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Several treatment regimens for childhood malignancies have been associated with the development of osteonecrosis, including radiation therapy, glucocorticoid medications, immunotherapy (including anti-angiogenic
agents), and several chemotherapeutic agents. Adolescents older than 10 years are at greatest risk of developing
osteonecrosis within 1 year of initiating therapy. Screening with magnetic resonance imaging in this high-risk
population may be a useful method for detecting osteonecrosis. Surgery may be required for lesions that have
progressed substantially despite nonoperative interventions.

1. Introduction
Treatment of childhood malignancies can have toxic eﬀects on the
musculoskeletal system [1–4]. Osteonecrosis is observed in patients
with a history of childhood cancer and can cause severe pain and diminished quality of life, presumably for decades. Osteonecrosis is
thought to occur because of disrupted vascular supply to the bone,
causing apoptosis of bone marrow cells and osteocytes, with resulting
marrow edema and necrotic bone [5]. Several cancer treatment regimens have been associated with the development of osteonecrosis, including radiation therapy; glucocorticoid medications; immunotherapy,
including anti-angiogenic agents; and several chemotherapeutic agents.
Screening options to detect lesions at risk of collapse and requiring
surgery are vital [6]. The goal of this review is to summarize ﬁndings
regarding the epidemiology and hypothesized pathophysiology of osteonecrosis as it pertains to several cancer treatment regimens and to
discuss osteonecrosis screening strategies.
2. Epidemiology
Osteonecrosis predominantly aﬀects adults; however, children with
a history of cancer treatment are also at increased risk for developing
osteonecrosis [1–4]. Much of the existing data assessing osteonecrosis
in children have been collected from patients with acute lymphoblastic
leukemia (ALL). ALL is the most prevalent pediatric malignancy with a

cure rate greater than 90%, resulting in a large population of survivors
who are at risk for developing sequelae secondary to treatment. Also
steroid therapy, which has known associations with osteonecrosis, is
critical to treatment regimens for ALL [7–12]. Despite the relative rarity
of other malignancies in children, other pediatric cancers have been
associated with later development of osteonecrosis. Such cancers include other hematologic malignancies, head and neck cancers, softtissue and primary bone sarcomas, neuro- and nephroblastomas, and
primary central nervous system tumors [13–17].
Unfortunately, there is great heterogeneity in the deﬁnitions of
early osteonecrosis in the literature. Study deﬁnitions vary widely and
include diagnosis based on a combination of patient symptoms and
radiographic conﬁrmation, radiographic conﬁrmation alone, patient
surveys, or physician surveys [11,13,15,18,19]. The lack of a unifying
deﬁnition based on strict criteria contributes to the complexity of
identifying the disease process and is a potential reason for the wide
range of cumulative incidence rates reported. This may be why so many
theories on the pathophysiology of osteonecrosis exist. Much remains to
be elucidated regarding osteonecrosis in children after cancer therapy,
including eventual determination of the best course of treatment [20].
Osteonecrosis is usually observed in the femoral head, though the
humeral head, distal femur, and proximal tibia are also common locations [2,15]. When considering joints, both knees and hips are commonly aﬀected [11]. Other areas of involvement included the clavicle,
wrist, and jaw [13,17]. Weightbearing joints and long bones are
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phosphatase 1), which secretes a protein regulated in lipid levels and
osteoblast diﬀerentiation, were 5 times as likely to develop osteonecrosis than those without these polymorphisms.

