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Abstract
Osteonecrosis of the femoral head (ONFH) is a challenging multifactorial condition that affects mainly
young patients. The disease can lead to collapse of the femoral head and secondary degenerative osteoar-
thritis of the hip joint. Various therapies for different stages of ONFH have been well established. However,
results are largely heterogeneous and there is still no universal consensus regarding the optimal approach.
In this article, the current therapies of ONFH and their outcomes will be reviewed and categorized based

on the ARCO classification.
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BACKGROUND

Osteonecrosis of the femoral head (ONFH)
remains a challenging condition that requires an
individualized, strategical step-by-step approach.
This multifactorial condition affects mainly young
patients with the highest susceptibility seen between
the ages of 3050 years,' affecting both hips in an
unsynchronized fashion in up to 90% of the cases.?
ONFH associated with chemotherapy for hema-
tological malignancies occurs in much younger
patients with a mean age of 14.4 years.’ If left
untreated, ONFH causes collapse of the femoral
head in up to 80% of cases and consequently leads
to secondary degenerative osteoarthritis of the hip
joint.*> As joint preserving surgeries are indicated

in early precollapse cases of ONFH, total hip arthro-
plasty (THA) remains the treatment of choice in
late stages of ONFH accounting for up to 10% of
all THA performed in the USA.® However, THA
for secondary osteoarthritis of the hip joint due to
ONFH has shown nonoptimal results when com-
pared with THA for primary osteoarthritis, espe-
cially in patients under corticosteroids therapy, with
sickle cell disease (SCD) and alcohol abuse.”

Approach Based on the Association Research
Circulation Osseous-Classification (ARCO)

The ARCO classification describes the disease
progression according to radiographic and magnetic
resonance imaging (MRI) changes.? It is currently
considered a reliable tool for choosing the optimal

Bio Ortho J Vol 3(SP1):e57-e67; 5 May, 2023.
This open access article is licensed under Creative Commons Attribution 4.0 International
(CC BY 4.0). http://creativecommons.org/licenses/by/4.0 © ZE Rabih et al.

e57


https://orcid.org/0000-0003-4809-3704
https://orcid.org/0000-0002-7886-9211
https://orcid.org/0000-0003-1211-0920

Osteonecrosis of the femoral head

therapy for patients suffering from ONFH. Joint pre-
serving surgeries such as core decompression (CD)
with various combinations are mainly performed in
early precollapse stages (ARCO 0-II b), where the
necrotic lesion involves less than 30% of the femo-
ral head. Whereas middle to advanced stages ONFH
(ARCO 1II b to III ¢) with more than 30% involve-
ment or > 2 mm depression of the femoral head usu-
ally requires the removal of the necrotic portion out
of the weight-bearing region through femoral oste-
otomies. Terminal irreversible stages of the disease
(ARCO 1V) with secondary osteoarthritis of the hip
joint necessitate a THA.

JOINT PRESERVING SURGERIES
(ARCO0-1IIC)

Various joint preserving surgeries have been
well established in the last decades. The success of
joint preservation depends on the location (medial,
central, or lateral), radiographic staging, extension
of the necrotic lesion, underlying health condi-
tions, surgical technique, and the age of the patient.
Joint preserving procedures include CD augmented
with mesenchymal-cell-transplantation (MSCT),
platelet-rich plasma (PRP) or bone grafting, and
femoral osteotomies.

Core-Decompression (ARCO stage I — 11 b)

Core decompression is the most widely studied
and commonly performed procedure (Figure 1) for
treatment of early precollapse stages of ONFH in
an attempt to reduce hip pain and prevent disease
progression.® Theoretically, core decompression
decreases the intraosseous pressure and venous
congestion and thereby improves blood flow to the
femoral head. It was originally developed in the
pre-MRI era by Ficat and Arlet in the 1960s when
intraosseous pressure in the femoral head was mea-
sured, and a biopsy specimen from the femoral
head was taken to confirm the diagnosis of ONFH
in painful hips without radiological evidence.” The
best prognostic outcomes are seen in early precol-
lapse stages (ARCO I-II b) with medially located
necrotic lesions of less than 30% of the femoral head
or Kerboul angle of less than 200°.%'*'* Advanced
stages (ARCO II c—III) with collapse of the articu-
lar surface show high failure rates and progression
toward degenerative osteoarthritis.

Adjuvants to CD for ONFH

Mesenchymal stem cell transplantation (MSCT)
The pathogenesis of ONFH is considered to

