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Abstract
Objective: To compare the outcomes of steroid-associated osteonecrosis of the femoral head in patients with systemic lupus erythe-
matosus who underwent conservative treatment and concentrated autologous bone marrow aspirate transplantation
Methods: Osteonecrosis of the femoral head was classified according to the Japanese Investigation Committee system. Concentrat-
ed autologous bone marrow aspirate transplantation was performed by aspirating the bone marrow from both iliac crests and then 
transplanting it to the necrotic area after the core decompression. Patients with >2-year follow-up after the concentrated autologous 
bone marrow aspirate transplantation in our institution (Group I) and those with >2-year follow-up after the first hospital visit in 
a cooperative institution (Group II) were included in this study. After a randomized matching based on age, sex, type, stage, and 
etiology, the collapse rate in pre-collapsed stages and total hip arthroplasty conversion rate in all stages were compared between 
the two groups.
Results: After the matching adjustment, 33 pairs of hips were included. Preoperatively, 1, 2, 16, and 14 hips were classified as types 
A, B, C1, and C2, respectively, and 15, 13, 2, and 3 hips were classified as stages 1, 2, 3A, and 3B, respectively. The collapse rates 
in the pre-collapsed stages were 68% and 39% in Groups I and II, respectively. Total hip arthroplasty conversion rates were 33% 
and 45% in Groups I and II, respectively. However, Group I had significantly higher and lower conversion rates in stages 1 and 3, 
respectively (both P<0.05).
Conclusion: Conservative treatment may be preferable in stage 1 hips. In addition, concentrated autologous bone marrow aspirate 
transplantation may prevent further collapse in stage 3.
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Introduction

In Japan, non-traumatic osteonecrosis of the femoral 
head (ONFH) is classified as ischemic, aseptic, and atrau-
matic and is mainly associated with corticosteroid use 
(51%). Among patients with steroid-associated ONFH, 31% 
were diagnosed with systemic lupus erythematosus (SLE), 
the most common underlying disease1–3). The peak ages of 
ONFH onset are aged 40 years for men and 30 years for 
women1).

ONFH with broad necrotic areas is associated with un-
satisfactory prognosis, with a collapse rate of 60–86%4–6). 
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Accordingly, total hip arthroplasty (THA) is frequently 
performed for collapsed hips, with a THA conversion rate 
of 44%7). As ONFH onset occurs at younger ages than os-
teoarthritis, the duration of prosthetic survival in THA is a 
problem for patients with ONFH. THA is not the first-line 
treatment for patients aged 20–30 years based on the pros-
thetic lifespan and dislocation risk. In addition, compared 
to osteoarthritis, osteonecrosis is highly associated with the 
long-term durability of THA8). Joint-preserving therapy is 
preferred for young patients with ONFH. However, the out-
comes of these joint procedures are poorer for collapsed than 
for pre-collapsed hips9, 10). To prevent or reduce collapse, 
various joint-preserving therapies have been proposed, in-
cluding femoral osteotomy, core decompression, vascular-
ized bone grafting, and bone marrow transplantation. Bone 
marrow transplantation combined with core decompression 
has also been reportedly effective11). In 2003, concentrated 
autologous bone marrow aspirate transplantation (CAB-
MAT) was first performed in our institution.

Although the outcomes of CABMAT-treated ONFH, in-
cluding short-term CABMAT results in patients with SLE, 
have been reported11, 12), these studies are greatly limited due 
to the lack of a control group.

The therapeutic effects of CABMAT were compared 
with those reported in a previous study on natural history, 
core decompression, and another method of bone marrow 
transplantation12). However, because age, sex, stage, type 
of ONFH, underlying disease, and follow-up period all dif-
fered among reports, a precise comparison was difficult. Al-
though our institution (Group I) treated idiopathic ONFH 
with CABMAT, conservative management was performed 
in the cooperative institution (Group II). Accurate patient 
data (age, sex, etiology, follow-up period, type, and stage) 
were obtained from both institutions. Hence, the outcome of 
CABMAT is comparable with that of conservative therapy 
using a matching-adjusted approach.

This study aimed to compare the collapse rate and THA 
conversion rate of steroid-associated ONFH in patients with 
SLE treated by CABMAT with those of treated conserva-
tively and to examine the curative effects of CABMAT.

