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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 um (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: HA15/MMCs with Dex, HA300/
MMCs with Dex, HA150/MMCs without Dex, and HA300/
MMCs without Dex. Data are presented as mean+ SD (n = 5).
**p < 0,01 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, HA150MMCs and HA300/MMCs
can show in vitro 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
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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 osteocytes in the bone matrix
increased and almost all pore areas showed bone forma-
tion. In addition, regencrated 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. Fo 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 culture/implantation methods were the
same as those applied for the constructs of HA15(/
MMCs/cult and HA30O/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 areas 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 vive 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 arcas of the ceramics (Fig. 4).

Biochemical Analyses After In Vivo Implantation

Histological analyses showed the in vivo osteogenic
capacity of the constructs of HA150/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 osteogenic 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 HA30(/
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 MMCs#were also’implanted as controls. The rats
were sacrificed at 2, 4, 6, and 8 weeks after implanta-
tion, 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, S 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 paralle] to the round face of the implants
and were stained with hematoxylin and eosin for light
MIiCTOSCOPY.

Biochemical Analysis

ALP activity was measured as reported previously
(24). Each ceramic disk was crushed, homogenized in
0.2% Nonidet P-40 containing I 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 osteocalcin 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 osteocalcin. 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-
CB100MF(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 um 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

369

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., Lid., 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 = 0.05.

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 pm in diameter, a dimension that theoretically
would be permissive to cell migration or tissue invasion
from pore to pore. The interpore connections 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 D{bferenriatian of MMCs

It is well known that MMCs can differentiate into
ostecblasts in culture conditions with Dex (9,15). We
also reported that in vitro osteoblastic differentiation ¢an
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-
tiatien 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
(HA30O/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 HA1S0/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 culrured 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 HA150/MMCs/calt. of osteocalcin in HA150/MMCs/cult were always signif-
The osteccalcin contents could be detected at 2 weeks icantly higher than in HA30/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, (BY HA0WMMCs/cult, (C) HA-A/MMCs/cult, (D} HA-B/MMCs/cult, (E) HA-C/MMCs/cult 8 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
pore areas compared with HA150/MMCs/cult 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 §
weeks after implantation, In contrast to Figures 2 and 3, the [P-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) activities of im-
planted HA150/MMCs/cult, HAI00/MMCs/cuit, HA150, and
HA300. IP-CHA was combined with MMCs and cultured with
Dex for 2 weeks (HA150/MMCs/cult and HA30/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=35) **p<0.0], #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 (HAIS0/MMCs/cult and HA300/MMCs/
cult) after in vivo implantation, we studied the micro-
CT analysis. Figure 7A shows a histological section of
the HA300/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. Osteocalcin 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 osteocalcin contents as described
in Materials and Methods, Data are presented as mean + SD
(n=5). *p < 0.05, **p < 0.01 vs. HA150/MMCs/cult. All os-
teocalcin contents in HA150 and HA300 were significantly
lower 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 8
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 IP-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 HA1SO/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-

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 bonre
volumes in both HA150/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 * SD (.= 5).

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 ostechblastic 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 pm. 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 pum in diameter and
the available porosity was from 67% to 70%. The con-
structs of HA150/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 pore areas of the fully
open IP-CHA is also revealed by micro-CT analysis. As
shown in Figure 9, at the sagittal 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 porcus 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
ingrowih (2,5,23). In this study, we used two different
pore sizes of IP-CHA: HA150 with a mean pore diame-
ter of 150 m and HA300 with a mean diameter of 300
pum. 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 HA150 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 Ievel of ALP activity and osteocalcin contents. Both
the ALP activity and the osteocalcin contents of HA150/
MMCs/cult were higher than those of HA300/MMCs/
cult (Figs. 5 and 6). Micro-CT analysis also confirmed
the comparable bone-forming capability of HA150/

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

Bone Volume in
Pore Areas (mm'")

HA150/MMCs/cult (n = 5) 5351236
HA300/MMCs/cult (n = 5) 4264190
HA-AMMCs/cult (n=35) 1.88 + 0.89*
HA-B/MMCs/cult (n=35) 1.57 + 0.60t
HA-C/MMCs/cult (n =5) 0.52 + 0.30%

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

*n < 0.05 vs. HA150/MMCs/cult and HA30/MMCs/cult.

ip < 0.01 vs. HA150/MMCs/cult and HA300MMCs/cult.

o

MMCs/cult to that of HA300/MMCs/cult (Fig. 9, Table
1). These results demonstrated that HA150 with a pore
diameter of 150 wm 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 HA 150/
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 pm, average intercon-
necting pore diameter of 40 pm, and 75% porosity
(HA150) 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 combingtion 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
knee osteotomy using a three-dimensional method and to determine whether this 3-D simulation 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 limb rotation on arteroposlerior 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 virtuai closed-wedged osteotomy was measured for a hypothetical case of a rotation error of the osteotomy
planc in reattaching the proximal cutting surface to the distal cutting surface. 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 intetnal
rotation {mean * SD), ranging from 8° of external rotation to 14° of internal rotation; the mean changes in FTA and HKA were
3,542.2° (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 =0999; HKA, R = 0.993). The mean change in FTA after virtual closed-wedged osteotomy was 3.2° for internal and external 10°
rotation errors in reattaching the osteotomy plane. Rotation may affect measurement of lower limb alignment for knee osteotomy,
and 3-D methods are preferable for surgical planning.
© 2004 Orthopaedic Research Society. Published by Elsevier Ltd. All rights reserved.

