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ARTICLE INFO ABSTRACT
Keywords: Background: Mosaic transplantation using autologous osteochondral graft (AOCG) is an effective treatment for
Autologous costal cartilage graft osteochondral lesion however, at the sacrifice of irreversible damage to the donor articular surface. Costal

Cartilage repair
Osteochondral defect
Swine model

cartilage is hyaline cartilage and has been utilized as a donor source in various surgeries. This study investigates
the use of autologous costal cartilage graft (ACCG) for treating femoral head osteochondral defects in a swine
model.

Methods: Osteochondral defects were surgically induced in the femoral heads of one-year-old Bama pigs
regardless of sex. The swine were divided into a Defect group without grafting (n = 6), a group grafted with
ACCG (n = 6) and a group grafted with AOCG from ipsilateral trochlear groove (n = 6). Postoperatively, swine
were allowed free cage activity without immobilization and were euthanized at either 3 or 6 months. Repair
effects were evaluated using pCT, MRI, histology and immunohistochemistry (IHC) to assess the osteochondral
properties of the grafted femoral head.

Results: There was no difference in the hip function of the Bama pigs between AOCG and ACCG groups. The
International Cartilage Repair Society (ICRS) scores showed no difference between AOCG and ACCG at both time
points. ACCG exhibited comparable trabecular thickness as AOCG’s, but lower trabecular number and higher
trabecular separation. Percent bone volume was significantly lower in the ACCG group when compared to AOCG
at 3 months, but not at 6 months. Modified MOCART scores were significantly higher in the AOCG group at 3
months but not at 6 months. MRI also detected increasing degree of ossification in the costal cartilage graft at all
time points. Histologically, ACCG formed a subchondral bone interface while maintaining the hyaline cartilage
characteristics on the articular surface. We also found that superficial layer of ACCG integrated more thoroughly
with the recipient cartilage than AOCG did. Furthermore, histology and IHC collectively demonstrated that ACCG
had undergone endochondral ossification process at the subchondral layer, evidenced by increased type I
collagen expression and decreased type II collagen expression. No donor-site morbidity was noted with ACCG
procedure during the study.

Conclusions: This study demonstrates that ACCG can serve as a viable alternative to AOCG for treating femoral
head osteochondral defects. The findings show that ACCG offers comparable outcomes to AOCG while avoiding
the donor-site morbidity associated with AOCG. Given the challenges related to the donor tissue availability and
associated complications in the clinical practice, ACCG could provide a promising and less invasive option for
cartilage repair.
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The translational potential of this article: This proposed method can be translated into practical treatment for
repairing osteochondral lesion in human hip joints and provide a new avenue for treating osteochondral lesions

in large joints.

1. Introduction

Hip joint arthritis affects up to 10-12 % of the population and the
femoral head osteochondral defect is one of the major causes of hip
arthritis [1-3]. The repair of osteochondral defects in the deep
weight-bearing joints, such as the hip joint, is clinically challenging [4,
5]. At present, several surgical treatments such as lesion curettage,
marrow stimulation techniques [6], perichondrium grafting, autologous
chondrocyte implantation (ACI) and autologous osteochondral graft
transplantation (AOCG) are available for small-to moderate-size artic-
ular defect [7-11], yet with respective limitations [12].

Marrow stimulating technique such as microfracture induced fibro-
cartilage filling is related to long-term joint deterioration as the resultant
clinical outcomes decrease over time [13]. ACI has been reported as a
promising treatment to produce hyaline or hyaline-like cartilage with
better durability than fibrocartilage produced by marrow stimulating
techniques [14]. However, the limitation of ACI is confined only for the
repair of full-thickness cartilage defect in the superficial joints and re-
quires two-stage surgeries [15]. AOCG received promising clinical
outcome and has been widely used to treat lesions between 1 and 4 cm?
[16]. AOCG utilizes hyaline cartilage to repair the defect and can form
connection with the recipient articular surface [17-21]. However,
AOCG cannot repair widespread lesions due to limited material from of
the donor joint [22] and the risk of donor-site morbidity [23]. Thus, it is
imperative to find an affluent and safe source of hyaline cartilage for
large femoral head osteochondral defect repair.

