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femoral head: a prospective, randomized,
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Abstract

Background: Treatment of avascular necrosis of the femoral head (ANFH) in young patients remains a clinical
challenge. A current controversy is whether hip-preserving surgery results in better outcomes. The adverse effects
of hip-preserving surgery are associated with the fill material for the necrotic areas. This study aims to evaluate the
early effects of autologous bone marrow buffy coat (BBC) and angioconductive bioceramic rod (ABR) grafting with
advanced core decompression (ACD) on early ANFH.

Methods: Forty-four (57 hips) patients with early ANFH from 2015 to 2020 were recruited for this study. They were
randomized into two groups: group A received ACD, BBC, and ABR grafting; group B received treatment of ACD
with β-tricalcium phosphate (β-TCP) granules and ABR grafting. The outcomes were assessed using the Harris Hip
Scores (HHS) and survival rate analysis. The follow-up endpoint was defined as conversion to total hip arthroplasty
(THA).
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Results: Forty patients (51 hips) were ultimately included in this study for analysis. Compared with group B,
patients in group A had higher postoperative function score (P = 0.032) and postoperative Harris Hip Scores (HHS)
(P = 0.041). Kaplan-Meier analysis showed a trend that the survivorship of the femoral head was higher in group A
than in group B.

Conclusion: The short-term follow-up results showed that the autologous bone marrow buffy coat and
angioconductive bioceramic rod grafting with advanced core decompression is effective in the treatment of early
ANFH.

Trial registration: Chictr.org.cn, ChiCTR2000039595. Retrospectively registered on 11 February 2015.

Keywords: Autologous bone marrow buffy coat, Angioconductive bioceramic rod, Advanced core decompression,
Avascular necrosis of the femoral head

Background
Avascular necrosis of the femoral head (ANFH) is a
common, refractory disease with multiple etiologies in-
cluding long-term use of glucocorticoids, alcohol abuse,
and hip trauma [1, 2]. The disease often progresses and
results in femoral head collapse and hip osteoarthritis
over time [3]. Despite the excellent survivorship of total
hip arthroplasty (THA), the majority of patients who re-
ceive THA surgery are young. Therefore, THA is not an
optimal therapy for young patients with ANFH [4, 5].
Hip-preserving surgery for early ANFH can relieve joint
pain, reconstruct joint function, and delay or avoid
THA. Presently, hip-preserving surgery includes differ-
ent methods such as core decompression (CD), femoral
osteotomy, bone grafting (vascularized or non-
vascularized), porous tantalum rod grafts, and cell-based
therapy.
Accumulating evidence indicates that cell therapy, in-

cluding bone mesenchymal stem cell (BMSC) and bone
marrow concentrates containing bone marrow-derived
cells, is beneficial in relieving pain, reducing time to col-
lapse, and delaying or avoiding THA for end-stage
ANFH [6–8]. We have reported the use of the autolo-
gous bone marrow aspirated buffy coat (BBC) combined
with core decompression (CD) for the treatment of
osteonecrosis of femoral head [9]. Our randomized con-
trol study showed consistent improvement in pain relief
delays the progression of pathological stage. The 10-year
follow-up showed that the use of autologous BBC in
combination with core decompression is more effective
than the use of core decompression alone. Based on our
previous studies showing that combining cell therapy
with other treatment modalities can achieve better clin-
ical outcome, we asked the question if combining BBC
with bioceramic material can also achieve a similar out-
come. The bioceramic materials used in this study in-
clude dense β-TCP granules (diameter 1.0–3.0 mm, no
microporosity), porous β-TCP granules (diameter 1.0–
3.5 mm, macropore 500–600 μm, interconnection
120 μm), and porous bioceramic rods (diameter 10 mm,

length 80mm, macropore 500–600 μm, interconnection
120 μm) (Bio-Lu, 201114, Shanghai, China).
The angioconductive bioceramic rod (ABR) has re-

cently gained popularity for the treatment of early stage
of osteonecrosis of the femoral head. At present, ABR
has proved to have good biocompatibility and bone con-
ductivity in both animal experiments and clinical trials
[10–13]. Due to the advantage of the angioconductive
properties and their porosity for blood flow [10, 14],
ABR is considered as a satisfactory artificial bone to fill
the bone tunnel [15, 16]. However, ABR takes 4–8 weeks
to complete vascularization and participate in new bone
formation and metabolism [15]. During this time, the
femoral head may continue to undergo necrosis due to
the lack of blood flow and nutrients. In contrast, BBC
has stem cell activity and can work rapidly after implant-
ation to promote cell proliferation in the necrotic area of
the femoral head. Therefore, we hypothesize that com-
bining ABR and BBC is potentially beneficial to improve
the success rate of hip preservation surgery. The object-
ive of the study was to determine whether BBC and ABR
grafting with ACD could improve functional outcomes
and reduce the necessity of THA for patients with early-
stage ANFH.