Keywords: Lower limb alignment; High tibial osteotorny; 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 §5% 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 range 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.
FE-mail adelress: 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

0736-0266/% - see front matter © 2004 Orthopacdic Research Society. Published by Elscvier Ltd. All rights reserved.
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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 inapproptiate 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 QA in varus
knees to clarify important issues regarding alignment
and planning.

Materials and methods

The patients were 7 men and 13 women ranging in age from 31 to
85 years (mean, 64.8 years). Using the Kellgren 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 moderate 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 53122 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
dista! end of the tibia were obtained using a helical CT scanner. To
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 femora! epicondyles to the top
of the tibial emtinence; ! 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 ankie joint.

We reconstructed 3-D skeletal models of the femur, tibia, and pa-
tella from the CT images, using surface rendering software (Analyze
PC 3.0, Maye Foundation, Rochester, MN). To define the knee joint
coordinates, 4 landmark points 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 bestfit sphere. The second and
third points (LE and ME) were the top of the medial and lateral
femoral epicondyles, respectively. The fourth point (TD) was the
centroid of multiple points on the distal tibial joint surface that were
surrounded by a manually 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 linie 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

A Z-axig
P F
LE
ME
/—E'" e Xesxis
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piy
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Fig. 1. The coordinates defining the front of the knee. Z-axis, the axis
of lower limb rotation; F, the center of the femoral head; ME, the
medial epicondyle; LE, the lateral epicondyle; TD, the center of gravity
of the distal tibia jolnt 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 purposcs, was the neutral AP vector
for the knee itsell. 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 {rom 3-D images, we
developed computer software that projected the 3-D models on a two-
dimensional XZ plane (the plane of the mechanical axis Z and the
projected epicondylar axis EM-ELp) and caleulated the angle. FTA
and HK A 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 multipie points on the
fernoral 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 tibiul 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 Jine 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 midpeint 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 bone models on the radiograph,
taking into account the relative position of the patcllar and femoral
outlines obtained [rom the radiographs. Next, the 3-D model was
rotated around the Z-axis in the compuler simulation. The relative
positions of the patella and femnur in the models were superimposed on
the patellar and femoral outlines from the radiograph. The relative
positions of the patetla and femur in the models were matched to the
patellar and femoral outlines of the radiograph by rotating the models
in the computer simulation. We also measured the rotation angle of the
models from the neutral position (the ¥Y-axis in the knee coordinate
system). :

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

To study cormrelations between apparent axial deformity of the
lower limb and variation in FTA and HKA with limb rotation, 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 neutral AP, viewed
along the line of the ML rolational axis of the femur. The “flexion
angles” of FTA and HKA were calculated with lateral projections of
FTA and HKA using the computer soltware. The changes in FTA and
HK A were caleulated 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 Lhe axis deformity of the lower limb and the changes
in FTA and HKA with limb rotation.

We developed computer software that simulates knee osteotomy by
cutting the bone models in any plane, removing the wedged bone, and
reattaching 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 as
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 Zr-axis, representing the vertical, was defined as the linc through
TD and the mid-point of MT snd LT. The transverse plane TPt was
defined as the plane perpendicular to the Zt-axis and passing through
the point Mt. The Xt-axis was the line through the point Mt and the
intersection of the Zr-axis and the transverse plane TPt. The Yr-axis was
perpendicular to the Zr- and Xr-axis.

Using this computer soltware, we simulated knee osteatomy 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 plane was
parallel to the tibial articular surface at 25 mm below the joint line
through the point Mi and the point L1. The target post-operative
alignment was set at 4° of HKA. Rotation error of the osteotomy
plane may affect determination of the direction of the cuiting plane and
reattachment of the cutting surfaces. FTA and HKA after virtual knee
osteotomy were measured for a hypothetical case of internal and
external 15° osteotomy plane rotation in the cutting plane direction of
the proximal tibia. This osleotomy plane was twisted around the Z:-
axis. FTA and HKA after virtual knee osteotomy were measured for 4
hypothetical case of internal and external §5° osteotomy plane rotation
in rcattaching the proximal cutting surface to the distal cutting surface.
This osteotomy plane was twisted around the shaft parallel 1o the Zr-
axis through the point of the medial wedge on the osicotomy planc
(Fig. 2).