As hyaline cartilage, costal cartilage is histologically similar to
articular cartilage, with affluent source and easy accessibility [24]. The
transplantation of the junction of rib and costal cartilage has been
applied to the repair and reconstruction of multiple joints [25-27]. In
previous small animal experiments, autologous costal cartilage graft
(ACCG) transplantation has repaired the knee osteochondral defect
through biological integration with the subchondral bone and formed
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solid osteochondral interface structure with no change of hyaline
cartilage morphology [28,29]. Therefore, we attempt to test the feasi-
bility and the reliability of ACCG for femoral head osteochondral defect
repair in large animal model by comparing with AOCG (Fig. 1).

2. Materials and methods
2.1. Animals

Eighteen adult Bama pigs (1 year old) were randomly divided into
three treatment groups (n = 6 each) [30]. Ventilator support and oxygen
inhalation were given during anesthesia. A 6 mm-diameter, 8 mm-deep
osteochondral defect was created in the right femoral head. The defect
was either left untreated (Defect group) or randomized to grafting with
ACCG from right 7th or 8th costal cartilage or AOCG from trochlear
groove (Fig. 1). Postoperatively, Bama pigs were allowed for free cage
activity without immobilization and were euthanized at 3 or 6 months
postoperatively [31]. Weight information of Bama pigs is listed in
Supplementary Table 1. All procedures in the present study were strictly
executed in accordance with the ethic committee of Shanghai 6th Peo-
ple’s Hospital (Animal Welfare Ethics Acceptance #: DWLL2021-0852;
Animal Experiment Registry #: DWSY2018-0195).

2.2. Model creation and postoperative care

AOCG collection: To access the trochlear groove, an 8 cm long skin
incision was made at the medial aspect of the patella. Following the
medial knee arthrotomy, the patella was subluxated to the lateral side to
expose the trochlear groove. AOCG was collected using a 6 mm-diameter
biopsy punch of 8 mm in depth.

ACCG collection: After the osseocartilaginous junction was exposed
via lateral subaxillary approach, ACCG was harvested directly from the
right 7th or 8th cartilaginous part of rib without bony part using a 6 mm-
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Fig. 1. Schematic representation of the surgical procedures in the defect and graft groups.
Osteochondral defect of femoral head was made through the lateral incision of the hip joint. AOCG was collected from the ipsilateral trochlear groove using a 6-mm
diameter biopsy punch through a medial knee incision. ACCG was harvested from the right 7th or 8th costal cartilage. AOCG or ACCG was inserted into the defect

area, ensuring no plug protrusion or sedimentation.
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diameter biopsy punch with perichondrium carefully removed. The
depth limitation design of the biopsy punch ensured that the harvested
sample was consistent in diameter and depth. During the harvest pro-
cedure, care must be taken to avoid pneumothorax.

Defect creation: To create osteochondral defect of femoral head, an 8
cm long incision was made over the lateral side of the hip joint. After
capsulotomy, the femur was abducted and externally rotated to expose
the lateral weight-bearing zone of the femoral head. A biopsy punch was
used to create an osteochondral defect (6 mm in diameter, 8 mm in
depth). No plug protrusion or sedimentation was ensured after AOCG or
ACCG was inserted into the defect area.

Wound was closed layer-by-layer with bioabsorbable sutures. After
surgery, the animals were returned to the enclosures and monitored
until full recovery. They were allowed to move freely without
restrictions.

Postoperative hip function evaluation was performed at 3 and 6
months. Then, the Bama pigs were euthanized by hemorrhagic shock
under pentobarbitone anesthesia. The entire hip joint including the ac-
etabulum and femoral head was harvested for analysis.

