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Summary

Objective: There is no widely accepted method to repair articular cartilage defects. Bone marrow mesenchymal cells have the potential to
differentiate into bone, cartilage, fat and muscle. Bone marrow mesenchymal cell transplantation is easy to use clinically because cells can
be easily obtained and can be multiplied without losing their capacity of differentiation. The objective of this study was to apply these cell
transplantations to repair human articular cartilage defects in osteoarthritic knee joints.

Design: Twenty-four knees of 24 patients with knee osteoarthritis (OA) who underwent a high tibial osteotomy comprised the study group.
Adherent cells in bone marrow aspirates were culture expanded, embedded in collagen gel, transplanted into the articular cartilage defect
in the medial femoral condyle and covered with autologous periosteum at the time of 12 high tibial osteotomies. The other 12 subjects served
as cell-free controls.

Results: In the cell-transplanted group, as early as 6.3 weeks after transplantation the defects were covered with white to pink soft tissue,
in which metachromasia was partially observed. Forty-two weeks after transplantation, the defects were covered with white soft tissue, in
which metachromasia was observed in almost all areas of the sampled tissue and hyaline cartilage-like tissue was partially observed.
Although the clinical improvement was not significantly different, the arthroscopic and histological grading score was better in the
cell-transplanted group than in the cell-free control group.

Conclusions: This procedure highlights the availability of autologous culture expanded bone marrow mesenchymal cell transplantation for
the repair of articular cartilage defects in humans. © 2002 OsteoArthritis Research Society International
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The capacity of articular cartilage for repair is limited1. To
repair articular cartilage defects, transplantations of various
tissues or cells have been investigated both in animal and
human models1. To repair articular cartilage defects in
humans, mosaic plasty2 (transplantation of multiple, small,
autologous osteochondral grafts) and autologous cultured
chondrocyte implantation3 are effective. However, these
are not applied to articular cartilage defects in osteoarthritis
(OA) or rheumatoid arthritis (RA) because chondrocytes
from patients suffering from OA or RA have totally different
biological properties. For large articular cartilage defects,
such as those of OA or RA, we have no repair method but
can perform a total joint replacement for elderly patients
with severely damaged joints.

It has been reported that the mesenchymal cells in bone
marrow contain progenitor cells of some mesenchymal
tissues, such as bone, cartilage, fat and muscle4–6. Bone
marrow mesenchymal cells are thought to be useful for
reconstructing injured tissues such as bone, cartilage, or
199
cardiac muscle4,7,8. Such reconstructions have been
studied in various animal models, but very few human
studies have been made9. This procedure is easy to
perform clinically because the autologous bone marrow
mesenchymal cells are easy to obtain and can be culture
expanded without losing their capacity for differentiation10.
Here, we tried to use autologous human culture expanded
bone marrow mesenchymal cells to repair large articular
cartilage defects in the knee joints of patients with OA.
Patients and methods
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PATIENTS

Twenty-four knees of 24 patients with medial uni-
compartmental OA who underwent a high tibial osteotomy
were the objective of this study. Fifteen were female and 9
were male. The patients’ average age was 63 (range
49–70). Their OA was diagnosed according to the criteria
for the classification of OA of the knee prepared by Altman
et al.11. Radiographic evaluations revealed that all the
knees in this study had narrowing to complete obliteration
of the medial compartment correlating with stage I to II
Ahlback changes12. X-ray films of the knees were made
both in weight-bearing and in non-weight-bearing condi-
tions. OA of the lateral compartment or that of the patello-
femoral joint was not observed or was small (the formation
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of small osteophytes on the joint margins might be
observed, but joint space narrowing was not).

Patients were randomly stratified into two groups.
Twelve knees received autologous bone marrow mesen-
chymal cell transplantation and 12 knees served as cell-
free controls. There were no differences in age and severity
of the disease between these two groups.