commonly involved [7–12,15,17,18,20–22].
Sixteen major classiﬁcation systems have historically been used to
describe and classify and osteonecrosis. The most commonly used systems are the Ficat classiﬁcation [23], the University of Pennsylvania
system [24], the ARCO system [25], and the Japanese Orthopaedic
Association system [26]. Although no one system has been established
as the “gold standard,” most systems, and hence most clinicians, consider the following criteria when staging osteonecrosis: symptoms,
evidence of hyperemic bone, sclerosis, and subchondral fractures on
imaging. Late-stage disease is identiﬁed universally across all classiﬁcation systems as joint collapse and progression to arthritis.
The incidence of osteonecrosis in children varies considerably depending on the subset of patients being studied [15]. The most comprehensive study to date was conducted by Kadan-Lottick et al. [15],
who observed a 20-year cumulative incidence of osteonecrosis of 0.43%
by self-reporting in 9261 pediatric cancer patients with at least 5-year
survival. Osteonecrosis incidence was signiﬁcantly higher in patients
with a history of cancer compared with siblings with no such history,
who had an analogous incidence of 0.03% at 20 years. Patients treated
for childhood cancer had a 5.6-times greater likelihood of having osteonecrosis. Even in ALL, which is the most prevalent childhood malignancy, osteonecrosis incidence varies widely, from less than
1.8%–71.8% [2,6,11,13,15,18]. Irrespective of cancer type and osteonecrosis deﬁnition, adolescent patients older than 10 years have a
signiﬁcantly higher incidence of osteonecrosis compared with younger
patients who underwent equivalent treatment [1,2,6,10–12,15,16].
In patients with ALL, those younger than 10 years at the time of
cancer diagnosis had a cumulative incidence of osteonecrosis of
0.2%–10%; whereas, those older than 10 years at diagnosis had a cumulative incidence of 2.8%–44.6% [6,11,15,18]. Although certain
studies found a higher cumulative incidence in girls versus boys,
especially at a younger age, boys older than 15 years had a higher incidence than girls. This indicates that puberty may play a role in the
development of osteonecrosis [11,18], possibly in relation to physeal
closure and changes in vascular supply with maturation. Additionally,
patients with hematologic malignancies who received allogenic stem
cell transplants developed osteonecrosis at rates of 3.9%–44%
[15,27–29]. This subset of patients was exposed to total body radiation,
as well as considerably higher doses of corticosteroids to prevent rejection of the transplant and combat graft-versus-host disease
[2,7–12,18]. Notably, median time to diagnosis of osteonecrosis ranged
from 14 to 25 months [13,18], with osteonecrosis occurring as soon as
3 months after initiating therapy. Among patients who developed osteonecrosis, those who underwent stem cell transplants developed osteonecrosis within 1 year of initiating therapy [15].
Genetic studies have identiﬁed several single nucleotide polymorphisms (SNPs) associated with the risk of developing of osteonecrosis. Common pathways identiﬁed include lipid metabolism and differentiation of osteoblasts and osteoclasts. Karol et al. found that, in
patients younger than 10 years, those with SNPs in BMP7 (bone morphogenetic protein 7) have 15-fold greater odds of developing osteonecrosis compared with those who do not have such SNPs (p = 0.049)
[30]. The authors hypothesized that bone morphogenic proteins are
implicated in diﬀerentiation of mesenchymal stem cells into osteoblasts
and inhibition of formation of osteoclasts. Moreover, BMP7 is known to
be toxic to vascular smooth muscle [31] and may be implicated in local
arteriopathy, contributing to osteonecrosis via direct toxic eﬀects on
local bone vasculature. Furthermore, SNPs in PROX1 (prospero
homeobox 1) were associated with greater odds of developing osteonecrosis. PROX1 has been shown to control the diﬀerentiation of lymphatic endothelial cells from vascular endothelial cells and is downregulated in familial combined hyperlipidemia. Thus, it has been
hypothesized that SNPs in PROX1 result in reduced clearance of plasma
lipids [32,33], causing an increase in lipids in the bone marrow, which
was identiﬁed by Kawedia et al. as a risk factor for osteonecrosis [6].
They found that patients with polymorphisms in ACP1 (acid

