, we simulated closed-wedge HTO. The osteotomy planc was
parallel to the tibial articular surface at 25 mm below the joint line
through the point Mt and the point Lt. The target post-operatlive
alignment was set at 4° of HKA. Rotation error of the osteotomy
plane may affect determination of the direction of the cutting plane and
reattachment of the cutting surfaces. FTA and HKA after virtual knee
osteotomy were measured for 2 hypothetical case of internal and
externil 15° osteotomy plane rotation in the cutting plane direction of
the proximal tibia. This osteotomy plane was twisted around the Zr-
axis. FTA and HKA after virtual knee osteolomy were measured for a
hypothetical case of internal and external 157 osteotomy plune rotation
in reattaching the proximal cutting surface 1o the distal culting surface.
This osteotomy plane was twisted around the shafl parallel to the Zt-
axis through the point of the medial wedge on the osteolomy plane
(Fig. 2).

Results
The mean FTA and HKA on AP long-standing

radiographs of the lower limb was 183.5+5.5° (mean*
SD; range, 178-205) and —-9.2£ 5.6° (range, -30 to —4),
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Fig. 2. Operative simulation of HTO: (a) astcotomy plane rotalion in
the cutting plane direction of the proximal tibia. (b) Osteolomy plane
rotation in reatlaching the proximal cutting surface 1o the distal cut-
ting surface,

respectively. The mean rotation angle with variable limb
position was 7.4 + 3.9° of internal rotation, ranging {rom
82 of external rotation to 14° of internal rotation from
the neutral position (the ¥-axis in the coordinate system
of the knee). Within the range of rotation angles, we
calculated the difference between the minimum axial
alignment angle and the maximum axial alignment
angle. The mean change in FTA with limb rotation was
3.5+ 2.2° (range, 0.4-8.6), and the mean change in HKA
was 1.6+ 1.3° (range, 0.2-4.9).

The change in FTA with limb rotation increased as
the “flexion angle” of FTA increased (Table 1 and Fig.
3a). The change in HKA with limb rotation increased as
the absolute “fiexion angle” of HKA increased (Fig. 3b).
A positive correlation was found between the “flexion
angle” of FTA (FFTA) and the change in FTA with
lower limb rotation (CFTA), with a straight regression
line (CFTA =0.386, FFTA-2.696) and a correlation
coefficient of 0.999 (Fig. 3c). A positive correlation ex-
isted between the absolutc ‘‘flexion angle” of HKA
(AFHKA) and the change in HKA with lower limb
rotation (CHKA), with a straight regression line
(CHKA =0.381, AFHKA-+0.009) and a correlation
coefficient of 0.993 (Fig. 3d). No significant correlation
was found between alignment on AP radiographs and
the change in alignment with lower limb rotation
(R = 0.357 for FTA; R =0.319 for HKA}.

For the hypothetical case of internal and external 5°,
10° and 15° osteotomy plane rotation, the change in FTA
was 0.2+0.1°, 0.4 +0.3° and 0.8 £ 0.4°, respectively, and
the change in HKA was 0.2+0.1°, 04£0.2° and 0.7%
0.3°, respectively. Closed-wedged osteotomy was also
simulated for a hypothetical casc of osteotomy plane
rotation in reattaching the proximal cutting surface to
the distal cutting surface. For the hypothctical case of
internal and external 5°, 10° and 15° osteotomy planc
rolation, the change in FTA was 1.6+ 0.6°,3.2+ 1.1°and
4.8%1.7° respectively, and the change in HKA was
0.9+0.5° 1.9+ 1.0° and 2.8 +1.5°, respectively.
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FTA and HKA on AP radiographs, the “Flexion angle” of FTA and HKA calculated using the compu:cr soltware, and th(. chdng,c m FT A and
HXA with lower limb rotation (31 varus knees of 20 patients)

'Changé'in

Knee Gender® FTA on AP “Flexion Change in FTA HKA on AP “Flexion
number radiograph angle” with limb radiograph angle™ HKA with
of FTAY rotation® of HKAY limb rotation®