Before and after surgery, all patients rated their pain (30
points), function (22 points), range of motion (18 points),
muscle strength (10 points), flexion deformity (10 points),
and instability (10 points) using the Hospital for Special
Surgery knee-rating scale13.

The procedure was in accordance with the ethical
standards of our hospital committee on human experimen-
tation. Patients were informed thoroughly and this surgery
was only performed on those who wanted to receive this
treatment.
SURGICAL PROCEDURE

High tibial osteotomy was performed using dome
osteotomy, fixed with two Steinmann’s pins with Charnley
clamps and two staples (Stryker Howmedica Osteonics,
Allendale, NJ). At first, a small part of the fibula was
resected to facilitate the movement of distal tibia after tibial
osteotomy. The first pin was inserted at the proximal end of
the tibia parallel to the joint surface. The second pin was
inserted in the middle of the tibial diaphysis at the planned
correction angle (lateral side open). Then, the tibia was cut
in a dome just proximal to the tibial tuberosity. The two
inserted pins were set parallel (the alignment was cor-
rected) and fixed with Charnley clamps. In the medial and
lateral sides of the cut bone, one staple was inserted to fix
the bone (Fig. 1).
Fig. 1. A-P radiograms of the left knee in non-weight bearing
condition. The left panel shows that before surgery. Narrowing of
the medial joint space and formation of small osteophytes can be
observed. The right panel shows that after surgery. High tibial
osteotomy was performed using dome osteotomy, fixed with

2 Steinman’s pins with Charnley’s clamps and 2 staples.
Fig. 2. Weight-bearing surface of the medial femoral condyle. The
left panel shows that before surgery. Articular cartilage was lost,
and subchondral bone was exposed and eburnated. The center
panel shows that after abrasion of the eburnated bone. The
right panel shows that after suturing the periosteum. A gel–cell
composite was put on the abraded area, and the autologous
periosteum was put on the cells the cambium layer facing down

and sutured onto the remaining cartilage and/or bone.
CELL TRANSPLANTATION

The knee joint was opened by the parapatellar medial
approach. The medial femoral condyle and medial tibial
plateau were observed. In all cases, the articular cartilage
on the medial femoral condyle was lost, and the sub-
chondral bone was eburnated (Fig. 2). All knees had an
Outerbridge stage IV14 lesion on the tibial plateau and
femoral condyle.

In 12 knees of the cell-transplanted group, 2 mm of the
eburnated bone was abraded using a dental drill until slight
bleeding was observed. To facilitate bleeding, multiple
perforation was performed on the abraded area. The mean
width of the abraded area was 14 mm×35 mm. The gel–
cell composite was put on the abraded area with the
collagen sheet covering the upper side. The autologous
periosteum taken from the anterior surface of the proximal
BONE MARROW MESENCHYMAL CELL PREPARATION

Ten ml of heparinized bone marrow blood was aspirated
from both sides of the iliac crest approximately 2 cm cranial
from the antero-superior iliac spine. Heparinized bone
marrow blood was mixed with a one-fifth volume of 6%
(w/v) dextran (molecular weight 180,000–210,000; Nacalai
Tesque Inc., Kyoto, Japan) in saline and left standing for
30 min at room temperature to eliminate erythrocytes. The
remaining cells were washed twice with DMEM (Gibco
BRL, Grand Island, NY) containing 10% FCS (Gibco BRL,
Grand Island, NY) and antibiotics (100 unit/ml of penicillin,
0.1 mg/ml of streptomycin, 0.25 �g/ml of amphotericin B;
Sigma Chemical Co. St Louis, MO). The mean number of
nucleated cells was 1.0×107 cells. These cells were cul-
tured in 4 dishes (100 mm in diameter) in DMEM supple-
mented with 15% FCS and antibiotics in a humidified
atmosphere of 5% CO2—air at 37°C. The medium was
changed twice a week. After about 3 days, attached cells
were recognized. At the time of medium change, non-
adherent cells were removed with the medium. After
approximately 10 days when the attached cells became
subconfluent, they were detached with trypsin-EDTA solu-
tion (0.25% trypsin, 1 mM of EDTA-4Na; Gibco BRL, Grand
Island, NY) and subcultured into 12 dishes (100 mm in
diameter). After approximately 20 days, on the day before
surgery the cells were collected (mean cell number was
1.3×107). They were embedded in 2 ml of 0.25% type I
acid soluble collagen from porcine tendon (Cellmatrix type
I-A, Nitta gelatin Inc., Osaka, Japan), put onto a collagen
sheet (Koken Inc., Tokyo, Japan) and gelated. This gel–cell
composite was cultured overnight in DMEM supplemented
with 15% autologous serum and antibiotics.
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tibia was put on the cells with the cambium layer facing
them, and sutured onto the remaining cartilage and/or bone
with non-absorbable nylon sutures (Fig. 2). To suture on
bone, we made holes through the bone with 1.5 mm
Kirshner wire, passed threads into them, and sutured the
periosteum. Eight to 12 sutures were used to fix one
periosteum.

