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Abstract
The study was aimed to investigate microarchitecture of osteochondral junction in patients with osteonecrosis of the femoral 
head (ONFH). We hypothesis that there were microarchitecture alternations in osteochondral junction and regional differ-
ences between the necrotic region (NR) and adjacent non-necrotic region(ANR) in patients with ONFH. Femoral heads with 
ONFH or femoral neck fracture were included in ONFH group (n = 11) and control group (n = 11). Cylindrical specimens 
were drilled on the NR/ANR of femoral heads in ONFH group and matched positions in control group (CO.NR/ CO.ANR). 
Histology, micro-CT, and scanning electron microscope were used to investigate microarchitecture of osteochondral junc-
tion. Layered analysis of subchondral bone plate was underwent. Mankin scores on NR were higher than that on ANR 
or CO.NR, respectively (P < 0.001, P < 0.001). Calcified cartilage zone on the NR and ANR was thinner than that on the 
CO.NR and CO.ANR, respectively (P = 0.002, P = 0.002). Tidemark roughness on the NR was larger than that on the ANR 
(P = 0.002). Subchondral bone plate of NR and ANR was thicker than that on the CON.NR and CON.ANR, respectively 
(P = 0.002, P = 0.009). Bone volume fraction of subchondral bone plate on the NR was significantly decreasing compared 
to ANR and CON.NR, respectively (P = 0.015, P = 0.002). Subchondral bone plate on the NR had larger area percentages 
and more numbers of micropores than ANR and CON.NR (P = 0.002/0.002, P = 0.002/0.002). Layered analysis showed that 
bone mass loss and hypomineralization were mainly on the cartilage side of subchondral bone plate in ONFH. There were 
microarchitecture alternations of osteochondral junction in ONFH, including thinned calcified cartilage zone, thickened sub-
chondral bone plate, decreased bone mass, altered micropores, and hypomineralization of subchondral bone plate. Regional 
differences in microarchitecture of osteochondral junction were found between necrotic regions and adjacent non-necrotic 
regions. Subchondral bone plate in ONFH had uneven distribution of bone volume fraction and bone mineral density, which 
might aggravate cartilage degeneration by affecting the transmission of mechanical stresses.

Keywords Osteonecrosis of the femoral head · Osteochondral junction · Microarchitecture alternations · Regional 
differences · Hypomineralization

Introduction

Osteonecrosis of the femoral head (ONFH) is a debilitating 
disease primarily affecting patients in the 3rd–5th decades 
of life, which progresses to femoral head collapse and leads 
to total hip arthroplasty before the age of 50 [1–3]. Glu-
cocorticoid use is the most common cause of ONFH and 
associated with > 50% of the cases [4]. Compared to pri-
mary osteoarthritis (OA) patients, patients with ONFH are 
younger, and hip preservation treatment is more appropriate 
especially before collapse of the femoral head. Preventing 
cartilage degeneration and collapse of the femoral head for 
patients with ONFH could be the key point for hip preserva-
tion therapy.
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Currently, hip preservation therapy for ONFH focuses more 
on bone reconstruction in necrotic regions. Alterations of sub-
chondral trabeculae in necrotic region are suspected to have a 
predominant role on collapse of the femoral head [5]. However, 
core decompression combined with bone grafting has been 
only shown to have good results in early-stage patients, but not 
effective in moderate/advanced-stage patients [6]. Cartilage 
degeneration has not been inhibited, which was one of criti-
cal problems. Osteochondral junction is a transitional region 
between articular cartilage and subchondral bone and closely 
associated with cartilage function. It has been neglected in 
hip preservation therapy, and few studies have focused on this 
region of ONFH, especially its microarchitecture.

Osteochondral junction is composed of mineralized calci-
fied cartilage zone (CCZ) and subchondral bone plate(SCP). 
It plays multiple roles between the subchondral bone and 
the cartilage [7] (Fig. 1). Previous studies have confirmed 
that it was associated with the aggravation of OA [8, 9]. In 
OA, bottom-up calcification thickens the calcified cartilage 
region, which disrupts the cartilage structure, and the scle-
rosis of SCP in response to the mechanical stress leads to 
cartilage degeneration [10, 11]. Therefore, studying osteo-
chondral junction of ONFH will beneficial to understand its 
impact on cartilage degeneration and femoral head collapse, 
and provide new insights into hip preservation therapies.