2.3. Motor function assessment

Hip function was recorded by single-lens reflex camera (ILCE-7RM3,
SONY) and was assessed using the porcine thoracic injury behavior
scoring (PTIBS) system for locomotor behavior at 3 and 6 months after
surgery [32]. The locomotor function of the Bama pigs was observed and
assessed by trained researchers following previously described methods
(Supplementary Table 2).

2.4. MRI

MRI examination was performed by 3-Tesla MR scanner (MAGNE-
TOM, Prisma, Siemens Healthineers, Erlangen, Germany) on intact hip
joints collected. Images were collected in the sagittal plane of the
femoral head including following sequences: Proton Density Weighted
Image (PDWI), TIWI and T2WI [33]. Modified magnetic resonance
observation of cartilage repair tissue (MOCART) scoring system was
used to evaluate the morphological status of the grafting plug and sur-
rounding cartilage [34,35]. In specific, total modified MOCART score
ranges from 0 to 100 as a collection of seven variables that include de-
gree of defect filling, cartilage interface integration, surface, structure
and signal intensity of the graft, bony defect, and subchondral changes
(Supplementary Table 4).

2.5. Macroscopic observation

The macroscopic appearance was assessed according to the Inter-
national Cartilage Repair Society (ICRS) macroscopic scoring system.
Items include the degree of the defect filling, integration to the border
zone and the appearance of repaired surface (0—4 points for each item,
12 points in total) (Supplementary Table 6) [36].

2.6. Biomechanical assessment

The nanoindentation test was used to analyze the hardness and
elastic modulus [37]. Indentation was performed using the Hysitron TI
950 Tribolndenter nanomechanical testing system (Bruker, Ettlingen,
Germany) to assess the biomechanical properties between the ACCG,
AOCG and Defect groups. Briefly, the specimens were trimmed to fit in
the modular of the mechanical testing device and at least 9 indentations
were made on each sample to assess hardness and elastic modulus under
depth-controlled mode (200 nm) at a constant loading and unloading
rate of 20 nm/s and a 10-s hold at the peak depth. The elastic modulus
was calculated from the unloading segment of the load-penetration
depth curve following the Oliver-Pharr method. During the test, sam-
ples were kept moist with saline solution.

415

Journal of Orthopaedic Translation 50 (2025) 413-422
2.7. Micro-CT (uCT)

The samples were scanned by micro-tomograph 1076 scanner (Sky-
scan, Kontich, Belgium) for pCT analysis. The data were acquired at a
resolution of 35 mm and reconstructed using a modified Feldkamp al-
gorithm provided by Skyscan. Visualization and analysis were carried
out with MIMICS (Materialize, Leuven, Belgium) and Ctan (Bruker,
Ettlingen, Germany). The region of interest (ROI) was contoured in a
cylinder with a diameter of 6 mm centered on the graft. Percent bone
volume (BV/TV), trabecular number (Tb. N), trabecular separation (Tb.
Sp), and trabecular thickness (Tb. Th) at different postoperative time
points of AOCG and ACCG were analyzed.

2.8. Histology and immunohistochemistry (IHC)

The specimens were fixed in 4 % paraformaldehyde (PFA). After
decalcification, ethanol dehydration, and paraffin embedding, serial
sections (5-pm-thick) were stained with hematoxylin—eosin (H.E.),
Masson’s trichrome staining and ALP staining [38]. Immunohisto-
chemistry (IHC) was conducted using anti-Collagen type I (Collal,
monoclonal; dilution factor 1:500; Abcam), anti-Collagen type II
(Col2al, monoclonal, dilution factor 1:500; Abcam). Horseradish
peroxidase-conjugated goat anti-rabbit IgG (1:2500; BA1055; Boster,
Wuhan, China) was used as the secondary antibody [35]. Modified
Mankin score was used to evaluate the severity of osteoarthritis of the
femoral head [39] (Supplementary Table 7). For Goldner’s trichrome
staining, the specimens were prepared at 7-pm-thick for hard tissue
sections.