Material and Methods
Patients

The study design was approved by the institutional ethi-
cal review committee of both institutions. Written informed 
consent to participate was obtained from all enrolled pa-
tients.

For precise matching comparisons, the Japanese Investi-
gation Committee classification was used to independently 
define the types and stages of ONFH diagnosis and clas-
sification, respectively13, 14). Using these criteria, ONFH was 
classified into types A, B, C1, and C2 based on the location 

of necrosis using T1-weighted coronal images obtained by 
magnetic resonance imaging (MRI) and categorized into 
stages 1, 2, 3A, 3B, and 4 using anteroposterior and lateral 
plain hip radiographs. The types and stage classifications 
are defined as follows: type A, a necrotic lesion occupying 
one third or less of the weight-bearing portion; type B, a 
necrotic lesion occupying two thirds or less of the weight-
bearing portion; type C1, a necrotic lesion occupying more 
than two-thirds of the weight-bearing portion but not ex-
tending laterally to the acetabular edge; type C2, a necrotic 
lesion extending laterally to the acetabular edge; stage 1, an 
abnormality detected not only in the plain radiograph but 
also in MRI; stage 2, femoral head sclerosis without col-
lapse observed in a plain radiograph; stage 3A, hips with 
collapse of <3 mm, including the crescent sign; stage 3B, 
hips with collapse of ≥3 mm, without osteoarthritic chang-
es; and stage 4, osteoarthritic changes13).

The inclusion criteria were steroid-associated ONFH in 
patients with SLE treated with CABMAT in our institution 
from January 2003 to December 2015 (for Group I) or treat-
ed conservatively in the cooperative hospital from January 
1988 to December 2015 (for Group II). Patients not followed 
up for >2 years were excluded from this study.

Regarding the CABMAT group (group I), 58 patients 
(92 hips) treated with CABMAT were retrospectively ex-
amined and followed up for >2 years postoperatively. The 
mean postoperative follow-up period was 5.1 (2.0–12) years, 
and the mean age was 35.4 (16–77) years. All ONFH was 
associated with corticosteroid use for the treatment of SLE. 
Preoperatively, 3, 5, 40, and 44 out of 92 hips were ana-
lyzed as types A, B, C1, and C2, respectively, whereas 19, 
23, 48, and 2 hips of 92 hips were analyzed as stages 1, 2, 
3 (3A+3B), and 4, respectively. In another institution, the 
conservative treatment group (group II) comprised of 59 pa-
tients (103 hips) treated conservatively and followed up for 
>2 years after the diagnosis. In the conservative therapy for 
ONFH, hip muscle training, load limitation of the hip joint 
using crutch, and pharmacotherapy with nonsteroidal anti-
inflammatory drugs are performed. The mean follow-up 
period and age were 11.4 (2–25) and 36.1 (15–63) years, re-
spectively. All ONFH was caused by corticosteroid use due 
to SLE. Preoperatively, 3, 16, 51, and 33 of 103 hips were 
classified as types A, B, C1, and C2, respectively, whereas 
80, 17, 6, and 0 hips were classified as stages 1, 2, 3 (3A+3B), 
and 4, respectively.

After the matching based on age, sex, type, stage, and 
underlying disease, the collapse rate and THA conversion 
rates were compared between the two groups.

Bone marrow aspiration, concentration, and 
transplantation

CABMAT was performed according to an established 
protocol15). Approximately 300 mL of bone marrow was 
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aspirated from the iliac crest using a bone marrow harvest 
needle (Medical Device Technologies, Inc., Gainesville, 
FL, USA) and transferred into a bone marrow collection 
bag (Baxter, Deerfield, IL, USA). After the centrifugation at 
1,200 g for 10 min (KUBOTA 9800; Kubota, Osaka, Japan), 
erythrocytes were transferred from the main bag to a satel-
lite bag (Terumo, Tokyo, Japan). After the second centrifu-
gation (3,870 g for 7 min), the plasma was transferred from 
the main bag into another satellite bag; therefore, approxi-
mately 30 mL of the buffy coat was left in the main bag. 
Core decompression using a 4.8-mm-diameter trephine (Iso 
Medical Systems, Tokyo, Japan) was performed to transport 
the buffy coat to the necrotic area. The drill was inserted 
percutaneously into the center of the necrotic area. After the 
core decompression, multiple drillings toward the necrotic 
site from the core decompression hole were performed using 
2.4-mm-diameter Kirschner wires. Using the core decom-
pression tract, a cannulated metal rod with four small holes 
at the top (Iso Medical Japan, Tokyo, Japan) was inserted 
into the necrotic area. Through the metal rod, the buffy 
coat was manually inserted and slowly infused over several 
minutes using a syringe. Approximately 18 ± 5.7 mL of the 
buffy coat was transplanted using a monitor with biplane 
fluoroscopy. Weight bearing was limited for 6 weeks post-
operatively. Non-weight-bearing exercises were allowed. 
Full weight bearing was allowed 10 weeks postoperatively. 
Adaptation criteria of CABMAT principles are stages 1–3A 
of ONFH.