3. Associations with oncologic treatment modalities
On the basis of demographics, epidemiology, and therapy regimens,
several pathophysiologic explanations have been proposed for the development of osteonecrosis in children.
3.1. Corticosteroid therapy
Corticosteroids play a key role in the treatment of oncologic disease
in children. However, this treatment modality involves a complex balance of beneﬁts and risks [1–4,6–13,15–18,20,21,27–29]. Steroids
function by inducing apoptosis in lymphocytes, making them integral to
the treatment of several hematologic neoplasms. Steroids are eﬀective
in decreasing malignancy- or treatment-associated symptoms, such as
inﬂammation and nausea [2,7–12,34–39]. Their therapeutic and adverse eﬀects as they pertain to childhood cancers have been studied
primarily in children with ALL [1,3,4,7–11,13,15,22].
Several theories exist regarding the pathophysiology of how steroid
exposure induces osteonecrosis and likely aﬀects bone metabolism and
health (Fig. 1). One theory describes the direct toxic eﬀects to osteoblasts and osteoclasts, resulting in apoptosis and impaired bone turnover [20,40,41]. Another theory describes increased intraosseous and
intramedullary pressure leading to ischemia and eventual necrosis.
Elevated pressure in this compartment is thought to be caused by lipid
inﬁltration within the bone marrow and lipocyte hypertrophy
[20,40,41]. Additionally, there is concern for embolic disease from fatemboli in arteries resulting in ischemic insults [14,42]. Genetic studies
have found associations between single-nucleotide polymorphism in
the acid phosphatase 1 and SH3YL1 gene locus that were associated
with increased risk of developing both osteonecrosis and hyperlipidemia [6]. Other theories involve a hypercoagulable state with associated vascular insult causing ischemia and inhibiting angiogenesis
[43–46].
Current treatment regimens for ALL include a 28-day course of
prednisone for induction therapy, followed by intermittent 5-day regimens to maintain remission [2,7,9–12,39]. Compared with continuous
steroid dosing regimens, intermittent regimens may be associated with
a lower incidence of osteonecrosis, particularly for patients with ALL
[2,15]. Dexamethasone is also used in addition to, or instead of, prednisone in these regimens, according to disease proﬁle, because of
dexamethasone's superior central nervous system penetration [39].
Larsen et al. reported that patients with ALL who were younger than 10
years and who received dexamethasone during induction had superior
outcomes compared with those who received prednisone [47]. In contrast, older patients did not derive the same beneﬁt from dexamethasone and experienced higher rates of osteonecrosis [47]. However, several head-to-head randomized controlled trials have shown
equivalent long-term survival beneﬁts [39,48,49]. Mattano et al.
showed cumulative dexamethasone dosing to be a risk factor for the
development of osteonecrosis [11]. Similarly, Kadan-Lottick et al. noted
a 30% higher likelihood of developing osteonecrosis after dexamethasone compared with prednisone treatment, irrespective of age at
treatment or timing of treatment (induction versus post-induction)
[15]. Furthermore, timing of response to treatment was identiﬁed by
Moricke et al. as a factor inﬂuencing survival beneﬁt [50]. They found
that, among pediatric ALL patients, superior overall survival beneﬁt
was achieved in patients with appropriate early treatment who were
taking dexamethasone during induction, compared with prednisone.
However, age may play a role when considering the osteonecrosis risks
associated with dexamethasone versus prednisone, in addition to
steroid potency. Vrooman et al. reported that patients treated with induction dexamethasone at ages 10–18 years were approximately four
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Fig. 1. Pathophysiology of steroid-associated osteonecrosis with diﬀerent pathways (summarized from published work by other authors). BMSC, bone marrow stem
cell; VEGF, vascular endothelial growth factor. (Preprinted with permission from Elsevier, Xie XH, Wang XL, Yang HL, Zhao DW, Qin L. Steroid-associated osteonecrosis: epidemiology, pathophysiology, animal model, prevention, and potential treatments (an overview). J Clin Orthop Transl. 2015; 3(2):58–70.).

how much these agents inﬂuence osteonecrosis development independent of corticosteroids [1–4,6–13,15,17–19]. However, several
studies and case reports describe osteonecrosis in children who had not
received radiation or steroid therapy [4,14,55,57–61]. This section will
explore some of these chemotherapeutic agents and describe independent eﬀects leading to osteonecrosis, as well as synergistic eﬀects
in the setting of corticosteroid therapy that have led to the development
of osteonecrosis in children.

times as likely to develop osteonecrosis compared with patients
younger than 10 years when treated with dexamethasone (13.5%
versus 4.5%, respectively) and were approximately ﬁve times as likely
to develop osteonecrosis than patients of the same age treated with
prednisone (23% versus 4.7%, respectively) [51]. However, Strauss
et al. found no diﬀerence in osteonecrosis incidence when comparing
ALL treatment with dexamethasone versus prednisone during remission
therapy in children [52]. Frequency of dosing was also identiﬁed as
inﬂuencing the incidence of osteonecrosis. Mattano et al. found that,
among pediatric patients with ALL, alternate-week dexamethasone
administration signiﬁcantly reduced the incidence of osteonecrosis
(8.7%) compared with continuous dexamethasone administration
(17%) [53].
Steroid therapy, which is commonly used as a primary cytotoxic
treatment for hematologic malignancies, is rarely indicated for solid
tumors. Instead, steroids, including dexamethasone, are used to treat
symptoms such as swelling and nausea [54]. In a study by Niinimaki
et al., no cases of osteonecrosis were identiﬁed in patients with solid
tumors; however, the patients were young, with a mean age of less than
6 years [54]. These patients did not receive prednisone, but some received dexamethasone. One possible explanation for why osteonecrosis
is rare in patients with solid tumors is that treatment duration is usually
much shorter or intermittent and on an as-needed basis, even if the total
dosage received is high compared with treatment for hematologic
neoplasms, in which patients receive lower doses of steroids for an
extended period [6,11,54].