2.9. Statistical analysis

Data were analyzed and presented using GraphPad Prism version
9.0. Descriptive statistics were reported as means, standard deviations
(SD), medians, and minimum and maximum values. The Shapiro-Wilk
test was used to assess the normality of the test score distributions. If
the data followed a normal distribution, parametric statistics were
applied. The significance of the differences between the tested and
control samples (or different groups) was calculated using one-way
ANOVA. The Siddk post hoc test was used to identify differences be-
tween the tested groups. P-values less than 0.05 were considered sta-
tistically significant.

3. Results

3.1. ACCG and AOCG show equivalent therapeutic effect in treating
femoral head osteochondral defect

All the experimental animals in Defect, ACCG and AOCG groups
recovered full range of motion within one week after surgery. The
Porcine Thoracic Injury Behavior Scale (PTIBS) was used to assess the
hip function in Bama pigs at postoperative 3 and 6 months. Functional
assessment showed no significant difference in the activity between
groups at postoperative 3 months (Defect: 10.00 + 0.00, AOCG: 10.00
+ 0.00, ACCG: 10.00 + 0.00) (Supplementary Table 3). However, the
hip functions of Defect group declined significantly at postoperative 6
months (Defect: 8.67 + 0.58, AOCG: 10.00 + 0.00, ACCG: 10.00 =+ 0.00;
PpefectvsaccG = 0.006; Ppefectvsaocg = 0.006) (Supplementary Table 3).
There was no sign of complications such as physical restriction,
inflammation or swelling in all groups till euthanasia (Supplementary
Table 8). Therefore, ACCG is effective in treating the osteochondral
defect in the femoral head of Bama pig model and has yielded compa-
rable therapeutic effect as AOCG provides.
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3.2. Macroscopic appearance reveals equivalent reconstruction of femoral
head osteochondral defect using AOCG and ACCG

During the sample collection, the Defect group exhibited irregular
articular surface, localized growth of synovium and fibrous tissues, and
degeneration of cartilage (Fig. 2b—c). All grafts in the ACCG group
remained in place without separation, protrusion, or deposition (Fig. 2h
and i). The cartilage surface of the AOCG (Fig. 2e and f) and ACCG
exhibited a smooth and uniform texture, similar to that of the recipient
joint surface. The ACCG (3 months: 10.67 + 0.58, 6 months: 11.33 +
0.58) and AOCG (3 months: 10.67 + 0.58, 6 months:11.67 + 0.58)
groups showed significantly higher ICRS scores when compared to the
Defect group (3 months: 6.67 + 0.58, 6 months: 6.33 + 0.58) at both 3
months (Ppefectvsaccg < 0.001; Ppefectvsaoce < 0.001) and 6 months
(Ppefectvsaccg < 0.001; ppefectvsaocg < 0.001). No significant difference
was observed between the AOCG and ACCG groups at either time point
(Fig. 2j).

Intraoperation

J ICRS Grading
15— | - I -
[ Defect
B AOCG
> 10 mm ACCG
€
S
o
| ﬂ
0
3 months 6 months

Fig. 2. Macroscopic observation and ICRS grading at different postoperative
time points

Fig. 2. Macroscopic observation and ICRS grading. Intraoperative photographs
of a Bama pig’s femoral head articular surfaces from the defect, AOCG, and
ACCG groups (a, d, g). Macroscopic observations at various postoperative time
points (b, c, e, f, h, i). Arrows indicate the areas of defects or grafts. ICRS
grading of the femoral head articular surfaces at different time points showed
no statistical difference between the AOCG and ACCG groups, both differing
significantly from the defect group (j). *p-value < 0.05, **p -value < 0.01, ***:
p -value < 0.001.
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3.3. ACCG repairs osteochondral defects and prevents hip joint
degeneration