Methods
Study design
The study design was a prospective, randomized, com-
parative clinical trial. The study design was strictly per-
formed in accordance with the ethical principles
described in the Declaration of Helsinki 2013 Revision,
and the design was approved by the Human Ethics
Committee of Guangdong Provincial People’ s Hospital.
Written informed consent was provided by the patients
prior to their inclusion in the study. The experimental
protocol was submitted to Chictr.org.cn, and the proto-
col number is ChiCTR2000039595.
According to the results of Sen et al. [17], a sample

size of 22 hips per group is considered sufficient with a
one-sided alpha level of 0.05, 80% power. Taking into
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account a lost to follow-up rate of about 10%, we
planned to enroll a minimum size of 24 hips in each
group.

Patients
Patients who were eligible to participate in this study
were recruited from the Center of Orthopedics Surgery
from May 2015 to May 2020 by a designated surgeon.
We confirmed the diagnosis of ANFH by examining the
patient medical history, physical examination, and radio-
logical tests [2].
The inclusion criteria were (1) patient age of 18 to 60

years old and (2) clear ANFH diagnosis (either unilateral
or bilateral). The exclusion criteria were (1) < 18 or >
60 years old; (2) vascular disorders affecting lower limb
function; (3) advanced ANFH with secondary arthritic
bone changes and acetabular rim changes; (4) previous
history of lower limb fractures, bone tumors, or other le-
sions; (5) inflammatory arthritis; (6) congenital deformity
or insufficiency of lower limb; (7) infection in the surgi-
cal site; (8) lower limb surgery in the past 3 months; and
(9) unwilling to undergo core decompression.

Randomization
A statistician prepared a concealed, computer-generated,
1:1 randomization list. Randomization was performed by
trained staff members using a parity distribution of the
random numbers. The hips were randomly allocated to
group A (received ACD with BBC and ABR grafting)
and group B (received ACD with β-TCP granules and
ABR grafting). Patients included in the study were
assigned a sequential study number. A random alloca-
tion sequence was concealed by a staff member in con-
secutively numbered, opaque, sealed envelopes, and the
staff member was not involved in the trial. Before sur-
gery, an envelope containing the surgical plan for each
hip was opened by a surgical assistant. The surgical as-
sistant was not involved in the further follow-up of the
patients.

Surgical procedure
All surgical procedures were performed under either
general or combined spinal anesthesia, and patients were
in supine position on the traction table. Approximately,
30 to 50ml of bone marrow was aspirated from the an-
terior superior iliac spine on one side of the patients
using a bone marrow aspiration needle (Fig. 1a). The
bone marrow was collected in the heparinized tubes and
immediately centrifuged at 1500 rpm for 10min (Eppen-
dorf, AG 22331, Hamburg, Germany). After centrifuga-
tion, the bone marrow was divided into three layers
(Fig. 1b). We collected 3ml from the middle of the tube
containing the enriched bone marrow cells with a 5-mL
syringe [18]. Then, the subcutaneous tissue and

periosteum were freed through a 2-cm longitudinal skin
incision at the anterior superior iliac spine. A bone block
with a volume of 2.0 × 2.0 × 0.5 cm medial to the ilium
was removed and mechanically disaggregated into
smaller pieces. The crushed bones were mixed with the
bone marrow concentrate (Fig. 1c).
For advanced core decompression, a 3-mm Kirschner

wire was drilled by electric drill 2 cm below the greater
trochanter, and the tip of Kirschner wire was placed in
the necrotic area within the femoral head using C-arm
fluoroscopy (Fig. 2a). With the K-wire as the center, the
cannulated drill was used to drill a 12-mm bone channel
over the Kirschner wire to release pressure in the fem-
oral head (Fig. 2b). The blades at the tip of the bone

Fig. 1 a Bone marrow aspiration. b Bone marrow after
centrifugation. c Mixture of crushed bones and BBC
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reamer (Chinese Patent ZL 2009 1 0197369.5) can be ex-
panded by turning the blade control knob at the end of
the handle. After adjusting to the appropriate size, the
blades can be rotated by turning the handle and the nec-
rotic area removed by gradually increasing size of the
blade (Fig. 2c).
Finally, the necrotic area and the bone channel were

backfilled. In group A, the mixture of autologous
bone and BBC was introduced through the bone
channel into the necrotic area of the femoral head
and was tamped by a pestle (Fig. 2d). Then, the
angioconductive bioceramic rod (ABR) was used to
backfill the bone channel (Fig. 2e). In group B, the β-
TCP granules (Fig. 3a) and ABR (Fig. 3b) were
grafted and impacted successively. The entire process
was conducted with sterile technique, and patients
were allowed partial weight bearing with crutches for
3 months post-surgery.