All 12 knees of the cell-free control group received
spongialization (exposure of cancellous bone), collagen
gel-sheet implantations, and periosteal cover. Six received
multiple perforations and the other six received abrasion of
the eburnated subchondral bone with multiple perforation.
Multiple perforation was performed on the bone to facilitate
bleeding by a 1.2 mm Kirshner wire applied with an electric
drill.
POST-OPERATIVE PROGRAM

Four days after surgery, continuous passive motion was
applied. Three to 6 weeks after the surgery, partial weight
bearing was started and by 8 weeks full weight bearing was
permitted. Four to 10 (mean; 6.7) weeks after surgery, the
pins were removed. At the time of this removal surgery,
arthroscopy was performed (first look) with informed con-
sent. The transplants were observed, and a small sample
of repair tissue was obtained from macroscopically best
repaired area for histology using biopsy needle. All patients
received this surgery.

Twenty-eight to 95 (mean 42) weeks after the surgery
when bone fusion was confirmed on the X-ray films, the
staples were removed. At the time of the third surgery,
arthroscopy was performed (second look) with informed
consent. The transplants were observed, and a small
sample of repair tissue was obtained from macroscopically
best repaired area for histology. Nine of 12 cell-
transplanted patients, and six of 12 cell-free patients
received this surgery.
ASSESSMENT OF REPAIR TISSUE

The arthroscopic photography and histological samples
of repair tissues from each patient were assessed
independently by three of the authors (SW, KI, TY) who had
no knowledge of the study group from which they had been
obtained. Each sample was graded using an arthroscopic
and histological grading scale, which was a modification of
those described by Shino et al.15 and Wakitani et al.7. The
scale is composed of seven categories, five for arthro-
scopic and two for histological assessments, and assigns a
score ranging from 20 to 0 points (Table I). The width of the
reparative tissue was the relative width of the area covered
with the reparative tissue compared to the original defect,
which was graded from 3 (wider than 75%) to 0 (narrower
that 25%). The thickness of the reparative tissue was the
average thickness of the reparative tissue in the original
defect compared to the adjacent normal cartilage, which
was graded from 3 (thicker than 75%) to 0 (thinner than
25%). The surface regularity was the width of the smooth
area of the reparative tissue compared with the original
defect, which was graded from 3 (wider than 75%) to 0
(narrower than 25%). The stiffness of the reparative tissue
was graded from 2 in which the repair was as stiff as normal
articular cartilage, to 0 for reparative tissue that was easily
depressed by a probe. The color of the reparative tissue
was graded from 1 in which it was as white as normal
cartilage, to 0 for other colors. The cell morphology was
graded from 4 in which more than 80% of the reparative
tissue was comparable to hyaline cartilage, whose cells
showed round to polygonal shape, to 0 when cartilagenous
tissues were absent. Matrix staining, or the degree of
metachromatic staining with toluidine blue, was composed
of two categories. The width was graded from 2 in which
the area showing metachromasia was wider than two third
of the whole section, to 0 in which the area was narrower
than one third. The intensity was graded from 2 in which
metachromasia was as good as normal hyaline cartilage, to
0 in which there was no metachromatic staining.
Table I
Arthroscopic and histological grading scale for reparative tissue

Arthroscopic assessment
A. Width of reparative tissue: width of cover area with reparative
tissue compared with the original defect.