Femoral head collapse rate
Anteroposterior and lateral radiographs of the affected 

hip were obtained during each clinical evaluation. Radio-
graphic progression of the femoral head collapse (preopera-
tively to the most recent follow-up) was evaluated consider-
ing the ONFH classification and staging. All radiographs 
were independently evaluated by two observers who were 
orthopedic surgery specialists and were authorized by the 
Japanese Orthopaedic Association. Progression of the femo-
ral head collapse was evaluated using a template overlay cir-
cle, according to Aaron et al.’s study16). The chi-squared test 
was used to compare collapse rates between Groups I and II.

THA conversion rate
The χ2 and log-rank tests were used to compare the THA 

conversion rate between Groups I and II using. A P-value of 
<0.05 was considered statistically significant.

Statistical analysis
All statistical analyses were performed using the JMP 

Statistics version 13.2.1 (SAS Institute Inc., Cary, NC, USA).

Results
Matching-adjusted groups

Between Groups I and II, hips were matched in a 1:1 ra-
tio according to age within 10 years, sex, etiology, and pre-
operative types and stages. Overall, 33 hips were recruited 
from each institution; therefore, 66 hips were included in 
the matching-adjusted group. Preoperatively, 1, 2, 16, and 
14 of 33 hips were classified as types A, B, C1, and C2, 
respectively, whereas 15, 13, 2, and 3 hips were classified 
as stages 1, 2, 3A, and 3B, respectively. All ONFH due to 
corticosteroid use occurred during the SLE treatment. The 
overall duration of steroid use was 12.7 (4.8–23.3) and 17.5 
(4.4–31.4) years in groups I and II, respectively. The average 
maximum steroid doses were 60 (30–80) and 56.5 (40–80) 
mg in Groups I and II, respectively. The matched patients’ 
characteristics between Groups I and II are shown in Table 
1.

Collapse rate of the pre-collapsed femoral head
The collapse rates in stages 1 and 2 were 67% (10/15) 

and 69% (9/13), respectively, in Group I and 7% (1/15) and 
77% (10/13), respectively, in Group II. The collapse rate in 
the pre-collapsed stages in Group I was significantly higher 
than that in Group II (68% [19/28] vs. 39% [11/28]; P<0.05, 
χ2 test).

THA conversion rate
THA conversion rates were 33% (11/33) and 45% (15/33) 

in Groups I and II, respectively, exhibiting no significant 
difference (P=0.31, χ2 test). In stage 1, the THA conver-
sion rate was significantly higher in group I (33% vs. 7%; 

Table 1 Patient characteristics of Groups I and II after matching

Group I Group II

Number of hips 33 33
Sex Male 2 2

Female 31 31

Mean age (years) 35.1 (22.6–53.5) 35.7 (20.5–57.1)
Side Right 10 17

Left 23 16

Preoperative type
A 1 1
B 2 2
C1 16 16
C2 14 14

Preoperative stage
1 15 15
2 13 13
3 (3A+3B) 5 5

Mean follow–up period (years) 5.9 (2.0–14.5) 8.7 (2.1–24.8)*

*P<0.05, unpaired t-test.
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P<0.05, χ2 test). Conversely, in stage 3 (3A and 3B), the THA 
conversion rate was significantly lower in group I (40% vs. 
100%; P<0.05, χ2 test) (Table 2).