Outcome assessment
Preoperatively, the baseline information, including age,
sex, weight, etiology, preoperative Ficat stage of ANFH,
and Harris Hip Scores, was collected blindly. The Ficat
stage of ANFH was determined according to the X-ray
radiography of the hip. All participants received follow-
up postoperatively. Harris Hip Scores (HHS) were
used as the primary outcome of the study, and the
rate of clinical failures of the operated hips at the last
follow-up was used as the secondary outcome. In
addition, pain and function scores were supplied by
the pain and function components of HHS. Clinical
failure was defined as the subsequent need to perform
THA on patients.

Statistical analysis
Data were analyzed using Statistical Package for Social
Sciences (version 23.0; SPSS, Chicago, IL). The signifi-
cance level was set at P value less than 0.05. Independ-
ent sample t test was used for the comparison of the
means between the two groups. Categorical variables
were compared by the Pearson chi-square test or Fisher

Fig. 2 a Insertion of Kirschner wire. b Core decompression. c Necrosis removal. d Autologous bone and BBC grafting. e Insertion of the ABR

Fig. 3 a β-TCP granules. b Angioconductive bioceramic rod (ABR)
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exact test. All quantitative variables were depicted as
mean and standard deviation. Survival was assessed
using the Kaplan-Meier test and compared using a log-
rank test.

Results
Baseline demographic characteristics
In all, 80 patients (100 hips) were initially recruited for
this study. Among these, 36 patients (43 hips) were ex-
cluded and 44 patients (57 hips) met the study criteria
and were enrolled. The selected candidates were ran-
domly allocated into group A (received ACD with BBC
and ABR grafting) and group B (received ACD with β-
TCP granules and ABR grafting). During the 5-year
follow-up period, 4 patients (6 hips) were lost (lost con-
tact with patients), including 1 patient (2 hips) in group
A and 3 patients (5 hips) in group B. In total, 40 patients

(51 hips) were ultimately included for analysis (Fig. 4).
The mean age was 37.70 ± 10.74 years (range 18 to 56
years) with no statistically significant difference between
the two groups (P = 0.25) (Table 1). The baseline demo-
graphic characteristics of the current study subjects were
homogeneous, and the mean follow-up time was 2 years.

Functional outcomes
Preoperative pain scores, function scores, and HHS of
the patients in both groups were not statically distin-
guishable. The mean postoperative pain scores were 31.8
± 10.5 in group A and 26.9 ± 12.0 in group B at final
follow-up (P = 0.133). The mean postoperative function
scores were 52.3 ± 6.5 and 45.9 ± 13.9 in groups A and
B, respectively, and this difference was statistically sig-
nificant (P = 0.032). The mean postoperative Harris Hip
Scores were 84.1 ± 14.2 and 72.8 ± 24.1 in groups A and

Fig. 4 Flowchart of the study
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B, respectively, at final follow-up with a statistically sig-
nificant difference in the scores (P = 0.041) (Table 2).
Fourteen (72.7%) hips in group A had a good to excel-
lent outcome compared with thirteen (44.9%) hips in
group B, as rated by the HHS (Table 2) (Fig. 5).

Survivorship during follow-up
At the final follow-up, 1 patient (1 hip) in group A
underwent THA after 15 months, while 3 patients (5
hips) in group B underwent THA after 6, 6, 9, 10, and
10months (Table 3) (Figs. 6 and 7). The clinical failure

rate was 4.5% (1/22) and 17.2% (5/29) in groups A and
B, respectively, with a continuous correction chi-square
test P value of 0.340 (Table 3). Kaplan-Meier analysis
did not show obvious statistical differences in survival
(P = 0.203) but suggested a trend that survivorship of the
femoral head in group A is higher than that in group B
(Fig. 8). Using Spearman’s rank correlation, there were
correlations between the postoperative HHS and the
conversion to hip arthroplasty.