More than 75% 3
50–75% 2
25–50% 1
Less than 25% 0

B. Thickness of reparative tissue: average thickness of the
reparative tissue compared with adjacent normal cartilage.

More than 75% 3
50–75% 2
25–50% 1
Less than 25% 0

C. Width of surface regularity: width of smooth surface compared
with the width of the original defect.

More than 75% 3
50–75% 2
25–50% 1
Less than 25% 0

D. Stiffness of reparative tissue.
As stiff as normal cartilage 2
Slightly reduced 1
Markedly reduced 0

E. Color of the reparative tissue:
White 1
Not white 0

Histological assessment
F. Cell morphology: cells showing a round to polygonal shape
similar to hyaline cartilage.

Mostly similar to hyaline cartilage (>80%) 4
3/5–4/5 3
2/5–3/5 2
1/5–2/5 1
Less than 20% 0

G. Matrix staining:
Width of area showing metachromasia

More than 2/3 2
1/3–2/3 1
Less than 1/3 0

Intensity of metachromasia
Normal 2
Reduced 1
Non 0

Total maximum 20
STATISTICAL ANALYSIS

Statistical analysis of the clinical data was performed
using the Wilcoxon signed rank test. Comparisons of the
arthroscopic and histological grading scores between the
cell-transplanted and cell-free groups were performed
using the Mann–Whitney U-test. Statistical analyses of the
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improvements of the arthroscopic and histological grading
scores were performed using the Wilcoxon signed rank
test. Probability values less than 5% were considered
significant. We used StatView (SAS Institute Inc., Cary, NC)
to perform the statistical analysis.
Results
CLINICAL EVALUATIONS

The mean femoro-tibial angle before surgery in the
weight-bearing condition was 184° and that in the non-
weight-bearing condition was 181°. The mean femoro-tibial
angle after surgery in the non-weight-bearing condition was
170°.

Clinical evaluations before and after surgeries were
assessed using the Hospital for Special Surgery knee-
rating scale. The mean follow-up period was 16 months.
There was no difference in the follow-up period between
the cell-transplanted and cell-free control groups (Table II).
For the cell-transplanted group, the mean total score was
65.0 points before surgery, and 81.3 after surgery, which
was significantly improved (P=0.0029). The scores of pain,
function and muscle strength were significantly improved.
For the cell-free group, the mean total score was 66.3
points before surgery, and 79.2 after surgery, which was
significantly improved (P=0.0033). The scores of pain,
function and muscle strength were significantly improved
(Table II). There was no significant difference in clinical
evaluations between the cell transplanted and cell-free
control groups before and after surgery.

The improvement of the clinical score was 16.3 in the
cell-transplanted group, and 12.9 in the cell-free group,
which was not significantly different.
Table II
Clinical evaluation before and after surgery using the Hospital for Special Surgery knee-rating scale

Mean (standard deviation)