The study was aimed to investigate microarchitecture of 
osteochondral junction in ONFH by histology, micro-CT, 
and scanning electron microscope (SEM). We hypothesis 
that there are microarchitecture alternations in osteochondral 
junction and regional differences between the necrotic region 
and adjacent non-necrotic region in patients with ONFH.

Methods

Study Population

Patients were recruited from the Second Affiliated Hos-
pital of Xi‘an Jiaotong University in China from January 
2022 to April 2023. Patients were enrolled in ONFH group 
(ONFH) and control group (Control) based on their diag-
nosis. Inclusion criteria: (1) Patients were diagnosed with 
ONFH-staged ARCO III [12] or femoral neck fracture due 
to acute trauma before operations. (2) Patients with ONFH 
had a history of glucocorticoid use. (3) Patients underwent 
total hip arthroplasty. Exclusion criteria: (1) Patients with 
ONFH had a history of alcohol abuse, hip trauma, or diving. 
(2) Patients had osteoporosis, diabetes mellitus, malignant 
diseases, any signs of hip OA or other joint diseases. (3) 
It was no more than 2 days from injury to operations for 
patients with femoral neck fracture. Clinical data [age, sex, 
and body mass index (BMI)] were collected. The study was 
in accordance with The Code of Ethics of the World Medical 
Association. Patients signed informed consent before this 
study. The study had been approved by the Human Ethics 
Committees of Xi’an Jiaotong University (2022–776).

Processing of Tissue

Femoral heads were washed by normal saline to remove 
residual blood. All necrosis regions of ONFH were located 
on the anterosuperior aspect of femoral heads (Fig. 2a). To 
avoid individual difference of femoral heads, radius of the 
femoral head was defined and measured: the smallest exter-
nal circle was drew based on horizontal view of the femo-
ral head, and the radius of circle was defined as radius of 
the femoral head,  L1 (Fig. 2b). Cylindrical specimens with 
diameter of 5 mm and length of (6–8) mm were drilled on 
the necrotic region (NR) and adjacent non-necrotic region 
(ANR) of ONFH femoral heads (Fig. 2c). As for Control, 
specimens were drilled on the anterosuperior aspect (CO.
NR) and lateral aspect (CO.ANR), which were corresponded 
to NR and ANR in ONFH. All specimens were embalmed 
in a 10% neutral buffered formalin solution or a 2.5% glu-
taraldehyde solution, and were stored in sealed containers 
at 4 °C.

Micro‑CT

Specimens were washed repeatedly with phosphate buffer 
saline to remove potential bone debris and scanned by a 
high-definition micro-CT (SkyScan1276, Bruker). The fol-
lowing settings were used for projection image acquisition: 
X-ray tube voltage = 50 kV, X-ray tube current = 200 mA, 
exposure time = 1500  ms, filter = 0.5  mm Al, frame 

Fig. 1  The osteochondral junction composed of calcified cartilage 
zone and subchondral bone plate is between the red and yellow lines 
(Color figure online)
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averaging = 3, amount of projection images = 1200, and iso-
tropic voxel size = 2.8 mm. Projections were reconstructed 
with Nrecon software (v1.6.9.8) with beam hardening and 
ring artifact corrections applied. The outer 100-µm rim of 
the specimens was excluded to avoid incorporating potential 
bone debris and other artifacts.

The volume of interests (VOI), located at SCP, was a 
cylinder with a diameter of 2000 µm and a height as the 
same as the thickness of SCP. It had typical porous struc-
ture, and the pore wall was similar to trabecular bone [11]. 
Thus, bone volume fraction (BVF), bone mineral density 
(BMD), trabecular thickness, trabecular number, trabecular 
separation, and open porosity percentage of the VOI were 
measured and analyzed. Furthermore, the VOI was divided 
equally into 5 equal parts based on the thickness of SCP. 
These parts were defined as zones 1, 2, 3, 4, and 5 along 
the cartilage to marrow space (Fig. 3a). BMD and BVF of 
5 zones were measured and analyzed. On 3D reconstructed 
images of specimens, cartilage was segmented to expose 
SCP surface (Fig. 3b, c). Area percentages and numbers of 
micropores were measured and analyzed by Fiji software.