Survival rates (end-point: THA conversion)
No significant differences were observed in survival 

rates between Groups I and II (Figure 1) (P=0.75, log-rank 
test). In stage 1, survival rates were significantly higher in 
Group II (P<0.05, log-rank test). In stage 2, no significant 
difference was observed. In stage 3 (3A+3B), survival rates 

were significantly higher in group I (P<0.005, log-rank test) 
(Figure 1). For types A and B, survival curves could not be 
drawn, and the log-rank test was not performed. For types 
C1 and C2, no significant differences were observed be-
tween Groups I and II.

Discussion

The exact mechanism of steroid-associated ONFH is 
unclear. Blood supply insufficiency due to thrombus, fat 

Table 2 Total hip arthroplasty conversion rate for each type and stage in Groups I and II

Stage
Type

Total
A B C1 C2

Group I 1 0/1 (0%) 0/2 (0%) 2/8 (25%) 3/4 (75%) 5/15 (33%)
2 - - 2/7 (29%) 2/6 (33%) 4/13 (31%)
3 (3A+3B) - - 0/1 (0%) 2/4 (50%) 2/5 (40%)

Total 0/1 (0%) 0/2 (0%) 4/16 (25%) 7/14 (50%) 11/33 (33%)

Group II 1 0/1 (0%) 0/2 (0%) 0/8 (0%) 1/4 (25%) 1/15 (7%)
2 - - 3/7 (43%) 6/6 (100%) 9/13 (69%)
3 (3A+3B) - - 1/1 (100%) 4/4 (100%) 5/5 (100%)

Total 0/1 (0%) 0/2 (0%) 4/16 (25%) 11/14 (79%) 15/33 (45%)

Figure 1 (a) Overall survival curve of groups I and II. (b) Survival curve in stage 1 (*P<0.05, log-rank test). (c) Survival curve in stage 2 
(n.s., not significant). (d) Survival curve in stage 3 (*P<0.005, log-rank test). Short dashed line, group I; continuous line, group 
II. End point: total hip arthroplasty conversion.
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embolism, and endothelial dysfunction decreases the mes-
enchymal stem cell (MSCs) and growth factor levels; and 
bone cell apoptosis is all advocated as causes of necrosis in 
ONFH17–20).

Although the exact mechanism of the therapeutic effect 
of bone marrow transplantation remains unknown, several 
theories have been proposed. The differentiation potency of 
MSC may possibly play an important role. MSCs have the 
potential to differentiate various cells21). Osteoblasts and/or 
vascular endothelial cells, differentiated from transplanted 
MSC, can possibly improve osteogenesis and cardiohemo-
dynamics in the necrotic area, contributing to its therapeutic 
effects. Sugaya et al. reported that transplanted MSCs could 
differentiate osteoblasts and induce tissue repair in the rab-
bit model22).

Furthermore, the secretory function of MSCs could 
provide a therapeutic effect. MSCs secrete wide-spectrum 
factors with antiapoptotic, proangiogenic, proliferative, and 
chemoattractive capacities23).

In addition to MSCs, the buffy coat (concentrated bone 
marrow used for transplantation) contains not only MSCs 
but also various growth factors (basic fibroblast growth 
factor [FGF], platelet-derived growth factor-BB, vascular 
endothelial growth factor, transforming growth factor β1, 
and bone morphogenetic protein24). These multifunctional, 
wide-spectrum growth factors might contribute to osteo-
genesis and angiogenesis, preventing the femoral head col-
lapse.

CABMAT has been performed in our institution since 
2003, expecting therapeutic effects attributable to the MSC 
and growth factor complementation using buffy coat trans-
plantation. Revascularization and migration of MSC and 
growth factors from the healthy bone via core decompres-
sion were also expected. Yoshioka et al. reported a THA 
conversion rate of 11% after CABMAT, with a mean follow-
up period of 3.4 years11). Tomaru et al. reported a THA con-
version rate of 29%, with a mean follow-up of 5.5 years9). 
Hernigou et al. reported that THA conversion rates after the 
concentrated bone marrow transplantation were 6.2% and 
57% in the pre- and post-collapsed stages, respectively, with 
a mean follow-up of 7 years25).

Sen et al. reported that outcomes of mononuclear cell in-
stillation with core decompression were better than core de-
compression alone26). Papakostidis et al. reported the effects 
of bone marrow transplantation in a systematic review27). 
Several studies reported the effectiveness of bone marrow 
transplantation; nevertheless, no head-to-head trials have 
been conducted on the effects of bone marrow transplanta-
tion on ONFH. The lack of the control group was a limita-
tion of a previous study that aimed to verify the effective-
ness of CABMAT28).