Discussion
Based on the results of this prospective, randomized,
and comparative study, the patient’s condition improved
and symptoms were relieved in both groups after hip-
preserving surgery and no patients experienced compli-
cations or adverse effects. In addition, patients in group
A had higher postoperative function score (P = 0.032)
and postoperative Harris Hip Scores (HHS) (P = 0.041)
than patients enrolled in group B. The Kaplan-Meier
survival analysis suggests that survival of the femoral
head in group A is higher than that in group B.
The mean age of both A and B groups (35.4 vs. 39.4,

respectively) in the present study was relatively young.
However, most of the studies concerned with mid- to
long-term prognosis of femoral head necrosis enroll pa-
tients with a similar mean age (24.7–42.0) [1], and the
peak age incidence of femoral head necrosis is between
30 and 50 years. Thus, we propose that our study is rep-
resentative. The relatively young age of the participants
in our study is a potential explanation of the lower rate
of hip arthroplasty, but this failed to reach a statistically
significant difference. Moreover, we suggest that the
relatively short follow-up time (mean follow-up time of
2 years) may influence these findings as it often requires
5–10 years for patients with femoral head necrosis to
progress to end-stage hip disease [19].
CD is a common modality used in the treatment of

early ANFH, but traditional CD has some limitations
such as inadequate removal of the necrotic area. The
clinical failure rates of CD have been reported to be be-
tween 20 and 70% [18]. Recently, advanced core decom-
pression (ACD) has become more reliable and more
common for the treatment for early stages of ANFH
[20]. The difference between ACD and CD includes ap-
plication of the expandable reamer which can expand
the region of necrosis of the femoral head precisely and
thoroughly. Lin et al. [21] reported that the single-blade
expandable reamer has many strengths, and this tech-
nique is an effective hip-preserving surgery for early
ANFH. In addition, another study showed that the first
follow-up results of ACD are encouraging for early
ANFH, especially the high stability of the femoral neck
after ACD which allows quick rehabilitation [22]. In the
present study, we used the bone reamer to remove the

Table 1 Baseline characteristics of the patients

Variable Group A (N = 17) Group B (N = 23) P value

Number of hips 22 29

Age, years 35.4 ± 11.1 39.4 ± 10.4 0.252

Sex 0.605

Male 12 (70.6%) 19 (82.6%)

Female 5 (29.4%) 4 (17.4%)

Weight (kg) 65.6 ± 14.7 65.3 ± 7.7 0.949

Hip involved unilateral 12 (70.6%) 17 (73.9%) 1.000

Hip involved bilateral 5 (29.4%) 6 (26.1%)

Etiology 0.080

Steroid 8 (36.4%) 3 (10.3%)

Alcohol 5 (22.7%) 9 (31.1%)

Idiopathic 9 (40.9%) 17 (58.6%)

Ficat stage 0.114

Stage I 1 (4.5%) 1 (3.4%)

Stage II 19 (86.4%) 20 (69.0%)

Stage III 2 (9.1%) 6 (20.7%)

Stage IV 0 (0) 2 (6.9%)

Pain scores 17.7 ± 4.3 17.6 ± 5.1 0.917

Function scores 49.5 ± 7.8 50.9 ± 9.0 0.550

Harris Hip Scores 67.2 ± 9.2 68.5 ± 13.1 0.678

Group A, bone marrow buffy coat graft group; group B, control group

Table 2 Pain-related outcomes and functional outcomes after
surgery

Variable Group A (N = 17) Group B (N = 23) P value

Pain scores 31.8 ± 10.5 26.9 ± 12.0 0.133

Function scores 52.3 ± 6.5 45.9 ± 13.9 0.032*

Harris Hip Scores 84.1 ± 14.2 72.8 ± 24.1 0.041*

Overall evaluation 0.052

Excellent 10 (45.4%) 9 (31.1%)

Good 6 (27.3%) 4 (13.8%)

Medium 6 (27.3%) 11 (37.9%)

Poor 0 (0) 5 (17.2%)