1 F 178.0 26 0.9 ~5.0 59 2.2
2 F 178.0 39 22 —4.0 26 0.9
3 F 178.0 72 2.7 —4.0 1.8 0.6
4 F 1790 6.3 24 ~-4.0 29 10
5 ¥ 179.0 54 20 —5.0 4.7 1.8
6 M 179.0 159 6.1 —4.0 -0.7 26
7 M 180.0 2.5 0.9 8.0 6.3 23
8 F 180.0 1.6 44 ~6.0 =22 0.9
9 M 1810 7.6 29 =740 12 03
10 M 181.0 17.5 6.8 ~7.0 ~7.4 30
11 M 1810 10.4 4.1 ~7.0 -1.9 0.9
12 M 181.0 12.3 4.7 -8.0 -2 1.0
13 F 181.0 8.8 34 -8.0 1.9 0.6
14 F 182.0 10.2 40 «7.0 =-0.6 0.4
15 M 182.0 g3 33 -20 PR 0.9
16 M 182.0 30 1.1 -9.0 73 7
17 M 1820 74 28 -50 ~0.3 0.2
18 M 182.0 208 8.0 —-6.0 -11.4 4.5
19 F 182.0 224 86 ~7.0 -12.6 49
20 F 183.0 34 13 ~11.0 39 1.3
21 F 183.0 10.7 40 =56 0.3 0.2
22 F 185.0 10.7 4.1 -11.0 ~1.8 0.3
23 F 185.0 12,1 4.6 -1L.0 —4.8 1.9
24 M 136.0 i9 1.6 =100 6.7 23
25 F 186.0 6.0 24 -15.0 24 0.7
26 ¥ 187.0 0.7 0.4 ~-150 7.9 2.8
27 F 187.0 33 i4 -11.0 48 1.6
28 F 188.0 74 29 -14.0 -0.6 0.4
29 F 188.0 59 23 ~12.0 038 0.2
30 ¥ 196.0 9.7 39 -23.0 ~0.2 0.6
M F 2050 204 8.0 -30.0 ~10.9 4.5

2 F: female, M: male.

"“Flcxion angle” was defined as the angle from a laleral view of AP neutral position.
®Change in limb alignment was calculated by the reduction of the minimum angle from the maximum angle within the range of rotation from the

neulral position.

Discussion

In a study of the effect of rotation on lower limb axial

alignment, Wright et al. [22] found that limb rotation of
10° internally and externally had only a small effect on
FTA in radiographs of amputated lower extremities.
Swanson et al. [20] reported that limb rotation of 10°
internally and externally had a statistically significant
effect on FTA in radiographs of Sawbone extremity
moedcls with severe valgus or varus deformity. Krackow
et al. [14] analyzed the effect of flexion and rotation on
varus and valgus deformity by calculating the assumed
leg deformity. With rotation and flexion of up to 10°
each, the artifactual contributions to axial deformity
were very small at less than 2° of HKA, but with flexion
and rotation of 10-20° each, the changes became sig-
nificant at up to 7.4° of HKA.

These previous studies did not include clinical pa-
tients and were only theoretical assessments. The present

study involved 31 varus knees of patients with medial
compartment OA. Radiographic measurements were
obtained under clinical conditions, und the mean change
in FTA and HK A within the range of rotation was 3.5°
(range, 0.4-8.6) and 1.6° {range, (.2-4.9), respectively.
The present results show a measurement error that may
occur in assessment of lower limb alignment in clinical
situations. When measuring lower limb alignment and
planning knee ostectomy on radiographs, the extent of
variation of lower limb alignment with limb rotation
should be considered.