The modified MOCART score was employed to evaluate the repair
status of the grafts (Supplementary Table 5). At 3 months, The AOCG
group (90.00 + 5.00) was significantly higher than that of the defective
group (60.00 + 5.00, p < 0.001) and the ACCG group (76.67 + 2.89, p
=0.01). The ACCG group also had a significantly higher score compared
to the Defect group (p = 0.003). By 6 months, the difference between the
ACCG (81.67 + 2.89) and AOCG (91.67 + 5.77) groups had dis-
appeared, with both groups demonstrating higher scores than the Defect
group (56.67 =+ 5.77, ppefectvsaccG < 0.001; ppefectvsaocg < 0.001) and
maintaining a statistically significant difference (Fig. 3g). In T2
sequence, we observed homogeneously lower signal intensity in ACCG
at postoperative 6 months when compared with earlier time points,
suggesting that the hyaline costal cartilage had been gradually replaced
by bony tissue (Fig. 3e and f).

3.4. ACCG maintains the biomechanical properties of articular cartilage
after implantation

To further evaluate the mechanical property of the implant, we
performed nano indentation test. At 3 months, both AOCG (4.67 + 0.88
MPa) and ACCG (3.13 + 1.25 MPa) exhibited significantly lower elastic
modulus when compared to the Defect group (23.97 + 6.76 MPa, pp..
fectvsaccG = 0.001; Ppefectvsaocg < 0.001), while no significant difference
was observed between AOCG and ACCG group (p = 0.960). The elastic
module of ACCG remained stable at 6 months in comparison with 3
months (p = 0.514), with both AOCG (4.12 + 1.86 MPa) and ACCG
(4.03 + 1.80 MPa) remained lower than Defect group (17.61 + 6.42,
DpefectvsaccG = 0.010; ppefectvsaocg = 0.020), indicating that ACCG could
maintain biomechanical property of hyaline cartilage after trans-
plantation (Supplementary Fig. 1).

3.5. ACCG transplantation undergoes ossification in the subchondral
region

To evaluate the trabecular status of two different grafts at different
time points, pCT scan and quantitative analysis were performed (Fig. 4 &
Supplementary Table 9). The mean percent bone volume (BV/TV) and
trabecular number (Tb. N) of ACCG group were lower than AOCG group
at 3 months (BV/TV (%): Defect:12.53 + 8.24, AOCG: 52.42 + 14.65%,
ACCG: 12.81 + 2.35, PDefectvsACCG = 0.004; PAOCGvsACCG < 0.001; Tb. N
(1/1073pm): Defect: 0.69 + 0.40, AOCG: 2.96 + 0.50, ACCG: 0.58 +
0.14, Pppefectvsaoce < 0.001; paocevsacce < 0.001), yet gradually
increased until no significant difference of BV/TV was shown at 6
months in comparison with AOCG (BV/TV (%): Defect: 38.17 + 1.45,
AOCG: 48.01 + 17.75, ACCG: 33.67 + 12.54, Ppefectvsaocg = 0.911;
PaocGvsaccg = 0.433; Tb. N (l/lO’spm): Defect: 1.92 + 0.11, AOCG:
3.55 + 0.14, ACCG: 1.98 + 0.66, ppefectvsaocGg = 0.003; paocgvsaccg <
0.001), indicating the ossification of ACCG in the subchondral region. At
6 months, though the Defect group exhibited an increase of BV/TV and
Tb. N, the trabecular separation (Tb. Sp) remained significantly higher
than AOCG and ACCG (3 months: Defect: 1678.89 + 618.59 pm, AOCG:
266.09 + 64.51 pm, ACCG: 1200.86 & 306.05 pm, Ppefectvsaocg < 0.001;
Paoccvsaccg = 0.002; 6 months: Defect: 1178.12 + 118.34 pm, AOCG:
179.55 + 24.16 pm, ACCG: 553.97 + 334.85 pm, Ppefectvsaocg < 0.001;
Ppefectvsaccg = 0.031). No difference of Tb. Sp was observed between
ACCG and AOCG at 6 months (p = 0.248). Collectively, these results
indicate that ACCG implant underwent ossification in the subchondral
region, which favor the reconstruction of subchondral bone (Fig. 4m-p).