be associated with abnormal metabolism of stem

cells and decline in their osteogenic differentiation

Figure 1. (A) Preoperative MRI of a laterally located ONFH (ARCO II-b) showing the extent of the
necrotic lesion; (B) Preoperative X-ray showing mottled appearance of the femoral head and osteosclerosis;
(C) Intraoperative X-ray after core decompression and autologous bone grafting.
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potential.'*!> In vitro studies have proven the abil-
ity of stem cells in stimulating neovascularisation
and osteogenesis through transformation into endo-
thelial cells and osteoblasts, respectively.!®!” Stem
cells can also stimulate blood supply to the necrotic
regions through indirect paracrine signalling.'
Stem cells can be obtained from various tissues
including bone marrow, peripheral blood, fat, or
umbilical cord. Combination of core decompres-
sion and MSCT is the most described and widely
performed method for implantation of stem cells.'**
Alternative combinations for MSCT include autolo-
gous bone marrow grafting and tantalum rods.?!
The use of MSCT in combination with tradi-
tional core decompression was first described by
Hernigou and Beaujean in 1993. Mesenchymal stem
cells were harvested from iliac crest bone marrow
and applied through the CD-tract in 189 hips. The
study reported excellent results in precollapse stages
of ONFH with 6.2 of patients requiring THA at
5-10 years follow-up.'® A recent randomized control
trial (RCT) with an average follow-up of 25 years
comparing CD alone and bone marrow (BM) trans-
plantation after CD for precollapse stages ONFH
(ARCO I & 1) showed a significant decrease in the
volume of the necrotic region on MRI (45% of fem-
oral head preoperatively vs 12% postoperatively) as
well as decrease in THA required (24% in the CD/
BM group vs 76% in the CD group).?*> Core decom-
pression combined with MSCT has shown poor
results in advanced stages of ONFH with existing
articular collapse of the femoral head. In a double
blinded RCT of 46 hips, Hauzeur et al. reported no
clinical advantage of bone marrow autologous con-
centrate (BMAC) combined with core decompres-
sion in ARCO Stage III ONFH as 15 out of 23 hips
(65%) progressed to THA at 24 months follow-up.*

Platelet-rich plasma (PRP)

Autologous platelet-rich plasma (PRP) con-
tains numerous bioactive growth and differen-
tiation factors that include platelet-derived growth
factor (PDGF), transforming growth factor 8
(TGF-B), basic fibroblast growth factor (FGF),
endothelial growth factor (EGF), and vascular endo-
thelial growth factor (VEGF).* These factors have

an important role in tissue repair through prolifera-
tion and differentiation of mesenchymal stem cells,
as well as through regulation of various cellular pro-
cesses including mitogenesis, chemotaxis, angio-
genesis, and metabolism. Furthermore, PRP can
inhibit inflammatory reactions occurring in necrotic
regions by downregulating certain cytokines such as
interleukin-13, tumor necrosis factor-o,, and inter-
leukin-17A.% Studies on steroid-treated in vitro cell
models and steroid-treated in vivo animal models
have proven the significant role of PRP in the treat-
ment of steroid-induced ONFH. PRP can prevent
glucocorticoid-induced cell apoptosis through the
activation of Act/Bad/Bcl-2 pathways and promote
osteogenesis as well as angiogenesis by regulating
the expression of numerous cytokines.? 2

Based on the above-mentioned rationale, PRP
could be combined with core decompression and
bone grafting to improve the treatment of early pre-
collapse stages ONFH. Recent clinical results dem-
onstrate a significant improvement after combining
the two techniques. Aggarwal et al. compared CD
alone and CD with PRP in a 4.5-6 years prospective
randomized double blinded study on 53 hips with
Ficat Stages I and II. Results showed a decrease in
the modified Kerboul angle from 200.8 to 189.2°
on postoperative MRI in the CD/PRP group versus
increased modified Kerboul angle in the CD group.
Progression to THA was seen in 78% in the CD/PRP
group versus 92% in the CD group.” The combined
application of MSCT with autologous PRP after
core decompression represents “theoretically” an
innovative intervention merging biotechnology that
enhances osteogenesis and angiogenesis with sur-
gical support through debridement of the necrotic
region. In a recent study, Rocchi et al. combined
core decompression and bone allografts with PRP
and concentrated MSC. Best outcomes were seen in
early precollapse stages with 16.7-20% progressing
to THA in group ARCO Stage II a-b, whereas it was
75% in group ARCO Stage III b-1V after a mini-
mum of 2 years follow-up.*

Vascularized Fibular Grafting
Since the 1970s, vascularized bone grafting
has been applied as a joint preserving procedure in
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early precollapse stages ONFH (ARCO 0-I1).3! The
transplanted bone provides a vital structural support
and prevents the subchondral bone from collapsing.
It also enhances osteogenesis and angiogenesis in
the necrotic area due to the directly reconstructed
vascularisation.*? Vascularized bone grafts are most
commonly harvested from the pelvic crest or from
the fibula.’>** Alternative harvest sites include vas-
cularized muscle-pedicle bone flaps from tensor
fascia lata or Sartorius.**** Following CD, the bone
grafts are then introduced in the decompression tract
in the femoral neck region and anastomosed to the
lateral circumflex femoral artery microsurgically.®*

In a study comparing vascularized and non-
vascularized bone grafting in patients with early
precollapse stages of ONFH (Pittsburgh I-II),
Plakseychuk et al. reported an 84% 7-year survivor-
ship in the vascularized group and only 30% in the
nonvascularized group.* Urbaniak et al. described
a 91% 5-year survivorship after vascularized fibula
grafts in patients with Pittsburgh Stage II ONFH
and 77% in patients with Stage II1.’¢ The success
rate of this procedure is very limited in necrotic
lesions extending more than 50% of the femoral
head, articular surface collapse of > 2 mm, and in
patients with comorbidities leading to graft failure
such as smoking, alcohol abuse, and peripheral
arterial disease.”’