Results

The mecan 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} osteatomy plane rotalion in
the cutting plane direction of the proximal tibia. (b) Osteolomy pline
rotation in reattaching the proximal cutting surfuce to the distal cut-
ting surface.

respectively. The mean rotation angle with variable limb
position was 7.4 +3.9° of internal rotation, ranging from
8° 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 incrcased as
the “flexion angle” of FTA increased (Table ! and Fig.
3a). The change in HKA with limb rotation increased as
the absolute “flexion 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 cx-
isted between the absolutc ““flexion angle” of HKA
{AFHKA) and the change in HKA with lower limb
ratation (CHKA), with a straight regression line
(CHKA =0.381, AFHKA+0.005) 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 fower 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 0.210.1°, 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 hypothetical case of
internal and external 5°, 10° and 15° osteotomy planc
rotation, thechangein FTAwas 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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Table ? :
FTA and HKA on AP radiographs, the “Flexion angle” of FTA and HKA calculated using the computcr software, aud the change in- P'I‘A and
HKA with lower limb rotation (31 varus knees of 20 patients) DR Lo \*"
Knes Gender FTA on AP “Flexion Change in FTA HKA on AP “Flexlon Changefm
aumber radiograph angle” with limb radiograph angle” - HKA with
of FTA® rotation® of HKAY limb rotation®
i ¥ 178.0 2.6 09 ~5.0 59 22
2 F 178.0 59 22 —4.0 2.6 0.9
3 F 1780 72 2.7 -4.0 18 0.6
4 F 179.0 6.3 24 -4.0 29 LO
5 F 179.0 54 2.0 =5.0 4.7 1.8
6 M 179.0 15.9 6.1 ~4.0 ~6,7 26
7 M 180.0 25 0.9 ~8.0 6.3 23
8 F 180.0 1.6 44 -6.0 ~2.2 (.9
9 M 181.0 7.6 29 «~7.0 1.2 0.3
10 M 1810 175 68 . 7.0 -74 3.0
11 M 181.0 10.4 41 ~7.0 -1.9 09
12 M 181.0 12.3 4.7 -8.0 =22 1.0
13 F 181.0 B8 34 -8.0 19 0.6
14 F 182.0 10.2 4.0 ~10 0.6 04
15 M 182.0 85 33 -90 238 0.9
16 M 182.0 30 1.1 -9.0 7.3 27
17 M 182.0 74 28 =50 ~0.3 0.2
18 M 182.0 20.8 8.0 -6.0 -114 4.5
19 F 182.0 24 8.6 ) ~70 -12.6 4.5
20 F 183.0 34 1.3 ~11.0 39 1.3
21 F 183.0 10.7 4.0 -5.0 0.3 0.2
2 F 1850 10.7 41 ~11.6 -1.8 0.8
23 F 185.0 12.1 4.6 -110 —4.8 19
24 M 186.0 39 L6 -10.0 6.7 2.3
25 F 186.0 6.0 24 ~15.0 24 0.7
26 ¥ 187.0 0.7 04 =1i.0 19 28
27 ¥ 187.0 33 14 -11.0 48 .6
28 F 188.0 74 29 ' ~14.0 -{.6 04
29 F 188.0 59 23 -12.0 08 0.2
30 F 196.0 9.7 39 -23.0 -0.2 0.6
k| F 2050 204 8.0 -30.0 =109 4.5

*F: female, M: male,

"“Flexior} angle” was defined as the angle from a lateral view of AP neutra! 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
neutral position.

Discuassion

In a study of the effect of rotation on lJower 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
models 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, and the mean change
in FTA and HKA within the range of rotation was 3.5°
(range, 0.4-8.6) and 1.6° (range, 0.2-4.9), 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 osteotomy on radiographs, the extent of
variation of lower limb alipnment 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
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Fig. 3. Relationship between FTA and IHK A on AP radiograph, the “flexion angle” of FTA and HKA caleulated using the computer software, and
the change in FTA and HKA with limb rotation. (2) The change in FTA increased as the “flexion angle™ of FTA increased, (b} The change in HKA
increased as the absolute “fiexion angle” of HKA increased. (c) The linear regression line between the “flexion angle™ of FTA and the change in FTA
with lower limb rotation. (d) The linear regression line between the absolute “flexion 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 lurger than the
absolute “flexion angle” of HKA because the center of
the femoral head (including the line of HKA) is always
anterior to the femoral shaft axis in anteversion of the
femoral hcad 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 grcater 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.

Previcusly, 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.

The present 3-D system allowed us to precisely analyze
pre- and post-operative lower 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 wuseful for pre-operative
planning of knee osteotomy.

No clinical reports exist concerning the cffect of
osteotomy plane rotation on axial aliganment 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 direction 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 limb alignment
after knee osteotomy.

Bony landmarks for determining the 3-D coordinate
of the lower limb arc not easily identified 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 five trials were performed
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‘Fable 2

Measurement errors of this system by plottitng bone land marks
Trial Subject 1 Subject 2 Subject 3 Subject 4 Subject 5
FTA HEA FTA HKA FTA HKA FTA HKA FTA HKA

1 178.9 -5.0 179.7 -6.7 184.2 -310.2 185.6 ~10.4 184.1 ~T.1
2 1%.0 ~5.1 179.% ~6.8 184.0 -104 185.5 -10.5 184.0 -T.1
3 178.9 -5.0 179.9 -6.7 184.0 -~10.2 185.5 ~10.4 184.2 -6.9
4 1789 ~3.1 179.7 -6,6 184.1 -10.4 1854 -10.6 1843 =11
5 178.9 —4.9 179.7 -6.7 184.0 -10.4 185.7 -10.5 184.1 -1.2
Error range 0.1 0.2 0.2 0.2 0.3 03 0.3 6.3 0.3 0.2

with five subjects. The error range was within 0.3° for
both HKA and FTA (Table 2). This appears to be
acceptable for assessment of lower limb alignment,

