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Abstract

Purpose The purpose of this study was to identify the
optimal material and implantation method for subchondral
bone repair.

Methods Four osteochondral defects in a femoral groove
were created in both knees of 12 pigs, and the total number
of defects was 96. Eight defects were left empty (empty
group). Beta-tricalcium phosphate (B-TCP) bone substi-
tutes with 75 and 67 % porosity were implanted in 30 and
29 defects, respectively (B-TCP75 and B-TCP67 groups).
Hydroxyapatite (HA) bone substitutes with 75 % porosity
were filled in 29 defects (HA group). Bone substitutes were
implanted at 0, 2, or 4 mm below the subchondral bone
plate (SBP). The reparative tissue was assessed using mi-
crofocus computed tomography and histology 3 months
after implantation.

Results Regardless of the kind of bone substitutes, the
defects were filled almost completely after implanting them
at the level of the SBP, while the defects remained after
implanting them at 2 or 4 mm below the SBP. Reparative
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tissue of the B-TCP75 group was similar to the normal
cancellous bone, while that of the B-TCP67 or HA group
was not.

Conclusions Subchondral bone defects were filled almost
completely only when bone. substitutes were implanted at
the level of the SBP. The reparative tissue after implanting
the B-TCP bone substitutes with 75 % porosity was the
most similar to the normal cancellous bone. Therefore,
implanting the B-TCP bone substitutes with 75 % porosity
at the level of the SBP could be recommended as a treat-
ment method for subchondral bone repair in osteochondral
defects.

Level of evidence 1.

Keywords Subchondral bone osteochondral defect -
Bone substitute - Hydroxyapatite - Beta-tricalcium
phosphate

Introduction

Autografts are the gold standard for bone repair in the field
of orthopaedics, but have some disadvantages including
donor site morbidity and graft quantity limitations [6, 8,
13]. Although allografts can be used as an alternative to
autografts, they are associated with the risk of immune
reaction, disease transmission, infections, and incomplete
incorporation [4, 6, 8, 20, 30]. Because of the limitations of
autografts and allografts, materials such as hydroxyapatite
(HA) and beta-tricalcium phosphate (B-TCP) have been
developed as synthetic ceramic bone substitutes. The first
generation of bone substitutes comprised solid or low-
porosity HA ceramics. They were reported to have poor
osteoconductive ability because of their low porosity in
several studies [19, 21, 28]. Subsequently, newer bone
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substitutes have become widely available [11, 26, 34].
Regardless of the kind of materials (HA or B-TCP), these
second-generation bone substitutes have a high porosity
and interconnected pores that allow new bone tissue to
penetrate deeply into the implant. Many animal and clinical
studies reported that these newer bone substitutes yielded
excellent bone repair, mainly in the diaphyses or metaph-
yses of long bones [5, 7, 10, 20, 23, 24, 28, 29, 32, 34].

However, they have rarely been used or evaluated in
subchondral bone defects, especially in defects open to the
joint cavity. Subchondral bone, which is composed of su-
barticular spongiosa and subchondral bone plate (SBP),
plays an important role in joint function as a shock
absorber against mechanical loading and as a source of
nutrition for cartilage [2, 17]. Therefore, subchondral bone
repair is crucial for the treatment of osteochondral defects
in joints [9, 17]. Nevertheless, in past decades, consider-
able efforts have been made predominantly in the area of
cartilage repair. As a result, treatment options, such as bone
marrow stimulation, osteochondral autologous transplan-
tation (OAT), and autologous chondrocyte implantation
(ACI), have been developed. In contrast, the optimal
treatment method for subchondral bone repair has not been
a focus of research and is still unclear. The objective of this
study was to identify the optimal material and implantation
method for subchondral bone repair by comparing the
quality and quantity of the reparative tissue in subchondral
bone defects in which different bone substitutes had been
implanted at different depths. In addition, cartilage repair
over the repaired subchondral bone was assessed. In terms
of the clinical relevance, the information about the optimal
material and implantation method for subchondral bone
repair would be useful for the treatment of osteochondral
defects.

Materials and methods
Sample preparation

Three recently developed, interconnected, porous ceramic
bone substitutes were used in this study. SUPERPORE
(HOYA Corp., Tokyo, Japan) comprises B-TCP and has 3
types of pores, including macropores (100-300 pm),
interconnecting pores (50-100 pm) that run between the
macropores, and micropores (0.5-10 pm). The sintering
temperature is higher than 1,000 °C. The standard type of
SUPERPORE has 75 % porosity, and its compressive
strength is 5 MPa, while the hard type (67 % porosity) has
a compressive strength of 20 MPa. The standard and hard
types of SUPERPORE have been commercially available
and clinically used in Japan since 2010 and 2011, respec-
tively. NEOBONE (Covalent Materials Corp., Tokyo,
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Japan) was developed as an interconnected porous HA
ceramic bone substitute. It has 75 % porosity, with mac-
ropores of 150 pm that are fully interconnected by open-
ings of 40 um. Its compressive strength is >8 MPa, and its
sintering temperature is 1,200 °C. NEOBONE has been
commercially available and clinically used in Japan since
2003.