Femoral Osteotomies (ARCO II b - 111 ¢)

Several techniques of femoral osteotomies have
been developed in an attempt to preserve the hip
joint or delay the need for THA in young patients
suffering from middle to advanced stages ONFH
(ARCO IIb-IlIc). The principle behind this inter-
vention is to move the affected necrotic area from
the weight-bearing zone to a nonweight-bearing
zone in order to prevent (further) collapse of the
articular surface of the femoral head and promote
healing of the necrotic lesion. Femoral osteotomies
can be described as either angular or rotational.
Through angular femoral osteotomies, the necrotic
area is shifted medially or laterally thereby provid-
ing the weight-bearing area of the hip joint with
a healthy nonnecrotic articular zone. Rotational
osteotomies relocate the necrotic zone anteriorly

or posteriorly around the femoral-neck axis.3® The
most well-known femoral osteotomies for the treat-
ment of ONFH include the trans-trochanteric curved
varus osteotomy (TCVO) and the trans-trochanteric
rotational osteotomy (TRO).*

With TCVO, a curved osteotomy is performed
between the greater and lesser trochanter, and the
proximal fragment containing the necrotic area is
shifted in a varus position. After confirmation of the
targeted varus angle, the osteotomy is fixed with a
plate and compression screws.>** A success rate of
91.8%, defined as survival of the hip with no con-
version to THA, has been reported after TCVO at
12.4 years follow-up.*#!

In TRO, the osteotomy is performed through the
greater trochanter between the gluteus medius and
piriformis posteriorly and between gluteus medius
and vastus lateralis anteriorly. The proximal frag-
ment is then rotated anteriorly or posteriorly depend-
ing on the location of the necrotic lesion. After
confirmation of the final positioning, the osteotomy
is fixed and the greater trochanter is reattached.”*
The results of TRO are highly controversial. Dean
et al. reported nonsatisfactory results after perform-
ing Sugioka’s trans-trochanteric anterior rotational
osteotomy for ONFH on 18 hips. Success defined
as no collapse of the femoral head was seen in only
17% of the cases at a mean follow-up of 5 years.*
In Asian countries, however, several studies reported
success rates ranging from 70 to 93%. >4

In a retrospective study comparing TCVO
(91 hips) and TRO (65 hips), Lee et al. reported
shorter operation time and less blood loss in the
TCVO group. Furthermore, higher collapse rates of
the femoral head (28.6% in TRO group vs 10.8%
in TCVO group) and subsequently higher rates of
conversion to THA were observed in the TRO group
(89.2%).4

ARCOIIIC - IV:
HIP REPLACEMENT SURGERIES

Terminal nonsalvageable stages of ONFH (ARCO
[lIc-1V) are characterized by an irreversible col-
lapse of the articular surface and inevitable progres-
sion to degenerative osteoarthritis of the hip joint.
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With regard to the reduction of pain and restoration
of mobility, such patients do not benefit from joint
preserving surgeries and often require hip replace-
ment. Commonly performed joint replacement
surgeries include joint resurfacing, total hip arthro-
plasty (THA), and short-stem THA.* Traditional
THASs performed for postcollapse ONFH before the
year 2000 have shown nonsatisfactory results due to
failure rates as high as 53%.4¢*3 Prospective analysis
comparing THA for primary osteoarthritis (45,252
hips) and ONFH (2271 hips) from 2001 to 2012 has
reported higher rates of surgical site infection, read-
mission, revisions, and mortality in patients with
ONFH.#

Several underlying health conditions leading
to ONFH are associated with increased failure
rates after THA. Renal transplantation, cortico-
steroid therapy, SCD, smoking, and alcohol abuse
are among the most widely reported contribu-
tors.’*>3 In the setting of alcohol-induced ONFH,
Yuan et al. reported a high revision rate (29.2%) at
a mean follow-up of 6.7 years.”® More recent case
series (62 hips) analyzing THA for ONFH due to
alcohol abuse with mean follow-up of 8.6 years
reported 8% early revision rate (< 2 years) for
instability, periprosthetic acetabular fracture and
component loosening, heterotopic ossification,
superficial infection, and acute periprosthetic infec-
tion.>* Higher failure rates in this young population

can be attributed to the comorbidities associated
with alcohol abuse including concomitant smok-
ing history, alcohol withdrawal, noncompliance,
and poor clinical follow-up.’*>* Early retrospec-
tive studies (before 1990) on THA for patients with
ONFH due to SCD have shown unfavorable results
with very high revision rates (14/25 hips — 40%)
especially in cemented THA at a mean follow-up
of 8.6 years.”! However, recent studies (after 1990)
have confirmed excellent results with 98% 10-year
survivorship when implanting cementless stems
and cups in patients with SCD-induced terminal
stage ONFH.>

Histological analysis of bone matrix composi-
tion in ONFH has revealed significant reduction in
bone mass and trabecular quality in the trochanter
major region (Figures 2—-3). Moreover, histological
studies confirmed extension of the necrosis below
the trochanter minor region.’*>’ These histological
changes in bone composition and metabolism can
be seen as major contributors to aseptic stem loosen-
ing after THA in ONFH patients.

Mid-term results of short-stem THA (Figure 4) in
patients with ONFH are very promising. At a mean
follow-up of 7.9 years, Zeh et al. reported complete
osseointegration of 26 short-stem THA implanted in
21 patients suffering from ONFH. When compared
with a matched control group with implantation of
short-stem THA for primary osteoarthritis, there

Figure 2. (A) Preoperative X-ray showing advanced secondary osteoarthritis with narrowing of the joint
space, cyst formation and osteosclerosis; (B) MRI showing ONFH located centrally and laterally, involving

> 30% of the femoral head.