Cell-transplanted Cell-free

Before After Before After

Total 65.0 (6.7) 81.3 (8.6)* 66.3 (10.5) 79.2 (8.7)*
Pain (30) 19.2 (2.9) 25.8 (3.6)* 18.8 (3.1) 24.1 (5.1)*
Function (22) 13.9 (2.6) 18.5 (3.0)* 13.8 (3.3) 16.5 (2.1)*
Range of motion (18) 15.8 (1.8) 14.1 (3.2) 14.5 (3.4) 14.9 (2.7)
Muscle strength (10) 6.0 (2.1) 8.5 (0.9)* 6.3 (2.1) 8.5 (0.9)*
Flexion deformity (10) 8.6 (1.0) 8.8 (1.0) 8.5 (0.9) 8.8 (1.0)
Instability (10) 7.5 (1.2) 8.5 (0.9) 7.8 (0.9) 7.9 (1.1)
Subtraction 4.2 (0.6) 2.7 (0.5) 3.8 (0.9) 2.9 (0.8)

Follow up periods (month) 14.3 (6.9) 17.5 (10.5)

*Significantly improved (Wilcoxon signed rank tests).
Fig. 3. Arthroscopic observation of the repair tissue 5 weeks after
the transplantation of cells with a periosteal cover. The defect was
covered with the periosteum, and under the periosteum opaque

pink to white repair tissues could be observed.
REPAIR TISSUE EVALUATION

The first look operations were performed 6.7 (4–10)
weeks after transplantation when the Steinmann’s pins
were removed.

In three cases of the cell-transplanted with periosteum
cover patients the periosteum was partially detached from
the original defect and we could observe the repair tissue
from there. In the other cases, we could observe the repair
tissue when we elevated the periosteums (Fig. 3). The
defects were filled with opaque, white to pink tissue which
was in the same level as the adjacent normal cartilage and
was much softer than the normal cartilage. Histologically,
weak and diffuse metachromasia was observed and a
small area strong metachromasia existed (Fig. 4). We also
observed the periosteum histologically, but no cells that
suggested cartilage formation were found.

In four cases of 12 cell-free controls, part of the
periosteum was detached and repair tissue was observed
from there. In the other cases, we could observe the repair
tissue when we elevated the periosteums. The cartilage
defect was partially covered by red to yellow tissue with
little metachromasie, but the surfaces were irregular.

The second look operations were performed 42
(28–95) weeks after transplantation when the staples
were removed. Nine of 12 cell-transplanted, and six of 12
cell-free patients underwent this surgery.

In the cell-transplanted group, cartilage defects were
covered with white tissue which was much harder than that
observed in the second look operation, but still softer than
the normal cartilage (Fig. 5). No periosteum was observed,
but in three cases, tissues coming out from the articular
surface around the original defect could be observed,
which were suggested to be derived from the transplanted
periosteum. Histologically, in almost all areas of the
sampled tissue metachromasia existed and in some parts
hyaline-like cartilage was observed (Fig. 4).
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In the cell-free group, we observed six cases out of 12
patients in total. We observed three cases of multiple
perforation and three cases of abrasion with multiple per-
foration and there existed no differences between these
two on the arthroscopic and histological observations. No
periosteum was observed. The defect was covered with
white material with an irregular surface and in some areas
we could observe underlying bone (Fig. 6). Histologically,
metachromasia was weak in the repair tissue (Fig. 4).

The mean arthroscopic grading scores at the first obser-
vation were 8.6 points for the cell-transplanted group. In the
cell-free group, the scores were 7.2 points for the multiple
perforation group and 7.5 points for abrasion with multiple
perforation group, which were not significantly different
from those of the cell-transplanted group. The mean arthro-
scopic grading scores at the second observation were 10.4
points for the cell-transplanted group. In the cell-free group,
the scores were 7.7 points for the multiple perforation
group, which were not significantly different, and 8.3 points
for abrasion with multiple perforation group, which were
significantly different (P=0.0332) (Table III).

The mean histological grading scores at the first obser-
vation were 1.3 points for the cell-transplanted group. In the
cell-free group, those were 0.3 points for the multiple
perforation group, and 0.5 points for the abrasion with
multiple perforation group, which were not significantly
different from those of the cell-transplanted group. The
mean histological grading scores at the second observation
were 5.0 points for the cell-transplanted group. In the cell
free groups, those were 2.3 points for the multiple perfora-
tion group, which were significantly different (P=0.0449),
and 3.0 points for the abrasion with multiple perforation
group, which were not significantly different (Table III).