Animal experiments

A tota]l of 12 skeletally mature, miniature pigs weighing
33-50 kg were anesthetized with an intramuscular injec-
tion of a mixture of ketamine hydrochloride (50 mg/ml and
0.1 ml/kg of body weight), medetomidine (1.0 mg/ml and
0.08 ml’kg of body weight), and butorphanol tartrate
(5 mg/ml and 0.04 ml/kg of body weight) followed by
inhalation of 2 % isoflurane. After a medial parapatellar
incision, the femoral grooves of both knees were exposed.
Four cylindrical osteochondral defects (7 mm diameter and
10 mm depth) in a femoral groove were created in both
knees of 12 pigs, and the total number of defects was 96.
Eight of these osteochondral defects were left empty
(empty group). Standard and hard types of SUPERPORE
were implanted in 30 and 29 subchondral bone defects,
respectively (B-TCP75 and B-TCP67 groups). NEOBONE
was filled in 29 subchondral bone defects (HA group).
Cylindrical bone substitutes were implanted in the defects
at 3 different depths: 0, 2, or 4 mm below the SBP. In the
B-TCP75 group, 10 bone substitutes each were implanted
at 0, 2, and 4 mm below the SBP. In the -TCP67 and HA
groups, 10, 9, and 10 bone substitutes were implanted at 0,
2, and 4 mm below the SBP, respectively. All animals were
anesthetized with an intramuscular injection of pentobar-
bital sodium (64.8 mg/ml and 0.5 ml/kg of body weight)
and euthanized with an intravenous injection of potassium
chloride (1 mEg/ml and 20 ml) 3 months after implanta-
tion for analyses. After removing all soft tissues, the femur
was cut just proximal to the proximal edge of articular
cartilage.

Microfocus computed tomography analysis

Each implanted region was scanned with a microfocus
computed tomography (CT) system (SMX-100CT-SV;
Shimadzu, Kyoto, Japan). The tube voltage was set at
50 kV, and the current was 200 pA. With an angular step
of 0.3° over an angular range of 180°, 600 radiographic
projections were acquired. The spatial resolution was
24 pum.

Two-dimensional (2-D) evaluation was performed in the
sagittal plane, which passed the long axis of each bone
substitute. Using Image J software (NIH Image, Bethesda,
MD, USA), the filling rate was calculated and defined as
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the total area of newly formed bone and remaining bone
substitute divided by the original subchondral bone defect
(Fig. 2a).

Next, 3-D images were reconstructed with a threshold of
1,000 Hounsfield units using TRI3D-BON software (Ratoc
System Engineering, Tokyo, Japan), and a cube
(2 x 2 x 2 mm®) was extracted from the centre of each
implanted region. First, the calcified volume of newly
formed bone and remaining bone substitute was measured.
The calcified ratio was calculated as the calcified volume
divided by the total volume of the cube (CV/TV). Second,
bone mineral density (BMD) was evaluated using a phan-
tom made of epoxy resin and hydroxyapatite. Third, the
following 3-D parameters of microarchitecture were
assessed: trabecular thickness, trabecular number, trabec-
ular separation, fractal dimension (FD), trabecular pattern
factor (TBPf), and structural model index (SMI). FD,
TBPf, and SMI were structural indices. As a control, the
normal cancellous bone of the same femoral condyle was
also evaluated in a similar fashion.

The reliability calculations were based on each param-
eter measured by the same observer (3 times repeat) and by
three different observers. The intra- and inter-observer
intra-class correlation coefficient (ICC) and standard
deviation (SD) are shown in Table 1.

Histological evaluation

Specimens were fixed in 4 % formaldehyde in phosphate
buffer (pH 7.4). All specimens except HA were decalcified in

Table 1 The intra-observer and inter-observer intra-class correlation
coefficient (ICC) and standard deviation (SD) for each parameter

Intra- Inter-
observer observer
ICC SD ICC SD
2-dimension Filling rate (%) 096 1.1 092 14
3-dimension CV/TV (%) 098 04 091 09
BMD (g/em®) 0.99 0.003 0.99 0.005
Trabecular thickness 043 5.0 043 5.2
(pm)
Trabecular number 092 005 091 0.06
(/mm)
Trabecular separation 0.64 1.6 0.82 1.3
(hm)
FD 099 001 098 0.01
TBPf (/mm) 091 06 078 1.0
SMI 095 02 087 05

CV/TV calcified volume divided by total volume, BMD bone mineral
density, FD fractal dimension, TBPf trabecular pattern factor, and
SMI structural model index
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20 % ethylenediaminetetraacetic acid (EDTA). HA was
decalcifiedin 50 % K-CX (FALMA Co., Tokyo, Japan) after
20 % EDTA. After decalcification, specimens were
embedded in paraffin and cut into 2-pm sections parallel to
the long axis of the osteochondral defects. The sections were
stained with hematoxylin and eosin (HE) or toluidine blue.

All experiments were approved by the Animal Labora-
tory, Faculty of Medicine, Osaka University, Japan (ID:
22-071-004).