3.6. ACCG remains hyaline articular surface while subchondral
ossification occurs

The sections of femoral head articular surface of three groups
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Fig. 3. MRI assessment at different postoperative time points
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Fig. 3. MRI examination at different postoperative time points. T2 sequences of femoral head without grafting: Defect (a, b), transplanted with AOCG (c, d) or ACCG
(e, f) at different postoperative time points. White arrows indicate the margin of the defect or grafts. (g) Modified MOCART score at different postoperative time
points. Scale bar = 1 cm. *p-value < 0.05, **p -value < 0.01, ***p -value<0.001.

underwent histological assessment using H.E., Masson, and Goldner
staining. In the Defect group, the defect was filled with fibrocartilage
and fibrous tissues on the joint surface while abnormal cartilage struc-
ture with degenerative cartilage was formed adjacent to the defect site
(Fig. 5A-D, M-P). The autologous grafts of both ACCG and AOCG sur-
vived and could be observed in situ at all time points (Fig. 5E-L, Q-X).
Interestingly, the subchondral portion of the ACCG gradually ossified
while the cartilage surface of the ACCG group remained cartilaginous
and smooth (Fig. 5Q-X). Mankin scores showed no difference between
AOCG (3 months: 2.67 + 1.16; 6 months: 2.33 + 1.53) and ACCG (3
months: 3.67 + 0.58; 6 months: 4.33 + 0.58) groups at either time
points, while the Defect group (3 months: 6.67 + 0.58; 6 months: 8.00
=+ 1.00) had significantly higher Mankin score when compared to AOCG
group and ACCG group at both time points (3 months: ppefectvsaoce <
0.001; ppefectvsaccg = 0.008; 6 months: ppefectvsaocg < 0.001; ppe.
fectvsaccG = 0.002) (Supplementary Fig. 2). At 3 and 6 months, despite
the good integration of the subchondral bone, the AOCG group still
showed fissures at the junction of the cartilaginous surface between the
grafts and recipient cartilage (Fig. 5 G, H, S, T). Conversely, at 3 months,
the ACCG group demonstrated superior integration with the recipient
articular cartilage and showed rich extracellular matrix composed of
type II collagen in both recipient articular cartilage and ACCG (Fig. 5K,
W, k, w), indicating that the repair tissue possessed characteristics
similar to the extracellular matrix of recipient hyaline cartilage at the
surface (Fig. 5 g-t, u-x). On the other hand, type I collagen staining of the
cartilage surface of ACCG as well as the tissue junctions was negative,
suggesting that the surface of ACCG did not undergo ossification (Fig. 5i-
D.

Further observation of the ACCG group revealed multiple porous
ossification centers within the grafts at 3 months postoperatively (Fig. 6
A-R). After 6 months, the subchondral bone portion of ACCG showed
significant increase in the extent of ossification (Fig. 6a-r). In ACCG,
these ossification centers co-localized with the type I collagen expression
observed at as early as 3 months after operation (Fig. 6 D), while the type
II collagen staining disappeared from the type I collagen-positive areas
(Fig. 6 E). In collection with the previous uCT results, IHC findings favor
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an endochondral ossification-like process (Fig. 6).
4. Discussion

Osteochondral defects, prevalent in athletes and the elderly, are a
major risk factor for the development of osteoarthritis, necessitating
effective treatment strategies. Abnormal biomechanical loading at the
edges of these defects can promote osteoarthritis in the adjacent carti-
lage [40]. Currently, various experiments suggest that the treatment for
repairing deep osteochondral defects in cartilage is limited [41]. Addi-
tionally, artificial “off-the-shelf” implants like scaffolds have demon-
strated poor clinical outcomes with revision rates as high as 70 % [42,
43]. While AOCG is a promising treatment method for osteochondral
defect, it has limitations such as scarcity of donor materials and
morbidity at the donor sites [44]. Moreover, the joint surface recon-
structed by AOCG combines hyaline and fibrous cartilage as gaps be-
tween the multiple AOCG plugs are filled with fibrous tissue, leading to
poor biomechanical properties and durability [45]. Therefore, it is
prompt to find a reliable and abundant autologous source for osteo-
chondral defect repair while minimizing donor site morbidity.