Bio Ortho J Vol 3(SP1):e57—e67; 5 May, 2023.
This open access article is licensed under Creative Commons Attribution 4.0 International
(CC BY 4.0). http://creativecommons.org/licenses/by/4.0 © ZE Rabih et al.

e61



Osteonecrosis of the femoral head

Figure 3. (A—C) Intraoperative finding showing loss of contour of the femoral head with subchondral frac-

ture and collapse of the articular surface.

Figure 4. Postoperative X-ray after total hip arthro-
plasty with short-stem prosthesis.

was no significant increase in stem migration or tilt-
ing radiologically.®® Capone et al. showed excellent
clinical results and fixation pattern in 30 patients (37
hips) younger than 60 years who underwent short-
stem THA for late stages ONFH (Steinberg IV-V).>
In this case series, there was no reported revision
for any reason at a mean follow-up of 5.6 years.
Suksathien and Sueajui demonstrated 98.8% survi-
vorship with the end point of stem revision for any
reason and 100% survivorship for aseptic loosening
at 7 years follow-up in 83 cases treated with short-
stem THA for terminal stages ONFH (Stages [II-1V
after Ficat and Arlet).!

CONSERVATIVE THERAPIES (ARCO 0-1/
CONTRAINDICATION TO SURGERY)

Conservative treatment of ONFH has been pro-
posed for early noncollapse stages (ARCO 0-I) with
very small necrotic lesions or among patients where
surgical intervention is contraindicated due to other
comorbidities. Nonweight-bearing is usually recom-
mended for reducing pain without long-term effect
on the progression of the disease. Many pharma-
ceutical agents have been suggested and applied as
conservative regimes to reduce pain and prevent fur-
ther deterioration of ONFH. Statins have shown no
significant outcomes in preventing or delaying the
development of ONFH.® Tloprost, a prostaglandin
analog that enhances blood flow and reduces coagu-
lation, is commonly used for early precollapse stages
of ONFH to reduce pain and bone marrow edema,®
however with no evidence of long-term prognostic
improvement for ONFH.* Bisphosphonates reduce
bone turnover by increasing osteoclast apopto-
sis and reducing osteoblast apoptosis.®® Regarding
the rate of progression to THA, there were no dif-
ferences shown between the alendronate and pla-
cebo groups.®® Extracorporeal shock wave therapy,
electromagnetic field stimulation, and hyperbaric
oxygen therapy have been reported to be effective in
alleviating pain and reducing bone marrow edema
syndrome in patients with ONFH.®” However, there
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is no clear evidence whether these therapies can pre-
vent or delay the progression of ONFH.%

DISCUSSION

Despite extensive data on core decompression
as a treatment option for early precollapse stages of
ONFH, clinical outcomes are still controversial. This
could be in part attributed to the numerous adjuvant
methods applied with core decompression. On the
other hand, the success of this procedure is highly
dependent on the stage of the disease, the patients
being selected, and the underlying conditions con-
tributing to the development of ONFH.

Stem-cell therapy for ONFH is promising in
regard to its effectiveness in treating early precol-
lapse stages. However, many challenges such as
clinical indication and safety profile are still faced
in the clinical practice. Therefore, more RCTs are
needed to standardize the surgical procedure, vali-
date its safety, and investigate the future fate of the
transplanted stem-cells in regard to tumorgenicity.

The utilization of PRP with CD is beginning to
gain more focus in early stages of ONFH. However,
various limitations still exist. There is no universal
standard of procedure for PRP in treating ONFH,
and the curative effects of PRP demonstrated in
many articles are highly heterogeneous.

Femoral osteotomy is a valuable joint preserving
treatment option in advanced stages ONFH (ARCO
IIb—III). These surgical procedures demand high
technical abilities and a standard routine. Specific
complications of femoral osteotomies include iat-
rogenic lesion of the femoral circumflex arteries
with further damage to the blood flow of the femoral
head, delayed union or pseudarthrosis of the femo-
ral osteotomy, intra-articular adhesions, heterotopic
ossifications, excessive angular correction, impinge-
ment, leg length discrepancy, and high riding tro-
chanter.3® Appropriate patient selection for femoral
osteotomies is essential. Best outcomes have been
reported in patients not being treated with long-term
corticosteroids, age < 40 years, with a body mass
index (BMI) less than 24 kg/m? minimal osteoar-
thritic changes, a postoperative intact articular sur-
face ratio of at least 33% and necrotic lesions with a
Kerboul angle less than 200°.26-72

Short-stem THA offers a valuable alternative to
conventional THA in this specific patient population
due to their metaphyseal fixation and consequently
reduced stress shielding on the proximal femur.5%¢!
In addition, short-stem THA provides a potential
advantage of bone stock preservation in cases of
prosthesis revision in young patients. Although mid-
term results are promising, further investigations are
still needed to analyze the long-term durability of
short-stem THA in ONFH. Moreover, further stud-
ies are required to determine optimal surface bear-
ing of the implant as well as the factors contributing
to implant failure.

CONCLUSION

ONFH remains a disease with unclear patho-
physiology. The treatment necessitates a thorough
understanding of the disease and the factors associ-
ated with its progression. In precollapse cases of
ONFH early diagnosis and intervention are essen-
tial. The aim of joint preserving surgery is to pre-
vent femoral head collapse and stop or delay the
damage to the hip joint. Patients in this age group
are highly active and therefore more physically
demanding. So, encouraging prevention, seeking
early diagnosis, emphasizing joint preserving pro-
cedures, and applying modern arthroplasty tech-
niques should always be considered by the treating
physician.