Histology

Specimens were decalcified for 8  weeks using EDTA 
after micro-CT scanning. They were dehydrated using 
ascending concentrations of ethanol (70–100%), embed-
ded in paraffin wax, and sectioned coronally (5  μm). 
Sections were stained by Safranin O/Fast Green, hema-
toxylin–eosin, Masson, and Sirius red. Finally, sections 
were dehydrated through serial dilutions of ethanol, 
cleared in xylene, and mounted using neutral gum. A light 
microscopy was used to observe Safranin O/Fast Green, 

hematoxylin–eosin or Masson staining sections. Polarized 
light microscope was used to observe Sirius red staining 
sections. The following parameters were measured and 
analyzed by Fiji software (Fig. 3d):

Fig. 2  a: Femoral heads diagnosed as ONFH were divided into NR 
(white circle) and ANR; b: Horizontal view of the femoral head: 
CO.NR and CO.ANR were sites drilled in Control; A and B were 
the 2 points of the smallest external circle of the femoral head. C and 
L1 were the center and radius of the circle, respectively; c: Cylin-
drical specimens were drilled on the femoral heads. NR was the 

necrotic region in ONFH; ANR was the adjacent non-necrotic region 
in ONFH; CO.NR was the site corresponding to NR of ONFH and 
located on the anterosuperior aspect in Control; CO.ANR was the site 
corresponding to ANR of ONFH and located on the lateral aspect in 
Control (Color figure online)

Fig. 3  a: SCP was divided equally into 5 equal parts, which were 
displayed in 5 colors; b and c were SCP surface images scanned by 
micro-CT, which showed micropores; d: Images stained by Safra-
nin O/Fast Green showed microarchitectures of osteochondral junc-
tion(100 ×). The red line, blue line, and yellow-dotted line were tide-
mark, cement line, and projected length of CCZ, respectively (Color 
figure online)
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• Mankin score: Articular cartilage of Safranin O/Fast 
Green sections was assessed by 2 experienced patholo-
gists using Mankin’s grading system by double-blind 
principle[13].

• Mean thickness of CCZ: Area of CCZ divided by the 
projected length of CCZ on Safranin O/Fast Green sec-
tions[14].

• Mean thickness of SCP: Area of SCP divided by the pro-
jected length of CCZ on Safranin O/Fast Green sections.

• Roughness of tidemark and cement line: The true length 
of the tidemark and the cement line divided by the pro-
jected length of CCZ on Safranin O/Fast Green sections 
[15]. The two parameters could reflect microarchitecture 
alterations between hyaline cartilage and calcified car-
tilage, calcified cartilage, and subchondral bone plate, 
respectively.

• Bone maturity degrees: Red areas percentage to SCP on 
Masson staining sections.

• Collagen fibers alignment: Orientation frequency of 
collagen fibers in SCP was measured by OrientationJ(a 
plugin of Fiji) on Sirius red staining sections.

Scanning Electron Microscope

Specimens were fixed in 2.5% glutaraldehyde at 4 °C for 
24 h. After gradient alcohol dehydration and hexamethyl-
disilane-replacing alcohol, specimens were frozen in liquid 
nitrogen for 3 h and divided into two parts along cartilage-
marrow axis. Natural sections of specimens were observed 
by SEM (Gemini SEM 500, Carl Zeiss) after metal spraying. 
Ultrastructure of osteochondral junction, such as interlock-
ing, imbedding, and so on, were observed [16].

Statistics Analysis

Statistical analyses were performed by SPSS version 22. 
Quantitative variables were expressed as mean ± standard 
deviation ( x±s). Qualitative variables were expressed as 
numbers (%). Mann–Whitney U test was used for compari-
sons between 2 groups. χ2 test was used for comparisons 
between groups. Significance level was set at 5%.

Results

Patients

A total of 22 femoral heads were enrolled in ONFH (n = 11) 
and Control (n = 11). The age of ONFH (43.73 ± 13.78 years) 
was lower than that of Control (63.73 ± 3.19) (P < 0.001). 
There was no significant difference in BMI and sex between 
ONFH [(23.95 ± 1.74) kg/m2, 7/4(man/female)], and 

Control[(23.20 ± 1.71) kg/m2, 5/6(man/female)](P = 0.225, 
0.392).