The collapse rate in the pre-collapsed stages was sig-
nificantly lower in group II. The higher collapse rate in 

the pre-collapsed stage and higher THA conversion rate 
in stage 1 in group I are unclear. The first hypothesis in-
volves differing recruitment methods. Although no screen-
ing system existed for ONFH in patients who received high 
corticosteroid doses in our institute (Group I), a screening 
system was available in the cooperative institute (Group II). 
The hypothesis is that core decompression before buffy coat 
transplantation might induce mechanical bone fragility and/
or accelerate osteoclast cell activity in the weight-bearing 
area of the femoral head. Several studies reported that the 
core decompression, including its outcomes, is not always 
stable. Mont et al. reported that core decompression had a 
significant effect on the early stage of ONFH29). The clinical 
success was defined as >80 points in the Harris hip score or 
>80% in other similar scoring systems. The success rates of 
nonoperative treatment ranged from 0% to 44%, whereas 
that of the core decompression ranged from 32% to 92%. 
Despite the high success rates in several studies, low suc-
cess rates had also been reported. Furthermore, Mont et al. 
did not compare the core decompression results with those 
of conservative treatment; nevertheless, core decompres-
sion might result in poor prognosis.

In stage 3, the THA conversion rate was low in group 
I. In the conservative treatment group, the prognosis of the 
hips that reached stage 3 was poor, with collapse progres-
sion and high THA conversion rate. In these cases, CAB-
MAT might improve the prognosis. The exact mechanism 
of this improvement remains unclear. Osteogenesis induced 
by CABMAT might prevent the substantial collapse that 
leads to THA conversion. Indeed, osteogenetic changes in 
the buffy coat donor site may occur in some patients (Figure 
2). Furthermore, as sclerotic changes in ONFH cause stress 
concentration, triggering subchondral fractures at the later-
al boundary, the core decompression to the sclerotic change 
may improve stress concentrations30).

In stage 2, no significant difference was observed in the 
THA conversion rates between the two groups. The core 
decompression disadvantage and osteogenesis advantage 
could have offset one another, clinically suggesting that 
careful observation of stage 1 hips is preferable. If changes 
are detected on plain radiographs, including osteosclerosis, 
subchondral fracture, and minor collapse, CABMAT should 
be considered. Hernigou et al. reported a significantly lower 
THA conversion rate and higher number of implantation 
of fibroblastic colony-forming units (CFU-F) in the con-
centrated bone marrow than those in our previous study 
(i.e., ONFH treated by CABMAT)25). In their report, a cell 
separator concentrated on the bone marrow, whereas only a 
simple blood bag was used in the CABMAT method. As a 
result, the number of CFU-Fs was approximately 10 times 
greater in the concentrated bone marrow9, 25), which may ac-
count for the low THA conversion rate. Kuroda et al. re-
ported a low collapse rate of pre-collapsed ONFH treated by 
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recombinant human FGF 2 (rhFGF-2)-impregnated gelatin 
hydrogel30). The amount of FGF was much higher in rhFGF-
2-impregnated gelatin hydrogel than that in the buffy coat 
of the CABMAT method. Moreover, the buffy coat is liq-
uid, whereas the gelatin hydrogel is a semisolid substance. 
Gelatin is expected to have higher retention rate than the 
buffy coat. Although the short-term result of FGF gelatin 
hydrogel treatment is good, the long-term outcome is slight-
ly unclear. Considering the FGF gelatin hydrogel character-
istics, they could be combined with CABMAT to improve 
the outcomes. Therefore, the use of a cell separator, gelation 
of the buffy coat, and combination with artificial bone for 
mechanical reinforcement of the drilled femoral head may 
be considered to improve the outcomes.

This study had limitations. First, the study design is ret-
rospective; thus, matching the follow-up periods is difficult. 
Nevertheless, the use of the log-rank test could correct the 
difference during the follow-up period to some extent. Sec-
ond, the number of patients and the follow-up period were 
small and short, respectively. The survival analysis in the 
subgroups (stages 1 and 2) might be unreliable due to the 
inadequate number of samples. Therefore, a study with a 
larger number of patients should be conducted to validate 
these results.