The mean total grading scores at the first observation
were 9.8 points for the cell-transplanted group. In the
cell-free group, the scores were 7.5 points for the multiple
perforation group, and 8.0 points for the abrasion with
multiple perforation group, which were significantly different
from those of the cell-transplanted group (P=0.0471,
0.0454, respectively). The mean total grading scores at
the second observation were 15.4 points for the cell-
transplanted group. In the cell free groups, those were 10.0
points for the multiple perforation group, and 11.3 points for
the abrasion with multiple perforation group, which were
significantly different (P=0.0260, 0.0257, respectively)
(Table III).

At the time of high tibial osteotomy, articular cartilage of
the poster-medial portion of the medial tibial plateau disap-
peared, and the subchondral bone was eburnated in all
patients. We did nothing for these, and no repair was
observed in any cases at any time.
Discussion
Fig. 5. Arthroscopic observation of the repair tissue 40 weeks after
the transplantation of cells with a periosteal cover. The defect was
covered with white tissue (right side of the stitches) which was

almost the same level as the adjacent normal cartilage.
Fig. 6. Arthroscopic observation of the repair tissue 43 weeks after
drilling with a periosteal cover. The defect was covered with white
material with an irregular surface, and underlying bone was

observed in some areas.
REPAIR OF CARTILAGE DEFECTS IN OSTEOARTHRITIC KNEE

Regeneration of articular cartilage defects in osteo-
arthritic knees was promoted by autologous culture
expanded bone marrow mesenchymal cell transplantation.
As early as 4–10 weeks after transplantation (first look
operation), the defects were covered with white to pink soft
tissue, in which metachromasie was partially observed.
Twenty-eight to 95 weeks after transplantation (second
look operation), the defects were covered with white soft
tissue which was much harder than the repair tissue at the
first look operation but softer than the surrounding normal
cartilage. Histologically, in almost all areas of the sampled
tissue metachromasie existed and in some parts hyaline-
like cartilage was observed. The arthroscopic and histo-
logical grading score of the cell-transplanted group was
significantly better than that of the cell-free group at both
the first and second look operations.

The mechanism of the promotion of the regeneration of
cartilage is unknown. The transplanted chondrocyte pro-
genitor cells may survive and make cartilage. It is also
possible that the transplanted cells produce some factors to
induce other cells to differentiate into cartilage and that
the transplanted cells do not make cartilage. It is impossible
to prove whether the transplanted cells survive in the
transplanted area in humans.

We have demonstrated that collagen gel provided
chondrocytes with a suitable environment in which to
synthesize matrix macromolecules and that it fixed cells
securely within the defects16. Thus, we used collagen gels
as delivery vehicles of bone marrow mesenchymal cells.
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From the results of this study, we thought that collagen gels
worked to some extent. The gels used in this study were
from porcine tendon and the sheets were from bovine
origin. Although both were mainly type I collagen, we have
no idea how the mixing of them influenced the results.

In the knee joint, the alignment of the lower extremity is
one of the most important factors for developing OA17. For
knee OA with various deformity but where the joint is not
severely damaged (medial uni-compartmental OA), high
tibial osteotomy which corrects the alignment of the lower
extremity is frequently performed. The clinical results are
reported to be good17–19. In this report, the clinical results
were as good as those of high tibial osteotomies reported
previously; no significant difference in the clinical results of
the short follow-up period existed between the cell-
transplanted and cell-free groups. The clinical examina-
tions cannot detect difference in the treatment procedure at
the short-term follow-up although histological and arthro-
scopical differences are seen. However, we expect that the
regenerated cartilage will make the long-term follow-up
results better and reduce the necessity for subsequent total
replacement.