Group A, bone marrow buffy coat graft group; group B, control group.
Segments with significant statistical differences (*P < 0.05) between the groups
were marked with an asterisk
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necrotic tissue, and bone grafts, through the ACD bone
channel, to the necrotic area were used to enhance
mechanical support and prevent collapse in the sub-
chondral bone. Although the current form of ACD
seems not meaningful in patients with a progressed le-
sions [22], we consider it technically easier to perform
than a bone graft and has no additional risk.
MSCs are multipotent active cells with the capacity to

differentiate into osteoblasts, most notably, the bone
marrow-derived MSCs (BM-MSCs) with the superiority
of bone and cartilage repair. Given this, MSCs are a
promising and reliable approach for early ANFH. There
are a large number of cytokines released by the BM-
MSCs to promote angiogenesis, chondrogenesis, and
osteogenesis, including vascular endothelial growth fac-
tor (VEGF), transforming growth factor-beta (TGF-β),
and bone morphogenetic protein-2 (BMP2) [23–25].
Osteoprogenitor and vascular endothelial progenitor
cells were filled into the necrotic area of the femoral

head by providing BM-MSCs through the ACD bone
channel to promote repair and regenerate bone tissue
[26]. BBC or PRP for early-stage ANFH therapy has been
confirmed as an effective strategy according to some
studies [9, 18, 27–29]. In this study, patients receiving
ACD, BBC, and ABR had a better primary outcome than
the control group, but the overall difference was not sta-
tistically significant. The most likely reason for this out-
come was that the follow-up duration was insufficient.
BBC was used as sources for the BM-MSCs because

it was technically easy to obtain by centrifugation in
an aseptic environment without ex vivo culture. Our
previous studies had revealed that patients have
greater benefit from BBC without large cost and add-
itional risks [9, 18]. None of the patients who were
implanted with BBC reported complications or ad-
verse effects. BBC is rich in endothelial progenitors
and hemangioblasts which promote angiogenesis in
the necrotic area to facilitate revascularization. BBC

Fig. 5 A 20-year-old female who was in group A receiving ACD, BBC, and ABR grafting with Ficat stage II osteonecrosis of the right hip
(preoperative HHS 80.00; postoperative HHS 100.00). a Preoperative radiography. b Postoperative radiography. c–f One, 3, 6, and 12 months
postoperative radiography

Table 3 Number of patients receiving THA during the follow-up

Group Group A (N = 17) Group B (N = 23) P value

Outcome Hip preserved THA Hip preserved THA

Number of patients 16 (94.1%) 1 (5.9%) 20 (87.0%) 3 (13.0%) 0.624

Number of hips 21 (95.4%) 1 (4.5%) 24 (82.8%) 5 (17.2%) 0.340

Group A, bone marrow buffy coat graft group; group B, control group
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also can improve the short-term functional outcomes,
which is consistent with the results from a recent
meta-analysis and systemic review of the data [6, 30,
31]. Therefore, due to the advantage of stem cell ac-
tivity and easy accessibility, BBC is considered benefi-
cial when combined with ACD to treat the ANFH.

This study has some limitations. First, it was a single-
center study with a short period of study. Second, there
were limited numbers of patients included in the final
analysis, and this could affect the results. Third, blinding
was not used because we considered it unethical to ex-
pose participants in the control group to the risks

Fig. 6 A failure case: a 49-year-old male who was in group B receiving ACD, β-TCP granules, and ABR grafting in the left hip. He had to perform
THA 27months later because of the failure of hip-preserving surgery. a Preoperative X-rays. b One month postoperative X-rays. c Twenty-seven
months postoperative X-rays. d, e Computed tomography (CT) before THA. f Three-dimensional reconstruction based on CT before THA. g–i
Magnetic resonance imaging (MRI) before THA

Fig. 7 Femoral head sample was collected for pathology examination and later analyses from the same patient in Fig. 6. a Gross morphology of
the necrotic femoral head. b Tissue sections were imaged at × 10 magnification
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associated with incision in the anterior superior iliac
spine. Fourth, the follow-up time was short (mean
follow-up time = 2 years), and we plan to continue mid-
term and long-term follow-up on patients in both study
groups.

Conclusion
Short-term follow-up results showed that the autologous
bone marrow buffy coat and angioconductive bioceramic
rod grafting with advanced core decompression is effect-
ive in the treatment of early ANFH. Data gathered also
suggested a trend that the survivorship of the femoral
head is higher for the patients receiving BBC and ABR
with ACD.
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Acknowledgements
We thank our study participants and their family.

Authors’ contributions
Study design: Qingtian Li, Minghao Zheng, and Qiujian Zheng.
Administrative support: Junxing Liao, Yuanchen Ma, and Ruiying Zhang.
Surgery performance: Mengyuan Li, Guangtao Fu, and Yuhui Yang. Data
collection: Weihong Liao. Drafting manuscript: Weihong Liao and Qingtian Li.
Revising manuscript content: Qingtian Li, Weihong Liao, Guangtao Fu, and
Qiujian Zheng. Approving the final version of the manuscript: Guangtao Fu,
Qiujian Zheng, and Minghao Zheng. Qiujian Zheng and Minghao Zheng
take responsibility for the integrity of the data analysis. The authors read and
approved the final manuscript.