Statistical analysis

All statistical tests were performed with JMP statistical
software (version 9.0.2; SAS Institute Inc., Cary, NC,
USA). A power analysis, with a power of 0.8 being con-
sidered acceptable, showed that 96 defects in all were
sufficient for comparison. The Wilcoxon rank sum test was
used, and differences were considered statistically signifi-
cant at p < 0.05.

Results

Quantity of the reparative tissue filling the subchondral
bone defect

In the 2-D microfocus CT images, the subchondral bone
defects remained evident when the defects were left empty
or when bone substitutes were implanted at 4 mm below
the SBP (Fig. 1). The defects were filled almost completely
after implanting bone substitutes at the level of the SBP,
while slight defects remained after implanting them at
2 mm below the SBP.

The filling rate of the empty group was only
45.9 £ 15.8 % and was significantly lower than that of any
other group (Fig. 2b). In the B-TCP75 group, when bone
substitutes were implanted at 4 mm below the SBP, the
filling rate was significantly lower than that at 0 mm. This
result was the same in the B-TCP67 and HA groups.

Calcified volume of the reparative tissue

No significant difference was observed between the normal
cancellous bone and the B-TCP75 group in terms of CV/
TV (Fig. 3). CV/TV of the B-TCP67 group was signifi-
cantly higher than that of the normal cancellous bone,
whereas CV/TV in the HA group was significantly higher
than that in the other 3 groups.

Mineralization of the reparative tissue

BMDs of the B-TCP75 and B-TCP67 groups were not
significantly different from that of the normal cancellous
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bone, whereas BMD in the HA group was significantly
higher than that in the other three groups (Fig. 4).

Microarchitecture of the reparative tissue

No significant differences were noted for any param-
eter measured in the B-TCP75 group compared with
those in the normal cancellous bone (Table 2). In the
B-TCP67 group, trabecular number and FD were sig-
nificantly higher compared with those in the normal
cancellous bone, while trabecular separation and TBPf
were significantly lower. In the HA group, all
parameters except trabecular thickness and trabecular
number were significantly different from those in the
other 3 groups.

Empty B-TCP75

Fig. 1 2-D microfocus CT images of the reparative tissue
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Fig. 2 a The filling rate was calculated and defined as the total area
of newly formed bone and remaining bone substitute (lined area)
divided by the original subchondral bone defect (the area surrounded
by dotted line). b Filling rate of empty group (n = 8), B-TCP75 group
(n =10, 10, 10), B-TCP67 group (n = 10, 9, 10), and HA group
(n =10, 9, 10). In three implanted groups, bone substitutes were
implanted at 0, 2, or 4 mm below the subchondral bone plate. *1, 2, 3,
and 4 denote significant differences compared with empty, -TCP75-
0, B-TCP67-0, and HA-0 groups, respectively (p < 0.05)

B-TCP67
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Fig. 3 3-D reconstructed
images. a Normal cancellous
bone. b, ¢ Reparative tissues of
B-TCP75 group (b), B-TCP67
group (c), and HA group (d).

e Calcified volume divided by
total volume (CV/TV).
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Fig. 4 3-D reconstructed
images coloured by bone %
mineral density (BMD).
a Normal cancellous bone. e *
b, ¢ Reparative tissues of - * "
TCP75 group (b), B-TCP67 18
group (c¢), and HA group (d).
Blue, white, and pink colours
denote low, moderate, and high = 15
mineralization, respectively. g
e BMD. *p < 0.05 :52 14
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Table 2 Parameters of microarchitecture
Cancellous (n = 12) B-TCP75 (n = 30) B-TCP67 (n = 29) HA (n = 29)

Trabecular thickness (pm) 128.2 4+ 20.4 132.2 £ 24.6 139.0 4= 20.7 132.0 £+ 14.1
Trabecular number (/mm) 141 £ 0.24 1.46 £+ 0.31 1.58 + 0.27° 1.62 4+ 0.49
Trabecular separation (pm) 205.0 + 58.3 181.3 £+ 62.8 152.6 £ 59.8° 61.9 + 7.5°
FD 2.30 + 0.09 2.34 £+ 0.14 241 4+ 0.13° 251 +0.13°
TBPf (/mm) 3.6 +3.0 32+£57 0.2 + 5.8 —243 +9.7°
SMI 1.6 + 0.6 14+ 1.0 08 +£13 ~7.5+39°

FD fractal dimension, TBPf trabecular pattern factor, and SM! structural model index

? p < 0.05 compared with the normal cancellous bone

® p < 0.05 compared with the normal cancellous bone, the B-TCP75 group, and the B-TCP67 group

Histological findings

Subchondral bone repair was poor in the empty group
(Fig. 5). In the B-TCP75, B-TCP67, and HA groups,
subchondral bone defects remained obvious when bone
substitutes were implanted at 4 mm below the SBP.
Higher magnification views showed that reparative tissue
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resembled the normal cancellous bone after implanting
the B-TCP with 75 or 67 % porosity and also that the
remaining B-TCP could not be detected (Fig. 6). How-
ever, in the HA group, a large amount of HA remained.
Additionally, fibrous tissue and newly formed bone filled
pores, showing no similarity to the normal cancellous
bone.
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