A limitation of this study was comparability of CT
scans taken in a supine position to radiographs taken
in a weight-bearing position. Generally, lower limb
alignment is measured using AP long-standing radio-
graphs. Although we did not obtain CT images in the
standing position, we used CT images in a semi-standing
position, taken with the knee in full extension and the
ankle joint at 90° of flexion with an ankle brace in the
supine position.
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Low-INTENSITY PULSED ULTRASOUND
ACCELERATES M ATURATION OF
CALLUS IN PATIENTS TREATED
wITH OPENING-WEDGE HiGH TIBIAL
OsTEOTOMY BY HEMICALLOTASIS

By NORIYUKT TsUMAK], MD, MAsaak] Kak1ucHs, MD, Liro SASAKL, TAKAHIRO QCHL MD, AND HIDEK! YosHIKAwa, MD

Investigation performed af the Department of Qrthopacdics, Osaka University Graduate School of Medicize,
and the Department of Orthopacdic Surgery and Radiology, Osaka Police Hospital, Osaka, Japan

Background: Opening-wedge high tibial osteotomy by hemicaliotasis for osteoarthritis in the medial compartment of
the knee requires externa! fixation for a long time, untif callus maturation is complete. The aim of this study was to
determine if low-intensity pulsed ultrasound would accelerate callus maturation when apphed after distraction to
limbs treated with opening-wedge high tibial ostectomy by hemicallotasis.

Methods: Twenty-one patients with symmetric grades of osteoarthritis and similar degrees of varus deformity in the
two knees underwent bilateral one-stage opening-wedge high tibial osteotomy by hemicallotasis. After completion of
distraction, the bone mineral density of the distraction callus was measured. Then, one randomly selected limb was
subjected to ultrasound treatment for twenty minutes daily until remaval of the extemal fixator. The contraiateral limb
was left untreated to serve as the control. After four weeks of treatment, bone mineral density was measured again,

Results: During the four-week treatment period, the mean increase in callus bone mineral censity was significantly
greater in the ultrasoundtreated tibiae (0.20 % 0.12 g/cm®) than in the control tibiae (€.13 + 0.10 g/cm} {p = 0.02,
unpaired t test}. in eighteen patients the increase in the bone mineral density was greater in the ultraseundtreated
fimb than in the control limb, whereas in three patients the increase was greater in the control {imb.

Conclusions: We found that low-intensity pulsed ultrasound applied during the consolidation phase of distraction os-
tecgenesis accelerates callus maturation after opening-wedge high tibial osteotomy by hemicallotasis in elderly pa-
tients,

Level of Evidence: Therapeutic study, Level Ia (randomized controlled tnal {significant difference]). See instruc
tions to Authors for a complete description of levels of evidence.

Itrasound, a form of mechanical energy that produces

l I micromechanical strain when transmitted through
the body, is widely used in medicing as a therapeutic

and diagnostic tool. In virre studies have demonstrated that
low-intensity pulsed ultrasound alters metabolism at the
cellular level. Micromechanical strain caused by ultrasound
transmission through the body can promete bone formation
in a manner comparable with the bone responses to mechani-

cal stress postulated by Wolft™s law™. Studies of animals have

»—~ A commantary Is avallahle with the eloctronic versions of this article,
{@ of bur wab site {www.jbjs.org} 2ad on our quarterly CD-ROM (call our
subscription department, at T81-4459-5780, to order the CD-ROM]).

demonstrated that low-intensity pulsed vitrasound increases
the rate of endochondral bone formation and the structural
strength of fracture sites™, Clinical investigations have shown
that low-intensity pulsed ultrasound improves healing of pseud-
arthroses, delaved unions, and nonunions™. Randomized,
double-blind, controlled clinical trials have shown that the
technique accelerares the repair process in fractares of the
tibia” and radius’. These studics have established the clinical
usefulness of low-intensity pulsed vitrasound for acceleration
of fracture-healing'.

Callotasis and hemicallotasis are useful techniques to
correct limb deformity or to Iengthen the limb?, but the dis-
traction <allus heals very slowly, requiring patients to wear an
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external fixator for a long period. The effects of low-intensity
pulsed ultrasound on healing of the distraction callus have
been examined in animal models™ but have not been as-
sessed in a chinical setting, to our knowledge.

QOpening-wedge high tibial osteotomy by hemicallotasis,
a surgical intervention for patients with ostevarthritis in the
mediai compartment of the knee, has the advantage of accu-
rate correction’”, However, the technique requires external fix-
atiors until the distraction callus is mature, and a high rate of
pin-site infection has been reported™.

In this randemized study, we quantitatively examined
the effects of low-intensity pulsed vitrasound on the matura-
tion of the distraction callus during the consolidation phase in
patients treated with an opening-wedge high tibial osteotomy
by hemicallotasis.

Materials and Methods
Patient Selection
F rom 1999 to 2002, bilateral one-stage opening-wedye high
tibial osteotomy by hemicallotasis was performed in thirty-
three patients who had bilateral ostevarthritis in the medial
compartment of the knee with bilateral knee pain. Selection
criteria for the present study included (1) hilaterally symmet-
ric grades of vsteoarthritis according to the classification of
Ketlgren and Lawrence”, and {2 a difference of £3% in varus
deformity between the feft and right sides as indicated by the
femorotibial angles measured on full-length radiographs of
the lower limbs with the patient standing. Twenty-one patients
{seventeen women and four men} who met these criteria con-
sented to participate in the study. The ages of the patients
ranged from fifty.three to seventy-eight years (average,
sixey-eight years). The severity of the medial osteoarthritis
was grade 2 in four knees, grade 3 in thirty knees, and grade 4
in cight knees, The study was approved by our hospital review
hoard.