Cartilage Degeneration

Safranin O/Fast Green sections showed that cartilage on 
the NR of ONFH had severe staining deficits, disorganized 
chondrocytes arranged in clusters, and broken tidemark, 
which illustrated pronounced cartilage degeneration. Semi-
quantitative analysis based on the Mankin score indicated 
that scores on NR (4.55 ± 1.63) were higher than that on 
ANR (0.91 ± 0.70) or CO.NR (0.65 ± 0.61), respectively 
(P < 0.001, P < 0.001)(Fig. 4). These results suggested that 
there was significant degeneration of cartilage in patients 
with ONFH and regional differences in the degree of carti-
lage degeneration on NR and ANR.

CCZ, Tidemark, and Cement Line

The osteochondral junction on the NR of ONFH showed 
significantly more tidemark duplication, interruption, and 
few chondrocytes on hematoxylin–eosin sections (Fig. 5). 
In order to eliminate individual differences, CCZ thickness 

Fig. 4  Cartilage degeneration among different regions in ONFH 
and Control (Safranin O/Fast Green staining, × 40). NR was the 
necrotic region in ONFH; ANR was the adjacent non-necrotic region 
in ONFH; CO.NR was the site corresponding to NR of ONFH and 
located on the anterosuperior aspect in Control; CO.ANR was the site 
corresponding to ANR of ONFH and located on the lateral aspect in 
Control
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was adjusted by the femoral head radius  (L1). CCZ on the 
NR was thinner than that on the ANR (P = 0.026). CCZ on 
the NR and ANR were thinner than that on the CO.NR and 
CO.ANR, respectively (P = 0.002, P = 0.002). Tidemark 
roughness on the NR was larger than that on the ANR and 
CO.NR (P = 0.002, P = 0.002). Cement line roughness on the 
NR and ANR was smaller than on the CO.NR and CO.ANR, 
respectively (P = 0.002, P = 0.002) (Table1).

Microarchitecture of SCP

SCP was the important transition region between articular 
cartilage and subchondral bone, and its microarchitecture 
alternations were strongly associated with cartilage degener-
ation and femoral head collapse. The adjustment method of 
SCP thickness was same as that of CCZ. SCP on the NR and 
ANR was thicker than that on the CON.NR and CON.ANR, 
respectively (P = 0.002, P = 0.009). Meanwhile, SCP on 
the NR was thicker than that on the ANR (P = 0.040). SCP 
on the NR had larger area percentages and more numbers 
of micropores than ANR and CON.NR (P = 0.002/0.002, 
P = 0.002/0.002). Bone mass showed regional differences: 
BVF on the NR was significantly decreasing compared to 
ANR and CON.NR, respectively (P = 0.015, P = 0.002). 
Interestingly, regional differences between NR and CO.NR 
were not showed on BMD (P = 0.180). As for intrinsic 
microstructure of SCP, trabecular thickness, trabecular 
separation, and open porosity of SCP showed regional 
differences between NR and CO.NR except for trabecu-
lar number(P = 0.002, P = 0.004, P = 0.004, P = 0.065). 
The results showed microstructure alternations in SCP of 
ONFH, including thickness, micropores, bone mass, and so 
on. Moreover, there were significant regional differences in 
microstructure between NR and ANR (Table.1).

Collagen Fibers and Hypomineralization of SCP

Mature collagen fibers of bone were stained red on the Mas-
son staining sections, and collagen fibers alignment could 
be identified by Sirius red staining. Maturity degree and 

Fig. 5  CCZ, tidemark, and cement line among different regions in 
ONFH and Control (Hematoxylin–eosin staining, × 40). A red arrow 
indicated chondrocytes in the CCZ. A blue arrow indicated widened 
tidemark on the NR. NR was the necrotic region in ONFH; ANR was 
the adjacent non-necrotic region in ONFH; CO.NR was the site corre-
sponding to NR of ONFH and located on the anterosuperior aspect in 
Control; CO.ANR was the site corresponding to ANR of ONFH and 
located on the lateral aspect in Control (Color figure online)