3.2.1. L-Asparaginase
The amino acid asparagine is in high demand in metabolically active neoplastic cells, especially lymphatic cells, and thus plays a key
role in cell survival in hematologic neoplasms [59]. L-asparaginase is an
enzyme that is used in conjunction with several chemotherapeutics and
steroids to treat hematologic neoplasms, particularly ALL, for its role in
depleting asparagine levels and aiding in cell death [4,7–12,22,59].
The use of L-asparaginase has been linked to the development of
osteonecrosis in children treated for hematologic malignancies
[44,59,61]. Theories on how L-asparaginase leads to osteonecrosis involve independent properties of the enzyme, as well as its synergistic
properties with dexamethasone [57,58,60,61]. Toxic eﬀects of L-asparaginase that may contribute to osteonecrosis include its induction of
a hypercoagulable state by decreasing levels of antithrombin III, plasminogen, protein C and protein S, which eventually leads to thrombosis
in the eﬀected bone, possibly contributing to osteonecrosis [62–66].
Similarly, L-asparaginase has been associated with cerebrovascular
thrombosis, hyperlipidemia, and arteriopathy, resulting in osteonecrosis [44,58,60,67,68]. Furthermore, treatment of mice with both asparaginase and dexamethasone has produced a higher rate of arteriopathy (58%) compared with dexamethasone alone (17%) [44]. A
known adverse eﬀect of L-asparaginase is hypoalbuminemia, thought to
be a surrogate marker for hepatic dysfunction, and resulting in

3.2. Chemotherapy
Several chemotherapeutic agents have been associated with osteonecrosis in children [14,55,56]. Almost all of these agents have been
used in conjunction with high doses of steroids, so it is diﬃcult to assess
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understand the pathophysiology of their toxicities [76].

dysfunctional protein synthesis [59,69]. Hepatic dysfunction then leads
to an increase in circulating plasma levels of dexamethasone, secondary
to diminished clearance, and has been associated with increased incidence of osteonecrosis [69,70]. Patients can develop antibodies to Lasparaginase rapidly, and the anti-immune eﬀects of steroids are
thought to prevent this. This is another reason for treatment with both
modalities that may inadvertently and synergistically increase the incidence of osteonecrosis [59,70].
The use of L-asparaginase with dexamethasone has also been shown
to increase event-free survival [70–72]. Additionally, adolescents with
hematologic neoplasms are more resistant than are young children to
steroid therapy and thus require higher doses [38,39,48]. Achieving
therapeutic dosing and event-free survival while avoiding long-term
sequelae of treatment is a major challenge.