Operative Technigue

Opening-wedge high tibial ostectomy was performed with use
of an articulated dynamic axial fixator with a proximal T-
clamp (hemicalotasis device; Qrthofix 20-010 and CP-002y;
Orthofix. Bussolengo, Htalyh. Druring the surgery, four tapered
half-pins (Orthofix; 6 mou5 mm; were inserted; two with
cancellous threads were placed at the proximal sites and two
with cortical threads, at the distal sites. For the osteotomy, an
anteromedial approach was wsed, with a transverse incision of
the skin and a Jongitudinal incision of the periosteum fol-
lowed by clevation. The position and direction of the osteot-
omy were monitored in both the coronal and the sagittal plane
with use of radiography during the aperation. Osteotomy of
the medial three-quarters of the proximal part of the tibia was
carried oul just proximal to the tibial tubercle. We used an os-
teutome to cut the anterior and middle portions of the tibia,
and we wsed an oscillating saw to cut the posterior cortex. The
status of the cortex lateral 1o the osteotomy site was assessed
by testing the rigidity of the osteowomy site with manual val-
gus stress, The Orthofix fixator was applied, and distraction

2400
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was performed for 5 mm to ensure that the intact portion lat-
eral to the osteotomy site acted as a hinge. Then the fxator
was compressed so that there was good osseous apposition.
The periosteum was closed. A fibular osteotomy was not per-
formed. As with callus distraction for imb-lengthening, the
ostectomy was followed by periods of latency, distraction, and
consolidation until removal of the external fixator, Patients
were allowed full weighs-bearing throughout these periods.

Distraction and Cousolidation

After a latency period of fourteen days, distraction was begun.
Radiographs of the osteotomy sites in both limbs were made
once 2 week throughout the distraction and consolidation
phases. Additional radiographs were made according to the
symptoms and findings of previous radiographs. The com-
pression/distraction unit was elongated at a rate of I mm daily,
with two 0.5-mm distractions each day. Distraction was stopped
and the consolidation phase was begun when the hip-ankle
mechanical axis of the limb passed the medial one-ninth o
one-thitd of the lateral compactment of the tibial plateau as
seen on a full-length radiograph of the limb with the patient
standing. The locking bolt of the telescopic body of the fixator
was then tightened.

The consolidation period was ended when the callus
was considered strong enough for safe removal of the fixator
without the risk of fracture {i.e.. when there was a smooth un-
interrupted cortical margin medial to the regenerated bone ox
an uninterrupted trabecular pattern occupving the lateral
two-thirds of the nbia on an anteroposterior radiograph). The
assessors of callus consolidation were not blinded to the use of
low-intensity puised ultrasound. A few days after release of the
Iocking screw {at a mean {and standard deviation} of 1.3 2 0.6
days: range, one to three days). the fixator was removed and
the pins were left in place for a wial period of several more
days. The pins were removed after radiographs contirmed that
there was no evidence of collapse of the callus.

Measurement of Bone Mineral Density

Although we performed the osteotomy perpendicuter to the
long axis of the lower limb in the sagittal plane, the postopera-
tive anteroposterior radiograph of the proximal part of the
tibia revealed that the osteatomy was not perfectly paraliel 1o
the x-ray bearm in some patients, Before measuring bone min-
eral densizy, all patients were placed in the supine position
with the knees in nentral rotation under the x-ray tube, The
knee joint was slightly flexed (Fig. 1-A) or the entire limb was
raised (Fig. 1-BJ, so that the beam would pass parallel o the
osteotomy. As a result, we obtained an anteroposterior view of
the callus without an overlap of the anterior or posterior corti-
cal hone of the tibia. We carefully recorded the position of
cach limb of each patient by measuring the distance and angle
of the fixators relative i the bed on which the parient tay, To
measure the bone mineral density of the distraction callus, the
patient was then placed on a dual-energy x-ray absorptiome-
try unit (QDR-2000: Hologic, Boston, Massachusetts) with
the Hmb in the same position as determined under the x-ray
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Fig T-A
Measutement of bone mineral density, The knee joint was slightly flexed (Fig. 1-A) or the entire limb was raised {Fig. 1.8}, 50
that the baam would pase paraliel 1o the osteolory. The limb wes pesitioned by referring 10 the posttion of the fixators,

which were determined on radiographs.

tube. Bone mineral density was expressed in grams per square
centimeter, On the view obtained from the scan, we confirmed
that the callus was visible without overlap of anterior or poste-
rior cortical bone of the tibia, indicating that the beam was
parallel to the osteotomy. Two regions of interest in each tibia
were selected for measurement of regional bone mineral den-
sity with use of QDR for Windows software {version 11.2; Ho-
logic). Following the previously described method with
modification™, we selected one region of interest within the
distraction gap {Fig.1-C). The other wes in the segment just
distal to the distraction gap (Fig. 1-13). The region of interest
in the distal segment was 8 mm in height and spanned the me-
dial half of the tibia. The reproducibility error of the results
wits evaluated with three consecutive measurements and was
found to be <3%, To test day-to-day reproducibility, a bone
phantom {Hologic} was attached with a metal pin 5 cm above
the bed, and its bone mineral density was measured daily for

Fig 1-¢

P 1B

one month. The coeflicient of variation was 0.8%.