Table 1  Comparison of 
parameters among different 
regions in ONFH and control

Compared to ANR, aP < 0.05; Compared to CO.NR, bP < 0.05; Compared to CO.ANR, cP < 0.05; NR was 
the necrotic region in ONFH; ANR was the adjacent non-necrotic region in ONFH; CO.NR was the site 
corresponding to NR of ONFH and located on the anterosuperior aspect in Control; CO.ANR was the site 
corresponding to ANR of ONFH and located on the lateral aspect in Control

Parameters ONFH Control

NR ANR CO.NR CO.ANR

Adjusted CCZ thickness (%) 0.35 ± 0.03ab 0.30 ± 0.03c 0.44 ± 0.03 0.47 ± 0.02
Roughness of tidemark 1.32 ± 0.05ab 1.16 ± 0.05 1.17 ± 0.02 1.17 ± 0.03
Roughness of cement line 1.24 ± 0.11b 1.33 ± 0.16c 1.67 ± 0.12 1.67 ± 0.05
Adjusted SCP thickness(%) 1.73 ± 0.25ab 1.46 ± 0.25c 1.07 ± 0.08 0.90 ± 0.07
Area percentages of micropores (%) 13.47 ± 1.29ab 9.02 ± 1.31 7.85 ± 0.48 7.29 ± 0.86
Numbers of micropores (1/μm2) 20.25 ± 2.37ab 12.52 ± 2.70c 8.40 ± 1.78c 4.25 ± 1.10
BVF (%) 23.78 ± 3.14ab 28.34 ± 1.00c 40.92 ± 7.87 41.58 ± 8.12
BMD (mg/cm3) 203.53 ± 67.89 216.52 ± 31.84 280.04 ± 104.40 256.18 ± 86.64
Trabecular thickness of SCP(mm) 0.21 ± 0.01b 0.21 ± 0.03c 0.29 ± 0.05 0.26 ± 0.04
Trabecular number of SCP(1/mm) 1.00 ± 0.24 1.35 ± 0.22 1.35 ± 0.22 1.35 ± 0.24
Trabecular separation of SCP(mm) 0.40 ± 0.03b 0.35 ± 0.04 0.33 ± 0.04 0.32 ± 0.03
Open porosity (%) 77.86 ± 5.48ab 64.64 ± 4.92 62.39 ± 8.64 63.40 ± 6.12
Red areas (%) 12.76 ± 0.81ab 7.53 ± 2.37c 26.26 ± 1.53 23.67 ± 1.87
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collagen fibers alignment of SCP were evaluated in vari-
ous regions (Fig. 6). NR had more red areas than ANR 
(P = 0.002), while less red areas than CO.NR (P = 0.002)
(Table.1). Birefringent collagen fibers in ONFH showed 
qualitatively less alignment compared to Control. Upon 
quantification, collagen linearity was significantly smaller 
in ONFH (P < 0.001)(Fig. 7). Furthermore, SEM showed 
that the ultrastructure between CCZ and SCP was intact in 
both groups, while hypomineralization was pronounced in 
ONFH (Fig. 8).

Layered Microarchitecture of SCP

Previous results showed that the BVF of SCP had regional 
differences. To investigate microarchitecture furtherly, lay-
ered microarchitecture analysis was underwent. SCP in both 
groups had uneven distribution of BMD and BVF, which dis-
played a trend of high in the middle and low on both sides. 
BMD of NR-5 was larger than that of CO.NR-5 (P = 0.002), 
but BMD of NR-1 was smaller (P = 0.009). Moreover, BVF 
of NR-1, NR-2, and NR-3 were significantly smaller than 
CO.NR-1, CO.NR-2, and CO.NR-3, respectively (P = 0.015, 
P = 0.004, P = 0.026). Uneven distribution of BMD and BVF 
indicated that bone mass loss and hypomineralization were 

mainly on the cartilage side of SCP. Notably, the difference 
in BMD between NR-5 and CO.NR-5 suggested that there 
was more bone formation on the marrow space side of SCP 
in ONFH (Fig. 9), which was consistent with the result of 
Masson staining.