Funding
This study was supported by the Major Science and Technology Project of
Guangdong Province (2015B020225007), Natural Science Foundation of
Guangdong Province (2018A0303130206,2021A1515011008), and
Guangdong Medical Science and Technology Research Fund (A2019150).

Availability of data and materials
The data and materials used and/or analyzed during the current study are
not publicly available but available from the corresponding authors on
reasonable request.

Declarations

Ethics approval and consent to participate
The present study was approved by the institutional review board of
Guangdong Provincial People’s Hospital, and signed informed consent for

Fig. 8 Kaplan-Meier survival curve showing the femoral head survival based on the different therapy

Li et al. Stem Cell Research & Therapy          (2021) 12:354 Page 9 of 10



participation was obtained from all study patients. The trial protocol was
submitted to Chictr.org.cn, and the trial registration number is
ChiCTR2000039595.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Orthopedics, Guangdong Provincial People’s
Hospital,Guangdong Academy of Medical Sciences, Guangzhou, Guangdong
Province, People’s Republic of China. 2The Second School of Clinical
Medicine, Southern Medical University, Guangzhou, People’s Republic of
China. 3Centre for Orthopaedic Translational Research, School of Surgery, The
University of Western Australia, M Block, QE2 Medical Centre, Monash Ave,
Nedlands, WA 6009, Australia.

Received: 28 March 2021 Accepted: 6 June 2021

References
1. Mont MA, Salem HS, Piuzzi NS, Goodman SB, Jones LC. Nontraumatic

osteonecrosis of the femoral head: where do we stand today?: a 5-year update. J
Bone Joint Surg Am. 2020;102(12):1084–99. https://doi.org/10.2106/JBJS.19.01271.

2. Lamb JN, Holton C, O’Connor P, et al. Avascular necrosis of the hip. BMJ
(Clinical research ed). 2019;365:l2178.

3. Mont MA, Jones LC, Hungerford DS. Nontraumatic osteonecrosis of the
femoral head: ten years later. J Bone Joint Surg Am. 2006;88(5):1117–32.
https://doi.org/10.2106/JBJS.E.01041.

4. Magill P, Blaney J, Hill JC, Bonnin MP, Beverland DE. Impact of a learning curve on
the survivorship of 4802 cementless total hip arthroplasties. Bone Joint J. 2016;98-
B(12):1589–96. https://doi.org/10.1302/0301-620X.98B12.BJJ-2016-0203.R1.

5. Levine BR, Springer BD, Golladay GJ. Highlights of the 2019 American Joint
Replacement Registry Annual Report. Arthroplast Today. 2020;6(4):998-1000.
https://doi.org/10.1016/j.artd.2020.09.010.

6. Li R, Lin QX, Liang XZ, Liu GB, Tang H, Wang Y, et al. Stem cell therapy for
treating osteonecrosis of the femoral head: from clinical applications to
related basic research. Stem Cell Res Ther. 2018;9(1):291. https://doi.org/1
0.1186/s13287-018-1018-7.

7. Zhao D, Liu B, Wang B, et al. Autologous bone marrow mesenchymal stem
cells associated with tantalum rod implantation and vascularized iliac
grafting for the treatment of end-stage osteonecrosis of the femoral head.
BioMed Res Int. 2015;2015:240506.

8. Daltro GC, Fortuna V, de Souza ES, Salles MM, Carreira AC, Meyer R, et al.
Efficacy of autologous stem cell-based therapy for osteonecrosis of the
femoral head in sickle cell disease: a five-year follow-up study. Stem Cell Res
Ther. 2015;6(1):110. https://doi.org/10.1186/s13287-015-0105-2.

9. Li M, Ma Y, Fu G, Zhang R, Li Q, Deng Z, et al. 10-year follow-up results of the
prospective, double-blinded, randomized, controlled study on autologous
bone marrow buffy coat grafting combined with core decompression in
patients with avascular necrosis of the femoral head. Stem Cell Res Ther. 2020;
11(1):287. https://doi.org/10.1186/s13287-020-01810-8.

10. Lu Y, Lu X, Li M, Chen X, Liu Y, Feng X, et al. Minimally invasive treatment
for osteonecrosis of the femoral head with angioconductive bioceramic rod.
Int Orthop. 2018;42(7):1567–73. https://doi.org/10.1007/s00264-018-3919-6.