Costal cartilage not only has a composition similar to the articular
cartilage but also has sufficient cell yield and fast ex vivo proliferation
rates [46-48]. Costal cartilage has been utilized in various surgical
procedures, including rhinoplasty and auricular reconstruction [49,50].
Moreover, the donor-site of costal cartilage can provide a sufficient
source of hyaline cartilage and exhibits low morbidity [51]. Previously
in a rabbit model, ACCG transplantation has repaired the knee osteo-
chondral defect through biological integration with the subchondral
bone. ACCG formed solid osteochondral interface structure and main-
tained hyaline cartilage morphology [28,29]. But its therapeutic efficacy
in large animal model has not been tested. Therefore, this study is
designed to investigate the efficacy of using ACCG to repair osteo-
chondral defect in deep weight-bearing hip joint using femoral head
osteochondral defect model in Bama pigs.

In the treatment groups, we implanted either AOCG or ACCG into the
osteochondral defect created in the weight-bearing area of a femoral
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Fig. 4. pCT assessment at different postoperative time points

Fig. 4 pCT assessment at different postoperative time points. (a-f) Three-dimensional reconstruction of subchondral bone and (g-i) cross-sections of pCT scan of
defect, AOCG and ACCG at different postoperative time points. White arrows indicate the margin of defect or grafts. Scale bar = mm. (m) Percent bone volume (BV/
TV), (n) trabecular number (Tb. N), (o) trabecular separation (Tb. Sp) and (p) trabecular thickness (Tb. Th) at different postoperative time points. Scale bar = 1 mm.

*p-value < 0.05, **p -value < 0.01, ***p -value<0.001.

head. The results of the PTIBS have provided an important insight into
the functional recovery of the subjects following treatment. At 3 months,
all groups had achieved perfect scores, indicating comparable functional
recovery in the early phase. However, by 6 months, the functional
outcome of the Defect group declined slightly and was significantly
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lower than that of the ACCG and AOCG groups. These results suggested
that although the Defect group managed to compensate the lower limb
activities initially, the Defect group gradually manifested with symp-
tomatic activity limitation over time, whereas the treated groups
continued maintaining better functional performance. This is consistent
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Fig. 5. Histology assessment of Defect, AOCG and ACCG at different postoperative time points with overall view and magnified view. (A-L) H.E. staining, (M-X)
Masson staining, (a-1) Collagen I staining and (m-x) Collagen II staining of femoral head articular surface at different postoperative time points. The green box are
magnified views of the zoomed-in area. Scale bar = 1 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

with our imaging and histologic findings.

Both implants remained stable in situ and maintained smooth sur-
faces without exposed bone tissue or synovitis symptoms. The ICRS
scores indicated that there was no macroscopic difference between the
AOCG and ACCG at all time points. The MRI showed no significant
signal changes in AOCG or ACCG surface. H.E., Masson, ALP and IHC
staining demonstrated that the superficial layer of ACCG at the joint
surface maintained the morphology of hyaline cartilage. Ma et al. re-
ported that the synovial membrane can maintain the costal cartilage
phenotype and thus prevents hypertrophic differentiation during carti-
lage repair [52]. Liu et al. reported that the avascular, absence of neural
innervation, hypoxic microenvironment helps maintain the current form
of hyaline cartilage [53], which explains the absence of significant
degeneration or ossification on the surface of ACCG. More importantly,
small fissures at the graft-cartilage interface with recipient tissue in
AOCG were observed, indicating poor regenerative capacity. On the
other hand, costal cartilage formed integrated interface between the
surrounding articular cartilage and ACCG-repaired osteochondral
defect, indicating its regenerative potential.