The bone mineral density of the callus was measured
twice for cach tibia: at the start of the conselidation period
and four weeks after the start of the consolidation period. The
first bone mineral density measurement was subtracted from
the second to calculate the increase in bone mineral density
over the four-week consolidation period.

Application of Ultrasound

For ¢ach patient, the limb to be treated with low-intensity
pulsed ultrasound was randomiy selected with use of a ran-
dom-number generator on a computer. Ultrasound energy
was provided by a Sonic Accelerated Fracture Healing System
{SAFIIS; Exogen, Piscataway, New Jersey). The treatment head
module delivered an ultrasound signal composed of a burst
width of 200 psec containing 1.5-MEHz sine waves, with a rep-
etition rate of 1 kHz and a spatial average-temporal average

Fig 11>

Anteropestericr images produced by a dugi-energy xfay absorptiometry unit (QCR; Hologich te measure bene mineral density in the proximal part of
a titia that underwent cpemngwedga high tipial ostectorry. Tre regions of interest of measurement were set within the distracticn gap {outlined in
red; (Fif. 1C} and the segment distal 10 the distraction gap {outined in red)} iFig. 1.0).
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intensiy of 30 mW/iom'. Within two days after the first bone
mincral density measurenient, we began daily twenty-minute
ultrasound treatments on the one side, and we continued the
treatment wntif the fixator was removed. The treatment head
module was positioned on the anferomoedial aspect of the
praximal part of the Jeg at the level of the osteotomy and was
fixed with a strap. All twenty-one patients were hospitalized

unti removal of the pins and were assisted by the hospital staff

in carrying out the low-intensity pulsed ultrasound treatment.

Statistical Analysis

Thie ttest was used to compare data between treated and un-
treated Embs. A p value of <03 was considered to indicate
significance.

Resuits

Baseline Characteristics

Nom: of the patients had previously undergone kinee sur-
gery such as meniscectomy or cruciate lgament vepair,

The mean weight of the patients was 61 2 11 kg, and the mwan

body mass index was 26 & 3. Three patients smoked dering

the treatment period,

Preoperatively. the femoratibial angle averaged 185° =
5% in the vitrasonnd-treated limbs and 184° x 57 in the con-
trols, the range of knee flexion measured with manual goni-
ometry averaged 1217 & 27° in the altrasound-treated Timbs
and 125% & 1P in the controls, and the range of knee exten-
Csion averaged —* = 6° in the ultrasound-treated limbs and
375 5% in the controls, Thus, the preoperative varus deformity
and ranges of moton did not differ substantially between the
ultrasound-treated and vontrol linths, Preoperatively, four pa-
tients had equal pain in the two knees, seven had more knee
pain on the side that was later treated with low-intensity
pulsed ultrasound, and ten patients had less pain on that side.
The mean period of distraction did not differ beiween the
ultrasound-treated tibiae (37 = 7 davs} and the control tibiae
(37 = 7 davs). The distraction period was the same for both
sides in eighteen patients. 3t was two days shorter on the ultra-
sound-treated side in one patient, four days shorter on the
ultrasound-treated side in another patient, and three days
shorter for the control limb in stilt another patien.

BPuring the distraction period. patients experienced
painin the lower Hmbs and were occasionally unable to stand.
After the start of the consolidation period, the pain decreased,
and all patients walked using a pair of crutches. Pin-track in-
fections developed in six limbs in the ultrasound-treated
group and five limbs in the control group. These infections re-
sponded 10 Jocal pin-site care and antibiotic treatment. We
did not observe signs of infection at any osteotomy site or in
any joint in the limbs.

As a result of randomization, the right limb was chosen
for low-intensity pulsed aftrasound and the left limb served as
the control in eleven patients. In ten patients, the left Hinb was
chosen: for low-intensity pulsed ubltrasound and the right limb
served as the control,

0.5

0.4

0.3

BMD (g/cm?)

0.2

0.0

Tibia selected for
control

Tibia selected for

LiBU application
Fie. 2
Bom: mineral density (BMD] of the distraction callus before the slan of
weatment with lowdntensity pulsed ultrasound {LIPUL. The tibiae se-
fccted for uitrascund treatmant are shown on the e, and the conwal
tibiae gre sho
pationt connected by ines. The mean bone minersi densidy wae Q.30 4

w1 on the right, with the values for the imbs of the same

Q.11 g7em’ in the thiae seiected for uitrasound trastment and $.32 &
009 g e’ an control tihiaw (p = 0.31, unpaired t test. Nots that, in
gach patient. there was little difference in the celius hone minerat den-
sity between the two tibiae. whereas the catius hone mineral density
varied more widely among individuals,