Core decompression is needed for historical control to 
investigate the therapeutic effect of bone marrow trans-
plantation itself. However, it is not yet widely performed in 
Japan. Conservative treatment is the standard treatment in 
Japan, whereas bone marrow transplantation and rhFGF-

2-impregnated gelatin hydrogel treatment are performed in 
only a few hospitals30). Therefore, patients who underwent 
core decompression cannot be considered as the control 
group; hence, we decided to set those who underwent con-
servative treatment as the control group in this study as the 
next best policy.

Conclusion

Based on the collapse and THA conversion rates, con-
servative therapy was more favorable for stage 1, whereas 
CABMAT was more favorable for stage 3. A prospective 
randomized control study comparing CABMAT and core 
decompression is needed to verify the treatment effect of 
CABMAT with more accurately.

Conflict of interest: The authors declare that they have 
no conflict of interest.

Figure 2 A 23-year-old woman with preoperative stage 1 and type C1.
Bone formation at the most recent follow-up can be seen. (a–d) Preoperative image. (e–h) Eight years after CABMAT. MRI 
(T1WI), magnetic resonance image T1-weighted image; CT, computed tomography; CABMAT, concentrated autologous bone 
marrow aspirate transplantation.



Journal of Rural Medicine

7|| doi: 10.2185/jrm.2020-0332021; 16(1): 1–7

References
 1. Fukushima W, Fujioka M, Kubo T, et al. Nationwide epidemiologic survey of idiopathic osteonecrosis of the femoral head. Clin Orthop Relat Res 2010; 

468: 2715–2724. [Medline]  [CrossRef]
 2. Nakamura J, Saisu T, Yamashita K, et al. Age at time of corticosteroid administration is a risk factor for osteonecrosis in pediatric patients with systemic 

lupus erythematosus: a prospective magnetic resonance imaging study. Arthritis Rheum 2010; 62: 609–615. [Medline]  [CrossRef]
 3. Shigemura T, Nakamura J, Kishida S, et al. Incidence of osteonecrosis associated with corticosteroid therapy among different underlying diseases: prospec-

tive MRI study. Rheumatology (Oxford) 2011; 50: 2023–2028. [Medline]  [CrossRef]
 4. Koo KH, Kim R, Ko GH, et al. Preventing collapse in early osteonecrosis of the femoral head. A randomised clinical trial of core decompression. J Bone 

Joint Surg Br 1995; 77: 870–874. [Medline]  [CrossRef]
 5. Kubo T, Yamazoe S, Sugano N, et al. Initial MRI findings of non-traumatic osteonecrosis of the femoral head in renal allograft recipients. Magn Reson 

Imaging 1997; 15: 1017–1023. [Medline]  [CrossRef]
 6. Min BW, Song KS, Cho CH, et al. Untreated asymptomatic hips in patients with osteonecrosis of the femoral head. Clin Orthop Relat Res 2008; 466: 

1087–1092. [Medline]  [CrossRef]
 7. Nam KW, Kim YL, Yoo JJ, et al. Fate of untreated asymptomatic osteonecrosis of the femoral head. J Bone Joint Surg Am 2008; 90: 477–484. [Medline]  

[CrossRef]
 8. Saito S, Saito M, Nishina T, et al. Long-term results of total hip arthroplasty for osteonecrosis of the femoral head. A comparison with osteoarthritis. Clin 

Orthop Relat Res 1989; 198–207. [Medline]
 9. Tomaru Y, Yoshioka T, Sugaya H, et al. Mid-term results of concentrated autologous bone marrow aspirate transplantation for corticosteroid-associated 

osteonecrosis of the femoral head in systemic lupus erythematosus. Int Orthop 2018; 42: 1623–1630. [Medline]  [CrossRef]
 10. Dean MT, Cabanela ME. Transtrochanteric anterior rotational osteotomy for avascular necrosis of the femoral head. Long-term results. J Bone Joint Surg 