In previous studies, it was unclear what factors were

. involved in changes in lower limb alignment with limb

rotation. In the present study, we examined the *“flexion
angle” of FTA and the “flexion angle” of HKA. The
“flexion angle” was defined as the angle from a lateral
view of those axes and was considered to be the flexion
angle of the knee during radiography. The “flexion
angle’” of FTA and the absolute “flexion angle” of HKA

—458—

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1252

O Changs In FTA with kmb retation

Il Kawakami et al. | Journal of Orthopaedic Research 22 (2004) 1248-1253

@ Change in HKA with limb rotation
L]

210 [
" R )
20 -0 | f
fo @ ..E. -15 *.:.
2w 2
E s [0 g 20 Y
0 -25
1”8 ~3e _.
m * -35 s .
b [ 1 0 15 0 1] - - -
{a) "fiaston angls® of FTA {depron) ) " e m:-‘ of uox.\ ta-:..) "
» [ ]
i = L >
1. // £, .
b g —
1 / ’ *
E 3 / ;' /r
I . e 5 /
B i bE O
= . ’w‘,&‘"
©' S oA N U R R

Fig. 3. Relationship between FTA and HKA on AF radiograph, the “flexion angle” of FTA and HKA calculated using the computer software, and
the change in FTA and HKA with limb rotation. (a) The change in FTA increased as the “flexion angle” of FTA, increased. (b) The change tn HKA
increased as the absolute “flexion angle” of HKA increased, (¢} The linear regression line between the “flexion angle” of FTA and the change in FTA
with lower limb rotation. {d} The lincar regression line between the absolute “Rexion angle” of HKA and the change in HKA with lower limb

rotation.

were highly correlated with changes in FTA and HKA
with limb rotation, respectively. However, no significant
correlation was found between alignment on AP radio-
graphs and the change in alignment with lower limb
rotation. Thus, our findings show that the “flexion angle”
of the knee during radiography was the main source of
the effect of rotation on limb alignment, rather than the
varus deformity of the knee on clinical radiographs.

In the present study, the effect of rotation on limb
alignment increased as the “flexion angle” increased. The
“flexion angle” of FTA tended to be larger than the
absolute “flexion angle” of HKA because the center of
the femmoral head (including the line of HKA) is always
anterior to the femoral shaft axis in anteversion of the
femoral head and because the midpoint between the
tibial spines (including the line of HKA) is often pos-
terior to femoral shaft axis. The mean change in FTA
with limb rotation was greater than the mean change in
HKA with limb rotation. Thus, HKA should be used for
assessment of lower limb alignment on radiographs when
the “flexion angle” of the lower limb alignment is large.

Previously, two groups reported on computer-
assisted knee osteotomy. Chao et al. developed a 2-D
rigid-body spring model to simulate the forces across the
articular surfaces [4]. Ellis et al. used a 3-D pre-surgical
planner and an intra-operative guidance system [6]. The
3-D pre-surgical planner provides a 3-D model, but only
around the knee joint. We developed computer software
that simulates knee osteotomy and calculates axial
alignment over the full length of the lower extremities.
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The present 3-D system allowed us to precisely analyze
pre- and post-operative Jower limb alignment. We were
able to simulate the changes in FTA and HKA with
limb rotation and intra-operative osteotomy plane
rotation. This system proved useful for pre-cperative
planning of knee osteotomy.

No clinical reports exist concerning the cffect of
osteotomy plane rotation on axial alignment in knee
osteotomy. The present study simulated the effect of oste-
otomy plane rotation on lower limb alignment for the
direction of the osteotomy plane and reattachment of
the osteotomy plane within internal and external rota-
tion of 15°. The rotation in reattachment of the osteo-
tomy plane affected lower limb alignment, whereas the
rotation in the dircction of the osteotomy plane did not.
In the case of internal and external 10° rotations in
reattaching the proximal cutting surface to the distal
cutting surface, the mean.changes in FTA and HKA
were 3.2° and 1.9°, respectively. Thus, intra-operative
technique with rotation factor can affect lower limb align-
ment after knee osteotomy. The present 3-D method is
useful for precise assessment of lower Iimb alignment
after knee osteotomy.

Bony landmarks for determining the 3-D coordinate
of the lower limb arc not easily identificd or repeatable.
In the present system, we obtained thin-slice CT images
around the landmark points to facilitate identification.
To examine measurement accuracy of lower limb align-
ment using this 3-D method, one orthopaedic surgeon
plotted the six landmarks, and fivc trials were performed