3.4. Radiation therapy
Radiation therapy for treatment of cancer is thought to be a risk
factor in the development of osteonecrosis in children [2,9,11,15].
Radiation therapy to endocrine organs involved in bone homeostasis,
especially the gonads, as well as the bony regions irradiated, increases
the risk of developing osteonecrosis [15]. Studies also indicate that dose
per fraction, total fractions received, volumes irradiated, and the
method of radiation delivery are all risk factors for adverse musculoskeletal outcomes, including avascular necrosis, fractures, and alterations in bone growth [15,85–88]. Children are particularly susceptible to long-term eﬀects at lower doses compared with adults [85].
Younger children may be at greater risk for adverse eﬀects as a result of
radiation therapy compared with adults and older children [85]. Unfortunately, there are limited data on the eﬀects of radiation therapy on
the pediatric musculoskeletal system because the skeletal system is less
likely to be considered a dose-limiting factor in treatment regimens
compared with healthy soft tissues [85].
A proposed cause of osteonecrosis secondary to radiation therapy
involves damage to existing osteoblasts, osteoclasts, and progenitor
cells, resulting in impaired bone metabolism and pathologic bone formation [87,89–92]. Another contributing factor is thought to be local
ischemic injury to bone occurring from ﬁbroblast and macrophage
aggregation within the microvasculature leading to ﬁbrosis of the vessels [87,93]. All studies assessing risk of osteonecrosis from radiation
therapy have been in the context of a combination of chemotherapy,
steroid treatment, and surgery [1–4,7–13,15,18,20]. Hanif et al. investigated 5278 children with cancer treated between 1974 and 1991
and found 15 cases of femoral head osteonecrosis [13]. Five of those 15
patients received radiation therapy, and four of the ﬁve received localized therapy of 35 Gy or higher to the pelvis and surrounding soft
and bony tissue. However, these patients were also treated with various
chemotherapeutic agents associated with the development of osteonecrosis. Additionally, three of the ﬁve patients were treated with steroids. Prosnitz et al. assessed osteonecrosis in patients with Hodgkin
disease treated with combined-modality therapy and found no cases of
osteonecrosis among the 92 patients who received only radiation
therapy [3]. However, of the nine patients who developed osteonecrosis, all received radiation therapy of at least 20 Gy or higher, in
addition to prednisone and chemotherapy. Lastly, Mattano et al. prospectively assessed the development of osteonecrosis among 1409
children with ALL [11]. Patients who were rapid responders to therapy
(as shown by a decrease in blast percentage below 25% within 7 days of
induction) were randomized to receive cranial radiation in addition to
maintenance therapy or maintenance therapy alone. Incidence of osteonecrosis was the same in both groups (8.4% in those who received
radiation therapy versus 8.9% in those who did not). Although an association between radiation therapy and development of osteonecrosis
in children is likely, the exact causes and incidence remain unclear
[13].

3.2.2. Other chemotherapeutic Agents
Other chemotherapeutic agents have also been implicated. Ishii
et al. described the development of osteonecrosis in two 3-year-old boys
who were treated for neuroblastoma [14]. One patient received cyclophosphamide exclusively, whereas the other patient received cyclophosphamide, vincristine, and doxorubicin. Both developed osteonecrosis of the femoral head within weeks of therapy initiation,
highlighting the rapid cytotoxic eﬀects of these agents, particularly
cyclophosphamide [14]. The development of osteonecrosis after treatment with vincristine and anthracyclines or doxorubicin and daunorubicin has been reported in adults and children in the absence of steroid
or radiation treatment. Thus, the contribution of these agents to osteonecrosis cannot be diminished [2,7,9–12,14,73,74].
A case report by Bernbeck et al. describes a 9-year-old girl with
nephroblastoma who developed osteonecrosis of the tibia 8 months
after receiving treatment with dactinomycin, vincristine, and doxorubicin [55]. Similarly, Ghosh et al. described a 12-year-old girl who
developed osteonecrosis 6 months after treatment for acute myeloid
leukemia with daunorubicin and cytarabine [73]. These cases highlight
the fact that much is unknown about the causes and pathophysiology of
osteonecrosis in children who have undergone chemotherapy
[1–4,6–13,15,17–19].
3.3. VEGF inhibitors
Targeted therapies have become a novel option to treat pediatric
and adult malignancies [75]. However, given the infancy of the ﬁeld,
much is still unknown regarding the toxicity and resulting long-term
eﬀects after therapy [22,75,76].
Bevacizumab is one such antiangiogenic therapy used to treat solid
tumors. It is a humanized monoclonal antibody against all isoforms of
human vascular endothelial growth factor [77,78]. Vascular endothelial growth factor is vital in osteogenic diﬀerentiation and vascular proliferation [79,80]. The anti-angiogenic properties of bevacizumab help block the development of new vasculature, thus
decreasing vascular permeability and increasing cell apoptosis [80,81].
Fangusaro et al. reported three patients with recurrent central
nervous system tumors treated with bevacizumab and irinotecan who
subsequently developed osteonecrosis involving the lunate, bilateral
proximal femur, and bilateral knees (distal femur and proximal tibia),
respectively [21]. Two of the three patients were receiving corticosteroids. Although corticosteroids may have contributed to the development of osteonecrosis, the antiangiogenic, prothrombotic, and osteocyte disruptive properties of bevacizumab were thought to have
played a role as well [77–81]. Interestingly, the increased susceptibility
to osteonecrosis caused by VEGF inhibitors has been linked to VEGF634C/G polymorphisms in a recent meta-analysis by Wang et al. [82].
Conversely, bevacizumab has been used in conjunction with cyclophosphamide and vincristine to treat other pediatric cancers without
any recorded cases of osteonecrosis to date [77–81,83,84]. As the use of
target therapies expands and gains popularity, we will better