419

In addition to the superficial cartilage layer, the remodeling of sub-
chondral bone is equally crucial. The AOCG group, regarded as the gold
standard for osteochondral defect repair, exhibited a higher bony signal
on the modified MOCART score when compared to ACCG group at 3
months. By 6 months, the bony signal of ACCG had increased which is
indicative of the remodeling of subchondral portion in ACCG. puCT
analysis of the subchondral structure revealed that AOCG constantly had
higher trabecular number and lower trabecular separation values at all
time points when compared to ACCG. Interestingly, from postoperative
3-6 months, there was a significant increase in both trabecular number
and percent bone volume in the ACCG group. By 6 months, the percent
bone volume in ACCG was comparable to that of AOCG, further
demonstrating that the embedded costal cartilage grafts had been un-
dergoing a remodeling process to form trabecular bone. Importantly, the
remodeled trabecular bone in the ACCG matched the thickness of the
recipient’s trabecular bone, indicating that the ACCG’s ossified layer
truly became mechanically functional subchondral bone [54,55]. At 6
months, the functional, histological and radiographic outcomes for both
ACCG and AOCG were similar and superior to the Defect group, further
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Fig. 6. Histology evaluation of ACCG over time
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Fig. 6. Magnified views of different areas on ACCG at different postoperative time points. (A-F, a-f) Center area of the costal cartilage graft. (G-L. g-1). Side area of the
costal cartilage graft. (M-R, m-r) Bottom area of the costal cartilage graft. The arrows indicate the locations where endochondral ossification occurs. Scale bar =

1 mm.

suggesting that ACCG is a feasible, effective and safe method for
repairing femoral head osteochondral defect without sacrificing the
donor joint.

Histological assessment revealed that both AOCG and ACCG
exhibited excellent integration at the graft-bone interface, ensuring the
anatomical stability of the grafts. Most interestingly, by 3 months
postoperatively, ACCG sections had shown multiple scattered ossifica-
tion centers beneath the subchondral bone, which was also confirmed by
pCT and modified MOCART. These multicentric ossification centers
were located not only around the bone-graft interface but also within the
center of the costal cartilage grafts, where clusters of cartilage cells and
large cartilage lacunae were observed. By 6 months, these subchondral
ossification centers have gradually merged and were replaced by
trabecular bone, which integrated stably with the recipient tissue [38].
Pang et al. demonstrated previously that when the costal cartilage was
transplanted into mouse knee joints, blood vessels could invade the
grafts at the bone interface, thereby initiating the endochondral ossifi-
cation [50]. Therefore, the observed endochondral ossification-like
process might explain the remodeling of ACCG at subchondral layer
after transplantation.

By elucidating the signaling pathways involved in the endochondral
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ossification observed in ACCG and through long-term study to explore
the prognosis of ACCG-repaired femoral head. Once the effectiveness of
this proposed method is verified, ACCG can be potentially translated
into practical therapy to treat large-scale osteochondral lesions in the
weight-bearing joint in human.

Future investigation is needed to elucidate the possible signaling
pathways involved in the endochondral ossification observed in ACCG.
Long-term studies will be performed to explore the prognosis between
AOCG and ACCG to validate their clinical effectiveness. Additionally, we
used Bama pigs as the large animal model in this study. Due to the
differences in the weight-bearing mechanics between bipeds (human)
and quadrupeds (Bama pigs), osteochondral repair process may vary.

5. Conclusion

In summary, ACCG shows promise as a treatment for femoral head
osteochondral defects. During the repair process, we have observed an
intriguing endochondral ossification-like remodeling in ACCG, where it
transforms into an articular osteochondral unit after being transplanted
into the joint environment. Furthermore, costal cartilage is an affluent
and readily available hyaline cartilage source with minimal donor-site
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morbidity. Lastly, it is worth noting that the short-term repair efficacy
using ACCG was not inferior to that provided by AOCG in terms of
treating femoral head osteochondral lesion in a swine model.
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