11. Chen D, Zhang X, He Y, Lu J, Shen H, Jiang Y, et al. Co-culturing
mesenchymal stem cells from bone marrow and periosteum enhances
osteogenesis and neovascularization of tissue-engineered bone. J Tissue
Eng Regen Med. 2012;6(10):822–32. https://doi.org/10.1002/term.489.

12. Druecke D, Langer S, Lamme E, Pieper J, Ugarkovic M, Steinau HU, et al.
Neovascularization of poly(ether ester) block-copolymer scaffolds in vivo: long-
term investigations using intravital fluorescent microscopy. Journal of Biomedical
Materials Research Part A. 2004;68(1):10–8. https://doi.org/10.1002/jbm.a.20016.

13. Mastrogiacomo M, Scaglione S, Martinetti R, et al. Role of scaffold internal
structure on in vivo bone formation in macroporous calcium phosphate
bioceramics. Biomaterials. 2006;27(17):3230–7. https://doi.org/10.1016/j.
biomaterials.2006.01.031.

14. Wang Z, Guo Z, Bai H, Li J, Li X, Chen G, et al. Clinical evaluation of β-TCP in
the treatment of lacunar bone defects: a prospective, randomized

controlled study. Mater Sci Eng C Mater Biol Appl. 2013;33(4):1894–9.
https://doi.org/10.1016/j.msec.2012.12.041.

15. Bai F, Wang Z, Lu J, Liu J, Chen G, Lv R, et al. The correlation between the
internal structure and vascularization of controllable porous bioceramic
materials in vivo: a quantitative study. Tissue Eng Part A. 2010;16(12):3791–
803. https://doi.org/10.1089/ten.tea.2010.0148.

16. Xiao X, Wang W, Liu D, Zhang H, Gao P, Geng L, et al. The promotion of
angiogenesis induced by three-dimensional porous beta-tricalcium phosphate
scaffold with different interconnection sizes via activation of PI3K/Akt
pathways. Sci Rep. 2015;5(1):9409. https://doi.org/10.1038/srep09409.

17. Sen RK, Tripathy SK, Aggarwal S, Marwaha N, Sharma RR, Khandelwal N. Early
results of core decompression and autologous bone marrow mononuclear
cells instillation in femoral head osteonecrosis: a randomized control study. J
Arthroplasty. 2012;27(5):679–86. https://doi.org/10.1016/j.arth.2011.08.008.

18. Ma Y, Wang T, Liao J, Gu H, Lin X, Jiang Q, et al. Efficacy of autologous
bone marrow buffy coat grafting combined with core decompression in
patients with avascular necrosis of femoral head: a prospective, double-
blinded, randomized, controlled study. Stem Cell Res Ther. 2014;5(5):115.
https://doi.org/10.1186/scrt505.

19. Andriolo L, Merli G, Tobar C, Altamura SA, Kon E, Filardo G. Regenerative
therapies increase survivorship of avascular necrosis of the femoral head: a
systematic review and meta-analysis. Int Orthop. 2018;42(7):1689–704.
https://doi.org/10.1007/s00264-018-3787-0.

20. Lieberman JR. Core decompression for osteonecrosis of the hip. Clin Orthop
Relat Res. 2004;418:29–33. https://doi.org/10.1097/00003086-200401000-00006.

21. Lin L, Jiao Y, Luo X-G, Zhang JZ, Yin HL, Ma L, et al. Modified technique of
advanced core decompression for treatment of femoral head osteonecrosis.
World J Clin Cases. 2020;8(13):2749–57. https://doi.org/10.12998/wjcc.v8.i13.2749.

22. Landgraeber S, Theysohn JM, Classen T, Jäger M, Warwas S, Hohn HP, et al.
Advanced core decompression, a new treatment option of avascular
necrosis of the femoral head--a first follow-up. J Tissue Eng Regen Med.
2013;7(11):893–900. https://doi.org/10.1002/term.1481.

23. Zhou W, Qu M, Lv Y, Zhu J. New advances in stem cell therapy for
osteonecrosis of the femoral head. Curr Stem Cell Res Ther. 2019;14(3):226–
9. https://doi.org/10.2174/1574888X13666181025120252.

24. Fang S, Li Y, Chen P. Osteogenic effect of bone marrow mesenchymal stem
cell-derived exosomes on steroid-induced osteonecrosis of the femoral
head. Drug Des Devel Ther. 2019;13:45–55.