AUTHORS’ CONTRIBUTIONS

The manuscript was written by Ziad El Rabih.
All authors contributed to the complete review and
rereview of the manuscript.

ACKNOWLEDGMENT

The authors would like to acknowledge Oliver
Schakols, MD, for providing the figures shown in
Section “ARCO Illc- IV: Hip replacement surgeries”
of this article.

DISCLOSURE

Funding
The authors have not received any funding for
this review article.

Bio Ortho J Vol 3(SP1):e57-e67; 5 May, 2023.
This open access article is licensed under Creative Commons Attribution 4.0 International
(CC BY 4.0). http://creativecommons.org/licenses/by/4.0 © ZE Rabih et al.

e63



Osteonecrosis of the femoral head

Conflict of Interest

There is no conflict of interest regarding the con-

tent or authorship of this article.

10.

11.

REFERENCES

. Zalavras CG, Lieberman JR. Osteonecrosis of the

femoral head: Evaluation and treatment. ] Am Acad
Orthop Surg. 2014;22(7):455-64. https://doi.org/
10.5435/JAAOS-22-07-455

Drescher W, Kyung-Hoi, Windsor, Russell E.
Advances in specialist hip surgery (S.293). Springer
Nature Switzerland AG 2021.

Salem KH, Brockert A-K, Mertens R, et al.
Avascular necrosis after chemotherapy for haema-
tological malignancy in childhood. J Bone Joint
Surg. 2013;95-B  (12):1708-13. https://doi.org/
10.1302/0301-620X.95B12.30688

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

Min BW, Song KS, Cho CH, et al. Untreated
asymptomatic hips in patients with osteonecro-
sis of the femoral head. Clin Orthop Relat Res.
2008;466(5):1087-92. https://doi.org/10.1007/
$11999-008-0191-x

Lavernia CJ, Sierra RJ, Grieco FR. Osteonecrosis
of the femoral head. ] Am Acad Orthop Surg.
1999;7(4):250-61. https://doi.org/10.5435/
00124635-199907000-00005

Radl R, Hungerford M, Materna W, et al. Higher
failure rate and stem migration of an uncemented
femoral component in patients with femoral head
osteonecrosis than in patients with osteoarthrosis.
Acta Orthop. 2005;76(1):49-55. https://doi.org/
10.1080/00016470510030319

Castro FP Jr, Barrack RL. Core decompression and
conservative treatment for avascular necrosis of the
femoral head: A meta-analysis. Am J Orthop (Belle
Mead NJ). 2000;29(3):187-94.

. Ficat Rp, Arlet J. Diagnostic de I’osteonecrose

femorocapitale primitive au stade I (stade pre-
radiologique). Rev Chir Orthop. 1968;54:637—48.
Chughtai M, Piuzzi NS, Khlopas A, et al. An evi-
dence-based guide to the treatment of osteonecrosis
ofthe femoral head. Bone Joint J. 2017 Oct;99-B (10):
1267-79. https://doi.org/10.1302/0301-620X.
99B10.BJJ-2017-0233.R2

Pierce TP, Jauregui JJ, Elmallah RK, et al. A cur-
rent review of core decompression in the treatment
of osteonecrosis of the femoral head. Curr Rev

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Musculoskelet Med. 2015;8(3):228-32. https://doi.
org/10.1007/s12178-015-9280-0

Calori GM, Mazza E, Colombo A, et al. Core
decompression and  biotechnologies in the
treatment of avascular necrosis of the femo-
ral head. EFORT Open Rev. 2017;2(2):41-50.
https://doi.org/10.1302/2058-5241.2.150006
Tripathy SK, Goyal T, Sen RK. Management of
femoral head osteonecrosis: Current concepts.
Indian J Orthop. 2015;49:28-45. https://doi.org/
10.4103/0019-5413.143911

Wang A, Ren M, Wang J. The pathogenesis of steroid-
induced osteonecrosis of the femoral head: A system-
atic review of the literature. Gene. 2018;671:103-9.
https://doi.org/10.1016/j.gene.2018.05.091
Hernigou P, Beaujean F, Lambotte JC. Decrease
in the mesenchymal stem-cell pool in the proxi-
mal femur in corticosteroid-induced osteonecro-
sis. J Bone Joint Surg Br. 1999;81(2):349-55.
https://doi.org/10.1302/0301-620x.81b2.8818

Sun Y, Feng Y, Zhang C. The effect of bone marrow
mononuclear cells on vascularization and bone
regeneration in steroid-induced osteonecrosis of the
femoral head. Joint Bone Spine 2009;76:685-90.
https://doi.org/10.1016/j.jbspin.2009.04.002

Lee HS, Huang GT, Chiang H, et al. Multipotential
mesenchymal stem cells from femoral bone
marrow near the site of osteonecrosis. Stem
Cells. 2003;21(2):190-9. https://doi.org/10.1634/
stemcells.21-2-190

Li C, Li G, Liu M, et al. Paracrine effect of inflam-
matory cytokine-activated bone marrow mesenchy-
mal stem cells and its role in osteoblast function. J
Biosci Bioeng. 2016;121(2):213-9. https://doi.org/
10.1016/j.jbiosc.2015.05.017