Br 1993; 75: 597–601. [Medline]  [CrossRef]
 11. Yoshioka T, Mishima H, Akaogi H, et al. Concentrated autologous bone marrow aspirate transplantation treatment for corticosteroid-induced osteonecrosis 

of the femoral head in systemic lupus erythematosus. Int Orthop 2011; 35: 823–829. [Medline]  [CrossRef]
 12. Tomaru Y, Yoshioka T, Sugaya H, et al. Ten-year results of concentrated autologous bone marrow aspirate transplantation for osteonecrosis of the femoral 

head: a retrospective study. BMC Musculoskelet Disord 2019; 20: 410. [Medline]  [CrossRef]
 13. Sugano N, Atsumi T, Ohzono K, et al. The 2001 revised criteria for diagnosis, classification, and staging of idiopathic osteonecrosis of the femoral head. J 

Orthop Sci 2002; 7: 601–605. [Medline]  [CrossRef]
 14. Nakamura J, Kishida S, Harada Y, et al. Inter-observer and intra-observer reliabilities of the Japanese Ministry of Health, Labor and Welfare type classifica-

tion system for osteonecrosis of the femoral head. Mod Rheumatol 2011; 21: 488–494. [Medline]  [CrossRef]
 15. Sakai S, Mishima H, Ishii T, et al. Concentration of bone marrow aspirate for osteogenic repair using simple centrifugal methods. Acta Orthop 2008; 79: 

445–448. [Medline]  [CrossRef]
 16. Aaron RK, Lennox D, Bunce GE, et al. The conservative treatment of osteonecrosis of the femoral head. A comparison of core decompression and pulsing 

electromagnetic fields. Clin Orthop Relat Res 1989; 209–218. [Medline]
 17. Li X, Jin L, Cui Q, et al. Steroid effects on osteogenesis through mesenchymal cell gene expression. Osteoporos Int 2005; 16: 101–108. [Medline]  [Cross-

Ref]
 18. Glueck CJ, Freiberg RA, Wang P. Heritable thrombophilia-hypofibrinolysis and osteonecrosis of the femoral head. Clin Orthop Relat Res 2008; 466: 

1034–1040. [Medline]  [CrossRef]
 19. Arlet J. Nontraumatic avascular necrosis of the femoral head. Past, present, and future. Clin Orthop Relat Res 1992; 12–21. [Medline]
 20. Drescher W, Schlieper G, Floege J, et al. Steroid-related osteonecrosis—an update. Nephrol Dial Transplant 2011; 26: 2728–2731. [Medline]  [CrossRef]
 21. Pittenger MF, Mackay AM, Beck SC, et al. Multilineage potential of adult human mesenchymal stem cells. Science 1999; 284: 143–147. [Medline]  [Cross-

Ref]
 22. Sugaya H, Mishima H, Gao R, et al. Fate of bone marrow mesenchymal stromal cells following autologous transplantation in a rabbit model of osteone-

crosis. Cytotherapy 2016; 18: 198–204. [Medline]  [CrossRef]
 23. Hernigou P, Guerin G, Homma Y, et al. History of concentrated or expanded mesenchymal stem cells for hip osteonecrosis: is there a target number for 

osteonecrosis repair? Int Orthop 2018; 42: 1739–1745.
 24. Sugaya H, Yoshioka T, Kato T, et al. Comparative analysis of cellular and growth factor composition in bone marrow aspirate concentrate and platelet-rich 

plasma. Bone Marrow Res 2018; 2018: 1549826. [Medline]  [CrossRef]
 25. Hernigou P, Beaujean F. Treatment of osteonecrosis with autologous bone marrow grafting. Clin Orthop Relat Res 2002; 405: 14–23. [Medline]  [CrossRef]
 26. Sen RK, Tripathy SK, Aggarwal S, et al. Early results of core decompression and autologous bone marrow mononuclear cells instillation in femoral head 

osteonecrosis: a randomized control study. J Arthroplasty 2012; 27: 679–686. [Medline]  [CrossRef]
 27. Papakostidis C, Tosounidis TH, Jones E, et al. 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: 72–78. [Medline]  [CrossRef]
 28. Tomaru Y, Yoshioka T, Sugaya H, et al. Hip preserving surgery with concentrated autologous bone marrow aspirate transplantation for the treatment of 

asymptomatic osteonecrosis of the femoral head: retrospective review of clinical and radiological outcomes at 6 years postoperatively. BMC Musculoskelet 
Disord 2017; 18: 292. [Medline]  [CrossRef]

 29. Mont MA, Carbone JJ, Fairbank AC. Core decompression versus nonoperative management for osteonecrosis of the hip. Clin Orthop Relat Res 1996; 
169–178.