25. Larson E, Jones LC, Goodman SB, Koo KH, Cui Q. Early-stage osteonecrosis
of the femoral head: where are we and where are we going in year 2018?
Int Orthop. 2018;42(7):1723–8. https://doi.org/10.1007/s00264-018-3917-8.

26. Goodman SB. The biological basis for concentrated iliac crest aspirate to
enhance core decompression in the treatment of osteonecrosis. Int Orthop.
2018;42(7):1705–9. https://doi.org/10.1007/s00264-018-3830-1.

27. Aggarwal AK, Poornalingam K, Jain A, Prakash M. Combining platelet-rich
plasma instillation with core decompression improves functional outcome and
delays progression in early-stage avascular necrosis of femoral head: a 4.5- to
6-year prospective randomized comparative study. J Arthroplasty. 2021;36(1):
54–61. https://doi.org/10.1016/j.arth.2020.07.010. Epub 2020 Jul 12.

28. Tabatabaee RM, Saberi S, Parvizi J, Mortazavi SMJ, Farzan M. Combining
concentrated autologous bone marrow stem cells injection with core
decompression improves outcome for patients with early-stage
osteonecrosis of the femoral head: a comparative study. J Arthroplasty.
2015;30(9 Suppl):11–5. https://doi.org/10.1016/j.arth.2015.06.022.

29. Kang JS, Suh YJ, Moon KH, Park JS, Roh TH, Park MH, et al. Clinical efficiency of
bone marrow mesenchymal stem cell implantation for osteonecrosis of the
femoral head: a matched pair control study with simple core decompression.
Stem Cell Res Ther. 2018;9(1):274. https://doi.org/10.1186/s13287-018-1030-y.

30. Wang Z, Sun Q-M, Zhang F-Q, Zhang QL, Wang LG, Wang WJ. Core
decompression combined with autologous bone marrow stem cells versus core
decompression alone for patients with osteonecrosis of the femoral head: a
meta-analysis. Int J Surg. 2019;69:23–31. https://doi.org/10.1016/j.ijsu.2019.06.016.

31. Papakostidis C, Tosounidis TH, Jones E, Giannoudis PV. The role of “cell
therapy” in osteonecrosis of the femoral head. a systematic review of the
literature and meta-analysis of 7 studies. Acta Orthop. 2016;87(1):72–8.
https://doi.org/10.3109/17453674.2015.1077418.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Li et al. Stem Cell Research & Therapy          (2021) 12:354 Page 10 of 10

http://chictr.org.cn
https://doi.org/10.2106/JBJS.19.01271
https://doi.org/10.2106/JBJS.E.01041
https://doi.org/10.1302/0301-620X.98B12.BJJ-2016-0203.R1
https://doi.org/10.1016/j.artd.2020.09.010
https://doi.org/10.1186/s13287-018-1018-7
https://doi.org/10.1186/s13287-018-1018-7
https://doi.org/10.1186/s13287-015-0105-2
https://doi.org/10.1186/s13287-020-01810-8
https://doi.org/10.1007/s00264-018-3919-6
https://doi.org/10.1002/term.489
https://doi.org/10.1002/jbm.a.20016
https://doi.org/10.1016/j.biomaterials.2006.01.031
https://doi.org/10.1016/j.biomaterials.2006.01.031
https://doi.org/10.1016/j.msec.2012.12.041
https://doi.org/10.1089/ten.tea.2010.0148
https://doi.org/10.1038/srep09409
https://doi.org/10.1016/j.arth.2011.08.008
https://doi.org/10.1186/scrt505
https://doi.org/10.1007/s00264-018-3787-0
https://doi.org/10.1097/00003086-200401000-00006
https://doi.org/10.12998/wjcc.v8.i13.2749
https://doi.org/10.1002/term.1481
https://doi.org/10.2174/1574888X13666181025120252
https://doi.org/10.1007/s00264-018-3917-8
https://doi.org/10.1007/s00264-018-3830-1
https://doi.org/10.1016/j.arth.2020.07.010
https://doi.org/10.1016/j.arth.2015.06.022
https://doi.org/10.1186/s13287-018-1030-y
https://doi.org/10.1016/j.ijsu.2019.06.016
https://doi.org/10.3109/17453674.2015.1077418

	Abstract
	Background
	Methods
	Results
	Conclusion
	Trial registration

	Background
	Methods
	Study design
	Patients
	Randomization
	Surgical procedure
	Outcome assessment
	Statistical analysis

	Results
	Baseline demographic characteristics
	Functional outcomes
	Survivorship during follow-up

	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