The major feature of OA is cartilage erosion, which may
lead to eburnation of the underlying subchondral bone.
Many attempts have been made to promote cartilage
regeneration in the osteoarthritic knee joint. When the
mechanical axis of the leg was aligned correctly by high
tibial osteotomy, the ulcerate articular cartilage was
covered with fibrous and membranous cartilage20,21. Pridie
reported the effects of joint surface resection by drilling
multiple holes into cancellous bone for articular regener-
ation22. The abrasion of eburnated bone (superficial
debridement) is reported to be positively effective on the
tissue response in humans as compared with the
placement of drill holes23,24. These methods expose the
cancellous bone (spongialization) and promote bleeding
from the bone marrow in which progenitor cells and
cytokines are contained. These promote tissue regenera-
tion in articular cartilage defects in the osteoarthritic knee
joint to some extent, but the repair tissue by exposure of
the cancellous bone was reported to degenerate with
longer observation25.

It has been reported that periosteum transplantation was
effective in repairing articular cartilage defects26,27. It is
possible that the periosteum played some role in the repair
in our procedure, but we believe that the periosteum did not
play an important role because no cartilage formation was
observed in the transplanted periosteum as far as we could
tell.
BONE MARROW MESENCHYMAL CELL TRANSPLANTATION FOR

TISSUE REPAIR

This procedure has many advantages. First, it is easy to
obtain autologous cells. We anesthetized partially and
aspirated bone marrow blood. There are no side effects of
cell collection. The biggest advantage is that we can
proliferate cells without losing their capacity to differentiate
into cartilage, which is why we can apply this technique in
large articular cartilage defects10. The average width of the
cartilage defect in this study (14 mm×34 mm) represents
one of the biggest defects to have been repaired by cell
transplantation3.

In animal experiments, bone marrow mesenchymal cells
were reported to differentiate into astrocytes28 or hepatic
oval cells29, which were not mesenchymal in origin. Thus,
bone marrow mesenchymal cells are a potentially useful
source of cells for repairing not only mesenchymal tissues
but also other dermal tissues.
Table III
Arthroscopic and histological grading score at first and second look operation

First look Second look

Cell+

Cell−

Cell+

Cell−

per ab+per per ab+per

Patient no. 12 6 6 9 3 3
Weeks after surgery 6.3 7.2 6.6 42 46 40
Arthroscopic

A. Width 2.5±0.7 2.3±0.8 2.3±0.8 2.9±0.3 2.3±1.2 2.3±0.6
B. Thickness 2.8±0.5 2.7±0.5 2.8±0.4 2.8±0.4 2.3±1.2 2.0±0.0
C. Surface regularity 2.2±0.8 1.8±0.8 2.0±0.9 2.8±0.4 1.7±0.6 2.0±0.0
D. Stiffness 0.3±0.5 0.2±0.4 0.2±0.4 1.0±0.5 0.7±0.6 1.0±0.0
E. Color 0.8±0.4 0.2±0.4 0.2±0.4 1.0±0.0 0.7±0.6 1.0±0.0

Subtotal 8.6±1.7 7.2±2.0 7.5±1.5 10.4±1.2 7.7±4.0 8.3±0.6*
Histological

F. Cell morphology 0.6±0.7 0.2±0.4 0.2±0.4 1.6±0.7 1.0±1.0 1.0±1.0
G. Matrix staining 0.7±0.9 0.2±0.4 0.3±0.5 3.4±0.7 1.3±1.2 2.0±1.7

Subtotal 1.3±1.4 0.3±0.8 0.5±0.8 5.0±1.2 2.3±2.1* 3.0±2.7
Total 9.8±2.0 7.5±2.2* 8.0±0.9* 15.4±1.4 10.0±6.1* 11.3±2.3*

*Significantly different between cell+ and cell− (Mann–Whitney U-test).
Cell+, cell-transplanted; cell−, cell-free.
per, multiple perforation; ab+per, abrasion with multiple perforation.
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