Discussion

To date, there has been no consensus on the pathophysi-
ological mechanisms of ONFH. Most studies focused on the 
necrotic areas and ignored the pathological changes in the 
osteochondral junction of ONFH. In this study, we focused 
on the osteochondral junction of ONFH, and demonstrated 
microarchitecture alternations by comparison with healthy 
femoral heads, including thinned CCZ, thickened SCP, 
decreased bone mass and altered micropores. Meanwhile, 
there were significant regional differences in microarchitec-
ture between the necrotic region and adjacent non-necrotic 
region, which were consistent with the regional difference 
of cartilage degeneration degree. Layered analysis of SCP 
demonstrated bone mass loss and hypomineralization dis-
tributed on the cartilage side of SCP, and it provided new 
insights for studying on pathological mechanism of ONFH.

CCZ is the transitional structure between hyaline carti-
lage and the subchondral bone, which plays a role in stabi-
lizing articular cartilage, connection, biomechanics transfer, 
and crosstalk between bone and cartilage [7]. Rasmus et al. 
found that thickness of CCZ was increasing with progress 
of primary OA, which was attributed to endochondral ossi-
fication [8]. In later study, they found decreased thickness 
of CCZ in rheumatoid arthritis because of inflammation [9]. 
These results indicated changes of CCZ affected upper car-
tilage by different pathological mechanisms. In the present 
study, decreased thickness of CCZ was found, which was 
similar to rheumatoid arthritis. Compared to OA and rheu-
matoid arthritis, cartilage degeneration in ONFH was mostly 
located on the necrotic region. Thinned CCZ made the dis-
tance shorter between hyaline cartilage and subchondral 
bone. Therefore, CCZ might been affected by inflammation 
factors from the necrotic region, and cartilage degeneration 
was driven. Several studies have found tidemark and cement 

Fig. 6  Comparison of SCP maturity among different regions in 
ONFH and Control. NR was the necrotic region in ONFH; ANR was 
the adjacent non-necrotic region in ONFH; CO.NR was the site corre-
sponding to NR of ONFH and located on the anterosuperior aspect in 
Control; CO.ANR was the site corresponding to ANR of ONFH and 
located on the lateral aspect in Control

Fig. 7  Comparison of SCP col-
lagen fibers alignment between 
ONFH and Control. * was 
defined as P < 0.05
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Fig. 8  The ultrastructure between CCZ and SCP observed by SEM. 
a: imbedding structure between CCZ and SCP in Control(× 500); 
b: yellow box in a. Yellow arrow showed the ultrastructure between 
CCZ and SCP was intact (× 2000); c: interlocking structure between 

CCZ and SCP in ONFH (× 500); d: yellow box in c. Yellow arrow 
showed pronounced hypomineralization (× 2000) (Color figure 
online)

Fig. 9  Comparison of BMD and 
BVF for layered microarchitec-
ture among different regions 
in ONFH and Control. * was 
defined as P < 0.05; NR was the 
necrotic region in ONFH; ANR 
was the adjacent non-necrotic 
region in ONFH; CO.NR was 
the site corresponding to NR 
of ONFH and located on the 
anterosuperior aspect in Con-
trol; CO.ANR was the site cor-
responding to ANR of ONFH 
and located on the lateral aspect 
in Control
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line was highly correlated with cartilage degeneration [15, 
17]. The present study showed that regional differences in 
roughness of tidemark and cement line were consistent with 
distribution of cartilage degeneration degree, which dem-
onstrated the effect of the necrotic region on the cartilage 
again.

Cortical and cancellous bone maintains healthy structure 
by balanced bone turnover [18]. A previous study found 
that SCP of ONFH exhibited no changes in composition 
nor structure compared to femoral heads with OA, while 
there was lower volume fraction of subchondral trabecular 
bone [5]. These changes could be attributed to increased 
but unbalanced bone turnover. However, SCP of femoral 
heads was thickened in patients with advanced-stage OA 
compared to healthy people [9]. Therefore, we included 
healthy femoral heads in the control group to investigate 
the microstructure of SCP in ONFH. Compared to healthy 
femoral heads, SCP of ONFH was thickened but had a lower 
bone volume fraction. Likewise, regional differences were 
exhibited in thickness and bone volume fraction of SCP 
in ONFH. Less alignment of collagen fibers indicated the 
dysfunction of bone remodeling, which might be affected 
by the necrotic region. The biomechanical properties would 
also change as a result of microstructure alternations, which 
could be accounted for severer cartilage degeneration on the 
necrotic region.