4. Early detection and screening for osteonecrosis
Currently, there is no consensus on the best screening approach or
time to screen for children at risk of developing osteonecrosis
[6,19,94,95]. Kaste et al. prospectively used magnetic resonance imaging (MRI) as a screening tool to identify patients with extensive
asymptomatic osteonecrosis of the femoral head, deﬁned as greater
than 30% of epiphyseal involvement, in children newly diagnosed with
ALL [95]. Extensive osteonecrosis was chosen as the screening severity
level because of its strong likelihood of needing further intervention,
with 80% of these patients progressing to joint collapse within 2 years
[6]. Children older than 10 years were more likely to develop extensive
osteonecrosis (24%) compared with children younger than 10 years
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instance, after a diagnosis is made, the aﬀected joint should be made
nonweight bearing, though this is likely to be ineﬀective as a standalone therapy [16,100,101].
Various pharmacologic treatments have been proposed, often targeting presumed pathophysiologic mechanisms that may be implicated
in osteonecrosis development in this patient population. For example,
low-molecular-weight heparin, prostacyclin analogs, and statins have
been suggested as possible treatment or prevention options for osteonecrosis. Low-molecular-weight heparin, which is intended to target
osteonecrosis secondary to thromboembolism, may be less eﬀective in
this patient population in whom glucocorticoid-mediated osteonecrosis
may be the more prevalent mechanism. Prostacyclin analogs, which
likely serve in a vascular dilatory role in preventing osteonecrosis, have
not been researched extensively in this patient population. Jager et al.
reported pain and functional improvements in eight patients with
chemotherapy-associated osteonecrosis treated with iloprost [102].
However, ﬁve of the eight patients were treated with surgical measures
before or after iloprost administration. Statins, with their lipid-lowering
eﬀects, have been shown to prevent osteonecrosis in rabbits treated
with steroids [103], though no studies have shown their positive role in
children treated for childhood malignancy.
Lastly, it remains unclear whether bisphosphonates aﬀect osteonecrosis development or progression in this patient population [104,105],
although pamidronate may improve pain and function [105]. Kotecha
et al. reported on 17 patients who developed osteonecrosis after
therapy for ALL. Nine patients were treated with intravenous pamidronate or oral alendronate [105]. Clinical improvement, deﬁned as
improvement in pain and reduced need for analgesia, was observed in
three of six patients treated with oral alendronate. Two of these patients
had signiﬁcant improvement in function and range of motion. The other
three patients who did not show clinical improvement were then
treated with intravenous pamidronate. These patients, in addition to
three patients who were treated with pamidronate only, all showed
improvement. In contrast, only one of the eight patients not treated
with bisphosphonates did not deteriorate clinically.
Other nonsurgical therapies that have been investigated include
hyperbaric oxygenation, extracorporeal shockwave treatment, and
single-pulsed electromagnetic ﬁeld therapy, all with low-level evidence.
Little research into these methods has been performed in children.
Bernbeck et al. found that hyperbaric oxygen therapy appeared to
beneﬁt children younger than 10 years, although the treatment eﬀect
was diﬃcult to quantify because of limited data [106]. Regarding extracorporeal shockwave treatment and single-pulsed electromagnetic
ﬁeld therapy, only data from adults [107–110] and animals [111] are
currently available.
In severe cases of osteonecrosis, surgery may be required. Core
decompression, whereby holes are drilled into the necrotic area of bone
to create new vascular networks and reduce intraosseous pressure, is a
salvage method to avoid joint replacement and is favored in patients
with early-stage disease. In a systematic review of osteonecrosis of the
femoral head, Mont et al. found that patients who underwent core decompression had signiﬁcantly lower rates of subchondral collapse and
better clinical improvement compared with those treated nonoperatively [112]. Core decompression has been combined with implantation of mesenchymal stem cells, which has showed favorable
results in adults [113–116]. Mesenchymal progenitor cells induce bone
formation (although the clinical relevance of this in osteonecrotic bone
is unclear), and their numbers and activity are thought to be decreased
in osteonecrotic bone. Therefore, their local application is thought to
regenerate the aﬀected bone. Hernigou et al. reported that, among 145
patients with early-stage osteonecrosis of the femoral head, those
treated with core decompression and bone marrow grafting had a femoral head survival rate of 93% at 5 years [117]. However, functional
improvements with this adjunctive technique have not been observed.
In a randomized prospective trial, Pepke et al. observed no radiographic
or functional diﬀerences when comparing patients who underwent core