Gangji V, Toungouz M, Hauzeur JP. Stem cell ther-
apy for osteonecrosis of the femoral head. Expert
Opin Biol Ther. 2005;5(4):437—42. https://doi.org/
10.1517/14712598.5.4.437

Hernigou P, Beaujean F. Treatment of osteonecro-
sis with autologous bone marrow grafting. Clin
Orthop Relat Res. 2002;(405):14-23. https://doi.org/
10.1097/00003086-200212000-00003

Ma'Y, Wang T, Liao J, 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
Hernigou P, Dubory A, Homma Y, et al. Cell ther-
apy versus simultaneous contralateral decompres-
sion in symptomatic corticosteroid osteonecrosis:

Bio Ortho J Vol 3(SP1):e57—e67; 5 May, 2023.
This open access article is licensed under Creative Commons Attribution 4.0 International
(CC BY 4.0). http://creativecommons.org/licenses/by/4.0 © ZE Rabih et al.

eb4



Osteonecrosis of the femoral head

23.

24.

25.

26.

27.

28.

29.

30.

A thirty year follow-up prospective randomized
study of one hundred and twenty five adult patients.
Int Orthop. 2018;42(7):1639—49. https://doi.org/
10.1007/s00264-018-3941-8

Hauzeur JP, De Maertelaer V, Baudoux E. Inefficacy
of autologous bone marrow concentrate in stage
three osteonecrosis: A randomized controlled
double-blind trial. Int Orthop. 2018;42(7):1429-35.
https://doi.org/10.1007/s00264-017-3650-8

Eppley BL, Woodell JE, Higgins J. Platelet quan-
tification and growth factor analysis from platelet-
rich plasma: Implications for wound healing. Plast
Reconstr Surg. 2004;114(6):1502-8. https://doi.org/
10.1097/01.prs.0000138251.07040.51

Yokota K, Ishida O, Sunagawa T, et al. Platelet-
rich plasma accelerated surgical angio-genesis in
vascular-implanted necrotic bone: An experimental
study in rabbits. Acta Orthop. 2008;79(1):106—10.
https://doi.org/10.1080/17453670710014842

Tao SC, Yuan T, Rui BY, et al. Exosomes derived
from human platelet-rich plasma prevent apop-
tosis induced by glucocorticoid-associated endo-
plasmic reticulum stress in rat osteonecrosis of the
femoral head via the Akt/Bad/Bcl-2 signal pathway.
Theranostics. 2017;7(3):733-50.  https://doi.org/
10.7150/thno.17450

Tong S, Yin J, Liu J. Platelet-rich plasma has ben-
eficial effects in mice with osteonecrosis of the
femoral head by promoting angiogenesis. Exp Ther
Med. 2018;15(2):1781-8. https://doi.org/10.3892/
etm.2017.5655

Han J, Gao F, Li Y, et al. The use of platelet-
rich plasma for the treatment of osteonecrosis of
the femoral head: A systematic review. Biomed
Res Int. 2020;2020:2642439. https://doi.org/
10.1155/2020/2642439

Aggarwal AK, Poornalingam K, Jain A, et al.
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 prospec-
tive randomized comparative study. J Arthroplasty.
2021;36(1):54—61. https://doi.org/10.1016/j.
arth.2020.07.010

Rocchi M, Del Piccolo N, Mazzotta A, et al. Core
decompression with bone chips allograft in combina-
tion with fibrin platelet-rich plasma and concentrated
autologous mesenchymal stromal cells, isolated
from bone marrow: Results for the treatment of avas-
cular necrosis of the femoral head after 2 years mini-
mum follow-up. Hip Int. 2020;30(2_suppl):3—12.
https://doi.org/10.1177/1120700020964996

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Davis JB, Fagan TE, Beals RK. Follow-up notes on
articles previously published in the journal. Muscle-
pedicle bone graft in hip fusion. J Bone Joint Surg
Am. 1971;53(8):1645-7.

Yang F, Wei Q, Chen X, et al. Vascularized pedicle
iliac bone grafts as a hip-preserving surgery for
femur head necrosis: A systematic review. J Orthop
Surg Res. 2019;14(1):270. https://doi.org/10.1186/
s13018-019-1262-2

Plakseychuk AY, Kim SY, Park BC, et al. Vascularized
compared with nonvascularized fibular grafting
for the treatment of osteonecrosis of the femoral
head. J Bone Joint Surg Am. 2003;85(4):589-96.
https://doi.org/10.2106/00004623-200304000-00001
Yen CY, Tu YK, Ma CH, et al. Osteonecrosis of the
femoral head: Comparison of clinical results for vas-
cularized iliac and fibula bone grafting. J Reconstr
Microsurg. 2006;22(1):21-4. https://doi.org/
10.1055/5-2006-931902

Wassenaar RP, Verburg H, Taconis WK, et al.
Avascular osteonecrosis of the femoral head treated
with a vascularized iliac bone graft: Preliminary
results and follow-up with radiography and MR
imaging.  Radiographics. 1996;16(3):585-94.
https://doi.org/10.1148/radiographics.16.3.8897626
Urbaniak JR, Coogan PG, Gunneson EB, et al.
Treatment of osteonecrosis of the femoral head with
free vascularized fibular grafting. A long-term fol-
low-up study of one hundred and three hips. J Bone
Joint Surg Am. 1995;77(5):681-94. https://doi.org/
10.2106/00004623-199505000-00004