SCP is the typical porous structure and numerous 
micropores connect the cartilage to subchondral bone. Imhof 
et.al have demonstrated that micropores of SCP were path-
ways for a nutrition of chondrocytes lying close to tidemark 
[19]. In the present study, we analyzed porous characters of 
SCP by micro-CT. Decreased thickness and increased sepa-
ration of pore walls indicated larger space of SCP but weaker 
support in ONFH. The porous alternations of SCP, combined 
with regional differences in bone volume fraction between 
the necrotic region and adjacent non-necrotic region, might 
be accounted for the collapse of femoral heads with ONFH. 
Meanwhile, it might be one of the reasons for the collapse 
that a step structure because of differences in thickness of 
SCP would accumulate stress concentration [20]. A previous 
study demonstrated that load-bearing region had larger area 
and more numbers of micropores in healthy femoral heads 
[21]. The difference was consistent with cartilage thick-
ness distribution, which implied a crosstalk of micropores 
between cartilage and subchondral bone. In this study, more 
area and numbers of micropores in ONFH were found. The 
alternation of micropores and thinned CCZ allowed for more 
exchange of substances from necrotic regions to cartilage, 
which could illustrate cartilage degeneration was observed 
at early-stage in ONFH by Delayed Gadolinium-Enhanced 
Magnetic Resonance Imaging [22].

To investigate microarchitecture alterations furtherly, we 
divided SCP and made a layered analysis. There was more 

hypomineralization on the zone of SCP close to cartilage. 
SEM images between CCZ and SCP also supported above 
results. Several studies found chondrocytes transformed 
into hypertrophic chondrocytes with the stimulation of 
inflammatory factors from necrotic bone tissue and changes 
of microenvironment, which displayed more catabolism 
than synthesis [23, 24]. Catabolic molecules secreted by 
hypertrophic chondrocytes influenced peripheral cartilage 
matrix and bone matrix, such as matrix metallopeptidase 13, 
Indian hedgehog, and so on. On the other hand, apoptotic 
osteocytes of SCP close to cartilage-influenced osteoclast 
differentiation and bone remodeling by releasing factors 
that instructed neighboring viable osteocytes to produce 
receptor activator of nuclear factor κB ligand (RANKL) 
[25]. The unbalanced bone turnover because of increasing 
osteoclast might be another cause of hypomineralization. 
Uneven distribution of BMD and BVF in SCP affected the 
transmission of mechanical stresses and aggravated cartilage 
degeneration.

Our study found microstructure alternations of osteo-
chondral junction in ONFH. The overlap of cartilage degen-
eration and microstructure alternations distributions indi-
cated that osteochondral junction played a great role in the 
progress of ONFH. The necrotic region might affect upper 
cartilage by altering adjacent osteochondral junction. These 
results will be helpful to provide new insight for hip pres-
ervation therapy. Moreover, identified porous structure and 
layered analysis of SCP will give new ideas to design bioen-
gineered materials for bone graft-treating ONFH.

Limitations of this study include as follows: (1) The 
sample size included in the study was not large because of 
finite ARCO stage III ONFH patients. (2) Age distribution 
of patients in 2 groups was different because of the limita-
tion in sourcing healthy femoral heads. However, previous 
study demonstrated that the thickness and volume of the 
subchondral bone plate were not correlated with age [26]. 
In further study, we hope that sex and age-matching healthy 
femoral heads could be harvested and included in the control 
group. Moreover, the mechanism how the necrotic region 
affects osteochondral junction and cartilage will be the key 
point of our study.

Conclusion

This study showed microarchitecture alternations of osteo-
chondral junction in ONFH, including thinned CCZ, thick-
ened SCP, decreased bone mass, altered micropores, and 
hypomineralization of SCP. Regional differences in micro-
architecture of osteochondral junction were found between 
necrotic regions and adjacent non-necrotic regions of 
ONFH. They were consistent with cartilage degeneration 
distribution, which demonstrated the necrotic region might 
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be the driven reason for cartilage degeneration and collapse 
of femoral heads with ONFH. Uneven distribution of BMD 
and BVF in SCP might aggravate cartilage degeneration by 
affecting the transmission of mechanical stresses. Hypomin-
eralization of SCP distributing on the cartilage side provided 
a direction for studying the mechanism of necrotic regions 
affecting osteochondral junction.
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