(6.5%). Nineteen of the 40 lesions in older patients were eventually
treated with total hip arthroplasty, with the remaining 21 not demonstrating improvement. All lesions in the younger cohort resolved or
remained asymptomatic and did not progress. The authors found that in
patients older than 10 years, a mean of 3.8 patients must be screened to
discover an extensive osteonecrotic lesion [95].
Te Winkel et al. prospectively assessed symptomatic osteonecrosis
(conﬁrmation on MRI) in 35 patients with newly diagnosed and treated
ALL who were followed for an average of 5 years after diagnosis [19].
Half of patients had persistent pain, while 40% had complete resolution. Given the unpredictable clinical course of symptomatic osteonecrosis, combined with young age, the authors stressed caution before
pursuing surgery.
Ribeiro et al. prospectively evaluated whether MRI could screen for
osteonecrosis beginning 1 year after initiation of cancer therapy in
children with ALL and non-Hodgkin lymphoma [96]. The authors reported a 15% incidence of osteonecrosis (17 patients), predominantly
involving the knee. Of these 17 patients, eight were asymptomatic
without evidence of progressive disease on imaging, seven had mild
symptoms that did not aﬀect daily living, one patient had pain requiring analgesics daily, and one patient required hip arthroplasty.
Additionally, severity on MRI did not correlate with disease progression. On the basis of the ﬁndings, they were unable to determine the
clinical utility of MRI screening.
These three studies represent the largest prospective series assessing
MRI screening techniques for osteonecrosis using diﬀerent deﬁnitions
[19,95,96]. Reaching consensus on the most clinically relevant deﬁnition of osteonecrosis and then determining the optimal method for early
detection using prediction models will be vital as pediatric cancer
survival rates continue to improve [97,98].
Kubota et al. prospectively evaluated 42 patients with MRI-conﬁrmed osteonecrosis of the femoral head [99]. The purpose of their
study was to evaluate the relationship between the maximum standardized uptake value (SUVmax) using F-ﬂuoride positron emission
tomography (PET), and the Ficat classiﬁcation system using MRI. They
found that SUVmax increased according to progression of the Ficat
classiﬁcation stage and estimated a cutoﬀ SUVmax of 6.45 (sensitivity
0.80, speciﬁcity 0.92) for prediction of femoral head collapse. The
authors hypothesized that F-ﬂuoride PET may reﬂect accelerated bone
metabolism caused by micro-collapse of the femoral head, which may
not be detected on plain radiography and should be considered as an
additional screening tool.

5. Treatment
Treatment of osteonecrosis in children is challenging because many
deﬁnitive surgical interventions are more comfortably used in adults.
Treatment can also encompass nonoperative strategies (Table 1). For
Table 1
Proposed treatments for osteonecrosis in children.
Pharmacologic
Prostacyclin analogs
Low-molecular-weight heparin
Statins
Bisphosphonates
Nonoperative
Extracorporeal shockwave therapy
Hyperbaric oxygenation
Non-weightbearing
Single-pulsed electromagnetic ﬁelds
Surgical
Core decompression
Mesenchymal stem cell implantation
Autologous chondrocyte grafting
Joint resurfacing
Joint arthroplasty
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decompression with those who underwent core decompression and
bone marrow implantation [113]. Core decompression may also be
combined with cancellous bone grafting and implant stabilization with
good results in children with early-stage lesions [118]. Autologous
chondrocyte grafting is another surgical technique that has been reported to delay arthroplasty [119].
Although patients in the ﬁnal stage of osteonecrosis with major joint
destruction would beneﬁt from arthroplasty, this treatment should be
avoided for as long as possible because very young patients are expected to outlive their prostheses by many years. Resurfacing arthroplasty may be allow delay of total hip arthroplasty by 3–7 years
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6. Conclusion
Osteonecrosis in children represents a clinical challenge. Much of
the existing data are from children with hematologic malignancies in
which treatment regimens are complex and involve multimodal approaches. Therefore, many factors may contribute to the development
of osteonecrosis. Determining which imaging ﬁndings are clinically
relevant, and hence actionable, is a diagnostic challenge that requires
further investigation. A plethora of treatment options with variable
clinical outcomes further complicates the decision-making process in
managing these complex patients. Future prospective trials should focus
on long-term solutions for this condition that substantially diminishes
patients’ quality of life.
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