Tripathy SK, Goyal T, Sen RK. Management of
femoral head osteonecrosis: Current concepts.
Indian J Orthop. 2015;49(1):28-45. https://doi.org/
10.4103/0019-5413.143911

Leibold CS, Schmaranzer F, Siebenrock KA, et al.
Femoral osteotomies for the treatment of avas-
cular necrosis of the femoral head. Oper Orthop
Traumatol. 2020 Apr;32(2):116-26. https://doi.org/
10.1007/s00064-019-00642-x

Sugioka Y. Proximal femoral osteotomies in the
treatment of idiopathic and steroid-induced osteone-
crosis of the femoral head. In: Schoutens A, Arlet J,
Gardeniers JWM, Hughes SPE, editors. Bone cir-
culation and vascularization in normal and patho-
logical conditions. NATO ASI Series (Series A: Life
Sciences). Boston, MA: Springer; 1993, Vol 247.
Sakano S, Hasegawa Y, Torii Y, et al. Curved inter-
trochanteric varus osteotomy for osteonecrosis of
the femoral head. J Bone Joint Surg Br. 2004;86(3):
359-65. https://doi.org/10.1302/0301-620x.86b3.
14383

Bio Ortho J Vol 3(SP1):e57—e67; 5 May, 2023.
This open access article is licensed under Creative Commons Attribution 4.0 International
(CC BY 4.0). http://creativecommons.org/licenses/by/4.0 © ZE Rabih et al.

e65



Osteonecrosis of the femoral head

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Zhao G, Yamamoto T, Ikemura S, et al. Radiological
outcome analysis of transtrochanteric curved
varus osteotomy for osteonecrosis of the femo-
ral head at a mean follow-up of 12.4 years. J Bone
Joint Surg Br. 2010;92(6):781-6. https://doi.org/
10.1302/0301-620X.92B6.23621

Atilla B, Bakircioglu S, Shope AJ, et al. Joint-
preserving procedures for osteonecrosis of the femo-
ral head. EFORT Open Rev. 2020;4(12):647-58.
https://doi.org/10.1302/2058-5241.4.180073

Dean MT, Cabanela ME. Transtrochanteric ante-
rior rotational osteotomy for avascular necrosis
of the femoral head. Long-term results. J Bone
Joint Surg Br. 1993;75(4):597-601. https://doi.org/
10.1302/0301-620X.75B4.8331115

Lee YK, Park CH, Ha YC, et al. Comparison of sur-
gical parameters and results between curved varus
osteotomy and rotational osteotomy for osteonecro-
sis of the femoral head. Clin Orthop Surg. 2017;9(2):
160-8. https://doi.org/10.4055/ci0s.2017.9.2.160
Capone A, Bienati F, Marongiuet G, et al. Short
stem total hip arthroplasty for osteonecrosis of the
femoral head in patients 60 years or younger: A 3-
to 10-year follow-up study. BMC Musculoskelet
Disord. 2017;18(1):301. https://doi.org/10.1186/
s12891-017-1662-6

Stauffer RN. Ten-year follow-up study of total hip
replacement. J Bone Jt Surg Am. 1982;64:983-90.
Chandler HP, Reineck FT, Wixson RL, et al. Total
hip replacement in patients younger than thirty years
old. A five-year follow-up study. J Bone Joint Surg
Am. 1981;63(9):1426-34.

Cornell CN, Salvati EA, Pellicci PM. Long-term fol-
low-up of'total hip replacement in patients with osteo-
necrosis. Orthop Clin North Am. 1985;16:757-69.
Singh JA, Chen J, Inacio MC, et al. An underly-
ing diagnosis of osteonecrosis of bone is asso-
ciated with worse outcomes than osteoarthritis
after total hip arthroplasty. BMC Musculoskelet
Disord. 2017;18(1):8. https://doi.org/10.1186/
s12891-016-1385-0

Yuan B, Taunton MJ, Trousdale RT. Total hip arthro-
plasty for alcoholic osteonecrosis of the femoral
head. Orthopedics 2009;32(6):400. https://doi.org/
10.3928/01477447-20090511-06

Acurio MT, Friedman RJ. Hip arthroplasty in
patients with sickle-cell haemoglobinopathy. J Bone
Joint Surg Br. 1992;74(3):367-71. https://doi.org/
10.1302/0301-620X.74B3.1587879

Stromboni M, Menguy F, Hardy P, et al. Total hip
arthroplasty and femoral head osteonecrosis in renal

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

transplant recipients]. Rev Chir Orthop Reparatrice
Appar Mot. 2002;88(5):467-74.

Johannson HR, Zywiel MG, Marker DR, et al.
Osteonecrosis is not a predictor of poor outcomes
in primary total hip arthroplasty: A systematic lit-
erature review. Int Orthop. 2011;35(4):465-73.
https://doi.org/10.1007/s00264-010-0979-7

Ponzio DY, Pitta M, Carroll KM, et al. Hip arthro-
plasty for osteonecrosis of the femoral head sec-
ondary to alcohol abuse. Arthroplast Today.
2018;5(2):172—175. https://doi.org/10.1016/j.artd.
2018.07.003

Ilyas I, Alrumaih HA, Rabbani S. Noncemented
total hip arthroplasty in sickle-cell disease: Long-
term results. J Arthroplasty. 2018;33(2):477-81.
https://doi.org/10.1016/j.arth.2017.09.010

Arlot ME, Bonjean M, Chavassieux PM, et al.
Bone histology in adults with aseptic necrosis.
Histomorphometric evaluation of iliac biopsies in
seventy-seven patients. J Bone Joint Surg [Am)].
1983;65:1319-27.