 30. Kuroda Y, Asada R, So K, et al. A pilot study of regenerative therapy using controlled release of recombinant human fibroblast growth factor for patients 
with pre-collapse osteonecrosis of the femoral head. Int Orthop 2016; 40: 1747–1754. [Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/20224959?dopt=Abstract
http://dx.doi.org/10.1007/s11999-010-1292-x
http://www.ncbi.nlm.nih.gov/pubmed/20112393?dopt=Abstract
http://dx.doi.org/10.1002/art.30102
http://www.ncbi.nlm.nih.gov/pubmed/21865285?dopt=Abstract
http://dx.doi.org/10.1093/rheumatology/ker277
http://www.ncbi.nlm.nih.gov/pubmed/7593097?dopt=Abstract
http://dx.doi.org/10.1302/0301-620X.77B6.7593097
http://www.ncbi.nlm.nih.gov/pubmed/9364947?dopt=Abstract
http://dx.doi.org/10.1016/S0730-725X(97)00159-8
http://www.ncbi.nlm.nih.gov/pubmed/18327630?dopt=Abstract
http://dx.doi.org/10.1007/s11999-008-0191-x
http://www.ncbi.nlm.nih.gov/pubmed/18310696?dopt=Abstract
http://dx.doi.org/10.2106/JBJS.F.01582
http://www.ncbi.nlm.nih.gov/pubmed/2743660?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/29705871?dopt=Abstract
http://dx.doi.org/10.1007/s00264-018-3959-y
http://www.ncbi.nlm.nih.gov/pubmed/8331115?dopt=Abstract
http://dx.doi.org/10.1302/0301-620X.75B4.8331115
http://www.ncbi.nlm.nih.gov/pubmed/20512330?dopt=Abstract
http://dx.doi.org/10.1007/s00264-010-1048-y
http://www.ncbi.nlm.nih.gov/pubmed/31488133?dopt=Abstract
http://dx.doi.org/10.1186/s12891-019-2797-4
http://www.ncbi.nlm.nih.gov/pubmed/12355139?dopt=Abstract
http://dx.doi.org/10.1007/s007760200108
http://www.ncbi.nlm.nih.gov/pubmed/21347801?dopt=Abstract
http://dx.doi.org/10.3109/s10165-011-0430-y
http://www.ncbi.nlm.nih.gov/pubmed/18626810?dopt=Abstract
http://dx.doi.org/10.1080/17453670710015382
http://www.ncbi.nlm.nih.gov/pubmed/2582669?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15205891?dopt=Abstract
http://dx.doi.org/10.1007/s00198-004-1649-7
http://dx.doi.org/10.1007/s00198-004-1649-7
http://www.ncbi.nlm.nih.gov/pubmed/18350351?dopt=Abstract
http://dx.doi.org/10.1007/s11999-008-0148-0
http://www.ncbi.nlm.nih.gov/pubmed/1555331?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21602181?dopt=Abstract
http://dx.doi.org/10.1093/ndt/gfr212
http://www.ncbi.nlm.nih.gov/pubmed/10102814?dopt=Abstract
http://dx.doi.org/10.1126/science.284.5411.143
http://dx.doi.org/10.1126/science.284.5411.143
http://www.ncbi.nlm.nih.gov/pubmed/26794712?dopt=Abstract
http://dx.doi.org/10.1016/j.jcyt.2015.10.016
http://www.ncbi.nlm.nih.gov/pubmed/29682351?dopt=Abstract
http://dx.doi.org/10.1155/2018/1549826
http://www.ncbi.nlm.nih.gov/pubmed/12461352?dopt=Abstract
http://dx.doi.org/10.1097/00003086-200212000-00003
http://www.ncbi.nlm.nih.gov/pubmed/22000577?dopt=Abstract
http://dx.doi.org/10.1016/j.arth.2011.08.008
http://www.ncbi.nlm.nih.gov/pubmed/26220203?dopt=Abstract
http://dx.doi.org/10.3109/17453674.2015.1077418
http://www.ncbi.nlm.nih.gov/pubmed/28683795?dopt=Abstract
http://dx.doi.org/10.1186/s12891-017-1652-8
http://www.ncbi.nlm.nih.gov/pubmed/26715504?dopt=Abstract
http://dx.doi.org/10.1007/s00264-015-3083-1