Bone Mineral Density

Before the start of the treatment with the low-intensity
pulsed ultrasound, the bone mineral densiry of the distrac-
tion caftus averaged (.30 £ 0.1 gfem” in the tibiae chesen 1o
be treated with ultrasound and 8,32+ 6.09 gfom’ in the con-
trols {p = .31, unpaired t test) (Fig. 25, The mean increase in
bone mineral density during the four-week treatment period
was significantiy greater in the ultrasound-treated tibiae
10.20 £ 012 wieny'y than it was in the controls (.13 £ Qi g/
om'} (p = 0.02, unpaired ttest). In eighteen patients, the bone
mineral density increased more in the dirasound-treated
limb than in the control limb: in three patients, the bone
mineral density increased more in the conrol limb (Figs. 3-A
through 41 Of the three patients who had ¢ greater ingrease
in the control limb, ore was a smoker, two had had almost
equal pain in the two knees, and one had had more knee pain
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Figs, 3-A through 3.D Radiographs of
a woman who underwert progressive
openingwedge ostettomy by hemicaliotar

sis at the age of sixtyseven years, Figs. “6’ c
3-A and 3-B Radicgraphs of the proximal "E OF
parts of the right {Fig, 3-A; and left (Fig. QD g :
33) tibize made at the end of distraction _g -
show that botr: limbs contained catius % G

with moderate mineralization, After mea-
surement of bone minerat density, low
intensity pulsat ultrasound {LIPLY) was
applind only to the right tisa; the left
+ihiz was used as the control. Flgs. 3-C
and 3-0 Four weeks later, the ¢allus of
the right tibia (Fig, 3.C} appears more
consolidated than that of the left tibia
{Fig. 3-D}. The bene mineral density of
the distraction gap was again measured
after this four-week consolidation period.
The increase in the bohe mincra) density
in the callus was 0.29 g/cn’ in the right
tibia and 2.10 g/em® in the left.

g 34

4-week gfter the
end of distraction

Big. 30

in the ultraspund-treated limb than in the control limb,

The mean increase in bone mineral density in the seg-
ment just distal to the distraction gap during the four-week
treatment period was 0.02 % 0.09 g/cm” in the ultrasound-
treated tibiae and —0.03 + 0.09 g/ery’ in the control tibiae.
The difference between the twe groups was not significant
{p=0.07].

Consolidation Period

The mean consolidation period was 7.1 £ 2.6 weeks (range.
four to twelve weeks) in the ultrasound-treated group and
7.9 + 2.4 weeks {range, five to thirteen weeks) in the control
group. The consolidation period for the ultrasound-treated
limb was shorter than that for the controd limb in thirteen pa-
tients: it was three weeks shorter for four patients, two weeks
shorter for four patients, and one week shorter for five pa-
tients, The consolidation period was the same on both sides in
six patients, and, in two patients, consolidation occurred one
week earlier in the control limb than in the vhirasound-treated
limb. The fixators remained in place for a mean of 14.6 + 3.8
weeks in the ultrasound-treated tibiae and for 135 & 2.7
weeks in the controls. '

Discussion ‘
Bnnc-forming activity varies among individuals™, This varia-
tion may account in part for the difficulties in determin-
ing the effects of low-intensity pulsed ultrasound in clinical
studies with limited numbers of patients. In the present study,
the same surgical procedure was performed on both tibiae
of each patient on the same day. Low-intensity pulsed ultra-
sound was applied on one side, whereas the contralateral side

LIPU applied

LERATES CALLUY
1Y BY FIEMICALLOTASRES

LOW-INTENSITY ULTRASOU .
MATLRATEIN 1% TIRIAL OSTEGTO)

_ Control

Fig. 3-8

Fig. 3D
05 -
84 ¢
E
[
@ 03 r
&
W
w
@
3]
£ 92 ¢
[}
=
vl
1
0.0 i) 1
LIPU applied tibize control tibiag
Fig. 3

Increases in calius bone mineral density (M during the fourwesk
consoiidation pericd in the imbe treated with low-intensity pulsed ultra-
soung {(LIPUL {lefl) and the controt limbs {right), with the values for the
timbs of the same patient connected by lines. The mean increase in
tene mineral density was 0.20 1 0.12 g/cm’ in the ultrasound-treated
tibize and 0.13 £ 0.16 g/em in the control tibiae (p = 0.02, unpaired
tlest).
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was used as the internal control. Before the treatment with the
low-intensity pulsed altrasound, the mean difference in callus
bone mineral density between the left and h§,h‘ imbs of the
same patfent was usuaily relatively small, whereas the callus
bone minerai density varied more substantially among individ-

uals {Fig. 2} The increase in bone mineral a.lensxw during the
four-week consolidation period also varied among individuals,
suggesting variation in bone-forming activities among patients,

The present study showed that low-intensity puised 4l
trasound significantly enhantes the increase in mineraiization
of the callus during femicallotasis, as assessed by measuring
bone mineral density. In fact, the external fixarors were re-
moved an average of one week earlier from the ultrasound-
treated limbs than from the control Timbs, In the present
study, low-intensity pulsed ultrasound was applied afier dis-
traction had ceased, in order to assess the bone mineral den-
sity of the distraction callu$ before the ultrasound treatment,
A recent investigation of rabbits showed that low-intensity
pulsed ultrasound stimulates bone formation most effectively
during the distraction phase™, Future dinicyd studies shoutd
address the question of whether additional low-intensity pulsed
ultrasound treatment during the distraction phase can further

sharten the period necessary for calhos matyration.