Tingart M, Beckmann J, Opolka A, et al. Analysis
of bone matrix composition and trabecular micro-
architecture of the femoral metaphysis in patients
with osteonecrosis of the femoral head. J Orthop
Res. 2009; 27:1175-81. https://doi.org/10.1002/
jor.20873

Laroche M, Costa L, Bernard J, et al. Dual-energy
X-ray absorptiometry in osteonecrosis of the femo-
ral head. Rev Rhum Engl Ed. 1998;65: 393-96.
Calder JD, Pearse MF, Revell PA. The extent of
osteocyte death in the proximal femur of patients
with osteonecrosis of the femoral head. J Bone
Joint Surg. 2001;83:419-422. https://doi.org/
10.1302/0301-620x.83b3.10793

Zeh A, Weise A, Vasarhelyi A, et al. Medium-term
results of the Mayo™ short-stem hip prosthesis
after avascular necrosis of the femoral head]. Z
Orthop Unfall. 2011;149(2):200-5. https://doi.org/
10.1055/s-0030-1270710

Suksathien Y, Sueajui J. Mid-term results of short
stem total hip arthroplasty in patients with osteone-
crosis of the femoral head. Hip Int. 2019;29(6):603-
608. https://doi.org/10.1177/112070001881601 1
Ajmal M, Matas AJ, Kuskowski M, et al. Does
statin usage reduce the risk of corticosteroid-related
osteonecrosis in renal transplant population? Orthop
Clin North Am. 2009;40(2):235-9. https://doi.org/
10.1016/j.0¢1.2009.01.004

Disch AC, Matziolis G, Perka C. The management
of necrosis-associated and idiopathic bone-marrow

Bio Ortho J Vol 3(SP1):e57—e67; 5 May, 2023.
This open access article is licensed under Creative Commons Attribution 4.0 International
(CC BY 4.0). http://creativecommons.org/licenses/by/4.0 © ZE Rabih et al.

€66



Osteonecrosis of the femoral head

64.

65.

66.

67.

68.

oedema of the proximal femur by intravenous ilo-
prost. J Bone Joint Surg Br. 2005;87(4):560-4.
https://doi.org/10.1302/0301-620X.87B4.15658
ClaBen T, Becker A, Landgraeber S, et al. Long-
term clinical results after iloprost treatment for bone
marrow edema and avascular necrosis. Orthop Rev
(Pavia). 2016;8(1):6150. https://doi.org/10.4081/
0r.2016.6150

Petek D, Hannouche D, Suva D. Osteonecrosis of the
femoral head: Pathophysiology and current concepts
of treatment. EFORT Open Rev. 2019;4(3):85-97.
https://doi.org/10.1302/2058-5241.4.180036

Chen CH, Chang JK, Lai KA, et al. Alendronate in
the prevention of collapse of the femoral head in
nontraumatic osteonecrosis: A two-year multicenter,
prospective, randomized, double-blind, placebo-
controlled study. Arthritis Rheum. 2012;64(5):1572—
8. https://doi.org/10.1002/art.33498

Zhao W, Gao Y, Zhang S, et al. Extracorporeal
shock wave therapy for bone marrow edema syn-
drome in patients with osteonecrosis of the femo-
ral head: A retrospective cohort study. J Orthop
Surg Res. 2021;16(1):21. https://doi.org/10.1186/
s13018-020-02159-7

Ando W, Sakai T, Fukushima W, et al. Working
group for ONFH guidelines, Sugano N. Japanese
Orthopaedic Association 2019 Guidelines for

69.

70.

71.

72.

osteonecrosis of the femoral head. J Orthop Sci.
2021;26(1):46-68. https://doi.org/10.1016/j.
j0s.2020.06.013

Hisatome T, Yasunaga Y, Takahashi K, et al.
Progressive collapse of transposed necrotic area
after transtrochanteric rotational osteotomy for
osteonecrosis of the femoral head induces osteoar-
thritic change: Mid-term results of transtrochanteric
rotational osteotomy for osteonecrosis of the femo-
ral head. Arch Orthop Trauma Surg. 2004;124(2):
77-81. https://doi.org/10.1007/s00402-003-
0610-0

Hiranuma'Y, Atsumi T, Kajiwara T, et al. Evaluation
of instability after transtrochanteric anterior rota-
tional osteotomy for nontraumatic osteonecrosis of
the femoral head. J Orthop Sci. 2009;14(5):535-42.
https://doi.org/10.1007/s00776-009-1363-6
Hungerford DS. Treatment of osteonecrosis of the
femoral head: Everything’s new. J Arthroplasty
2007;22:91-4. https://doi.org/10.1016/j.arth.
2007.02.009

Ha YC, Kim HJ, Kim SY, et al. Effects of age and
body mass index on the results of transtrochanteric
rotational osteotomy for femoral head osteone-
crosis: Surgical technique. J Bone Joint Surg Am.
2011;93 Suppl 1:75-84. https://doi.org/10.2106/
JBJS.J.01215

Bio Ortho J Vol 3(SP1):e57—e67; 5 May, 2023.
This open access article is licensed under Creative Commons Attribution 4.0 International
(CC BY 4.0). http://creativecommons.org/licenses/by/4.0 © ZE Rabih et al.

e67