The effects of low-intensity pulsed ultrasound on mat-
uration of distraction callus have been investigated in several
animal studies, with controversial results. In g vabbit study,
Shimazaki et ab, found that bone prineral density, hard callus
area, and mechanical 1est scores were greater in distraction cal-
lus treated with Jow-intensity pulsed ultrasound than in the
control group®™. T a shudy of rats, Eberson et al. found that ra-
diographically assessed healing cvcurred eardier in ultrasound-
treated bones than in control bones and that bone volume frac-
tion andd trabecular bone pattern factor were higher in the
ultrasound-treated bones™. In a study of rabbits. Tis et al.
tound & greater hard callus ares and less fibrous tissue inbones
treated with Jow-intensity puised ultrasound than in control
bones”, Neither Fberson et al. nor Tis ¢t al. tound a differ-
ence i bone mineral dénsity or mechanical strength of dis-
traction callus between alirasound-treated bopes and controls,
although Eberson et al. observed a trend toward greater me-
ghamcal strength in ubtrasound-treated bones. Uglow et al
found no substantial difference in bone mineral content, cross-
sectional area, or strength of distraction callus between ultra
sound-trested bones and control bones of rabbits”, 1 all of the
animal studics mentivred above. osteotomy and distraction
were performed at the diaphysis, which donsists of thick core
tical hone, In the metaphyseal segment adjacent 1o the dis-
traction callus in the present study, the bone mineral density

Lo PLTRASDUND f’\ LERAYES Calivs
A\u.:; ratton (N Tiuias “nismm‘ BY BEMIGALLG YA S

tended to increase more in the aiteasound-treated fimbs than
in the coutrol timbs. slthough the difference was net signifi-
cant { p = G.073. Uglow et al, found no significant difference in
the reduction of volumetric bone mineral density of the seg-
met adjacent to the distraction callus in the diaphysis between
their ulirasound-treated group and centrol group {p > 0.5} in
rabbits. Although the applicability of findings of anfimal studies
to human clinical research remains unclear, results obtained
from the present study and those of anina! studies collectively
suggest that metaphyseal trabecular bore might be more sus-
ceptible than diaphyseal cortical bone tw mechanical forces in-
herent to low-intensity pulsed gltrasound.

Ir vitre and in vive studies have been performed to in-
vestigate the mechanisms by which mechdmcai stimudation
due 10 low-intensity pulsed nltrasound is translated into a bi-
ological response 1<m ~intensity puised ultrdwund has effects
on chondrocytes™ as well as osteablasts” *. Raweo! et al. re-
ported that low-intensity pulsed ultrasound also stimulates
angiogenesis™, thus increasing local blood flow. The useful-
ness of low-intensity pulsed ultrasound in fracture-healing has
previousty been established ™. Distraction osteogenesis may in-

volve an ossification process {transchondroid ossification’ dif-

ferent fromy that of fracture-healing®, Futare studies should
include clarification of the distraction osteogenesis-specific
mechanism thae translates mechanical forces due to Jow-
ntensity pulsed ultrasound into bone formation. ®

Nerivaki Tsumeaki, MD

Takshirs Ochi, M

Hideki Yoshikawa, MD

Department of Orthopacdicx, Osaka University Graduats Schnal of
Medicine, -2 Yamadaoks, Suita, Osaka 365-087), lapan. £l address
ior N, "Humakit tsumaki-n@®umin.acjpy

Masaaki hakawechi, MDD

Jiro Sasaki

Deparements of Onthopaedic Suspery (MR} aud Radiclogy (15,3, Osaka
Police Hospital, 10-3 Kitavama-cha, Temnoji-ku, Osaka 343-0033, Lapan

Tst support of their rescarch or preparasion of this manuscript. one or
maore of the authors received Scientific Research Grant 15390458 from
the Ministry of Education, $Science and Cubiuze of fapas; Healih and
Labor Sciences Reséarch Grants of japan; and (“;ra::i 326 from the ja-
pan Drthopaedic and Traumatology Feundagion, Incerpora :cc None of
the suthors received payments or other mmfts.» or @ commitiment or
agreement o provide such henefiss from a commercial entity. No com-
:nvzrc,e*i ertity pusd oF directed, or agrevd to pav or divest, any benelits 1o
auy research fund, foundation, educations] institstion, or other churitas
bie or nonprofit organization with which the authors are affiliated o2
assoviated,

References

Woltt J, T2 jaw of Sione rernodaling. New York:

. Huiskes R, Ruimerman R, van denthe GH, Janssen JD, CHeots of me
furces on mamisnsnoe and adagration of fanm in rahen
Z000h40%: T4 6

3. Yang KH, Park SJ. &

ool by fovantens

Bprisiger; 1G85,

(SR

4 Yang KM, Parvizi J, Wang 81, Lewalien DG. Kinnick RR, Greenleaf ¥, Bn!an-
der ME. Exposyie 10 lowdnlensity ubrssour 23
pression 5 i forey

% Rubin C. Bolander B, Ryaby IP, Hadilasgyrou M, The o
shrasound 10 acceierate the hawmg of fravlures, J &

15G-70.

fracturg model, J Orin

—484—

Further reproduction prohibited without perfnission.




